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THE NATIONAL BUREAU OF STANDARDS

Functions and Activities

The functions of the National Bureau of Standards are set forth in the Act of Congress, March
3, 1901, as amended by Congress in Public Law 619, 1950. These include the development and
maintenance of the national standards of measurement and the provision of means and methods for
making measurements consistent with these standards; the determination of physical constants and
properties of materials; the development of methods and instruments for testing materials devices,
and structures; advisory services to government agencies on scientific and technical problems; in-
vention and development of devices to serve special needs of the Government; and the development
of standard practices, codes, and specifications. The work includes basic and applied research,
development, engineering, instrumentation, testing, evaluation, calibration services, and various
consultation and information services. Research projects are also performed for other government
agencies when the work relates to and supplements the basic program of the Bureau or when the
Bureau’s unique competence is required. The scope of activities is suggested by the listing of divisions
. and sections on the inside of the back cover.

Publications

The results of the Bureau’s work take the form of either actual equipment and devices or pub-
lished papers. These papers appear either in the Bureau’s own series of publications or in the journals
of professional and scientific societies. The Bureau itself publishes three periodicals available from
the Government Printing Office: The Journal of Research, published in four separate sections,
presents complete scientific and technical papers; the Technical News Bulletin presents summary
and preliminary reports on work in progress; and Basic Radio Propagation Predictions provides data
for determining the best frequencies to use for radio communications throughout the world. There
are also five series of nonperiodical publications: Monographs, Applied Mathematics Series, Hand-
books, Miscellaneous Publications, and Technical Notes.

Information on the Bureau’s publications can be found in NBS Circular 460, Publications of the
National Bureau of Standards ($1.25) and its Supplement ($1.50), available from the Superintendent
of Documents, Government Printing Office, Washington 25, D.C.




1

UNITED STATES DEPARTMENT OF COMMERCE ® Frederick H. Mueller, Secretary
NATIONAL BUREAU OF STANDARDS e A. V. Astin, Director

Properties of High-Temperature Ceramics and Cermets

Elasticity and Density at Room Temperature

S. M. Lang

National Bureau of Standards Monograph 6
Issued March 1, 1960

For sale by the Superintendent of Documents, U.S, Government Printing Office
Washington 25, D.C. - Price 20 cents

,




Contents

1. Introduction. _._.__.  __. ... o
2. Materials and procedure. . . . _ o
2.1. Materials___ _________.

2.2. Preparation of specimens R ' -

2.3. Elastic moduli_____. . _
2.4. Density. ... . o . L -
2.5. Precision..____.. o , o B}
2.6. Statistical treatment .
3. Results and discussion___. ... _. .

3.1. Presentation of data_____ __ .. ,
3.2. Results for different materials_ . L - B

Aluminum oxide- ALO;. ..

Ruby alumina---AL,O; 4 Cr,0;.

Magnesium oxide—MgO._ _ .

Mullite— 3A1203 28103__ [

Mullite+ZrO,______.___ .

Spmel—\IgO ALOs __ . L

Thorium dioxide—ThO,_. . , 4

Uranium dioxide—UQ,...._.. . . = .. o

Stabilized zirconia—ZrQ,+CaO_. . .

Alumina—+ chromium-—AlLQOQ;+Cr____.

Ni-bonded titanium carbide—TiC+ Ni...

Boron carbide—B,C_ _ . _ . ______________.

. Boron carbide+titanium diboride—B,C+TiB,
Silicon carbide——-S1C________________.______. i
Silicon carbide -+ boron car I)ld(‘——*SlC—{—B Co.
Zirconium carbide—ZrC_____________.___ .
Zirconium diboride—ZrB,_ . _ .. . . B
Molybdenum disilicide—2M oS, o
Nickel aluminide—NiAL______. . o

3.3. Discussion. . - oo e -

Appendix I. Statistical treatment of data ... =~ . . _ . _.

Appendix II. Tabular information__________ .

4. References_________________.___

W¢pv9;sfwﬁr?®w?9?¢9

o)
®
R

OO OWWRTIDHCTONTT RN NN —~




Properties of High-Temperature Ceramics and Cermets

Elasticity and Density at Room Temperature !
S. M. Lang?

In order to provide some of the basic data necessary for the effective utilization of
ceramics and cermets in various high-temperature applications, a specimen “bank’ of such
materials, mainly commercially fabricated, was established for the measurement of physical

roperties and constants. This Monograph describes: (1) The materials and some of their
abrication data; (2) bulk densities; (3) theoretical densities; and (4) the dynamic room-
temperature elastic constants. Data are given for 46 sets of specimens, representing 20
different materials; these include oxides, carbides, borides, cermets, and an intermetallic
compound. A statistical evaluation was used for analyzing the data.

Results of the room-temperature measurements show that: (1) Significant variations
are common both in the specimens of one group and from group to group of specimens pre-
pared of the same material; (2) the largest variations occur for specimens formed by hot-
pressing, although average values are higher for hot-pressed specimens; and (3) measurements
of the dynamic elastic constants by the sonic method are more sensitive as indicators of
homogeneity and group uniformity than bulk-density measurements.

1. Introduction

Recent outstanding advances in the field of jet,
rocket, and atomic-powered heat engines have
strongly stimulated an accompanying development
in high-temperature ceramic and cermet materials
to withstand the high temperatures and corrosive
atmospheres involved. The new ceramics have
been well described by E. J. Runck [1]® who
states that they are commercially produced by
“radical departure from orthodox processes and
materials”, being “cerarnic bodies . . . that pos-
sess no silica or clay in their structure. The
coarse nonplastic portions of these new refrac-
tories have high purity and are processed at high
temperatures, even up to fusion . . .. The mix-
tures are compacted and fired . . . usually above
1,600° C. In firing, these materials do not form
glassy bonds, but sinter or recrystallize by solid
reactions.”

Designers have been severely handicapped by a
lack of sufficient data for the high-temperature
ceramics and, in addition, the available data have
not always been consistent [2]. This lack of con-
sistency could result from differences in experi-
mental conditions, or could be a real variation of
Eroperties of nominally the same material caused

y uncontrolled differences in fabrication or batch
composition. To fill the critical need for more
complete and reliable engineering data for these
ceramic materials, a ‘“bank” of these products

1 Financia) sup{}on for this investigation was supplied by the Division of
Research of the U.S. Atomic Energy Commissicn.

3 Present address, Owens-Illinois Technical Center, Toledo, Ohio. Since
Mr. Lang’s departure from NBS, this paper has been revised by M. D,
Burdick and 8. Spinner.

3 Figures in brackets indicate the literature references at the end of this
Monograph.
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has been established. This bank contains samples
from the leading manufacturers as well as some
fabricated at the National Bureau of Standards.
Also included are a number of cermets. These
are metal-ceramic combinations designed for use
at elevated temperatures.

The long-range goal of the investigation is to
supply reliable enginecering data for these new
classes of materials. The properties to be investi-
gated include mechanical strength, clastic and
anelastic characteristics, the temperature depend-
ence of these properties, and thermal properties
gencrally. Since all these properties will be deter-
mined on the same set of specimens by the same
test procedure, valid comparisons will then be
possible.

The particular purposes of the present investi-
gation were: (1) To determine the room-tempera-
ture elastic properties by a dynamic (sonic)
method; (2) to determine both the bulk and
theoretical densities; (3) to evaluate from a
statistical treatment of the data the variability of
fabrication of the different types of materials,
using the above-determined -elastic and bulk-
density data; and (4) to compare measurements
of the elastic properties and densities for their
usefulness as indicators of significant variations
in fabrication.

Density and elastic properties were determined
first because, in addition to being important

roperties in themselves, the experimental method
or their determination is nondestructive. It thus
becomes possible to perform further measurements
of other properties without diminishing the num-
ber of available specimens.




The present paper contains detailed descriptions
of the methods used in calculating both the elastic
constants and the statistical parameters. These
detailed descriptions have been included for two

reasons: (1) To leave no doubt as to the exact
procedure, and (2) to act as a guide to other
workers who might wish to make similar de-
terminations.

2. Materials and Procedure

2.1. Materials

A complete list of the materials along with

rtinent fabrication data is given in table 1
appendix II). Most of these materials are com-
mercially available; some are experimental (at the
time of this investigation) including all those from
source G. Some additional information con-
cerning these materials that could not be listed
in table 1 conveniently is included under results.

2.2. Preparation of Specimens

A convenient size and shape of specimen for the
elastic modulus measurements, and one that was
used whenever possible, was a rectangular prism
6 in. by ¥ in. by % in. However, all of the speci-
mens that were fabricated by the hot-pressing
technique were sugplied as aﬂproximate y 3-in.
long by }-in. wide by %-in. thick bars, rather than
6-in. long bars, because the shorter specimens
could be made denser and with greater uniformity.
In order to achieve this with available equipment,
the blanks were hot-{)ressed perpendicular rather
than parallel to the length. Pressing parallel to
the length would have produced a low-density
zone near the center of the specimens.

All specimens were finish ground to the final
dimensions. For the harder specimens, such as
B.C, B.C+TiB;, and SiC+B,C, the machining
opelration was slow and tedious, even with diamond
tools.

2.3. Elastic Moduli

a. Method

The equipment, and technique for determining
the elastic moduli by the sonic method were the
same as those reported by Spinner [3], and pre-
viously described by Hornibrook [4]. The method
consists of inducing the mechanical resonant fre-
quency of the specimen, usually by means of a
tweeter-type speaker, driven by an audio oscillator.
The resuﬁg,nt oscillations are detected by means
of a crystal pickup which, together with the signal
from the audio oscillator, produces a Lissajou
pattern on a cathode ray oscilloscope. .

One of the basic characteristics of the dynamic
method is that the elastic moduli are determined
at very low-stress levels. Thus, the possibility
of the occurrence of creep, elastic hysteresis,
plastic flow, or similar effects is reduced to a
minimum [5].

Whenever possible, the fundamental resonant
frequency of four types of vibration was deter-
mined for each specimen. These were the longi-
tudinal, F;; flexural vibrating flatwise, Fj;
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flexural vibrating edgewise, Fy.; and torsional F,.
The first threc types of vibration were used to
determine Young’s modulus, whereas the torsional
mode yielded the shear modulus. The reason for
determining two elastic moduli is that all the
elastic constants for isotropic materials are inter-
related by well-known equations in such a way
that, if any two are known, the others may be
calculated. In this investigation, Poisson’s ratio,
u, and the bulk modulus, Ig, were calculated after
Young’s and the shear moduli had been obtained.

For some specimens, usually the shorter ones,
the longitudinal resonant frequency was too high
to be detected with the equipment used. In these
cases, only the flexural and torsional resonance
frequencies were determined.

In three instances, Code 44 (B,C), Code 43
(B.C+4TiB,), and Code 37 (SiC+B,C) the com-
bination of size and density were such that the
resonant frequency of the test specimens could
not be detected either in the longitudinal or in the
torsional modes. One specimen of each of these
materials was reshaped so that the resonant tor-
sional frequency could be obtained. The re-
mainder of the specimens in the group were not
reshaped because (1) the grinding and polishing
operations were difficult and time consuming due
to the extreme hardness of the B(C constituent,
and (2) the reshaping operation made the speci-
mens unsuitable for other testing.

The shear moduli and velues of Poisson’s ratio
were calculated for each of these reshaped speci-
mens. These values of Poisson’s ratio were then
assumed to be representative of the entire group
of specimens of that mixture and were used to
calculate the shear and bulk moduli for the re-
mainder of the specimens. Because only one
specimen was measured in shear, the data for
these groups were not treated statistically.

It may be noted that it is usually possible to
obtain adequate responses even when gequencies
are considerably higher than what is usually
regarded as the upper limit of the audiofrequency
range (20 kec). This is because the frequency
response of a driver or pickup is usually higher
than its rated value. The upper frequency limit
for a good crystal pickup is ordinarily given as
aroun(f 10 to 11 ke. Afthough this 1s the fre-
quency above which the response falls off from
being flat, it does not drop immediately to zero.
There continues to be a reduced response at much
higher frequancies, With the apparatus used,
frequencies well above 20 ke could usually be
detected. The actual upper limit of frequency
response was between 25 to 30 ke.




b. Calculations

All of the following equations for calculating
the elastic constants from the various resonant
frequencies are based on the assumption that the
sﬁecimens are isotropic and homogeneous. Al-
though the individual crystals comprising the
specimens are elastically anisotropic, their dis-
tribution and orientation within the specimen are
random so that the assumption of isotropy would
appear to be valid. However, as will be seen
later, certain differences in Young’s modulus,
when calculated from flexural and longitudinal
frequencies, indicate that either or both of these
conditions (isotropy and homogeneity) were not
completely satisfied in all cases.

The following well-known equations were used
to calculate the speed of sound, V,, and Young’s
modulus, £, from the longitudinal resonant [re-
quency, F,

V.=2lF), (1)

where /=length in cm, F; is in cps, and V. is in
em/sec, and

E=VZp, (2)

If V. is in cm/sec,

where p=density in g/em?.
All elastic moduli

then K, will be in dynes/cm?.
are given in kilobars where

10° dynes/em?=1 kilobar.*

Correction for cross-sectional effect was neg-
lected as too small to be significant. The follow-
ing equation from Giebe and Scheibe [6] gives the
amount by which the fundamental longitudinal
frequency, F,;, of a prism of given rectangular
cross section is less than that of an infinitely thin
rod of the same length

F,
22— g? ’
1_I_vru(%l2 &) (3)

F‘z

where Fn.=longitudinal resonant frequency of an
infinitely thin rod,

p=Poisson’s ratio,
w=width,

e=edge or thickness,
/
{=length of the specimen.

¢ The cgs system Is used throughout as being s more desirable form in which
to develop the equations and present the final data. However, for the con-
venience of those who are more familiar with the English system of units, the
ﬂnatl data, In appendix II, are presented in the English as well as the metric
system.

Kilobars may be converted to psi by means of the following equation,

Kilobars X14,503.8=psi.

(This conversion factor assumes a value for the acceleration of gravity, ¢,=
980.1 cm/sec?.)

Substituting the dimensions for the long (6 in.)
specimen and, assuming a u value of 1/4

Fn=1.0002 F, (4)

or, the resonant longitudinal frequencies of bars of
the dimensions used here are 2 parts in 10,000 less
than for an infinitely thin rod of the same length.
This is a higher order of precision than the reso-
nant frequency determination itself (1 part in
3,000), and therefore may be neglected.  Since the
entire lateral correction is neglible and, since
Poisson’s ratio is only one of the factors entering
into the correetion, the value of £, is, within the
precision used here, independent of Poisson’s
ratio.

To calculate Young’s modulus from the flexural
frequencies and the shear modulus from the
torsional frequency, the relations developed by
Pickett [7] were used. These equations have been
modified to conform to the cgs system.

The following pair of equations relate Young’s
modulus to the flatwise and edgewise flexural
frequencies,

3
E;,=9.464X10"! £) T mF,t ()
€ w
INT, ..
E’,e:9.464><10“°<6> — mEy’ (6)

E»=Young’s modulus as determined from flat-
wise flexural vibration, F,,; I£,,= Young’s modulus
as determined from edgewise flexural vibration,
Fy; and m=mass of specimen in grams. The
numerical constant in eqs (5) and (6) is chosen so
that Young’s modulus will be in kilobars. The
factor, T, depends upon r/l, the ratio of the radius
of gyration of the cross-sectional area in the
direction of vibration (=0.288675Xe or 0.288-
675 Xw, depending on whether the vibration is
flatwise or edgewise) to the length of the specimen.
Pickett gives algebraic relations, graphs based on
these relations, and also a table of sclected numeri-
cal values from which 7T; can be determined as a
function of Poisson’s ratio for values of 0, %, and
%. Subsequently, the following cquation has been
offered [8] from which 7, can be cvaluated for
Poisson’s ratio values other than those given by
Pickett,

1+(0.26p+3.224%)1l @
1+0.1328 X7/l

T1=T[

where u is the particular value of Poisson’s
ratio and 7 is Pickett’s value of T, for u=¥% for
the corresponding value of r/i.

The nature of the function relating 7 to r/l is
such that not only does T increase as r/l increases,
but also the values of 7 diverge from each other
more rapidly for different values of Poisson’s
ratio. Therefore, the accuracy of u becomes more
critical in the accurate determination of E,, and
E,., as r/l increases.

3
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The shear modulus, @, was calculated from the
torsional resonant frequency F, by means of the
following equation,

G=BmF} (8
where B is defined by the following relation
4R
= (9)

wvhere a is the cross-sectional area and R is the
ratio of the polar moment of inertia of this cross-
sectional area to the ‘“‘shape factor” [9] for the
sume cross section. The following approximation
for rectangular cross section is given by Pickett
(7] and based on Roark’s Monograph [9],

R= e/w-+w/e )
T 4(efw) —2.52(efw)*+0.21(e/w)*

A reexamination of the accuracy of the equa-
tion for R for the dynamic shear modulus calcu-
lations has been presented [10]. The revised re-
lation for the specimen sizes used in this study,
all with width-to-thickness ratios of about 2, is
not significantly different from those calculated
from the relation given.

Ounce Young’s modulus and the shear modulus
were determined, Poisson’s ratio was calculated
from the following equation,

E
w=50 1. (11)

For the 3-in, specimens, where £, could not be
determined, £y, or E,, (eq (5) or (6)) was used
in eq (11). However, the importance of an ac-
curate value of u for the determination of £, or
Ey. has already been mentioned. The procedure
that was followed, then, was to assume a reason-
able value of u in calculating E,, or F,, from cq
(5) or (6); then by successive approximation in-
creasingly accurate values of Iy, or E,, and u were
obtained. The process ceased when two succes-
sive calculations of F,, or F, did not vary by
more than about 2 in the fourth significant figure,
Usually, no more than two recalculations were
necessary.

The subscript in the symbol for Poisson’s ratio
(k1, Bpo, OT pye) indicates whether the longitudinally
or flexurally determined values of Young’s modulus
were used 1n eq (11).

For those specimens where F; could not be de-
termined, the speed of sound was calculated from
the equation

(10)

Efw
= . 12
V ; (12)

The bulk modulus, X, is obtained from the
following equation

K E

=302 (13)

As with Poisson’s ratio, the symbols K, or K,
indicated whether E, and u, or E,, and u,, were
used in the equation for the bulk modulus.

2.4. Density
a. Bulk Density

The bulk density was determined from the mass
and volume which was calculated from the
dimensions.

In order to determine the mass accurately, the
specimens were cleaned with soap and water, then
with trichloroethvlene, and dried to constant
weight either by heating at 800° C in an clectri-
cally heated muffle furnace or, if there was any
doubt about the oxidation resistance of the ma-
terials at 800° C, they were vacuum-dried at an
absolute pressure of about 1X10-* mm of Hg. A
few of the specimens were vacuum-dried in a
desiccator at about 30 microns pressure.

After cleaning and drying, all of the specimens
wcre stored in desiccators until they could be
weighed on an analytical balance. The mass was
corrected for the air buoyancy referred to a
barometric pressure of 760 mm of Hg and 20° C
by the equation

Corr. mass=[mass in airxX0.99986]
+[volume X0.0012]. (14)

b. Theoretical Density

The theoretical density, P, was determined from
X-ray diffraction examination, using the following
relation

p=YM (15

=Va 2

where N is the number of molecules per unit cell,

M is the molecular weight, V' is the volume of

the unit cell in angstrom units, and 1 is Avog-

adro’s number (6.024 X 10%) used in conjunction
with the newly adopted angstrom length unit.

The molecular weights of solid solutions were
calculated assuming that electrostatically neutral
structures exist. No theoretical density compu-
tations were made in those instances where the
type of solid solution was not known, where a
number of solid solutions and compounds could
exist, and where the reactions between these
phases were not known, and when the structures
of the material were of various low orders of
symmetry and the angular values of the inter-
secting axes were not readily available,  When it
could reasonably be assumed that no reactions
oceurred between the two or more phases present
in some of the test specimens, the theoretical
densities were calculated as though the specimen
were composed of a “mechanical” mixture of
the component phases and that the densities of
cach were additive according to the amounts
present,




2.5. Precision

The precision of the resonant frequency
sasurements has been given as about 1 part in
)00 (2.3b). The speed of sound, when calcu-
ed from the longitudinal frec: ency, is the most
ecise of all the constants given since it depends
ly on the length, known to about 1 part in
)00, and the longitudinal frequency. The
ror in this detecmination is less than 0.1 percent.
hen combined with the other factors involved
its determination the precision of E;is estimated
be better than 0.4 percent. The precision of
E,,, E,, and V, from eq (12) are estimated
be about 0.4 percent. The precision of the
disson’s ratio and bulk modulus values are, from
e nature of their determination, reduced by
factor of 10, from 0.4 percent to 4 percent.
The precision of the bulk density measurements
estimated to be about 0.2 percent.

2.6. Statistical Treaiment

A detailed description of the statistical tech-
ques employed and theiv application to the
wticular problems of this investigation is pre-
nted in appendix I. The basic features of this
atistical approach were as follows:

In most cases two or more groups, usually con-
sting of 10 specimens each, of a single type of
waterial, were supplied by the manufacturer.
he different groups were ecither fabricated at
ifferent times, using the same batch, or fabri-
ated using batches prepared at different times.
'he first condition was designed to test the uni-
rrmity of fabrication, whereas the latter condi-
on tested the uniformity of batch preparation.
s mentioned in the introduction, the elastic
onstants and densities were used independently
s indicators of the uniformity of production.
The specimens of a single group were desig-
ated “acceptable” if the cocfficient of variation
-as 1 percent or less. This rather arbitrary cri-
rion of aceceptability scemed reasonable on the

hasis of earlier testing [11, 12] and the data -
ported here. This standard of acceptability could
favor some materials at the expense of others,
and it should not be interpreted as a rigid criterion
of the quality of any material or manufacturer's
produet.

The F-test was to determine whether or

not two or more gre.ps of speeimens were signiii-
cantly different in the degree of scatter.
test was used to determine whether or not the
averages of two groups of data were alike.  For
both these tests, the 93 vercent confidence level
was used.
F-test, showed the two groups to have the same
degree of scatter within the specified 95 pereent
confidence level.
how these two tests were emploved to evaluate
the parameters of fabrication and batch prepara-
tion for the two or more groups of specimens of
cach material.

The ¢-

The t-test was applied onfy if the

The following table illustrates

|

Statisticeal at one time: speci- ferent times; speci-
test mens fabricated at mens fabricated all
: different times, at one time,

Iintire bateh mixed ! Batches mixed at dif-
I
I

+ No significant differ- | No significant ditfer-

" ence means that ence  means  that

the separate fabri- hoth groupsof batch

r 1 cation procedures materials  were  of
result in produets comparable varia-
of comparable var- bility as were the
iability. mixing procedures.

No zignificant dif- | No  significant  dif-
ferenee means that ferenee means that
not only were the not only were the
fabrication proce- batehes of compar-
dures of compar- able variability but

{ able variability that they were suf-
but they were suf- ficiently uniform to
ficiently uniform permit fabrication

of produets with the

to permit produe-
same properties.

tion of products
with  the same |
properties, |

|

3. Results and Discussion

3.1. Presentation of Data

All tabular data are presented in appendix 11.
For illustration only, complete data and caleu-
itions are given for one material, Code 4, ALO;,
1 tables 2, 3, and 4.

Table 5 gives results of the N-ray diffraction
caminations. This table includes deseriptions
f the phases present, the unit cell parameters,
nd the theoretical densities caleulated from the
iffraction data.

Table 6 presents a summary of the elastic
roperties and densities for all the materials
udied.

Tables 7 to 25 inclusive give the following data
for cach type of material separately: (a) the
average value for cach physical property; (b) the
95 percent confidence limits are given by the num-
hers following the average values; (¢) the coeffi-
cient of variation _ standard (10»‘“!!19!‘—,\000):

average ,
(d) the caleulated and ecritical F-test number;
and, (e) the calculated and critical i-test number
when applicable.

The discussions of the 20 materials, generally,
are given in the following order: (1) Deseription
of cach type of material, fabrication, heat treat-
ment, and general comments on their appearance:
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(2) acceptability with respect to the coefficients of
variation of the bulk densities and elastic con-
stants; (3) comments on the significance of the
statistical comparison calculations; and, (4) other
discussion of data, when appropriate.

3.2. Results for Different Materials
a. Aluminum Oxide-—Al,0; (Tables 7 and 7a)

Code 1: The six groups of hot-pressed fused
Al;O; were made from the same batch and heat-
treated under the same conditions but at different
times. These specimens were gray in color sug-
gestinﬁ that they contained some carbon or graph-
ite. However, one specimen of group I was heated
for 30 minutes at 1,200° C in an oxidizing atmos-
phere with no appreciable loss in weight (0.01%)
and no color change.

Based upon their measured bulk densities, all
of the groups would be considered ‘“‘acceptable.”
With the exceptions of the specimens of groups 1V
and V, the specimens would be ‘‘acceptable’ ac-
cording to the variations of the elastic constants.
As a single group, however, these specimens would
not be “acceptable’” when based upon the coeffi-
cients of variation of either their bulk densities
or the values of the elastic constants.

Code 27: This group of seven specimens is one
of a serics fabricated to produce a high density,
polycrystalline material, by cold-pressing and sin-
tering. Although a relatively high density was
achieved with very small variability in the bulk
density measurements, the specimens would not
be ‘“‘acceptable’’, on the basis of their elastic con-
stants variations.

Code 26: Two additional groups of specimens
were fabricated using the best method developed
for the Code 27 specimens. Both of these groups
would be “acceptable” according to their varia-
tions in bulk densities and group II would be
“acceptable” with respect to the elastic constants
variations. Comparisons of the properties of
both groups show that the batches and the fabri-
cation procedures that were established were
satisfactory to provide specimens having repro-
ducible physical properties.

Code 4: Two groups of 10 specimens each were
prepared from a very high-purity Al,O;. The
specimens were semitranslucent and appeared to
be impervious. Kach group was cold-pressed and
sintered at the same temperature but at different
times. Both groups would be ‘“acceptable” on
the basis of the coefficients of variation of the
determined properties. Stalistical comparisons of
the properties of both groups indicate that this
material and the particular fabrication process
can be used to produce uniformly reproducible
specimens.

Code 3: This group of five specimens had a
composition and fabrication similar to those of
Code 4.

6

The group would be ‘“‘acceptable” on the basis
of the variation of any physical property. No
statistical comparison calculations were made for
this and cither of the groups of the C'ode 4 mate-
rial because examination of the values of the
physical properties shows that there is little, if
any, difference.

Code 2: Two groups of 10 specimens per group
were fabricated from the same material, but group
I was heat-treated in a production kiln and group
IT was heat-treated i a laboratory kiln.  Those
heated in the production kiln attained a slightly
higher temperature. Both groups would be
“acceptable’” on the basis of their bulk density
variations; only the group 1 specimens could be
considered almost “acceptable” with regard to
their elastic constants variation. More impor-
tant, when the various property values of both
groups, with the exception of the values for
Poisson’s ratio, are compared statisticallv, the
two groups are significantly different.  In this
mstance, then, one could not predict the charac-
teristics of a production product if that predie-
tion is based upon the characteristics of a labora-
tory product.

Code 14: Twelve specimens of a high-purity
ALQO; were cold-pressed and sintered to produce
a product that was said to be impervious to gases
at clevated temperatures, however, the densities
and elastic moduli given in table 7 were relatively
low. These specimens would be “acceptable’ on
the basis of the coeflicients of variation of any
of the physical properties.

Code 15: These eight specimens were fabricated
i the same manner as that used for the Code 26
and 27 specimens, but using a different supplier’s
materials.  Neither high density nor high values
for the elastic constants were obtained, and the
specimens would be “acceptable” only on the
basis of the bulk density variations.

Code 5: Eleven specimens of a very high-
purity ALO; were cold-pressed and sintered in a
“high-temperature”  production  kiln. A low-
density product resulted that would be “aceepi-
able” only on the basis of the small varviation of
the bulk density values

General Comments: Figure 1, based on the
data in table 7, shows the relationship between
the average bulk density, the average values of
speed of sound, Young’s modulus, and the shear
modulus for the Al,O; specimens.  These results
are in general agreement with those of Coble and
Kingery [13] who found the eclastic moduli of
AlLLO; specimens to increase with decreasing
porosity. When one considers that the data
represent the products of three different fabricators
and some five different batches, the regularity of
the vesults is quite surprising. When the curves
are extrapolated to the value of the theoretical
X-ray density, the values of the elastic constants
compare very favorably with those determined
for the hot-pressed speeimens that attained
almost theoretical density.
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b. Ruby Alumina—Al;0;+ Cr;0; (Table 8)

Two groups of five specimens each were ob-
ined on loan. One up contained ! weight
recent Cr;0; (Code 6) and the other (Code 7)
ntained 134 weight percent Cr;0; simulating one
the compositions of natural ruby. The alumina
ed in compounding these specimens is the same
that used for the Code 5 specimens (sec. a).
3 received, the specimens were extremely porous

the result of the very low-temperature treat-
ent that they had received. Because of small
re and density, none of the resonant longitudinal
bration frequencies could be obtained. After
e data given in table 8 were obtained, the speci-
ens were heat-treated at 1,800° C, reshaped and
ain tested.

524074—060——2

The results, which are given in table 8 as codes
6B and 7B showed that, when these specimens
were heated at a sufficiently high temperature,
they would be considered ““acceptable’ only on the
basis of the variation of the bulk density values.
Although a considerable decrease was noted in the
coefficients of variation of the clastic constants for
the group containing the 4 weight percent Cr;0,
“impurity’”” when they were reheated, no appreci-
able changes occurred in the coefficients of varia-
tion for the group containing 14 weight percent
Cr,0;. It was more interesting, however, that
additional heat treatment caused only small
changes in the calculated values of Poisson’s ratio.
The change in value for the Code 6 specimens is
the reverse of the bulk density-Poisson’s ratio
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trend shown for practically all of the other data
available for other materials.

¢. Magnesium Oxide—MgO (Tables 9 and %)

Code 24: Two groups of specimens were fabri-
cated from the same batch but heat-treated at
different times to produce high-purity, high-
density test specimens by cold-pressing  and
sintering. Both groups would be *‘aceeptable”
because of the small variation of the bulk density
values, but only group Il would be “acceptable”
on the basis of variations in the elastic constants.
Statistical comparison of the property values
(¢-test) of the two groups indieates that this
material and fabrication procedure may be con-
sidered satisfactory for produecing, from time to
time, specimerns of about the same characteristies.

Code 25: These two groups of specimens were
fabricated similarly to the Code 24 specimens.
Some slight differences occeurred during the prepa-
ration.

Either group would be “acceptable’ on the basis
of the variation of their bulk densities.  Statistical
analyses of both groups showed that, although no
really significant difference in the variability of
the material was introduced because of the slight
procedural change, as indicated by the F-test
results, the change did affect the average values
significantly, as indicated by the f-test vesults.

Code 23: These two groups were the first trials
at producing a high-purity, high-density product.
Each was made from a different source of mag-
nesium  carbonate.  Each would be considered
“acceptable” only on the basis of their bulk
density variations.

Code 9: Two groups of 10 specimens each were
fabricated from a fused MgO material by cold-
pressing and sintering.  This material has a purity
of +95 percent. The test specimens were ex-
tremely porous, somewhat (riable, and tan in color,
speckled with light-brown areas. Both groups
were prepared from the same material and both
were heat-treated simultancously, but in different
parts of the same kiln.

The only basis for “acceptability” of both
groups would be the low cocflicients of variation of
the bulk density values. Comparison of data
obtained for cach of the physical propertics of
both groups shows that this material, treatment,
and location in the particular kiln were such that
with two exceptions (up and K}, there was no
really significant difference according to the F-and
t-tests.

d. Mullite—3A1,0,°2Si0; (Tables 10 and 10a)

Code 16: Five groups of hot-pressed mullite,
totaling 20 specimens, were made from the same
material but heat-treated at different times, pre-
sumably under the same pressure-temperature
conditions. Although the purities of the starting
materials were about the same in Codes 16, 17,
and 18, those of Code 16 were contaminated with

graphite from the arc-fusion process and the
graphite mold of the hot-pressing apparatus. In
addition, X-ray diffraction examination of one
specimen showed that it contained mullite and at
least 10 percent of free ALQ;.

With the exception of group 1V, all would be
“acceptable” on the basis of their bulk density
variations; however, the entire lot as a group
would be “unacceptable” on the same basis.  Only
group LI, containing but 2 specimens, would be
“acceptable”, according to the coeflicients of
variation of the elastic properties. There appears
to be some difference among most of the groups
listed. Because all specimens were made from the
same material, it would seem that variations in the
control and operation of the hot-pressing facility
were sufficient to eause significant changes in the
product in three of the five groups processed.

Codes 17 and 18: T'wo groups of ten cold-pressed
and sintered specimens each were obtained separ-
ately. The Code 17 specimens were subjected to
a “short burn”, while the Code 18 specimens
sustained a “long burn”, both at the same tem-
perature.  X-ray diffraction examination of one
specimen of cach group indieated that both were
single-phase miaterials.

Both groups would be considered *‘ucceptable”
on the basis of their bulk density variations and
the Code 18 specimens would be “acceptable”
with respect to the elastic constants variation.
Comparison of the physical properties of both
groups by the t-test shows that the heat treat-
ment significantly affected the charvaeteristies of
the test specimens. It is evident that the longer
heating period, although it did not materially
affect the bulk density, or elastie modulus values,
did result in a me.. uniform produet.

e. Mullite-}- ZrQ, (Table 11)

Code 22: One group of 10 cold-pressed and
sintered specimens were obtained that were com-
pounded from a mixture of mullite (the same as
that used for the Code 17 and 18 mullite speci-
mens) and zircon, These were fabrieated and
heat-treated in a manner similar to that used for
the Code 17 and 18 mullite specimens.  X-ray
diffraction examination of one of the test speei-
mens showed no zircon present and also that the
specimen contained mullite and about 20 percent
of monoclinic ZrQ,;. No hypothesis is vidvanced
for the loss of silica from the zircon, but the SiQ);
formed from the decomposition is assumed to have
entered the mullite phase [14].

This group could be considered “acceptable’”
both on the basis of the coefficients of variation for
bulk density and elastic constants. If it can be
assumed that these specimens and those of Code
17 received the same fabrieation and heat treat-
ments, then it appears that the addition of zircon
is almost as beneficial as a “long burn” in produc-
ing mor. nmiform property characteristics, but
that the densities and elastic moduli are reduced.
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f. Spinel—MgO0"'Al.O; (Tables 12and 12a)

Code 20: Five groups of lhot-pressed spinel,
wotaling 20 specinmiens, were fabricated from
the same batch composition but heat-treated at
different times. The specimens appeared to be
coarsely cryvstalline, grains of 's in. diam being
visible.  The specimens were freely speckled with
black arcas. These areas are believed to be con-
taminations from both the are-fusion process and
the hot-pressing operation. X-ray diffraction ex-
amination of one specimen showed that it con-
tained magnesia spinel and less than 5 pereent of
free MgO.

All of the groups, individually or as a lot, were
“‘acceptable’ according to their bulk density varia-
tions, but ‘“‘unacceptable” from the standpoint of
variation of the eclastic constants. When the
properties of each of the groups are compared
with those of all of the specimens, a surpnsing
consisteney is noted. In fact, this spinel is one
of the few hot-pressed materials that gave a fauly
consistent product.

Code 21: ‘I'wo groups of 8 and 10 specimens cach
were made from the same material as was used for
the Code 20 specimens, except that they were
fabricated by cold-pressing and sintering. Each
group was heat-treated at different times. The
test specimens were snow-white in color, very
porous, somewhat friable, and rather weak., Two
of group I were broken in handling. Unlike those
of Code 20, the specimens were fine-grained.

The group IT specimens could be considered
“acceptable” on the basis of the butk densities but
not on the basis of the clastic properties. The
group I specimens were not “‘acceptable’” on any
basis. When the two groups were compared with
cach other by the F- and f-test, it can be seen
that the differences that oceurred from processing
at different times caused a significant difference in
all properties, except us.

¢. Thorium Dioxide—ThO, (Tables 13 and 13a)

Both types of thoria deseribed in this report,
Codes 10 and 51, contair !4 weight percent of CaO
(usually added as CaCQO;) for densification.

The thoria used in the preparation of Code 10
specimens was electrically-fused, while that used
for the Code 51 specimens was a very pure
(99.9+ %), low-temperature calcined material.

Code 10: Two groups of 10 specimens cach were
cold-pressed from the same ‘'mixture and simulta-
neously sintered at the same furnace temperature,
but in different parts of the furnace. The speci-
mens were a light-brown with a pink cast.

Statistically, both groups would be considered
“acceptable”, although some of the calculated
clastic constants had variations that exceeded the
acceplubility limits,  The F-test showed signifi-
cant differences for bulk density and bulk modulus;
the only property that showed a significant differ-
ence by the t-test was the shear modulus.  This
uniformity indicates that the position in the

furnace did not seriously affeet the characteristies
of the products.

Code &61: This group of 10 specimens were
fabricated from a mixture of very pure, low-tem-
perature calcined ThO, and CaCQO; by cold-press-
ing and sintering. The specimens were off-white
in color. The statistical treatment showed that
the group would be “acceptable” on the basis of
both the bulk densities and the elastic constants,

h. Uranium Dioxide—UO; (Table 14)

Code 19: The five specimens of this group,
which were prepared by cold-pressing followed by
sintering in a hydrogen atmosphere, had a bulk
density about 95 percent of theoretical. The
uranium oxide used in fabricating the specimens
had 2.05 moles rather than 2.00 moles of oxygen,
This ratio changed during fabrication to 2.02.

The group would be “acceptable” on the basis
of both the bulk density and on all clastic con-
stants, except A and Ky,

Code 19a: One test specimen was fabricated by
cold-pressing and sintering an “‘ammonia-precipi-
tated” UO, material. The measured values are
included in table 14.

i. Stabilized Zirconia—ZrQ,-+ CaO (Tables 15 and 15a)

All of the materials deseribed in this seetion
contain about 5 weight percent of (‘aO. When
such mixtures are heated they form cubic solid
solutions which are free from the discontinuous
volume changes associated with the monoclinic-
tetragonal inversions that occur between 800° C
and 1,200° (" in pure ZrQ, [15, 16].

Code 11: Four groups of hot-pressed stabilized
zirconia, totaling 18 specimens, were made from
the same mixture but heat-treated at different
times.

All groups would be “acceptable’” on the basis
of their coefficients of variation for the bulk
density, but none would be “acceptable” according
to the variations of the clastic constants. A com-
parison between groups seems unjusiafied hecause
of the extremely large variations (about 30%)
of all of the specimens, considered as a group.

Anticipating data to be presented later in this
section, inspection of the data in table 15 shows
that, although these hot-pressed specimens at-
tained a very high bulk density, the values of the
elastic constants were as low as (and in some
instances lower than) the values determined for
the cold-pressed and sintered specimens. It is
believed that this anomaly is due to internal
laminations and cracks in the specimens.  Such
faults in these test specimens could sometimes
be shown to exist, although their full extent
could not be readily evaluated, by judicious
“probing” during the resonant frequency deter-
minations. At times, the direction and magni-
tude of the flaw can be approximated, but it
does not. appear feasible to attempt a quantita-
tive evaluation of the effects.  Therefore, all of
these, and the later, data given for stabilized
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zirconia are suspect. Although there was a small
spread in the bulk density measurements, ap-
parently indicating production uniformity, the
very large spread of the elastic constants indicated
that actualg' this was not the case. This is an
excellent example of the value of the dynamic
measurements 1n determining the variability of
specimens.

Code 13: Two groups of 10 specimens, which
were fabricated by cold-pressing and sintering,
were made from the same material and heat-
treated simultaneously at the same furnace tem-
perature, but the groups were located in different
parts of the furnace.

Either group would be “acceptable” only with
respect to the low coefficients of variation for
the bulk densities; they would not be “acceptable”
with respect to the elastic constants. With the
exception of the bulk density values, statistical
comparison of the elastic constants of both groups
showed that the location in the furnace (assuming
all else equivalent) significantly affected the char-
acteristics of the products.

Code 12: These two groups of 10 specimens each
were submitted by the fabricator with the com-
ment that ‘“‘considerable fabrication difficulty was
experienced with longitudinal seams and trans-
verse cracks.” Both groups were made by cold-
pressing and sintering. They were prepared from
the same mixture and heat-treated at the same
temperature, but at different times, in a laboratory
furnace.

These two groups showed the lowest bulk densi-
ties of any of the stabilized zirconias. On the
other hand, the elastic constants are not only the
highest but also the most uniform. For example,
the group II specimens would be considered ‘“‘ac-
ceptable’” on the basis of most of the physical
properties. Statistical comparison of the elastic
properties of the two groups indicates that the
fabricator supplied this material with uniform
characteristics in spite of his fabrication difficulties.

j. Alumina+ Chromium—Al,0;+ Cr (Tables 16 and 16a)

Code 29: The group numbers of the 19 speci-
mens of this cermet were considered as ene group.
Another two groups of the same material are de-
scribed in the next section. With the exception
of the low variation of the bulk density values, the
Code 29 specimens as a single group would not be
considered ‘“‘acceptable”.

Code 30: These two groups of 10 specimens each
were cold-pressed and sintered. They have the
same composition as the Code 29 specimens. The
two groups were made from the same mixture but
heat-treated at different times.

Both groups could be considered “acceptable”
on the basis of bulk density or the elastic constants,
with the possible classification of group I as a
borderline case when considering the elastic prop-
ertics. Again, because of the borderline nature of
one of the groups, it is difficult to say, statistically,
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that the mixture can or cannot be fabricated with
uniform characteristics from time to time.

Code 28: Two groups of cold-pressed and sin-
tered Al,O;4-Cr cermet, 10 specimens per group,
were prepared from the same mixture but heat-
treated at different times. The composition 1is
similar to, but not identical with, the Code 30
specimens. As was the case for all of the Al,O;+
Cr mixtures, the X-ray diffraction examinations
showed only a single chromium-metal phase. A
possible explanation for the absence of AﬁOa reflec-
tionsis that the chromium-metalbecame‘“smecared”
over the surface during polishing, thus masking
the alumina phase.

Only the group I specimens could be considered
“acceptable’” on the basis of their low coefficients
of variation for the bulk densities and elastic con-
stants. When the physical properties of ecach
group are compared statistically, it is apparent
that variations in heat-treatment caused a signifi-
cant change in all of the properties with the
possible exception of the values for Poisson’s
ratio.

k. Ni-bonded Titanium Carbide—TiC+Ni (Tables 17
and 17a)

Four TiC+4Ni mixtures containing 10 to 30
weight percent of Ni were fabricated by cold-
pressing and sintering. The TiC had about 6
weight percent of tantalum and niobium carbides
in solid solution. Each of the four codes was
prepared and heat-treated separately under identi-
cal conditions., The nickel content of these
mixtures are:

Code 31—about 10 wt 9, Ni

Code 32—about 20 wt 9}, Ni

Code 33—about 30 wt 9, Ni

Code 34—about. 30 wt 9, Ni (a modified Code
33 composition)

Code 31: Both groups of specimens would be
considered “‘acceptable’” on the basis of the coeffi-
cients of variation for both the bulk densities and
elastic constants, although group I might be
borderline. Comparison of the physical proper-
ties by the ¢-test of the two groups shows that
the mixing and general fabrication controls are
such that materials having about the same vari-
ability can be produced at different times; also,
the t-test shows that this cermet can be repro-
duced with substantially the same physical
properties.

Code 32: Both groups of specimens would be
“acceptable’” except for Poisson’s ratio and bulk
modulus. Comparison of the physical properties
of the two groups shows that, aﬂ;hough the mixing
and goneral fabrication controls were such that a
material with the same scatter in values can be
reproduced from time to time, the materials were
not consistent in their physical properties.

Codes 33 and 34: The same statistical comments
that were given for the Code 32 material are
applicable to these materials.




General Comments: Figure 2 shows the extent
of the variation of the values of the elastic con-
stants and the bulk density with the nominal nickel
content. The average values of the two groups of
each mixture for codes 31, 32, and 33 were aver-
aged to provide the data for these curves.

1. Boron Carbide—B,C (Table 18)

Two groups of 10 hot-pressed specimens (Code
44) were made from the same batch but each was
repared and heat-treated at a different time.
or the reasons stated in section 2.3(a), torsional
frequencies were determined for only one speci-
men of a group; and consequently, no statistical
comparisons were made.

m. Boron Carbide+ Titanium Diboride—B,C+ TiB;
(Table 19)

Code 43: These four groups of five specimens
were hot-pressed from the same mixture of 82
parts (volume) of B,C and 18 parts of TiB;, but
each group was heat-treated at a different time.

The same comments that were given for specimen
size, reshaping, and calculation method for boron
carbide (sec. 2.3(a)) are applicable to these speci-
mens. The addition of titanium diboride in-
creased the bulk density but did not significantly
affect the values of the elastic constants.

n. Silicon Carbide—SiC (Tables 20 and 20a)

Code 45: “High-purity” materials, probably
less than 3 percent of uncombined silicon or carbon
excess, were used for both Codes 45 and 35. Two
groups of cold-pressed and sintered specimens,
9 and 8 specimens, respectively, were prepared
from the same material but heat-treated at dif-
ferent times. The resonant longitudinal vibra-
tion frequencies could not be determined with the
available equipment on the 15-cm long specimens
because of the high values of the speed of sound.
Therefore, the elastic moduli were calculated only
from the flexural mode of vibration.

Both groups would be “acceptable’ on the basis
of their variation in bulk density values, and group
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II would be ‘“‘acceptable” with respect to the
variability in elastic constants. When the physi-
cal properties of the two groups are considered, it
is apparent that the two groups, except for E,,,
are significantly different,

Code 35: Two cold-pressed and sintered groups,
were prepared from the same material but heat-
treated at different times. X-ray diffraction ex-
amination on one specimen revealed that it was
composed of a mixture of cubic crystals with
several hexagonal SiC phases. It has been shown
[17] that there are some 15 or more hexagonal
polytypes of SiC, all or any of which may coexist
with or without the cubic form.

On the basis of the coefficients of variation for
their bulk densities only, both groups could be
considered “acceptable”.  When the other prop-
erty values of the two groups are compared by
by the F- and t-test, it appears that the ma-
terials and fabrication methods can, in general,
provide reproducible products, but with rather
poor uniformity of physical property character-
istics; the uniformity of bulk density appea's to
be the exception.

o. Silicon Carbide+ Boron Carbide—SiC4 B,C
(Table 21)

Code 37: Each of the 4 groups of 5 specimens of
this material (designated as “boron carbide
bonded silicon carbide’’) were made from the same
mixture but hot-pressed at different times. The
SiC was the same as that used for the Code 35
specimens; the B,C was of “commercial” grade.
The same comments given for specimen size,
reshaping, and method of calculation for boron
carbide (sec. 2.3(a)) apply here. However, it will
be noted that the addition of the 10 parts of B,C
very substantially increased the bulk density and
elastic moduli values.

p. Zirconium Carbide—ZrC (Tables 22 and 22a)

Code 38: Six groups of hot-pressed zirconium
carbide, totaling 20 specimens, were made from
the same material but pressed and heat-treated
at different times. 'The material was of commer-
cial grade. X-ray diffraction examination of one
specimen showed it to be essentially a single phase
material (ZrC) but that it contained a very small
amount of free graphite.

Groups III, IV, V, and VI would be “accept-
able” on the basis of the low variation for the
bulk density values; however, the entire lot would
not be “‘acceptable’ according to the coefficients
of variation of the elastic constants. Assuming
all else equal, the results in table 22 show that
considerable variations in heat-treatment must
have occurred during the fabrication of these test
specimens. As was the case with manv other
materials, there was very little change in Poisson’s
ratio with heat-treatment.
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q. Zirconium Diboride—ZrB; (Tables 23 and 23a)

Cude 41: Four groups of five hot-pressed speci-
mens were made from the same material but heat-
treated at different times.

With the exception of the specimens of group
I1I, all other groups would be considered “accept-
able” because of their low coeflicients of variation
for both the bulk density and elastic constants
values.  When the values of each of the groups
are compared with the values for the entive code,
it is apparent that the values for the physical
properties were not reproduced from time to time.

Code 42: Two groups of 10 hot-pressed speei-
mens, whose composition is a modification of
Code 41, were fabricated at different times.

Comparison of the values of both groups shows
that nonuniform specimens can be fabricated with
reproducible properties, although ncither of the
groups would be “aceeptable” under the eriteria
established.

r. Molybdenum Disilicide~MoSi, (Tables 24 and 24a)

Code 39: Six groups of hot-pressed specimens,
19 in all, were prepared from the same material
designated as of “high purity” but heat-treated
at different times.

All of the groups, with the exeeptions of TT and
III, would be “aceeptable” on the basis of the
low variation of their bulk densities, although the
entire code would not be “acceptable’; groups 1V
and VI would be “acceptable” according to the
coefiicients of variation for the clastic constants,

s. Nickel Aluminide—NiAl (Tables 25 and 25a)

Code 40: Two groups of cold-pressed specimens
were fabricated from the same mixture but heat-
treated at different times. The mixture was :
proprietary modification of the basic composition.

Only the specimens of group I would be “accept-
able” and then only on the basis of the bulk
densities.  When all of the physical properties of
the two groups are compared, it should be noted
that the indicated simiﬁu'it-_v has little meaning
because of the large wvariability of the physical
properties.

3.3. Discussion

One of the interesting observations was that
Young’s moduli obtained from the longitudinal
mode of vibration were 1 to 2 percent less in most
cases than those obtained from the flexural modes.

Similar measurements made with glasses {3] and
other homogeneous isotropic materials {18] have
shown good agreement for Young’s moduli calcu-
lated from the flexural frequencies with Young’s
moduli calculated from the longitudinal frequen-
cies using the same cquations for both calculations
as in this investication. The observed lack of
agrecment for many of the materials studied here
may be attributed to one or more of the following
causes arisiny from some part of the fabrication
process: (1) Variations in density in the specimen;
(2) The presence of cracks within the specimen.
If these cracks are not randomly distributed, their




gross cffect will be that of a structueal inhomo-
geneity; (3) The segregation of grain sizes during
fabrication [19]; and, (4) The lack of complete
randomuess in the orientation of the crystalline
particles composing the specimen.

If the particles forming the structure assume
some preferred orientation, then macroscopically
the specimen will net be completely isotropic.
Roth {20] has definitely found evidence of such
crystalline orientation in small pressed pellets of
ceramic materials from X-ray diffraction exami-
nation. Thepresence of some orientation is shown
by a different intensity of certain lines than would
be the case for a completely random orientation.
Although no such clear-cut evidence was found for
the specimens studied here, the possibility is not
ruled out that such small preferred orientations
were present.

From the few isolated instances where informa-
tion was available for laboratory and production
specimens, less variation occurred when the same
material was fabricated as a production item than
when it was fabricated as a laboratory item. A
possible explanation is that, in cach of these
mstances, a higher heat-treatment temperature
was used for the production product. There were
also some data available for materials heat-
treated in the same furnace at the same tem-
perature but for different time intervals. In
these, appreciably smaller variations in density
and elastic constants occurred for those specimens
lieat-treated for a longer period of time. It would
seem, therefore, that, although production econ-
omies would dictate a minimum time at minimum
heat-treating temperatures, a more uniform and
reproducible product would result from inecreasing
both firing time and temperature. This improve-
ment in the product appears to be readily achiev-
able at a slightly increased production cost. The
value of a statistical analysis for selecting the
optimum temperature and time should be ap-
parent.

It is anticipated that significant advances will
be achieved in the uniformity of commercially
available materials only recently developed, such
as hot-pressed stabilized zirconia. As more general
experience in the hot-pressing techniques is accu-
mulated, one can reasonably expect to realize the
advantages of both higher density and of optimum
uniformity of the produects.

The dynamic clastic constants, as measured
here, appear to be more sensitive indicators of
product uniformity in quality control than are
bulk density measurements. However, in the
case of cold-pressed and sintered specimens in
which the bulk densities are within a few percent
of the theoretical value, for example, thorium and
uranium dioxide, Codes 10 and 19, bulk density
appears to be as sensitive a criterion as the
dynamic elastic constants.

The reported information for the various types
of “stabilized”’ zirconia (sec. 3.2.9) gives one of the
very few examples available of the relative values

of bulk density and dynamic elastic constants as
production-control measurements for materials
that are difhicult to fabricate. The bulk density
values of each of the four groups of hot-pressed
specimens (Code 11) show little variation. The co-
eflicient of variation of the bulk density of the en-
tire code of 18 specimens is only 1 percent, yet the
Young's modulus values for the same specimens
vary from 1,100 to 2,050 kilobars, and the coefli-
cient of variation is on the order of 30 percent. Al-
though the caleulations are not shown in table 15,
the two groups of Code 13, when considered as a
whole, show a cocflicient of variation of less than
¥ percent in bulk densities.  On the other hand,
the average Iy, value for the 20 specimens as a
whole was 1,380 kilobars with a coeflicient of varia-
tion of only 8.3 percent.  In the set of specimens in
which difficulties were encountered from lamina-
tions and fissures (Code 12), the coeflicients of
variation of both the bulk density and clastie
modulus values are low, although the average value
of Young’s modulus was 1,483 kilobars compared
to 1,380 for the average of Code 13.  Although it
might appear facetious, it seems possible that the
Code 12 specimens were fabricated with uniform
imperfections.

Inasmuch as the precision of the elastic modulus
measurements was estimated to be ahout 0.4 per-
cent whereas that of the density measurements
was estimated as about 0.2 percent, it is pertinent.
to inquire to what extent the coefficients of varia-
tion of these two properties were affected by the
precision of the measurements themselves. Or,
stating the problem in another way, it is necessary
to ascertain whether the greater variability found
for the elastic modulus measurements represents a
real variation from specimen to specimen, thus
supporting the claim of greater sensitivity for this
method as an indicator of specimen uniformity, or
whether this increased variability was not merely
a reflection of the lower precision of the dynamice
measurements.

The cquation relating the contribution to the
total variability, expressed here as o7, in a property
measurement, from that due to the variability in
the measurement itself, o, and that due to the
variation from specimen to specimen, o, is as
follows,

gr=y0, +os (16)

or, in terms of the coefficient of variation, V,
V= 12T (17)

In this investigation, 1 ;=1 percent was chosen
as the criterion of acceptability, V,=0.2 percent

for density measurements, and V,=0.4 percent
for elastic modulus measurements.’

8 Actually, Vm for elastic and density measurements was better than the
values given. In a normal distributicn, the coetlicient of variation includes
about 34 percent of the cases, whereas the estimated measures of precision
would Rrobably include more than 80 percent of the cases. Theresults, then,
make the contribution of the precision of the measurements to | r even smaller
than shown in the text.
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Therefore, for the elastic determinations
1=y(0.4)’+ V3
and V,=0.92 percent
for density measurements,
1=v(0.2)’+V}
and
V,=0.98 percent.

Thus, it is seen that for a coefficient of variation of
1 percent, the difference in precision of the elastic
modulus and density measurements is a negligible
factor since in both instances, by far the greater
contribution to the coeflicient of variation, Vi,
stems from a real difference from specimen to
specimen. Furthermore, as the coefficient of vari-
ation increases, the contribution from the precision
of the measurement grows increasingly smaller.
Conversely, the contribution from the precision
of the measurements grows larger for coefficients of
variation less than 1 percent. However, this is of
no practical importance since all coefficients of
variation of 1 Eercent or less were considered
“acceptable’” without regard to degree. However,
for those elastic constants which were more in-
directly computed, such as » and K, and hence
of decreased precision, the 1 percent coefficient of
variation as & criterion becomes much less signifi-
cant as, in these cases, the contribution of the pre-
cision of the measurement becomes more important
and may overshadow any real specimen variability.
The problem may also be approached in an-
other way, as follows: If a 1 percent coefficient
of variation is set as a criterion of acceptability
for density measurements and the precision of this
measurement is 0.2 percent and the contribution
of V, is found to be 0.98 percent then what would
be an equivalent coefficient of variation to set for
elastic modulus measurements? These have a
recision of 0.4 percent and V), is also 0.98 percent.
he coefficient of variation under these conditions
is obtained from

Vr=+(0.4)*1 (0.98)*=1.05%,.

This value is seen not to be significantly different
from the coeflicient of variation actually set and
groups of specimens having such a coefficient of
variation would indeed be classed as borderline
cases of acceptability.

In addition to its use as an indicator for de-
termining the uniformity of production for par-
ticular groups of specimens, it is interesting to
estimate the variability of the elastic modu.%i of
all the materials of this investigation, taken as
a whole; and to compare this variability with that
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of a different material, steel, which is generally
considered to be much more uniform witﬁ respect
to this same property.

Taking E, whenever available, and E,, other-
wise, the following summary was prepared for
all the materials studied;

Range in coefficient Percentage of

of variation specimens
0to 19, 44
0 to 29, 62
0to0259% 72
0t03.0% 81

Analagous data for steel is not readily found.
However, one study [21] gives the following results
for specimens of ‘‘black sheet steel”’: V, for speci-
mens cut in direction of rolling=2.4 percent.
Average of E=1,962 kilobars; V, for specimens cut
transverse to direction of rolling=2.6 percent,
average of E=2,053 kilobars; V, for specimens
taken as & single group, 3.3 percent, average value
of E=2,006 kilobars. Thus, it is seen that, if
either value of V for steel is taken for comparison,
about 70 percent of all the specimens of this in-
vestigation would be included, and, if the coef-
ficient of variation of all the steel specimens with-
out regard to direction of rolling had been taken
for comparison (which seems more reasonable),
then more than 80 percent of all the materials of
this investigation would be included. These data
[21] were for only one type of steel and may not be
representative. But, if they are at all indicative,
then the materials of this investigation, as a whole,
compare favorably with a material which has
traditionally been regarded as quite uniform.

It is believed that the present study shows that
a relatively simple statistical approach can be
valuable not only to the designers and engineers,
but also to the fabricators and suppliers. One
of the main deterrents to the use of ceramic and
cermet materials in many applications where the
seem to be potentially useful is the lack of knowl-
edge of the physical properties and constants of
these materials, and, when such information is
available, the lack of confidence in the uniformity
or reliability of the reported values. A great deal
of information on product uniformity could be
provided by the fabricators and suppliers, usually
without additional expense, by statistically ana-
lyzing the data that are already available to the
manufacturer.

The author thanks Jack Shartsis for performing
most of the computations, Nancy TigEe for per-
forming some of the later experiments and calcula-
tions, and Robert S. Roth for performing the X-
ray analysis.




Appendix I.

The following description is not intended as a
basic exposition of the statistical concepts in-
volved but rather as an aid to those who might
desire to perform the same (or similar) calcula-
tions and wish to have some understanding of the
significance of the results. All of the computa-
tions used in this report are discussed and de-
scribed in decail by Youden [22] and Dixon and
Massey [23].

Let “2” 1epresent a value of any property in
one group of specimens, ‘‘y” represent a value for
the same property of another group, “X” repre-
sent the average value of any property of the first
group, “y” represent the average value of the
same property of the second group, “n’’ represent
the number of values determined for any property
in the first group, and ‘“‘m” represent the number
of values determined for the same property of the
second group; then statistical calculations (based
upon the assumption that the sets of data of all of
the determined properties of the materials follow
follow the norial distribution law) are performed
according to formulas (A), (B), (O), and (D)
which apply to the first group. Similar formulas
with r replaced by y apply to the second group.
Parts (E) and (F) apply to both groups.

(A) Standard deviation of an individual deter-

mination=S=+/variance

o i
n—1 '

=\/(x%+1§+ e ) — (it at .. FE)i e
n—1

(B) Standard deviation of the average of “n”

individual values=8’=—
n

(C) Coefficient of variationV, in %=§(100)

(D) Ninety-five percent confidence limits
(C. L.) for the average are given by

F+8't in % =

vn

Where t is the upper 2.5 percent point of the ¢ dis-
tribution for n—1 degrees of freedom. If such
limits are calculated for many sets of data, there
will be approximately 95 percent of the sets for
which the limits enclose the true average.

(E) The F-test, essentially, is a method for
comparing the ‘“‘precision’’ of two sets of data for
the same property. It provides one with a cri-
terion for determining at a selected confidence level
whether a significant difference exists between the

524074—60——3

Statistical Treatment of Data

scatter of two (or more) sets of data; that is,
whether the groups (or materials, etc.) used to
obtain that data are of a different degree of vari-
ability. In this study, the 95 percent confidence
level was used. The F-number that is calcu-
lated from the expression,

S,?
F Sz
where S;? is always the larger number of the two
being examined, 1s compared to tabulated critical
F-values. The tabulated critical F-value selected,
is in this situation that for the upper 2.5 percent
point of F. If the calculated value is higher
than the critical value, a significant difference
does exist.

(F) The t-test, essentially, is a method for
comparing the ‘“‘accuracy’’ of two sets of data for
the same property. The t-test should be applied
to the data of two groups only when the F-test
has shown that these data sets are of comparable
variability. The t-test provides one with a cri-
terion for determining whether a significant dif-
ference exists at a selected confidence level between
two averages, Z and Y, on the basis of the spread of
the individual values, S; and S,, used to compute
those averages. This test, however, does not
allow one to determine the accuracy of either Z or
7 unless, of course, the true value i1s known.

As is the case with the F-test, the t-value that
is calculated is compared to tabulated critical
t-values and, if the calculated value is higher
than the critical value, a significant difference does
exist (see the similar discussion of significance
under subsection (E), preceding). The calculated
value is obtained from the expression

t_’i—z'j nXm

=735, Vaim’
with n+m—2 degrees of freedom, where S, is
the pooled standard deviation of the individual

values of both groups, S; and S;, and is obtained
from

5= | R 5= (),
g (n—D+(m—1)

During the early part of this study, it was a part
of the computation procedure to perform the F
and t-tests to compare the values of E,, E,,, and
E,,, in pairs, and those of y; and pu,,. Very rarel
were significant differences found to exist am{
therefore, the time-consuming calculations were
neglected for at least the latter half of the data
obtained. However, occasional check calculations
were made, but the results of such comparisons
wfilglin a group are not included in this compilation
of data.
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The preceding relations could be applicd to the
data obtained in this investigation in several ways.
The approach selected is given as follows. Each
of the suppliers of materials for the ‘“‘bank” was
asked to prepare his specimens in either of two
ways: (1) Compound the same starting composi-
tion at two different times but fabricate each
group identically; or, (2) compound one large
quantity of the starting composition and fabricate
each group separately. All fabrications were to
achieve the maximum practical bulk density and
it was to be uniform throughout the specimens.

The calculations of the standard deviation of an
individual measurement of each group and the
coefficient of variation for all of the properties
permits one to use the reliability of the measure-
ments of any property as a critevion for deter-
mining the product uniformity or acceptability.
That acceptability may be based upon an arbitrary
or specified standard variation. If average values
were determined repeatedly and if in each instance
95 percent confidence limits were calculated for the
average value, then in the long run we would
expect that 95 percent of the confidence limits
would include the true average value.

Application of the F- and t-tests to the data
obtained from specimens prepared under the
first condition allows one to state that there
was or was not a significant difference in the
compounding procedures of the same nominal
composition at different times. In a similar way
the F- and f-tests can show whether or not
the fabrication differences (such as heating at
different times, or in different types of furnaces,

or at different temperatures in the same furnace)
had a significant effect on either the scatter of
the values obtained or the average of the property
values determined.

This series of statistical computations has
another important value. Some of the suppliers
of the specimens for this “bank’ took the oppor-
tunity to fabricate specimens, from the same batch
composition, both in the laboratory and on the
production line. Here, then, was an excellent
opportunity to evaluate the results of a laboratory
or pilot-plant experiment and a production run,
1t seemed, therefore, that the statistical methods
deseribed should be of considerable interest for
many types of laboratory and production-control
cvaluations.

When it was shown that a significunt difference
existed for the F-test, it was concluded that the
materials were not of comparable variability due to
a variation either during the compounding or the
fabrication stages depending upon the produetion
conditions. Under these conditions, one must
logically conclude that the t-test is not appli-
cable because the materials of each group were
not of comparable scatter (F-test results).

Briefly then, under the conditions imposed, the
results of the F-test show whether material of
comparable variability is produced, and the t-
test shows whether it can be supplied with re-
producible properties from time to time. It
must be re-emphasized that one must not blindly
apply such conclusions to groups of data for
which other conditions may have been varied.
The F- and t-tests are not as restrictive as may
be implied from this discussion.

Appendix II. Tabular Information

The locations of the tabular data for each ma-
terial discussed in the previous sections of this
report are presented below.

Page
Table 7—Data for Al,O;___.________._______ 22
Table 8—Data for Ruby AL,Oy_ ... ... . _____ 24
Table 9—Data for MgO______________._____._ 24
Table 10—Data for Mullite—3A1,0;-28i0,_ __ . __ 26
Table 11—Data for Mullite+2rQ,__ . _________ 26
Table 12—Data for Spinel—MgQ- AlsO;_ ___.___ 28
Table 13—Data for ThO,______.______________ 30
Table 14—Data for UQ,__.__._______________. 30
Table 15—Data for “Stabilized’”’ ZrO,.__ ... ____ 32
Table 16—Data for Al,O0;+Cr_ . ___________.__. 34
Table 17—Data for TiC+ Ni_ . _______________ 36
Table 18—Data for B{C_______ ... _.____.___. 36
Table 19—Data for B.(C+TiB,___._______._____ 38
Table 20—Data for SiC______________________ 38
Table 21—Data for SiC+B,C_________________ 40
Table 22-—Data for ZrC___ . _.__ 40
Table 23—Data for ZrB,_ _ . _ . ___ . _ . _____.__..__ 42
Table 24—Data for MoS3,__ . _ .. ______.__..__ 42
Table 25—Data for NiAl__ . ___ . _____.___ 44
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The symbols in the tables have the following
significance:

E,=Young’s modulus from the longitudinal resonant
frequency.
E;,=Young’s modulus from the flexural resonant
frequency in flatwise vibration.
E;.=Young’s modulus from the flexural resonant
frequency in edgewise vibration.
G =Shear Modulus,
u=Poisson’s ratio using E, and G.
pro= Poisson’s raiio using E, and G.
ng.= Poisson’s ratio using E; and G.
K= Bulk modulus, using E; and ;.
Ky,= Bulk modulus, using E/, and u,.

Underlined F and ¢ values indicate that a significant
difference exists between the compared groups.

The F and t ratios marked with an asterisk indicate
that the comparison has been made with the ecritical
value similarly marked. Two critical values derive from
the fact that in choosing this tabulated (eritical) value
different numbers of specimens are involved.




TaBLeE 1. Materials, source, und general fabrication data
Munufacturer’s Fuabrica
Muteria Nominal composition Code | Source)! No.of | No.of |Reported ___| tions | Tewperature
No. specimens| groups | purity method | of heating &
Designation| Control No.
< ° (.
Alumina ... ..o Al3Os 1 H 2 6 9y C- 5633 ure (2, (K0+)
2 H -] 2 84 | LAT365 P 1,725
3 u & 1 L% 1.7
4 H 2 2 1,7
5 F 11 1 1,650
14 ¥ 12 1 1, 680
15 G 8 1 1, 800
26 G 14 2 1, 800
P13 G 7 1 1, 80U
Ruby alumina._.___.._.__. .5% Al10340.5 Cri0Oy 6 F 5 | N PN AA cp 1, B0
98.8 Al;0341.5 Cr:0s 7 F ] ) N DU A34A cr 1. 800
9 11 -1} 2 .. Fused M-202 CP 1,780
Magnesia._ ... ... MgO 3 G 10 2 B 1, 500
p G 11 1. 800
25 (¢} 14 1, 800
Muilite ... ... 3A1204-25103 16 I 20 (1,750 })
17 F 8 1, 654}
18 F 10 1. 650
Mullite+zirconia_.____._.___ 341304251024 Zr0Os 22 F 10 1, 650
Spinel .. ... ... MgO-Al:Oy 22 I 2 S | e Fused -5633 Hp (1. 8504)
21 H 18 20l 431927 cp 1,785
Thoris. ... oo Th0;+0.5% CaO 10 H 17 b2 I P, 431924 cp 1.785
51 G 10 D [ OSORIUN U SO Ccp 1, 800
Uranfa. .. ... .. U0 19 C 5 MCW cp 1,750
193 a 1 Nis-ppt Cp 1,750
Stabilized zirconia........ «-| Zr01+5% Ca0 1 H 18 C-5633 HP (2, 000+)
12 H 20 L7759 CcPp 1,720
13 H 20 L7604 cp (1, 7004)
Chromium bonded alumina| Al30:34+Cr 28 D 20 MT895/823 | Cast (1, 600)
Chromium bonded alumina| Al;034Cr4+Mo+TiO; 29 D 19 Mixed Cast (1, 600)
(modifled). 30 D % 4168/169 Cast (1, 600)
Nickel bonded titanium | TiC+Ni 31 E 20 2 K1508 3010/3011 cp 1,300 to 1, %0
carbide. 32 E 20 2 K1518B 2459/8C297 CPp 1,300 to 1, 500
33 E 20 2 K152B 2607/2739 Cp 1,300 to 1, 500
34 E 20 2 K162B 2752/2889 Ccp 1, 300 to 1, 500
Boron carbide.ceu.ooooans B«C 4 H 20 b2 DU I, X 431925 e
Boron carbide — titanium | B,C+TiB; (82/18 vol) 43 H 20 IS SRR IR B5592 HP
boride.
Silicon carbide.  .__.._... siC 35 )i 19 CP | s
45 B 17 Ccp (1, 800+4)
Sigcgn carbide—boron car- | SiC+B,0 (90/10 wt) 37 20 HP | imeann
ide.
Zirconium ecarbide..____.___ ZrC 38 H 6 C-5633 HP
Zirconium di-boride_____.._ ZrB, 41 H 20 4 5572/5592 HP ..
42 A 20 2 178-10/20 CcP (2, 000+)
Molybdenum disilicide.....| MoSi: 39 H 19 [ 20 I I 2372/5592 HP | .
Nickel alumninide....__..... NiAl 40 A 14 b2 PO 1505 927 A/B cp (1, 5004+)

s HP represents hot-pressed in graphite mold, CP represents cold-pressed and sintered, and Cast represents slipcast and sintered.

b The heating temperatures given in parenthesis are approximate,
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TasLe 2. Room temperature dynamic elastic constants for AlyOy—Code 4

Specimen » V. E Ey Ese g “ s 'Y Ko
glemd mfsec. Kilobars Kilobars Kilobars Kilobars Kilobars Kilobars
829 9600 23601. 3 3584 3593 1447 0. 244 0.238 2348 2280
3.813 9649 3550. 2 3523 3537 1425 246 . 236 2330 22
3.831 9696 3801. 7 3578 3583 1445 246 . 238 2273
3. 810 9635 3537.3 3500 3546 1421 . U5 . 235 211 2206
3.819 987 3577.3 3555 3563 1437 . 245 237 2334 2251
3.828 9682 3588. 3 3566 3571 1439 247 239 2361 2276
3. 825 9673 3579.3 3550 3562 1437 A5 235 240 2233
3.824 3586. 5 3566 3573 1441 244 T 2338 2263
3.831 9714 3615. 2 3509 3608 1449 48 242 2386 2324
3. 829 G91 3598. 5 3574 3584 1441 248 240 78 2292
3. 824 ¥680 3583. 35 3561 3572 1438 0. 246 0. 238 2349 2263
0. 005 17 18.3 20 15 0. 001 0. 002 17 25
0. 008 =] 25. 54 p-.3 21 0. 001 0. 002 23 35
0. 2% 0.2% 0.M1% 0.8% 0. 6% 0.6 0. 5% 0.9 1.0 1
3.832 9694 23600. 7 3583 3592 1446 0. 245 0. 239 2356 2291
3.816 9653 3555. 7 3532 3546 Ty . 245 .27 2323 2235
3.815 9683 3577.3 3552 3564 1438 241 .233 307 2215
3.830 9688 3504. 4 3572 3582 1444 245 .237 2346 2263
3.819 9673 3572.7 3542 3556 1433 247 . 236 2351 2236
3.821 9677 3577.8 3549 3566 1436 246 . 236 2347 2239
3.817 9667 3567.7 3536 3550 1433 245 . 234 2329 2214
3.819 9668 3569. 3 3546 3551 1432 46 . 238 2342 2255
3.834 9691 3600. 5 3580 1446 245 . 238 2352 75
3.820 9677 3577.1 3550 3558 1437 245 . 236 2338 2239
3822 9677 3579, 32 3554 3585 1437 0.2¢45 0.236 2339 2246
0. 005 . 6 13 12 0. 001 0. 001 11 18
0. 007 2 14. 84 18 17 8 0. 001 0. 002 15 25
0.2% 0.1% 0.41% 0. 5% 0. 5% 0.4% 0.65% 0.8 0.7% 1.1%
4.03 4.03 4.03 4.03 4.03 4.03 4.03 4.03 4.03 4.03
116 3.5 2.96 237 1.62 22 1.13 1.30 2.26 2.01
Critical ... 210 2.10 210 2.10 210 210 2.10 210 2,10 2,
Calculated. .. 0. 0.39 0.43 0.60 0.84 0.35 1.30 1.64 1.13 0.42

“These data are reported to give figures only for the purpose of illustrating the statistical computations shown in table 3.

TaBLE 3. Statistical calculations for Al;O,
Young’s modulus E;—Code 4»

Computation Group I Group I1
{Bpecimens 1 to 10) | (Specimens 11 to 20)

Average=Z=total/no, values | 35833.5/10=3583.35 | 35793.2/10=3576.32
Ez:=z:+z:+ ooz 128,409,842,1 128,117,208.2
(21.-)’/71-(.’1:+z, ... TR 128,403,972.2 128,115,316.6
Zz:-—(Ez.-) In=A 5869.9 1981.6
Deg. of treedom=No. determ-

inations—~1 10—1=9 10—1=9
St=dn—1 5869.9/9=652.2 1981.6/9=220.2
Standard deviation=S= y$=| 2554 14.84
Coeglclent of variation 25.54%100 14845100

%100 . .

=73 38335 1% asrosz ~41%

95% c.).= Sk 25,54X0.7153=18.3 | 14.840.7153=10.6

Ftest F=SS), where S 18 larger of the two.

F=652.2/220.2=2.98

There is no significant difference between

Critical value of F-4.03} the scatter of group I and group 1I.

7—y [nXm
ttest  t=gla T

= [(B23—(Zz)Yn+H{Zy 32— (Zy)¥m]
whero 5, 1/ —~D+m—1)

with n4m—2 deg. freedom

5860.94-1981.6
S,- -J—T+—9———=\/436=m.89
3583.35—3679.32 (10X10__ . [There is no significant difference
l—y 10410~ 043] between the average values of
group I and group II.
Critical value of ¢=2.10

s The actual data records each value to the least one significant figure more
than those given in table 2.
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TaBLE 4. Bulk density and dynamic elastic constants calculations for specimen 4.1—see table 2

Length=1=15.253 cm; width=w=1.270 ¢m; edge =¢=0.6359 cm.

Welght=47.1555 grams.

Resonant frequencies: longitudinal, Fi=31,792 cps.
flexural Batwise, Fyy 22,700 cps.
flexural edgewise, Fy,=5,302 cps.
torsional, F;=14,948 cps.

Volume = (15.253) (1.270) (0.6359) =12.318 cm3.

Corrected mass = (mass X0.99986) 4 (volume X0.0012) = (47.1555X0.99986) 4 (12.318X0.0012) = 47.1633 grams.

47.1633
- - - s
Bulk density, p=M|V: 12.318 3.829 gm/cms3,

Young’s modulus, Ei=Vp, where V=2 Fi=2(15.253) (s1,762) (10 *=9,609 m/sec.

Ei=(9,699)2(3.829) (10-9tn" = 3,601 kilobars

or Ei=411F 3p=4(15.253)%(31,792)1(3.829) (10-%)* = 3,601 kilobars

e/w+we )
4(e/w) +2.52(¢e/w)t+-0.21 (¢/w)®
ew

=137.307 cm~!

Shear modulus, G=MFOB where B=

G = (47.1633) (14,948)2(137.307) (10~9) "= 1,447 kilobars

ey E; 3,801 _
Poisson’s ratio, ui 26—1-2(1,447) 1=0.244

(Average value of u; for this group is 0.246)

. E, 3,601 -
Bulk modulus, K, 30 —2ap 31=200.2%0] 2,348 kilobars

)
Young's modulus, Eyy =9.464X10-1 MFtw i ({—) T

_ 14-(0.26p+4-3.22u0)7/1 - .
where Th'=T [ T40.19287 01 1.0136
where T=1.01182

1/yen 0:28867) (0.6359)
! 15.253

#=0.246

=0.012035

3
= (0.464X10-19) (47.1633) (2,700)1 (%ﬁ)) (%—56%55%) (1.0136) =3,88¢ kilobars

3
Young's modulus,E;e m=9.464X10-10 Msze% (é) T

- 1+(0.20)(0.246)+(3.22)(0.246)'(0.024036)]_ -
where T,=1.01182 [ 1901328 (0,024038) 1.0511

L}
Eyo= (9.464X 10-9) (47.1633) (5,302 (0-6—;%) (%) (1.0511) =3,593 kilobars

N Fq[. 3.584
'] J -l —]-
Poisson’s raho. Bw 2G 1 2("4 ) 1m0.238

Ere 3,584 -
Bulk modulue, K"_3(l-2m.,l =200.235] 2,280 kilobars

« The factors 1073, 10-%, and 10~ are necessary for the conversion of the units given, such as % to m;g:is_ ]

for V. and dyne to kilobars for elastic modull.
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TasLe 5. Summary of X-ray diffraction and bulk density dala

—
X-ray examination Theoret- Bulk density
Material Code - ical Densifi-
density cation
Phases present Lattice constants] Structure Group |No.spec.| Avg.
glem? glem? <
AlOy 1 | Single phase Hex. 3.986 | All 2 3. 942 9
2 | Single phase Hex. 3.085 [ 1 10 3.714 93
11 (1] 3. 584 90
Ruby AlO, 6 | Single phase solid solution_.____..__ a=4i760. Hex. 3.991 |._.__.._.. H) 3.7 93
c=12.99y
7 | Single phase solid solution.__________ a=4.758¢ Hex. 4.004 |__._.__.. § 3. 661 91
¢=13.003
MgO 4 MgO._ a=4.2125 Cubic 3.600 | I 6 3. 502 97
Mullite:
3A1104:28102 16 | Mullite plusat least 109 AlsOs. .. ____j._ ... ... __.. ?lrtho.+ .......... All p-1] 2963 | ...
ex.
17 ] Singlephase_ ... ..o el (657 : 1o T R 8 27 ..
18 | Singlephase. ... .. . oo feoai Ortho.  |ooooo o |oeiaiioo. 10 2799 oo
Mullite+2ZrOs 22 | Mullite plus about 209 monoelinie |__.____._.__.__._. Ortho.+  |-ooooo oo on 10 2968 ...
ZrQ:, no zircon. Mon.
Spinel:
MgO-ALOy 20 | Spinel plus small excess MgO. 8=8.082) Cubie 3.580 { All P 3.510 98
21 | Spinel plus small excess MgO_..._._. a=8.0859 Cubic 3.576 | I 5 2.451 69
11 10 2.522 71
ThOse 10 | Single phase solid solution_..._____._ a=>5.5965 Cubic 9. 821 {[ g g 7‘23 gg
. 6
51 | Single phase solid solution. .. ..._._. a="5.50r Cubic 9.820 | ___.__.__ 10 9.702 ]
U0 19 | UO02 .. e a=5471 Cubic 10.949 | I 5 10.37 5
Stab. ZrOa 11 | Single phase solid solution _. ... .. [ a=5.119s Cubic 5.754 | All 18 5. 634 8
12 | Solid solution plus small amount | a=5.117; Cubie 5721 10 4. 966 86
monoclinic ZrQs. 1 10 4.971 86
AlLOy+Cr 28 | Cr+faint peak; poor patternbecause | Cr,a=2884 ... . .. foceceeo.. I 10 5958 (... .....
Cr smear. 1I 10 5.944
29 | Cr+ALOs; (see Code 28).... ... ... Cr,a=2936 | . o emeeia e - 19 6.053 |... . .....
TiC+Ni 31 ) TICH(ND - e TiC, 8=4.325 Cubic 5430 | I 10 5.341 98
1I 10 5.343 98
321 TICHNI. . TiC, a=4.330 Cubic b5.800 | I 10 5.654 7
If 10 5. 541 96
83 | TICHNI. e TiC, a=4.332 Cubic bG 174 | 1 10 5. 862 95
II 10 5. 821 94
M| TICHNI .. TiC, a=4.331, Cubic 56.367 | 1 10 5.7 90
1I 10 5.882 92
B«C 44 ByCHCr e e Hex. {......... 1 10 256 | ...
nofeztgl
B(C+TiBy 43 | ByCHTIBr oo fo=ano | lex eemeee | 1E 5 2815 ...
TiBo{3239%
8iC 35 } Mixture of cubic and several hexag- |_.___ ... looooo i | 1 10 2.5876 ... .._....
onal poly types. I 9 2.596 | ... .....
Y 2 RN S RPN SO 1 9 3103 {..... ...
I 8 3128 L
SiC+B4C 37 { Sameas Code35plus B«C_ .. ... | .. el All 20 3082 .. ...
ZrC 38 | ZrC plus faint Cgpeak_ ._...._._... 2=4.6865 Cubie 6.661 | All 20 6.118 92
ZrB) 41 | ZrB; and few unknown peaks.._____ a=23.1664 Hex. 6.102 | All 20 5. 585 92
c¢=3.536
42 | ZrBzand few unknown peaks_ ... | ... oo .. I 10 4557 [ o.ioce.
11 10 4524 . ...
MoSi: MoSis Lo el a=3.20 Tetragonal 6.20 |1 4 5. 987 95
c=7.85
NiAl NiAl and few unknown peaks._...__ a=4.082; Cubic 8382 (1 10 5. 763 69
Il 4 5. 65 68

» Values based upon the caleulated bulk density and the theoretical density ealculated from the N BS lattice constant determination.

b Values based upon the assumption that no reaction occurs between the two phases present and, therefore, that they are “‘mechanical’’ mixtures.

s These high density materials contain 34 wt ¢, CaO.
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Tanre 6. Summcry of the dynamic elastic constants and other physical constantss

Material Code ‘ Fabrica- | Bulk density Speed of sound f Young's modulus { Shear modulus | SUTITIEN Bulk nuedulus
‘ tion b ‘ ; | sl
- T - _ T I - T | - T Tt - | - T g = -
) gicmd ifd | m/sec ft,sec !I\ilobaw ° Dsi } l\vluhum ‘ pai Kitoburg Jisi
A0 f 1 HP 3H2 1 2461 | (410, 0200 JJ.A.U:‘ (3, 958 (57.41)(1('0;' VOGS 2270 X e (2040 (N B0 X 108)
27 cp 3.004 | 243.7 (9, 540)1 (31,300 (3, 5551 (51 &t ! 1 453 } 2107 [ TR (). WR)
26 (84 4 3. 902 243. 6 (9, 900) ] (32, 480 (3,828 (55, 41 1,548 2245 (2 415 135, 13)
4 cp 3. 824 238. 7 4, 680 ZH. 650 3, 583 51,97 ¢ 1, 438 | 20, 88 2084 N 1h
3 CP 3.825 | 238.8 9,675 31,740 3, 5%0 5192 1,415 | 20 2.y ¥
' 2 Ccp 3.714 Ay Y, 361 30, 710 3, 255 4721 1,321 1 16 2,
14 (434 3. 470 216. 6 R 676 28, 460 2,612 3788 ~ 1,067 15 4n 1
15 cp 3.335 8.2 8, 340 27,360 2,317 33. 61 J yiv 14171 i
5 cp 2,850 | 177.9 6, 236 20, 450 1, tw 16.08 | 17y ! 645
Ruby ALOs [ (a3 4 3.7 2327 (9,570 (31, 400 3,412 (39 49) | 1, 308 I 1. 84 ‘ (2,251, (32 63
7 cp 3. 661 228. 6 (9,470)| {31,070y (3, 284) (47, ti:ib‘ 1,285 In 64 ! (2234, (32 40
MgO 24 cp 3. 506 218.9 (9, 170) | (30,090 (2,471 (42.74) { 1,243 IS 03 IsGet (], 564y
25 ocp 3. 483 217. 4 (9,080) | (29,79 (2,873) [CIN ] 1,242 15. 01 ( l.’xT'f (1, -lllli! A
23 cp 3. 479 7.2 (8, 090) ] (29,82 (2 RT'.!)’ (41.65) | 1,207 17. 51 (19D (AL I {22 68y
9 cp 2. 648 165. 3 5,732 18, 810 870 ! 12.62 374 5. 42 ! L1ng 130 u 2
Mullite: 16 HpP 2. 963 185.0 (T840} (25, T2) (1, 814y} | (26, 38) 04 10. 21 } {0.203 (1. 500y, (A3 Brie
3A1303-25810, 18 cp 2.779 173.5 7. 176 23, 540 1,431 1 20.75 578 LR 23 | 410 L1}
7 cp 2.771 173.0 7144 23,440 1,415 2. 52 573 K 31§ 233 { BN 12 X1
1 |
Mullite + 2rO, 22 cp 2.768 172.8 6, 767 22,200 1, 268 ‘ 18.39 524 7. 60 ] 0. 211 T2 1062
Spinel: 20 Hp 3.510 | 219.1 (3,670 (28,4400  (2,636) (38.23) 1,019 14.78 ‘ . '.".m‘ (2,170 (31 5
MgO-AlL0; 21 Ccp 2,451 153.0 , 219 17,120 665 9. 64 271 3.93 i L2 ’ H0n l 592
]
ThO; e 10 cp 9. 722 606. 9 4,972 16, 310 2,404 34.87 2 13. 66 0.275 i 1085 ‘ 25, 89
51 Ccp 9. 702 605. 7 4,957 16, 260 2,384 34. 58 830 13. 49 L2 ! 1,819 X 38
| )
U0, 19 Cp 10. 37 647.4 4,314 14, 150 1,929 | 7. 98 741 10.75 0. 302 1,620 23. 50
19a cp 10. 19 636. 1 4, 230 13, 880 1,823 ¢ 26. 44 706 10. 25 . 281 1. 457 2018
Stabilized 11 HP 5.634 351.7 (4,940)] (18, 210) (1, 3.())‘ (19. %) 510 .40 (0. 387 LR TN [
ZrQs 13 cp 5. 149 321. 4 5,216 17,110 1. 401 20,32 5K5 8. 48 L2355 s 13. 86
12 cp 4.971 310. 3 5, 481 17,980 1,493 21.65 584 K. 47 A 112 16. 32
AL O+ Cr 29 Cast 6. 053 377.9 6, 667 21, 870 2, 690 39.02 1,074 15,58 0. 253 1.813 26,30
30 Cast 5. 458 371 9 6, 787 22,270 2. 585 3749 1, 032 1497 L2002 1,732 2512
» Cast 5. 6491 355 3 6.870 22, 540 2, (86 38. 46 L1t 14. 14 L2205 1512 2193
TiC+Ni 31 CP 5343 1 333.6 8, 519 23, 050 3, 905 56, 64 1,631 23. 66 [UR 100 2150 3118
32 cp 5. 604 353. 0 8, 467 27,780 4,053 5. 78 1. 681 24. 38 L1 20240 3329
33 cp 5.862 | 366.0 8,023 26, 320 3.7 54.72 1. 560 22.63 20 2 1ts 31. 44
34 cp 5.882 | 367.2 8, 036 26, 430 3,817 55. 36 1, hst 23 00 .24 2147 3114
B,C 44 HPp 20058 | 128.5 | (14,7000 (43, 230) (4, 467) 4. 79)) f (l.S.’un! W0.K3 | L) (2, 512)? (36.87)
!
ByC+TiB; 43 e 2816 1 195.8 | (12,600)] (41.340) (4, 485) (H5.05)1 ! (l.mn1 2,98 | (0200 (2530 (36. 82)
I
SiC 45 cp 3.1 195.3 (1L, 300 (37, 070) 4.1 (58, 20) 1, 683 l A4 [ I (LI (1t.aop
35 Ccp 2.59 | 1621 8, 744 28, 690 1,985 N7Y K3t | 12,12 187 1,057 | 383
8iC+ B, 37 npe 3.082 | 192.4 | (11,6000 (3R 06i) (4, 151) [CURIE (l.t‘.‘.m\} 24,64 [ (02210 12,40 35 M)
ZrC 33 np 6,118 | 381.9 (7,140)| (23, 430) 3, 1N (45.21) 1,240 ¢ ! 17.68 (0. 257 (2, 142¢" 3107
B i
|
Zrh, 41 iip 5. 585 8.7 (8,83m] (29, 130) (4. 399 (63, 8 1922 27. 88 (014 (2,077 G0 12)
42 Ccp 4.557 | 2%4.5 (7,340)| (24, 080) (2, 455! (35. 61 1,085 15.74 13D (1t L. 10)
MoSiy 39 Hp 5.966 | 372.4 (7,980)] (26, 180) (3. 795) (55 4) L6 23.63 . w165 (1887 (273D
NiA} [ 40 { cp 5. 763 359.8 (5, 6200 (18, 440) (1, ami (26, 35 T8 } 10. 49 ‘ 0. 260 3! (1919
i i {

» When two groups of specimens were av ailable, the average values of the more dense group are given. When three or more groups were availahle, s with
the hot-pressed specimens, the average values of all of the specimens are given,

b The fabrication code used is: H P =hot-pressed, CP= cold-pressed and sintered, and Cast =slip-cast and sintered.

© 1 kilobar=10* dynes/cm?=14,603.8 1b./in 2

4 The accuracy of values in parenthesis is less than that of the other values.

« Contains 34 percent CaO,

f These values are not considered relinble because of an assumption that was made during the calculation.
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TasLE 7. Data

Code No. of ‘l Young's moduius l
and Bouroe Statistioal speci- Bulk density 8peed of sound |
group Parameters| ;0. i K ' E.. ]
-1 H Average 4] 397440008 gfemd ... | ... 3987442 kilobars
(248 14£0.3 1b/ft3) | | (57.970.61 X 10 psi)
v 0.1% ! | 0.7%
115 { S OO Averag. 4| 3.983:0.005 g/em? . \ | 4047572 kilobars
(218 7+£0.3 1blft') ’ (58.70=+1.04 X 108 psi) ‘
\s 0.1% { I 119
1 § G Average 2 | 3.980-0.004 g/cm? N | 4020£24 kilobars
(248.540.2 1b/fty) , ‘ (58.31+£0.35X 108 psi)
\J 0.0% 0.1
IV Average 4 | 3.9074+0.063 g/cmd [ ... .. . ‘ 3916104 kilobars
(243 9+3.9 1b/ft3) \ (56.50:+1.51 X 108 psi)
v 8% ! 1.7%
1-v | Average 4| 3.8760.044 gfemd ... .. ' 3803+132 kilobars '
(241.6%2.7 Lb/(t3) ! (55.16:£1.91 X108 psi)
v 0.7% i 2.2%
|
1-VI Average 2| 3.962+0.104 g/cm? ! 4034475 kilobars
(247.3:6.5 1bjft) ‘ (58.51£1.09X 100 psi)
v 0.3% 0.2
LCF. 9 § S Average 20 | 3.942. 21 g/em? . 3958+48 kllobars
(246 1+1.3 1b/fts) | 57.410.70X 108 psi)
v 1.2% | 2.6
b14 G Average 7 | 3.904+0.003 g/cm? . l 35554151 kifobars
(243.7+£0.2 1b/(t3) \ (51.5642.19X 108 psit
A4 0.1% 4.6
26-1 a Average 9| 3.902£008g/em® . ... . | .. 3824-+44 Kilobars
(243.62:1.0 1b/ft3) (55,464-0.64 100 psi)
A} 0.5% 1.4
26-11 ... Average 5| 3.900240.017 gfemd | . ... .. 3784142 kilobars
(243.62:1.1 1b/ft3) (54 884-0.61 X 10¢ psi)
\'4 0.3% 0.7%
41 H Average 10 | 3.824+0.005 g/cm? 9680-+17.0 m/sec 3583+£18.0 kilobars 3561120 kilobars
(238.7+0.3 1b/f13) (31.7640.06 X 108 ft/sec) (51.9740,26 108 p<i) (51.6540.29 X108 psi)
AY 0.2% 0.2% 0.7% 0.8%
L3 § S PO Average 10 | 3.822:0.005 g/cm? 96774+9.0 m/sec 35794110 kilobars 3554113 Kilobars
(238 64-0.3 lb/{t') (31,78::0.03X10° ft/sec) (51.91+0.16 X108 psi) (51.5540.19X 108 psi)
\Y %o 01% 0.4 0.5%
3 H Average 5 | 3.8254-0.006 g/cm? 96754:26.0 m/sec 3580:+25.0 kilobars 357624 Kilobars
(238.84:0.4 [b/its) (31.74+G.08 X 1P [t/sec) (51.924-0.58X 108 psi) (51.874+0.35X10# psi)
v 0.1% 0.2% 0.6%% 0.5%
2-1 H Average 10 | 3.71440.005 g/cm? 9361+18.0 m/sec 3255416.0 kilobars 326022 kilobars
(231.940.3 Ib/fy) (30.71-40.06 X108 {t/sec) (47.21:£0.23X 108 psi) (47.28+0.32X 108 psi)
v 0.2% 0.3% 0.77% 1.0%
b2 | S IO Average 10 | 3.584+0.014 g/cm? 8995:38.0 m/sec 28094+34.0 kilobars 2026429 kilobars
(223.70.9 Ib/fts)” (29.51+0.12 X108 ft/sec) (42.050.49 X 10% psi) (42,44 £0.42X10% psi)
v 0.6% 0.6% 1.7% 1.4%
14 F Average 12 | 3.470-:0.002 g/ems 86768 m/sec 261216 kilobars 261349 kilobars
(216.6+0.1 1b/{ty) (28.46+-0.03 X 10% ft/sec) (37.884:0,09 X 10¢ psf) (37.90£0.13 X102 psi)
v 1S5 0.1% 0.4% 0.6
15 a Average 8 1 3.33210.017 g/cms3 8349493 m/sec 231663 kilobars 2326167 kilobars
(208.0:£ 1.1 1b/f13) (27.394:0.31 X 103 {t/sec) (33.5940.91 X108 psi) (33.74 £0.97 X108 psi)
A\ 0.5% 129, 2.9% 3.1%
5 F Average 11 | 2.850+:0.005 g/cm? 6236 +-60 m/sec 1109425 kilobars 1119 420 kilobars
(177 9:+0.3 lb/m) (20. 46 +0. 23x 108 (t/sec) (16.U8:£0.36 X 108 psi)

1.7%

3.3%

(16.23 0.0 100 psi)
2.7%

a The torsional frequency of only one or t“o specimens could be measured.
b Based on less than 20 specimens.
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TABLE 7a.

Statistical data :fur the

! | Fami ¢ values for
Critical
Code Compared groups value Bulk Speed of ) Young's modulus
density | sound _ I
B | B
26 F-test: i
1and II 14.6 298 | 7.4
t-test: '
I and II 2.23 0.03 ... .l 1.20
4 F-test:
Iand II 4.03 1. 16 3. 2.96 2.37
t-tes
Iand I1 210 0.70 0.39 0. 43 n. 60
2 F-test:
Iand I 4.03 =8 07 4 50 5 81 1.73
t-test -
1and II 210 | ..o 2.5

» Underlined figures indicate that a significant difference does exist between the

compared groups.




f()f Ale;
Young's modulus—Con. Shear modulus Polsson’s ratio - Bulk modulus ’
Ey, G ui { Hiw K, ‘ Kie
400:4! kilobars 1,588 kilobarse [ 0288 . 2755 kilobarss
!()5;.'.03:0.50)(10' psi) (22.99X 100 psi)» (3p96 X108 psi)e
. 7%
4.012+18 kilobars 1,51 kilobarss | [ 2341 s kilobars
(()5;!9:&0.%)(10‘ psi) (23.08 X108 psi)s (41.21 X108 psi}
. ©
4,016+0 kilobars 1,505 kilobars» | 0.261 s . 2707 ® kilobars
(58.25:+0%10¢ psi) (23.13 X108 psi)» (40.57 2 X100 psi)
0.0%
39184113 kilobars 1,563+51 kilobars [ o ... 0.253+£0.000 ... .. 245482 kilobars
(54.834-1.64 108 psi) (22.67+0.74 X108 psi) (38.36:41.19 X108 psi)
1.8% 2.1% 277 1.9
3,846+90 kilobars 1,5184+54 kilobars | . 0.253+0.003  |.... ... ... ... ....... 25304 10" kilobars
(53.784:1.31 X100 psi) (22.02:+£0.78 X108 psi) (37.131.45X108 psi)
1.5% 2.2%, 0.7% 2.5
4,038+-34 kilobars 161678 kllobars [ o . ... 024840037 | ... . ... 20714407 kilobars
(58.57 £:0.49X108 psi) (23.4441.13 X100 psi) (38.74£5.90 X108 psi)
0.1% 0.5% 1.7% 1.7%
3,961-+:37 kilobars 1,565+24 kilebarst [ . 0254 530003 [ ... .. 2655 +59 kilobarsd
(57.45:20.54 X 108 psi) (22.70£0.35XX 108 psf)b (38.650.56 X 108 psi)
2.0 2.7% 237, 3.8
3,520:£125 kilobars 1,453+69 kilobars | ... ... 0.22140.018 ... 21204226 kiloburs
(51.054:1.81 X108 psi) (21.07£1.00X108 psi) (30,8843. 28X 10¢ psi)
3.8% 5% el 7.9% 10,19
3,806:153 kilobars L5811 kilobars (. L ... .. 0.236:£0.009 (.o oonoeo e, 24154108 klloburs
(58.204:0.77 X108 psi) (22.454-0.16 X108 psi) (35.03£1.57 X108 psid
1.7% 0.95; 1.6% 539,
3,772+39 kilobars 1,533+14 kilobars (L0 . .. 0.234460.003 ..o e, 237248 kilobars
(54.7140.57 X108 psi) (22.234+0.20X108 psi) (34.40£0.70 X108 psi)
0.6 0.6 0.7% 1.3%
3,572+15 kilobars 1,438+7 kilobars 0.2464-0.001 0.238:+0.002 2349417 kilobars 2213425 kilobars
(51.814:0.22X 100 psi) (20.86£0.10X 108 psi) 34.07:0.25X 108 psi; (32.82:4:0.36 X108 psi)
0.6% 0.6%% 0.5% 0.9, 1.0% 1.5
3,565+12 kflobars t.437+4 kilobars 0.245-3:0.001 0.2364-0.001 2339411 kilobars 224618 kilobars
(51.71:£0.17 X108 ps)) {20.84:+0.06 X108 psl) (33.924:0.16 X108 psi) (32.58+0.26 X108 psi)
0.5% 0.4 0.6% 0.8, 0.7, J%
3,55¢+23 kilobars 14457 kllobars 0.239+0.002 0.2373-0.001 228730 kilobars 2270422 kilobars
(51.554-0.33 X108 psi) (20.96:40.10X 100 psi) {33.1740.44 X108 pst) (32.9240.32X108 psi)
0.5% 0.4% 0.7¢, 0.4% 1.1% 0.8%%
3,2454-18 kilobars 1,321£11 kilobars 0.2324-0.005 0.234+0.001 2018431 kilobars 244433 kilobars
(4..06:0.20 X108 psi) (19.16£0.16 X108 psi) (29.27 4:0.45X108 pst) (29.65£0.48 X108 psi)
0.8% 1.2% 2.9% 0.9% AT 2.2
2,897+37 kilobars 1,1804-13 kilobars 0.2284:0.003 0.24040.005 1787+ 27 kilobars 1881432 kilobars
(42.024+0.54 X108 psi) (17.11:£0.19 X108 psi) (25.9240.39X 108 psl) (27.284:0.46X10% psi)
1.8% 1.5% 1.8% 2.9% 2.1, 2.4,
2,60) + 5 kilobars 1,067:4+3 kilohars 0.224-40.001 0.22540.002 157947 kilobars 15%3-+16 kilobars
(37.72:£0.07 X100 psi) (15.483-0.04 X108 psi) (22.901:0.10X108 psi) (22.761£0.23 X108 pst)
0.3% 0.5% 1.0% 1.4% 0.7% 1.6,
2,331+:33 kilobars 975121 kilobars 0.188:+0.014 0.1924-0.014 121784 kilobars 1204485 kilobars
(33.813-0.48 X 10 psi) (14.140.30 X 108 psi) (17.6541,22X108 psi) (18.3341.23 X108 psi)
1.5%% 2.3% 7.8% 8,19, 7.5% 7.3%
1,141 +16 kilobars 479+ 7 kilobars 0.170+0.013 0.172+:0.005 533+45 kilobars 574419 kilobars
(16.554:0.23 108 psl) (6.95+0.10X 108 psi) (7.73£0.65X100 psi) (8.33:£0.28 X 108 psf)
2.1 2.1 R.37; 3.2% 9.207 3.5
analysis of values given in table 7
F and ¢ values for— Continued
Young's Shear
?“:gtlﬁlu:; modulus Poisson’s ratio Bulk modulus
Ere G i | e K, Ko
6.89 247 |eoi a8 18.2
0.89 0.87 .o
1.62 2.2 113 1.3 2.26 2.01
0.84 0.35 1.3 1.64 1.13 0.42
4.12 1.35 2.80 1.18 1.37 1.05
. . 187 1.63 1.73 12.8 R 1C
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TasLE 8. Data

=

Code No. of Young's modulus
and Source | Statistical | speci- Bulk density 8peed of sound
group parameters| mens
E, Eiv
6-A F Average 51 278040.083 g/emd e el 12174127 kilobars
(173.645. 2 1b/fty) (17. 6541, 84 X108 psi)
v 2.4% IR 4T
S : S Average 51878002 gfomt | | 3412112 kilobars
(232.7£1. 5 1b/fe3) (49. 491, 62108 psi)
\'% 0.8% 2.6%
7~-A F Average 51 2682 0.018 Z/em? | e e 1031450 kilobars
(167. 420, 8 1b/ft3) (14. 950, 73 X108 psi)
\'s 0.4% 3.9%
7~B .. Averaga 51 3.661£0.035 g/em¥ | e e eeae e 32344-126 kilobars
(228. 6::2. 2 1b/1t3) (46. 9121, 83108 psi)
v 0.8% 3.2
TaBLE 9. Data
Code . No. of . Young’s modulus
and Source | Statistical { speci- Bulk density Speed of sound —_—
group parameters mens
£ Ere
24-1 a Average 6 3.50240.012 /CIN%  [oe et e et e 290071 kiloburs
(218. 6=0. 7 1b/ft?) (42. 061, 03108 psi)
v 0.3% 2.37%
24-1T (oo ... Average 513.5062£0.008 g/emd e ceeieecaaeeaas 2047422 kilobars
(218. 90 4 1b/1t3) (42. 74£0. 32X 108 psi)
v 0.1% 0.6
25-1 a Average 51 3.120£0.021 g/lemd | e e e 2115436 kilobars
(194. 81, 3 Ib/fty) (30. 680 52108 psi)
\' 0.7% 185
25-I1  foaoo.o Average 91 3.483£0.015 gfems Lo icnmeme e e 2873451 kilohwis
(217. 40. 9 1b/ftY) (41,6720, T4 X106 1,080
0.6%% 2.3%
23-A» G Average 51 3.463£0.034 g/ems | it 2%324-115 kilobars
(216. 24:2. 1 1b/ft3) (4). 071, 671008 psi)
v 0.8% 3.3%
23-Bs ... Average 5[ 3.4794£0,010 glem® | e i 2872420 kilobars
(217. 23:0. 6 1b/ft3) (41. 650. 29X10¢ psi)
v . 2C7 0. 6%
g1 H Average 10 | 2.644-4-0.017 g/cms3 5710477 m/sec 862128 kilohars 8474+2€ kilobars
(165. 11-1. 1 1b/ft3) (18. 731:0. 25108 {t/sec) (12. 50£0. 41 X108 psi) (12.34-0. 4X10¢ psi)
A 0.9 1.6 4,69 4.30;
Il ... Average 10 | 2.648+0.012 g/cm3 5732440 m/sec 87015 kilobars 85115 kilobars
(165. 3+0. 7 1b/ft3) (18. 81+0. 13X10® ft/sec) (12. 6220, 22X108) (12, 30, 2146 psid
A4 0.7% 1.0% 2. 5% 2.57;

s These two zroups were made using different starting materials.
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TaBLE 9a. Slatistical data for the
Fand ¢ values for
Code Compared groups | Critical Young's modulus
value Bulk Speed of
density | sound
Fy Ervw
24 | F-test:
Iand II......_. 9. 36 T 2 P SO s14.24
t-test:
TendII.......__ 223 0.88 |- oo 1.78
25 | F-test:
Tand II...._..._. 8.98 ) 1% U I DO (RSN 3.04
t-test:
Tand IT......__. 218 328 ... 2.2
9 | F-test:
' { andIT_..__.__. 4.03 1.92 3. 69 3.36 2.87
-test:
Tand IT.._...... 2.10 1.20 1.50 0.98 0. 83

s Underlined figures indicate that a significant difference does exist between the

compared groups.




Jor ruby AlLO,

Young’'s modulus—Con. 8hear modulus Polsson’s ratio Bulk modulus
Ejqq G we B K Kie
1241150 kilobars 480.£55 kilobars | ... 0.260£0.041 | een. 86574 kilobars
(18. 00£2. 17 X108 psi) (6. 9640, 80X 10% psi) (12. 551. 07 X108 psi)
9.8% 9.3% 12.4% 6. 9%,
3339106 kilobars 1368444 kilobars L . ... 0. 2470,009  }oooo e 22514120 kilobars
(48. 431, 54108 psi) (19. 84:40. 64 X100 psi) (32,651, 74108 psi)
2.6% 2.6% 3.0% 4.3%
1060-£82 kilobars 411419 kilobars ool 0.254£0.012 |ooone e emmeeaas 700+ 54 kilobars
(18. 37£1. 19X 108 pst) (5. 963-0. 28108 psi) (10. 15:0. 78X 108 psi)
6.3% 3.8% 3.9% 6.2%
3111126 kilobars 128550 kilobars | oo...._. 0.25810.015  [-cceeoimeecmiccccciceccceaaan 2234+167 kilobars
(45. 121, 83108 psi) (18, 642:0. 73108 psi) (32. 40£2. 42108 psi)
3.3% 3.2% 4.8% 6.0%¢
Sfor MgO
Young's modulus—Con. Shear modulus Polsson’s ratio Bulk modulus
E;, G i e K Ky
288848 kilobars 1227434 kilobars ~ f__. L. . .. 0.18240.012 oo i 1522464 kilobars
(41. 89:£0. 70106 psf) (17. 80:£0. 49X 10¢ psi) (22. 07:0. 93 X 108 psi)
1.6% 2.6% 6. 4% 4.0%
2937431 kilobars 124314 kilobars | ... 0.186£0,007  |oecemnem ool 156434 kilobars
(42. 600. 45108 psi) (18. 030, 20X10¢ psi) (22. 68=:0. 49108 psi)
0.9% 0.9% 3.1% 1.8%
2137430 kilobars 893414 kilobars (. ... . 0.184£0.016 oo 111767 kilobars
(30. 99::0. 44 X108 psi) (13. 0:£0. 2)X10 tpsi) (16. 20£0. 97 X106 psi)
1.58% 1.7% 9.1% 6. 3%
2935440 kilobars 1242422 kilobars ... ... .. 01570007 |oeooie e ceeaeece——amne 1401482 kilobars
(42. 57+0. 58X10¢ psi) (18. 01-£0. 32X 108 psi) (20, 321, 19108 psi)
1.8% 2.3% 14.1% 7.6%
287053 kilobars 120430 kilobars ... _______..... 017740078 | oo 15374583 kilobars
(41. 632:0. 77 X108 psi) (17. 462:-0. 44 X108 psi) (22. 29-£8. 46108 psi)
1.5% 2.0% 35+% 30+%
29044-31 kilobars 120748 kilobars [ ... (OB} EX 1 ¥ S I 1564-£218 kilobars
(42. 12+0. 45X 108 psi) (17. 510. 70108 psi) (22. 68=£3. 16108 psi)
0.9% 3.2% 18+% 11.2%
84528 kilobars 371412 kilobars 0.16140. 004 0. 140-0. 006 424416 kilobars 393114 kilobars
(12. 31-0. 4X10¢ psi) (5. 380, 17X 108 psi) (6. 1520, 23X108]psi) (5. 70£0. 20X10¢ psi)
4.6% 4.4% 3.5% 5. 7% 5.4% 4.8%
8544135 kilobars 3747 kilobars 0.163=:0. 002 0. 1370. 004 4307 kilobars 39018 kilobars
(12. 4:£0. 2X108 psi) (5.4210. 10X108 psi) (6. 2420. 10X 106 psi) (5. 66:10. 12X10¢ psi)
2.4% 2.6% 2.0% 3.6% 2.19, 3.0%¢
analysis of values given in table 9
F and ¢ values for—Continued
Young’s Shear
modulus— mudulus Poisson’s ratio Bulk modulus
Continued
Ey. G I e K Kro
3.36 8.63 |.oeoe . 416 et 4.96
2.51 1.25 |ocoieee 3.48 {coeeeo o 1.66
2.83 3.56 | e ) B/ 35 PO 2.27
311 P2 PO P IS 5.31
3.48 2.88 2.96 2.56 6.20 3.17
2.00 1.40 2.04 376 |oc it 1.13




TasLE 10. Data for

Code No. of Young's modulus
snd Source | Statistical | speci- Bulk density Bpeed of sound
group parameters| mens
E; Erw
16-1 H Average 4] 273720032 gfemd | e 1,6104:52 kilobars
(170.9::2.0 1b/ft3) (21.9040.75X 108 psi)
\'% 0.7% 2.2%
1601 |.......... Average 2| 2.966£0.040 g/lem?® | e 1,942:£115 kilobars
(185.2::2.5 1b/ftY) (28.17£1.67 X100 psi)
v 0.2% 0.7%
L 25 § 1 N IR Average 41303900083 gfom?  fLiec e . 1,908-+-78 kilobars
(189.7£2.1 1b/It?) (27.671.1310¢ pst)
\'% 0.7% 2.6%
16-IV cee--.} Average 5| 3.04120083 g/lemd | . . ... .. [ 1,911:497 kilobars
(189.8:£3.9 1b/ft3) (27.721.41 X10% psi)
v 1.7% 41%
18-V . Average 5 ) 3.003:0.026 g/em® | ... . ... ... 1,8564-35 kilobars
(187.5::1.6 1b/ftY) (26.9224-0.51 X108 psi)
v 0. 1.5%
16-A11 ... ... Average 20 | 2.963:40.057 g/lemd ) i)l 1,819:+7Y kilobars
(185.0:+-3.6 1b/ft?) (26.381.15X 10¢ psi)
A% 4.1% 0.2%
18 F Average 10 { 2.77924-0.006 g/cm?’ 7,1763-11 m/sec 1,4314-7 kilobars 1,428+9 kilobars
(173.52£0.4 1b/ft3) (23.544:0.04XC10? ft/sec) (20.754:0.10¢10¢ psf) (20.714:0.13X10¢ psi)
v 0.3% 0.2% 0.6% 0.9%
17 » F Average 8 [ 2.77140.008 g/cm? 7,144:£39 m/sec 1,4164-21 kilobars 1,420421 kilobars
(173.00.5 1b/ftY) (23.44::0.13 X108 ft/sec) (20.524-0.30 X 10¢ psi) (20.604:0.30 X100 psi)
v 0.4% 0.5% 1.4% 1.8%

s These two materials, after having been coded and examined, were found to be the same except that Code 18 was heat-treated for a longer time.

TABLE 10a. Slatistical data for
F and ¢ values for
Critical
Code Compared groups value Young’s modulus
Bulk Speed of
density | sound —————
Kt Era
8 17-18 | F-test:
17 and 18 »4,20-4.48° 1.43  »b 5. 59* 5. 00° 3.66
-test:
17 and 18 2,12 200 |l 0.09

» Fand ¢ values marked with an asterisk indicate comparison with the critical value

similarly marked.

b Underlined figures indicate that a significant difference does exist between the

compared groups.

TaBLE 11. Data
Code No. of Young's modulus
and Source | Statistical | speci- Bulk density Speed of sound
group parameters|{ mens
E; Ete
2 F Average 10 | 2.768-4-0.010 g/cm3 6,767-11 m/sec 1,268-+9 kilobars 1,2654+9 kilobars
(172.8+0.6 1b/(t?) (22.20:-0.04 X108 ft/sec) (18.394-0.13X10¢ psi) (18.35::0.13 X108 pst)
A\ 0.5% 0.2% 0.9% 1.0%
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Mullite: 3 ALOs-2 SiO,

Young’s modulus—Con. 8Shear modulus Poisson’s ratio Bulk modulus

Ey. G m Hiw K K.
1,553-:68 kilobars 580439 kilobars | .. ... 03010049 | L. 1,244 258 kilobars
(22.53:1-0.90 108 pst) (8.414+0.87 X 10# psi) (18.04+£3.74 X108 psi)
2.89% 4.29, 10% 13.9,
1,992+-50 kilobars 731433 kilobars ) ... 03274008 | .. ... 1,9204-76 kilobars
(28.89::0.73 100 psi) (10.60.510% psi) (27.85:+1.10 108 psi)
0.3% 0.5% 0.6% 0.4%
1,806-4-68 kilobars 739+32kilobars | ... .... 0.2014+0.004 ... ... 1,551168 kilobars
(27.50-:0.96 > 108 psi) (10.740.46 X108 psi) (22.504-0.98 X108 psi)
2.2% 2.7% 0.8% 2.7
1.9234:103 kilobars 740441 kilobars  f_ .. ... 0.2014+0.000 | ... 1,525:1:88 kilobars
(27.89::1.49 X 10¢ psi) (10.73=:0.50 X 10¢ pst) (22.12£1.25 X100 psi)
437, 449, 2.3%, 4.5,
1,8694-20 kilobars 73071 kilobars | .. ... 0.27740.002 | .o 1,474:+424 kilobars
(27.11:£0.29 X108 psi) (10.50:1.03 X108 psi) (21.38+6.15 X108 psi)
0.9% 7.8% %.9% X
1,837+73 kilohars 70434 kilobars | ... ... 02030018 | . el 1,501:+37 kilobars
(26.84:11.06x 108 pst) (10.214:0.49 X108 psi) (21.7740.54 X108 psi)
8.5% 10.29, 13.9 5.2
1,425-t7 kilobars 57843 kilobars 0.238+-0.002 0.235--0.003 9105 kilobars 809+ 5 kilobars
(20.67+0.10 X108 psi) (8.38:0.04 X 108 psf) (13.2+:0.1 X108 psi) (13.0£0.1 X108 psi)
0.8% 0.7% 1.3% 1.6% 0.7% 0.7%
1,400-:14 kilobars 5737 kilobars 0.233:+-0.005 0.2404-0.009 883415 kilobars 911439 kilobars
(20.443-0.20¢10% psi) (8.3140.10¢108 psi) (12.84-0.2X10# psi) (13.24-0.6 X108 psi)
1.2% 1.8% 2.2% 4.5% 2.0% .20,

the analysis of values given in table 10
F and ¢ values for—Continued
Young's 8hear
modulus— | modulus Poisson’'s ratio Bulk modulus
Continued
Ey, G ™ s K Kie
3.38 3.80 2.81* 8_2_9: 6. 86* 51.2
2.5 1.87 b2 R (RN IR R,
for mullite plus ZrO,
Young’s modulus—Con. Shear modulus Poisson’s ratio Bulk modulus

Eq. [¢] [ Ble K, Kre
1,273+0 kilobars 5244 kilobars 0.211:+0.003 0.208--0.001 7328 kilobars 724411 kilobars
(18.46-£0.13>(10% psi) (7.60-:0.06 X108 psf) (10.62-£0.12X10% psi) (10.50-0.16X10% psi)
1.0% 0.9% 1.9% 0.8% 1.5% 2.1%
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TasLe 12. Data for

Code No. of Young's modulus
and Bource | Statistical | speci- Bulk density 8peed of sound — - I,
group parameters | mcas
F E.
-1 n Average 2| 34870084 g/emd Lo e 2,573+821 kiloburs
(217.74:8.2 tb/fty) ($7.32 11,91 X108 psi)
\'4 0.3% 3.4,
b 120 § SR N Average § [ 3.502£0.043 g/emd )i 2,625+ 62 kilobars
(218.62.3 1b/fs) (SK.07£0.90X 108 psl)
\' 1.09% 1.9
P33 4 GHE Average 4| 3.839£0.019 glemd | e e 2,685 116 kilohars
(220.91.2 Ib/1ts) (38.9441.68X 108 psi)
v 0.3%, 27
2-IV ... Average § | 3.53340.02/cm? |l 2,674 45 kiloburs
(220.841.4 1b/f13) (3. 784 0.65X 108 psi)
v 0.5% 1.4%
20-V  fecenanaes Average 4| 347320044 glemd | i 2,5844:65 kilohars
(216.84+2.7 1b/fts) {37.48£0.94 X 108 psi)
\'4 0.8% 1.67;
20-A1l L. Average 20 | 3.810£0.016 g/CINE e e 2,636+ 31 kilobars
(219.141.0 1by/1t3) (38.234-0.45X 108 psi)
v 1.0% 2,600
21-1 H Averago 8 1 2.451+0.025 g/em3 5,219+ 188 mfsec 66539 kilobars 652447 kilobars
(153.01.6 Ib/ft3) (17.12:2£0.51 X103 {t/sec) (9.65::0.57 X 108 psi) (9.46.£0.68X 108 psi)
v 1.2% 3.6% 74% B4
15 ¢ S PR Average 10 | 2.522:£0.010 g/cm3 5,647-£66 m/sec 80522 kilobars 785+ 27 kilobars
(157.4+0.8 1h/ftd) (18.53:0.22XX10? ft/sec) (11.6840.32X 108 psi) (11.3940.39 X102 pst)
A\’ 0.6 1.487% 3.77% 4.8
TaBLE 12a. Staiistical data for the
Fand ¢t values for—
Critical
Code Compared groups value Young's modulus
Bulk Speed of
density sound S
K Ere
21 F-test:
I and II 4.2 4.13 4.10 2.46 2,22
t-test:
Iand II 212 o288 6.42 7.64 6,08
s Underlined figures indicate that a significant difference does exist between the
oompared groups.
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Spinel: MgO . ALO,

Young’s modulus—Con, Shear modulus Poisson's ratio Bulk modulus

Ete G Ml Hiw K, Kiw
2,547£713 kilobars 1,017+7 kilobars [o..... ... ... 0265 | ... ool L.l 1,916-£600 kilobars
(36.94:£10.34 X 109 psi) (14.7541.03X 108 pst) (27.79£8.70X 108 psi)
3.19 0.8% 21.5% 35.5,
2,611 50 kilobars 1,007£76 kilobars ... ... ... 0.293+0.066 | . ... ... ... .. 2,19) 427 kilobars
(37.87::0.86 X108 psi) (14.751.10 108 psl) (31,7846.19X 108 psi)
1.8% 0% 18.% 16.%
2,659:£131 kilobars 1,041£12 kilobars | .. 0.200£0.054 ... Lo L. 2,158+568 kilobars
(38.571.90X108 psi) (15.10:0.17X 108 psi) (31.30£8.24 100 psi)
3.1% 0.7% 12.%, 18.%
2,657::-43 kilobars 1,028+15 kilobars ... ..., 0.300£0.008 | .. ...l 2,2494+113 kilobars
(38.544-0.62 X100 psi) (14.91£0.22XX10 psi) (32.6241.64 X108 psi)
1.3% 1.2% 2.1% 4.0%
2,619:+-54 kilobars 99026 kilobars | ... 0.305+0.008 | ... ... ... 2,1984-56 kilobars
(37.99-:0.78X10¢ psi) (14.36-£0.38X10¢ psi) (31.88-£0.81X10¢ psi)
1.3% 1.6% 1.6% 1.6%
2,628+28 kilobars 1,009+ 18 kilobars ... ... 02940015 | ... ... 2,173+132 kilobars
(38,12:+0.41 X 10¢ psi) (14.7824-0.23 X108 psi) (31.624-1.91 X108 psi)
2.3% 34% 1.% 13.%
655+-48 kilobars 271420 kilobars 0.228:+-0.017 0.202+0.007 408413 kilobars 365133 kilobers
9.502-0.70X108 psi) (3.83::0.29108 psi) (5.923:0.19X10* psi) (5.204-0.48 X100 psi)
8.8% 8.8%, 9.0% 4.29, 3.7% 11.%
78120 kilobars 32018 kilobars 0.2214:0.008 0.191:+0.030 482423 kilobars 4234-42 kilobars
(11.4740.29108 psi) (4.77£0.12 X108 psi) (6.99:10.33 X104 psf) (6.21-£0.61 X108 psi)
3.6% 3.49, 4.8% 22.% 6.5% 14.%

analysis of values given in table 12
F and ¢t values for—Continued
Young’s Shear
modulus— [ modulus Poisson’s ratio Bulk modulus
Continued
Eqe 4] w Hew K Kre
423 4.50 3.72 24.7 4.45 3.94
650 |.eoienine L N, M O— 2.7
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TasLe 13.+
Code No. of Young's modulus
and Source | Statistical | speci- Buik density Speed of sound
group parameters| mens
E; Es
10-1 H Average 9 ] 9.722:40.034 gm/cm? 4,97240 m/sec 2,404+13 kilobars 2,434+ 23 kilobars
(606.9£2.1 gm/cm?) (16 31:&:0 03X 108 ft/sec) (34.87:£0.19X 108 psi) (35.300.337,10¢ psi)
v 0.5% 0.2% 0.7% 1.2%
10-I1 (... Average 8 | 9.664+0.012 gm/cm? 4,960+-12 m/sec 2,378+8 kilobars 2,406£18 kilobars
(603.3+0.7 gm/cm3) (16.274£0.04 X 10? ft/sec) (34.49+0.12X10% psi) (34.900.26 X 104 psi)
\'4 0.2% 0.3% 0.4% 0.9%
51 g Average 10 | 9.7023-0.008 gm/cms? 4,8574-3 m/sec 2,384.+5 kilobars 2,305::6 kilohars
(605.70.5 gm/cm?) (16 %:k() 01108 ft/sec) (34 58:40.07 X10# psi) (34.74£0.0010® psi)
A 0.1% 01% 0.3% 0.3%
» These compositions contain }4 welght percent CaO as a densifying agent.
TaBLE 13-a. Statistical dala for the
F and ¢ values for
Code Compared groups | Critical Young’s modulus
value Bulk Speed of
density sound
E; Ete
10 F-test:
Iand 11 s 4 90- b9 01 1.38¢ 314 1.90
4. 53°
-test:
1and II 213 |l 0.32 0.62 0.37
& F and ¢ values marked with an asterisk fndicate comparison with the critical
value similarly marked.
b Underlined figures indicate that a significant difference does exist between the
compared groups.
TaBLE 14
Code No. of Young’s modulus
and Source | Statistical | speci- Bulk density Speed of sound
group parameters| mens
Er Ete
19 (o] Average § | 10.3684:0.021 }z/cm' 4,314:4-9 m/sec 1,929-+10 kilobars 1,8364-11 kilobars
(647 34:1.3 1b/{t3) (14 l5:i:0 03X10? ft/sec) (27.980.15X 108 psi) (28.08+0.16 X108 psi})
v 0.2% 0.4% 0.5%
198 G Average 1| 10.188 g/em3 4.230 m/sec 1,823 kilobars 1,737 kilobars
(636.0 Ib/ft?) (13.88 X108 ft/sec) (26.44XX10% psi) (25.19X10% psi)




Data for ThOz

Young's modulus—Con. 8hear modulus Poisson’s ratio Bulk modulus
Ey, G M ble K KI-

2,424-+12 kilobars 943-+9 kilobars 0.275:+-0.006 0.2914-0.003 1,785::46 kilobars 1,045+:37 kilobars
(38.16==0.17X10¢ psi) (13.68:+-0.13 X108 pst) (25.89+:0.67 X109 psi) (2,8214:0.54 X108 psi)
0.6% 1.2% 3.0% 1.4% 3.4% 2.5%

2,300:+11 kilobars 9307 kilobars 0.279:+:0.006 0.2044-0.009 1,7931-48 kilobars 1,948+-04 kilobars
(34.70-10.16X 104 pet) (13.49:+-0.10 X108 psi) (26.011-0.70X10¢ psi) (28.254-1.36X10¢ psi)
0.8% 0.9% 2.1% 3.6% 3.2% 5.8%

2,384-+:3 kilobars 9303 kilobars 0.282:4-0.004 0.2884-0.004 1,819+7 kilobars 1,881+35 kilobars
(34.58:£0.04 108 psi) (13.49:0.04 X108 psi) (26.38+:0.10X10¢ psi) (27.28+0.51 X 10¢ psi)
0.2% 0.8% 1.3% 2.0% 0.5% 2.6%

analysis of values given in table 13
F and ¢ values for—Continued
Young's Shear
modulus— modulus Poisson’s ratio Bulk modulus
Continued
Eye aq ui e K Kre
1.47 1.95 1.23 5.43* 110 5.43°
0.59 2.72 0.90 0.73 0.27 [ccomemamanens
Data for UO,
Young’s modulus—Con. Shear modulus Poisson’s ratio Bulk modulus
E;, [¢] Bt Bre K Ko

1,930+15 kilobars 741+ 4 kilobars 0.302+0.003 0.306+0.003 1.6204-26 kilobars 1,6624-30 kilobars
(27.99::0.22 X108 psi) 810.75:!:0.06)(100 psi) (23.50-+-0.38X10¢ psf) (24.11:3-0.44 108 psi)
0.6% 4% 0.8% 0.7% 1.3% 1.4%
1,842 kllobars_ ... __.. 700 kilobars. ... __._.__...._. [13:+*) A S 1,457 kilobars ——- ——-
(26.72X108 psi) (10.24<108 psi) (21.13X10¢ psi)
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TasLe 15, Dala

L
Code X No. ot . Young’s modulus
and Soures | Statistical | speci- Bulk density Speed of sound
group parameters| mens
E Erw
1-1 H Average 5 | 5.634:0.026 (/cml ...................................................... 1157:4-83 kilobars
(351.7-1.6 10/ft3) (16.78£2.65X10° psi)
\' 0.4% 5.8%
n-1n joo....... Average 4§ 5.8300.027 gfemd [l e il 10724-44 kilobars
(352.04:1.7 1b/ft?) (15.554-0.64 108 psi)
v 0.3% 1 2.6%
PRED 4 § R P Average 51 5,6541+0.045g/emd ... . ... emeeens . ' 2051181 kilobars
(353.0-£2.8 1/f13) . (29.754:1.17X 108 psi)
\} 0.6% | 3.2
n-v o Average 4 | 5.603:0.024 g/cm? g g 1 11113385 kilobw o
(349 8+1.5 lb/ft') 116.114:5.58 X 108 psi)
\Y 0.3% ‘ 2%
n-An ... Average 18| 56340015 g/em® | .l .. i 1376222 kilobars
(351,7+0.9 1b/(t3) ! (19.96:3.2210 psi)
v 0.5% L aey, |
i
13-1 H Average 10 | 5.1494-0.016 g/em3 521651 m/sec 1401423 kiloburs T 1391426 kilobars i
(321.4£1.0 1b/1t%) (17.11£0.17 X 10? ft/sec) (20.320.33 X 108 psi) . (20.17:40.38X 108 psi) }
A 0.4% 1.4% 2.3%, A |
13-1I .. . Average 10 | 5.1622-0.013 g/cm? 4950-+184 m/sec 1268193 kilobars l 126992 kilobars '
(322,3:0.8 1bjft3) (lh 2440.60 X103 ftfsec) (18.39:£1.35 X100 psi) I (18.41:+1.33 X108 psi) .
A's 0.4% 5.1% 10.3% ‘ 10,15, !
12-1 H Average 10 | 4.96740.017 g/cm3 545620 tn/sec 1478115 kilobars | 1483115 kilobars ;
(310.141.1 Ib/ft3) (1: 90:1.-0 07 X108 ft/sec) (21.44:40.22X 100 psi) (21.51:£0.22X 108 psi)
v 0.5% 14% [ 1.4% ;
i H
) 5.3 § G P, Average 10 | 4.97140.011 g/cm3 5481+10 m/sec 1493+R kilobars | 1499110 kilobars !
(310.3:£0.7 1h/ft3) (17.98:0.03X10° ft/sec) (21, t\M 0,12X10¢ psi) 21.74:40.15X 108 pst) '
v 0.3% 0.3% 0.8¢ 107 !

» This composition contains about 5 wt ¢, of CaO as the stabilizing agent.
& Because of the very high and diverse values calculated for Poisson’s ratio, the calculated bulk modulus values have little significance.
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TaBLE 15a. Statistical data for the
! —
F and ¢ values for
Code Compared groups | Critical Young’s modulus |
value Bulk | Speed of
density { sound e
E Form
13 | F-test:
Iand II 4.03 1.51 ®13.2 15.9 12.4
Iand IT 2.10 b I I8 D U
12 | F-test:
¢ Iand II 4.03 2.58 3.95 3.15 2.04
t-test:
Iand II 2.10 1.5 2.46 1.98 2.02
t

» Underlined figures indicate that a significant difference does exist between the

compared groups.




Jor “slabilized” ZrO;*

Young’s modulus—Con, Shear modulus Polsson’s ratio Bulk modulus
Ey, o i Hivw K Kse
1202-80 kilobars 45539 kilobars | ..o .. ... 0.27440.022 b acceaans 857+43 kilobars
gl?.ﬁil.lﬁ)(l@ psi) (6.600.57 X108 psi) (12.43£0.62X 108 psi)
4% 8.9% 6.4% 4.9%
1122458 kilobars 423413 kilobars . oL........ 0.2084+0.02 ..o eeicameeemaea 772193 kilobars
(16.27-:0.84 X108 psi) éﬁ.u;«;o.wxnoﬁ psi) (11.201.33X psi)
3.2% .0% 4.6% 7.5%
2031488 kilobars 72548 kilobars f . . ._.._ 0.41€£0.052 oo aeeaaeas L2
(29.46::0.99 X108 psi) (10.52£0.70X 108 psi)
21 5.3% 10.1%
11324-372 kilobars 398+70 kilobars ... 0.386£0.218 oo eiiaee &
(16.425.40X 108 psi) (5.7741.02X108 psi)
219, 11.0% 36%
13991208 kilobars 5107t kilobars | ... .. 0.3374£0.046% | eiiioo L]
(20.20:£3.02X10¢ pst) (7.40£1.03 108 psi)
307 %o 2%
1394-:22 kilobars 5587 kilobars 0.255:+0.006 0.246+-0.008 965-+37 kilobars 906459 kilobars
(20.224:0.32X 108 psi) (8.0940.10X10¢ psi) (13.853-0.54 X108 psi) (13.14:£0.86 X100 psi)
2.27 1.9% 3.3% 4.6% 5.3% 9.1%
1259494 kilobars 514+33 kilobars 0.23210.012 0.2344:0.010 79692 kilobars 802487 kilobars
(18.2i1.36 X 108 psi) (7.45%0.48X108 psi) (11.54-+1.33 X108 psi) (11.63£1.26 <108 psi)
10.5% 9.1% 7.0% 6.2% 16% 157,
1479412 kilobars 57546 kilobars 0.285-+0.005 0.289-+0.005 114426 kilobars 11684-12 kilobars
(21.453:0.17 X108 psi) (8.341:0.09X 108 psi) (16.594:0.38X10¢ psi) (16.944-0.17 X108 psi)
1.2% 1.4% 2.6 2,49 3.2% 1.4%
149210 kilobars 5844 kilobars 0.279+0.002 0.2844-0.002 1125411 kilobars 115730 kilobars
(21.644-0.15X108 psi) (R.474:0.06 X108 psi) (16.3210.16108 pst) (16.784:0.44 108 psi)
0.9% 1.0% 1.1, 0.8% 1.4% 3.6%
analysis of values given in table 15
F and ¢ values for—Continued
Young’s Shear ‘
modulus— | modulus Poisson’s ratio | Bulk modulus
Continued i
j
Ey, a m Hiw | K Ko
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TasrLe 16. Dats

Code No. of Young's modulus
and Source | Statistical | speci- Bulk density 8peed of sound
group parameters mens
E Esu
2 D Average 19 { 6.0534:0.021 g}cml 6667122 m/fsec 2000-+:25 kilobars 271119 kilobars
(377.9:1.3 Ibj/tw) (21.87£0.07 X108 {t/sec) (39.010.36 X108 psi) (39.32:+-0.2810¢ psi)
\'4 0.1% 0.7% 1.9% 1.5%
0-1 D Average 10 | 5.058::0.017 glem? +18 m/sec 2685421 kilobars 2611425 kilobars
(871.92:1.1 Ib/18) (21.6140.08 X109 ft/sec) (37.49:+0.30X 108 psi) (37.87+0.36 X 100 pei)
\' 0.4% 0.4% 1.1% 1.4%
0-11 Average 10 } 5.0444:0.015 g/cm? 656311 m/se0 256015 kilobars 2589117 kilobars
(371.1:0.9 1b/itY) (21.53::0.04 X 107 {t/sec) (37.13::0.22104 psi) (37.55:+0.25X10¢ psi)
v 0.4% 0.2% 0.8% 0.9%
%1 D Average 10 | 8.60140.008 g/cm? 6870412 m/sec 2686412 kilobars 2713+20 kilobars
(355.31-0.4 1bjtt?) (22.54:1-0.04 X 108 ft/sec) (38.96:3-0.17 X108 psi) (39.350.29X 108 pst)
A\’ 0.2% 0.2% 0.6% 1.0%
BIL | Average 10 | 8.564-:-0.041 gfem? 6712:47 m/sec 2507453 kilobars 2543456 kilobars
(347.4--2.6 1b/tty) (22.02:+:0.16 X102 ft/sec) (36.36+-0.77 X108 psi) (36.88::0.81X10¢ psl)
v 1.0% 19% 2.9% 3.1%
s Code 28 composition {8 slightly different than compositions of codes 29 and 30 specimens.
TasLe 16a. Statistical data for the
F and ¢ values for
Cod C ared Crgiml Y odul
e omp: grou] value oung’s m us
e Bulk { 8peed of ¢
density | sound _—
E; EI-
30 | F-test:
Tand IT 4.03 .23 2 1.95 1.70
Iand XI 2.10 143 2.58 2.28 1.80
28 | F-test:
ot Tand II 4.03 *40.8 19 18.3 7.67
-tes|
Iand II 25 1 1 DU ISR ISR FRN

s Underlined figures indicate that a significant difference does exist between the

compared groups.




Jor AljO3+Cre

Young’s modulus—Con. Shear modulus Poisson’s ratio Bulk modulus
Eqq ¢} wi Hfw K, K.
200428 kilobars 107448 kilobars 0.2534-0.003 0.262:40.001 1813435 kilobars 1900+ 14 kilobars
(39.072-0.33 X108 psi) (15.58+0.12XX10# pai) (26.304-0.51 X 108 psi) (27.560.20 X108 psi)
1.8% 1.5% 2.3% 0.9% 4.0% 1.6%
200228 kilobars 10328 kilobars 0.252+-0.003 0.264.1-0.003 1732422 kilobars 1845429 kilobars
(37.74:0.41 X 108 psi) (14.97-:0.12X10% psi) (25.123-0.32X10¢ psi) (26.76-0.42X10¢ pai)
1.5% 1.0% 1.5% 1.5% 1.8% 2.2%
257817 kilobars 1023-+8 kilobars 0.2524-0.001 0.266+0.002 17249 kilobars 1848-+22 kilobars
(37.393-0.25 108 pai) (14.84:£0.09) 104 psi) (28.004.0.13X10# psi) (26.804-0.32 X108 psi)
0.9% 0.8% 0.6% 1.2% 0.8% 1.7%
268220 kilobars 111446 kilobars 0.2054-0.001 0.2174-0.004 151248 kilobars 1601+30 kilobars
(38.904-0.20 108 psi) (16.16£0.09X10¢ psi) (21.9340.12X10# psi) (23.22.40.44 X108 psi)
1.0% 0.8% 1.0% 2.2% 0.8% 2.7%
251456 kilobars 1042227 kilobars 0.203+-0.001 0.2214:0.004 1434+29 kilobars 151739 kilobars
(36.46:+-0.81 X100 psi) (18.1140.39X108 pai) (20.804-0.42 X108 psi) (22.000.57 X108 psi)
3.2% 3.0% 0.8% 2.6% 2.8% 3.6%
analysis of values given in table 16
F and t values for—~Continued
Young’s Shear
modulus— modulus Poisson’s ratio Bulk modulus
Continued
Ey, a I Hre K Kiw

1.75 1.90 5.74 1.62 5.48 177

1.94 227 | 0.15 |oooceaee 0.20

8.45 13.8 1.34 1.39 12.3 1.65
.......................... 2.18 ) B & 1N (U 3.83
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Tasre 17.  Data for TiC

Code No. of Young's modulus
and Source ! Statistical | speci- Bulk density 8peed of sound . —_— L —
group narameters | mens ( i i .
31-1 E Average 10 | 5.34140.012 g/cm? 8576423 msec 3926429 kilobiars | 035230 kilohars
(333.4:4:0.7 Idffts) (28. 144008 X 13 {U/se¢; (56,97 £0.42X108 paiy (585240 44X 108 i
v 0.3% 0.4% 1.0% ‘ 109
31-1I ... Averuge 10 | 5.343:40.008 g]cm‘ 854915 m/sec " 3ws 19 kilobars 3416 kilobars
(333.6-0.5 1bjfty) (28.05:£0.05 X 109 [t se¢ ¢ (H6.640 In108 psi (57,9620 28X 10 psi
\Y 0.2% 0.3% U.3% 0.6
32-1 E Average 10 | 5.656440.003 g/cm? 846718 m/sec 405345 kilobars 40ne Y kilobars
(353.0.£0.2 1bjtw?) (27.78£0.03X 108 {t,~ec) | (SR TRE0. 12X 108 poni) (58.2640.13 X108 jis1
v 0.1% 0.1% L 0.3% [UR: 08
32-10 ceeee. oo Averuge 10 | 5.541:£0.004 x’cm’ 824949 m/sec l 27709 kilobars ante+15 kiloburs
(345.94-0.2 1bjfty) (27.06:£0.03 X108 ft,sec! I (54.68£0.13X 108 st LEHOT 0. 22X 08 D)
v 0.1% 0.2% 1 0.5% 0.55%
33-1 K Average 10 | 5.8623:0.002 gcm' 802345 m/sec é 3773+ 5 kiloburs 38un7 kilobars
(366.04:0.1 1by/fts) (26.3230.02X 108 ft,~e¢ | (54.72£0.07 X 4 1 (56,2330, 10X 108 pst
v 0% 0.1% 0% i .39
i
REES § SR S Average 10 | 5.82140.005 g/cm? 70u8+9 m/sec 374049 kiloburs 3757412 kilobars
(363.4:£0.3 1b/fL3) (26.240.03 X 1% 1 ) (54.3740.13 X108 psb) (54 402027 X 100 st
Vv 0.1% 0.2% 0.3% 0.5¢¢
34-I 14 Averuge 10 | §.720+:0.008 g/cm? 826747 m/sec 391147 kilobars 391711 kilobars
(357.30.2 1b/ft?) (27.124:0.02X 108 {1 5e¢) (56,7240.10 X 100 pinis (56, RE£0. 16X 108 iy
v 01% 0.1% 0.3% 0.4
RTTS § S PO Averuge 10 { 5.8824-0.006 g/cm? 805645 m/see 381746 kiloburs 390449 kilobars
(367.2:0.4 1b/113) (26.434:0.02X 148 {t/sec) (55.360.00 X 108 p=h) (56,624 713X 108 s
v 0.1% 01% 0.2% 0.3%

(\Io:i%miie) 31 contains about 10 wt % Ni. Code 32 contains about 20 wt % Ni. Code 33 contains about 30 wt 9, N1, Code 34 contains about 30 wt ¢ Ni
R ed),

TaBLg 178, Statistical data for the

# und ¢ values for
Code Compared groups Critical Young's modulus
value Bulk Speed of
density sound | ____ _ ___
Ey Ere
. —_— e
31 F-test: !
Iand I1 4.08 1.94 2.2 2.38 3.48
-test:
Iand II 210 030 2,22 1.53 | 2 60
Lo : p
32 F-test:
Iand If 4.03 Lo 115 1.22 2.53
#-test:
Iand II 210 M52 12 524 81
33 F-test
Iana I 4. U3 fi. 11 3.7 258 3.2
i-test: I !
Tand II 210 |....oo... .4_9_7 :1_7 E_‘i!
34 F-test:
Iand II 103 514 2.20 1.5 158
t-test: _ {
Tand I 210 Lo §6. 5 2H40 2

« Underlined figures Iindicate that o significant ditfercnce does exist between the
compared groups,

TaprLe IR Dala

Code i No. of ! Young's modulus
and Source | Statistical | speei- Bulk density Speed of sound o [ I
group parameters| mens ’
I Fro
“-I I Average 10 { 2.85063-0 ™% L s B 4467424 kilobars
(156.4-:0.1 1b/{tY) (64.79:£0.35 X 104 psi)
v 0.1% 0.70%
41T | Averago 10 | 2.505:4-0.002 g/em ? e e o L] 4481419 kilobars
(156.4::0.1 Ib/ftY) (64.99£0.28 X 10¢ psi)
\' 0.1% 0.6%,

s These values are not considered reliable because of an assumption that was made during the calculation.
bu=0.2074 assumed value for one specimen see sec. 2.3(a).
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+10 to 80 wt % Ni»

f(‘l' Bg(:

Young’s modulus—Con. ‘ Shear modulus Poisson’s ratio Bulk moedulus
Ese ’ (¢} M b Ky (o
4027+29 kilobars 1654411 kilobars 0.1884+0.003 0.2203:0.003 2099425 kilobars 2403429 kilobars
58.414-0.42X 108 psi) (23.99+£0,16 X108 psi) (30.4440.36 X 108 i) (34.85£0.42X 108 sf)
1.0% 0.9% 2,14 2.1% 1.7% 1.7%
1031£15 kilobars 133148 kilobars 0.19740.003 0.2254:0.002 214918 kilobars 2427411 kllobars
(58.46:0.22X 108 psi) (23.66-£0.12XX 108 px1) (31.1740.26 X 108 psi) (35.204£0.16 X108 psi)
0.5% 0.6% 1.9% 1.5¢; 127 0.7¢
408148 kilobars 168143 kilobars 0.20640.003 0.2164£0.003 2205423 kilobars 2394 +1 kilobars
(58.19--0.12X 10 pst) (24.38::0.04 X 108 psi) (33.290.33 X108 psj) (31.72£0.06 X108 pst)
0.3% 0.2% 200 204, 1.4¢ 0.205
385110 kilobars 15484-6 kilobars 0.197 40,004 0.2284:0.000 2078430 kilobars 2368442 kilobars
(55.8540.15 100 psi) (22.45:0.09 X108 psi) (30.140.44 X108 psi) (34.3440.61 108 pst)
0.4% 0.5% 3.0% 3.4% 2,00, 2.57%
3804-+-8 kilobars 15606 kilobars 0.2104:0.001 0,221 40,002 216845 kilobars 227545 kilobars
(55.174£0.12X10¢ pst) (22.634:0.09X 108 psi) (31,44:£0.07 X108 psi) (33.004:0.07 X108 psi)
0.3% .5% 0.9 1,19, 0.3¢; 0.3,
3741413 kllobars 153816 kilobars 0.2191:0.003 0,2224-0.002 2226:+13 kiloburs 22, 15 kilobars
(54.26:£0.19X 108 psi) (22,31:£0.09 X108 psi) (32.2940,19 X 10¢ psi) (32. . £0.22X108 psi)
0.5% 0.5%% 1.8 1.4 0.8, 0.9
............................. 169943 kilobars 0.151 0,003 0.153:£0.004 1871416 kilobars 1882424 kilobars
.- ceeeememman| (24.6440.04 X108 pst) (27.142:0.23X 1% pst) (27.304:0.35X 108 psf)
0.3% 2,75 3.5% 1.29, 1.8%
383649 kilobars 1586-+2 kilobars 0.2044:0.002 0.231+0.003 214743 kilobars 2417428 kilobars
(56.3640.13 X108 psi) (23.00+0.03 X108 psi) (3114004 X 109 psi) (35.00:0.41 <108 pei)
0.3% 0.29% 1.2%% 1.7% 0.2 16
analysis of values given in lable 17
¥ and ¢ values for—Continued
Young's ( Shear
modulus— modulus Poisson’s ratio Bulk modulus
Continued
- ’T—“ R
Ere G i Bre K Kre
362 2.00 118 1.69 2.06 6.73
2.24 3.98 5.55 2.89 1 ) IO
1. 46 w 1.98 3.08 1.62. 1.98
08 3.64 L3 13.1 141
2.65 1.07 ! 4_2‘2 1.76 7.79 9.57
S LTS [ L I RE——
‘ ........... 1.78 2.85 1.81 3.06 1.38
R o1.8 8.3 3.8 383 327

Young’s modulus—Con.

}

Shear modulus

Poisson’s ratio

Bulk modulus

Ere q M Hre K Krw
4450423 kilobars 1850410 kilobarss | .. ... . [ S T, 254413 kilobarss
(64.544-0.33X10% psi) (26.83£0.15X 108 psi) (36.90::0.19108 psi)
0.7% 0.7% 0.7%
4457415 kilobars 18564-8 kilobarss | ... .. . .. (®) eeeaoeo.| 265245 kilobarss
(64.84-4-0.22)10¢ psi)

0.5%

(26.924-0.12108 psi)
0.6%

(37.01£0.07 X108 psi)
0.6%
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Tasre 19. Data

OCode No. of Young'’s modulus
and Source | Btatistioal | speci- Bulk density 8peed of sound
group parameters{ mens
E 1] EI '»
43-1 H Average 5| 38140008 glom? | e 44543-58 kilobars
(175.7&:0.41 m) (64.60:-0.84 X108 pel)
v 0.2% 1.1%
[0 ¢ SN R, Average 5] 28130008 glem® | ... ... 4513101 kilobars
(176 7304 lﬂh"‘) (65.46-+-1.46<10¢ pei)
v 0.2% 1.9%
[* 0 § § S Average 8| 2.8152:0.008 bzl'om' ........................................................ 4474143 kilobars
(175.7£0.4 1bjtt?) (64.80--0.62X10¢ psi)
v 0.2% 0.8%
81V | Average 8 | 2.8184:-0.004 xlxeml ........................................................ 45004-31 kilobars
(175.9-:0.3 1b/ftY) (85.27-0.45X10% psi)
v 0.1% 0.6%
43-A0 ... Average 20 | 2.816::0.002 L NN (T 44854-25 kilobars
(175.8-0.1 1b/ft?) (85.05:-0.36X10% psi)
v 0.2% 1.2%
»This mixture contains 82 (volume) of B.O and 18 parts TiB;.
bThese values are not oo because of an assumption that was made during the calculation.
¢ u=0,2066 assumed value !or one spedmen 800 800. 2.3(a).
TasLE 20.
Code No. of Young’s modulus
and Source | Statistical | speci- Bulk density 8peed of sound
group parameters| mens
E; Ete
451 B Average 9 | 3.1032-0.012 gm/cm! - L 3,048-+:64 kilobars
v (123.7:!.-.0.7 1b/ft3) 55;1‘.?26:9:0.93)(10‘ psi)
X | S . Aversge 8 | 81%8.£0.002 i O R 4,013:£15 kilobars
{195,34-0.1 1b/ftY) (58.20-£0.2210® psi)
v 0.1% 0.4%
35-1 H Average 10 ] 2.576-+-0.004 gm, 8,818 87 m/sec 2,003-41 kilobars 2,0214-43 kilobars
v (100.8:|;0.2 lb ) g .83--0.20X108 {t/sec) “(,29 050,59 X108 psi) 3(}23.31:*_—0.62)( 108 psi)
15 ) S Average 9 84481 mseo 1,9€6.+:39 kilobars 1,9632:80 kilobars
(162 140.3 lbl ) (28.69-:0.27)X10% ft/sec) (28.700.575C10% psi) (28.47+:0.73X10¢ psi)
v 0.2% 2% 2.5% 3.3%
TasLE 20a. Statistical data for the
F and ¢ values for
Code Compared groups | Critical Young’s modulus
value Bulk | Speed of
density | sound
Ei Ere
45 F-test:
Iand II 4. 90~ b12.2 |l 22.4°
. 4 53¢ - -
{-test:
ITend I P25 & I RO EUUN RPN R
35 F-test:
I and IT 4.36-
ttest 4.10* 1.71* 1.34 1.33 1.15°*
T'and It 2.11 7.86 1.92 on| 208
o 1;11 II‘ and ¢ va{ues marked with an asterisk indicate comparison with the critical value
arl mar
b Ung nzuru indicate that a significant difference does exist between the
eompared groups,
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Jor B,C ! TiB,*

Yonng's moduius—Con. 8hear modulus Poisson’s ratio Bulk modulus
Eye g m e K Ko
444247 kilobars 1847-:24 kilobars® | . ... ... .. () el 252133 kilobars®
(64.43:4-0.68X10% psi) (26.79-1-0.35X 10% psi) (36.56-1-0.48 X 10¢ psi)
.9% 1.1% 1.1%
4455-1-46 kilobars 1872443 kilobars® | .. ... . ... [ S 2545457 kilobarsb
(64.61+0.67X10¢ psi) (27.15::0.61 X104 psi) (86.91+-0.83X10¢ psi)
0.8% 1.8% 1.8%
4468-+37 kilobars 1856418 kilobars® | ... . ... . (®) el 2533+-25 kilobars b
(64.77-£:0.5410% psi) (28.924-0.26X10¢ psi) (86.743-0.3610% psi)
0.7% 0.8% 0.8%
4478:4-32 kilobars 1866-+:13 kilobars® | ... ... [ 254718 kilobars®
(64.95:-0.46X108 psi) (27.06-0.19X10# psi) (36.94:-0.26X10% psi)
0.6% 0.6% 0.6%
446016 kilobars 18680-£10 kilobars® | . . . . .. [0 T RS 2539-+14 kilobars®
(64.69:-0.23108 psi) (26.98:-0.15X 108 psi) (36.83-0.2010¢ psi)
0.7% 1.2% 1.2%
Data for SiC
Young's modulus—Con. Shear modulus Polsson’s ratio Bulk modulus
Epe ¢} ) Brw K Ko
3,097+ 11 kilobars 1,665+24 kilobars | ... 0.182£0.003 | oo 96514 kilobars
(57.974+0.16 X108 psi) (24.153-0.3610? psi) (14.004-0.20X108 psi)
0.3% 1.9% 2.0% 1.8%
3,831+21 kilobars 1,683+5 kilobars | ... 0.192:£0.005  |ouoo e eieiicccciicmee- 9665 kilobars
(57.014-0.30 X108 psi) (24.41£0.07 X108 psi) (14.01:4-0.07>C10% psi)
0.6% 0.4% 3.3% 0.7%
2,035:+-30 kilobars 851419 kilobars 0.117::0.003 0.187£0.002 1,034+18 kilobars 1,078::-24 kilobars
(29.52+0.44X10¢ psi) (12.34::0.28X10% psi) (15.00::0.26X10% psi) (15.644-0.35X10¢ psi)
2.1% 3.1% 2.1% 1.8% 2.6% 3.1%
1,993+42 kilobars 836157 kilobars 0.187+0.003 0.1734:0.005 1,057-+15 kilobars 1,002:38 kilobars
(28.91:40.01 X108 psi) (12,133-0.83 X108 psi) (15.334:0.22 X108 psi) (14.534-0.55 X108 psi)
2.8% 8.9% 1.7% 3.7% 1.8% 5.0%
analysis cof values given in table 20
F and ¢ values for—Continued
Young's Shear
modulus— modulus Poisson’s ratlo Bulk modulus
Continued
Eye (4] Bl Bl K Kre
3.01° 289 | 2.67% | 7.82
) U« S S PR 4.63 | e
1.10* 7.95° 1.26* 3.78°* 1.93 2,23*
L0 feeaans 5.58 6.08 2.61 3.97
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TaBLE 21. Data for
Code . No. of Young's modulus
and Source | Statistical | speci- Bulk density Speed of saund
group parameters | mens
FE Eyy
37-1 H Average 5| 8.074£0.007 glem? |l 412045 kilobars
(191.90.4 Yb/ft?) (59.76:1:0.65>10¢ psi)
\'% 0.2% 0.9%
kY § SR D Average 51 3.086:£0.014 g/em? | e 4114437 kilobars
(192.73-0.9 1b/ft3) (59.67:4-0.564 X108 psi)
v 0.4% 0.7%
b 120 0§ QR (RO Average 51 3.08340.003 gfomd e 4121472 kilobars
(192.54:0.2 1h/11¥) (59.7741.04 X108 psi)
v 0.1% 1.4%
3-1V e Average 51 3.084:4£0.006 gfem® | e 4246466 kilobars
(192.5:0.4 1b/Mt3) (61.584-0.96 X 108 psi)
v 0.2% 1.3%
87-All ... Average 20 [ 3.08240.004 g/femd (.. 4151431 kilobars
(192.4:£0.2 Ib/1t3) (60.214-0.45 X 10% psi)
v 0.3% { 1.6 '
s This mixture contains 90 parts of SiC and 10 parts of B«C (by weight),
b These values are not considered reliable because of an assumption that was made during the calculation.
¢ u=0.2208 assumed value for one specimen, see sec, 2.3(a).
TasLE 22. Data
Code No. of . Young's modulus
and Source | Statistical | speci- Bulk density Speed of sound - S e
group parameters| mens e r
1 i
38-1 H Average 1] 6485 glem® | iiaceac e 38xl kilobars
v (403.6 Ib/1e?) (56.20XX 108 psid
-1 Average 2] 61770602 glemd | i e .| 3045515 kilobars
(385.6-+:37.6 1b/ft3) (44.16:47.47X 108 psi)
v 1.1% 197
3,17t ). Average 4] 614840028 glemd || oL 3220+72 kilobars
(383.83-1.7 1b/ft3) (46.70£1.04 X108 i)
v 0.3% 1.4,
38-IV | ... Average 41 620210008 glem® | e L 3279424 kilobars
(387.2:4-0.6 1b/fty) (47.56:0.35X 100 psi)
v 0.1% 0.5%
38V feeemeonnn Average 5| 6.0162-0.031 g/emd | ...l [ 2061465 kiloburs
(375.611.9 1b/t3) (42.95:40.94 X10¢ psi)
v 0.4% 1.8%
BV . Average 4] 8.01740.025g/em? e _..| 2890489 kilobars
(375.611,6 1b/1t¥) (41.924:1.29X108 psis
v 0.3% 1.9%
_-AN (... Average 20 | 6.118:0.055 glem3 i e L 31174113 kilobars
v §38(17.9:i:3.4 1b/1ts) (45.21£1.64 X108 psi)
By

] 7.7%
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SiC+ BC*
Young'’s modulus—Con. Shear modulus Poisson’s ratio Bulk modulus

Eq, G s e K e
400044 kilobars 1688418 kilobarst  f_ .. ... . ...._ () reccrmmcmmaeeermenenneeanv-| 246027 kilobarst
(59.32::0.64X10¢ psi) (24.48:0.26 X10¢ psi) (35.68:+-0.39X10¢ psi)
0.9% 0.9% 0.9%
410067 kilobars 168515 kilobarsd | ... ..., () emeammcemeneemeneeeeeao-.| 2456222 kilobarst
(59.47-£0.97X10% pel) (24.44:+0.22X108 psi) (35.624-0.32 10 psi)
1.3% 0.7% 0.7%
408479 kilobars 1688+20 kilobarsd | ... ____ ... [0 T P 246043 kilobars®
(59.234-1.15X108 psi) (24.48-1:0.4210% ps) (3568062108 psi)
1.6% 1.4% 1.4%
4321 £29 kilobars 1730427 kilobarst | ... ... [ T 2535440 kilobars®
(62.67£0.42X 100 pst) (25.22:+-0.39 X100 psl) (36.77£0.58 X 10° psi)
0.6% 1.3% 1.3%
4149::52 kilobars 1699-£20 kilobarsd (L. ... _.... [C) 2 R 24783-29 kilobarsb
(60.18.+0.75 X108 pai) (24.64+0.29108 pst) (35.94+-0,4210¢ psi)
2.1% 1.6% 1.6%%

fer ZrC
Young’s modulus—Con. Shear modulus Poisson’s ratio Bulk modulus

Eye G m Hee K Ko
3870 kilobars 1540 kilobars | liioaeel 0.260 0 e 2688 kilobars
(56.13 X108 psi) (22.34 X100 psi) (38.99X100 psi)
31192503 kilobars 1223+40 kilobars | ... 024540170  |occe oo e eiieeeeas 19894-82 kilobars
(45.24+7.30X10¢ psi) (17.7434-0.58 X108 pst) (31.2741.19X108 psi)
1.8% 0.4% 7.7% 9.8%,
3249451 kilobars 1280427 kilobars | ... 0.258£0.006 b . 2206115 kilobars
(47.12.20.74 X108 psi) (18.56-£0.39X 108 psi) (32.004:1.67 X 10¢ psi)
1.0% 1.3% 1.2% 3.3%
3201+15 kilobars 13177 kilobars | . 0.24540.010  fooooooeoeimaeeememaaas 2156482 kilobars
(47.73+0.22X108 psi) (19.104-0.10¢<10¢ psi) (31.274-1.19X10° psi)
0.3% 0.3% 2.5% 2.4,
3063445 kilobars 1165+31 kilebars | . ..... 0.2714£0.008 | 213668 kilobars
(44.43+-0.65X 108 psi) (16.904-0.45X 108 psi) (30.984-0.99 X108 psi)
1.2% 2.2% 24% 2.6%
29954-59 kilobars 1149435 kilobars [ .oeooooae. 025840008  |oeoomom e 200978 kilobars
(43.44::0.86X10% psi) (16.66£0.51 X108 psi) (20.14:+1.13 X108 psh)
1.2% 1.9% 0.7% 2.5%
3178295 kilobars 1240146 kilobars oo ..ooo.... 0.25720.005  Joco o meeen 2142476 kilobars
(46.09-£1.38 X108 psi) (17.984-0.67 X108 psi) (31.0741.10X10% psi)
6.4% 8.0% 4.5% 7%
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TasLE 23.
Code No. of Young's modulus
end Source | Statiatioal | speci- Bulk density Speed of sound
E, EI -
41-I H Average 5[ 8.088£0.005g/om?  f e 5060422 kilobars
v (372.6:0.9 1b/ft?) (73.52+0.32X 108 psi)
0.3% 0.4%
4a-I1 Average 5| 5.808£0.018g/om? | e 3582432 kilobars
\'4 8331 4:0.8 1b/ft3) (51.952:0.46 X100 psi)
3% 0.7%
41-I11 Average 5 | 5.2710.200 g/cm? P RIOIRIITN PRSPPI . ..-..]| 34054148 kilobars
v (320.1+:13.0Ib/fes) (49.394-2.15X108 psi)
3.2% 3.5%
41-IV Average 5] 5.79820.031g/emd N i 439052 kllobars
v (361.6::1.9 1b/fts) (63.80£:0.75 X108 psi)
0.4% 1.0%
41-All Average 20 | 5.685-0.146g/om? L iiiiiiiiiiann 41144321 kilobars
v (348.719.11b/1t3) (59.674-4.66 108 psi)
5.6% 17%
42-1 A Average 10 | 4.657£0.034g/emd | 2455-4-85 kilobars
\4 (284.5:4:2.1 1b/1t) (35.6141.23 X108 psi)
11% 489,
42-I1 Average 10 | 4.524:0.086gf/emd | iceeee 23684143 kilobars
v (282.44-3.5 1b/fty) (34.34:+2.07 X108 psi)
1.7% 8.4%
TABLE 23a. Statistical data for the analysis
F and ¢ values for
Code Compared groups | Critical Bulk | Speed of { Young's modulus
value density | sound
E; Ete
42 F-test
Iand I 4.03 268 | ]eceananee 2.82
-test
Isnd 1l 2.10 [128° X B R F 0.97
« Underlined figures indicate that a significant difference does exist between the
compared groups.
Tanry 24, Data
Code No. o Young's modulus
and Source | Btatistical | speci- Bulk density Speed of sound ————
group parameters| mens E r
] “fe
89-1 H Average 4| 5.987:20.072 g/cm?® el 3815:+106 kilobars
(373.814.5 1b/its) (55.33:1.5410¢ psi)
V 0. 0 1.8%
3-II oo Average 5 5.874:!:0.300¥cm' ............................ m et oee---.| 3664+125 kilobars
(366.718.7 1b/ft3) (53.14:11.81 X 10% psf)
\ 4 4.1% 2.8%
O-II §.._...__. Average 1] 8974 g{cm' ........................................................ 3839 kilobars
(372.9 1b/1ts) (55.68X108 psi)
IV . Average 4] 80410022 g/emd b e 3886-+:18 kilobars
(377.1:11.4 1b/it3) (66.36:40.26 X 108 psf)
A4 0.2% 0.3%
390V |eeaoaeo-.. Average 2 6.066:4:0.4853{cm' ............................ emeememeeo._._._.| 8807508 kilobars
(372.4-30.3 1b/fts) (55.22--8.64 108 pai)
v 0.9% 1.7%
IV . Average 3 | 5.09140.008 g/cm' ........................................................ 3839119 kilobars
(374.04:0.5 1b/ft?) (565.68:-0.28)10¢ psi)
v 0.1% 0.2%
30-All |.__.._.__ Average 19 | 5.068-0.038 g/lcm' ........................................................ 37953-49 kilobars
(372.4::2.4 1bfft) (85.04+0.71 X108 psi)
A\ 1.3% 2%
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T

Data for ZrB,
Young’s modulus—~Con. Shear modulus Polsson’s ratio Bulk modulus
Ey, 4] K Hew K Kre
5000-+33 kilobars 2206414 kilobars ... 0.14940008 [ ... 2205415 kilobars
(73.82:4:0.3210% psi) (32.00:-0.20 X104 pai) (31.98::0.22X10% psi)
0.4% 0.5% 1.3% 0.5%
368354-27 kilobars 1527414 kilobars | ... 017340002  |ociiiiieeiiiicaan 1825416 kilobars
(83.72-4:-0.39 X108 psi) (22,153:0.20X 10 ps) (26.47-0.23X10* psi)
.6% 0.7% 0.8% 0.7%
84701145 kilobars 1482462 kflobars | .. ......... 0.149+0.086 (.. ... .o ... 16014-66 kilobars
(50.33::2.10X108 psi) (21.49:+0.90 108 psl) (32.22:40.96 X108 psi)
34% 3.3% 3.0% 3.37
43634-56 kilobars 1922425 kilobars ~ |..o....._.....C 0.144+0.003 ... .o il 2077427 kilobars
(63.284:0.81 X100 pei) (27.88:0.36C10% psi) (30.124-0.39 X 10% psi)
1.0% 1.0% 1.5% 1.0%
4139-+-310 kilobars 17844143 kilobars ... 0.15440.006 ... ..o .oaoiioo. 19774144 kilobars
(60.03+:4.50X10% psi) (25.87::2.07X 108 psi) ¥ (28.67£2.09X 108 psi)
16% 17% 7.6% 16.0%,
2458498 kilobars 1085435 kilobars .. ... 013140005 | oo 1110448 kilobars
(35.65::1.38 X108 psi) (15.74:+-0.51 108 psi) (16.102:0.70X10¢ psi
5.4% 4.5% 5.0% 6.1%
236241580 kilobars 1037454 kilobars | ... ... 014140013 oo iiiiiaao. 11044100 kilobars
(34.26+2.18 X108 psi) (15.04:+:0.782X10¢ psi) (16.0141.45XX108 psi)
8.9% 7.3% 12% 13.0%
of values given in table 23
F and ¢ values for—Continued
Young's Shear Poisson’s ratio Bulk modulus
modulus--
Continpeq | modulus
E[o a F 13 Hfe K KI .
2.5 236 | e 0704 |oe. 4.32
1.00 ) U 7 A Ry VPRI RPN 0.13
for MoSi,
Young'’s modulus Shear modulus Polsson’s ratio Bulk modulus
Fyo aq e Kfw K Kio
380567 kilobars 1636149 kilobars ... .. 0166400056 | . .. iaieao.-o. 1910451 kilobars
(55.19-+0.97)X108 psi) (23.734-0.71 X106 psi) (27.70-0.74 X108 psi)
1.1% 1.9% 1.7% 1.7%
3754148 kilobars 1582444 kilobars [ ... 0.1584+0.008 . ... 1790::102 kilobars
(54.45:+:0.67>10¢ psi) (22.95-10.64 X108 psi) (25.96-1.48X10% psi)
1.0% 2.2% 4.19% 4.6%,
3807 kilobars 1638 kilobars  b.o._ ...l 0172 i 1931 kilobars
(55.2210¢ psi) (23.76X10¢ psi) (28.01 X108 psi)
386613 kilobars 166510 kilobars ~ |.o.. .. ... 01670005 | . ...l 18354-23 kilobars
(56.07-:0.1910¢ psi) (24.15-£0.15X100 psi) (28.06+0.33 X108 psi)
0.2% 0.4% 2.0% 0.8%
3708:377 kilobars 1628272 kilobars ~  fL.._ ... ... .. 0.16940.013 |- el 18204324 kilobars
(55.00::8.47 X108 pst) (23.61+3.95X108 psi) (27.85:+0.46 X108 psi)
1.1% 1.9% 0.8% 3.9%
390445 kilobars 16486 kilobars | .. ... 0.16540.008 | .. ... ... 19184-48 kilobars
(58.17::0.07X 108 psl) (23.90-1-0.09 108 psi) (27.82-0.70X 10¢ psi)
0.1% 0.1% 1.6% 1.0%
3804423 kilobars 162019 kilobars (... 0.16540.008 (... 1887436 kilobars
(55.17:4-0.33 X100 pal) (23.63:1-0.28X10% psi) (27.37:0.52X10¢ psi)
1.2% 24% 34% 3.9%

]
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Tasre 25. Data

Statistioal
parameters

Bpeed of sound

Young’s modulus

Fre

Aversge

Average

iy

1817148 kilobars
(28. .70 108 paf)
3.5%

176062 kilobars
(25.63.£0.90X 10# psi)
2.2%

TABLE 25a.

Statistical data for the

F and t values for—
Critical l
Code Compared groups value Young's modulus
Bulk | Specd of
density sound
Fy Fre
40 | F-test:
Tand I1 5.08— L3 U X 3 I I, *2. 92
14.5° I
f-tests
Iand II 25 1. 28 RN SRR PR 1.58

s F and ¢ values marked with an asterisk indicate comparison with the critics)

value similarly marked.

b Underlined figures indicate that a significant difference does exist between the

compared groups.




Jor NiAl
Young's modulus 8hear modulus Poisson's ratio Bulk modulus
Fre [¢] B Hw K, Ky,

. |, [ el TS

. . psi X X (19.154:2.57 X 108 psi
3.4% 6.4% 217 1%
173741904 kilobars 695:+-8 kilobars ... .. ... 0.265+0.039 ... .___.. o, 1260254 kilobars
(25.19-:2.81 X 108 psi) (10.08£0.12< 10 psi) (18.271:3.68X10¢ psi)
1.0% 0.7% 9.2% 13%

analysis of values given in table 25

F and ¢ values for—
Young's_ Shear modu- Polsson’s ratio Bulk modulus
modulus lus
Fye (¢] Hu Hle K Ko
4.12 *82.2 | *5.28 ... *2.40
O3 [ 0.14 | .. ... 0.45
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