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ABSTRACT

The purpose of this work is to relate laboratory data, obtained
at standard and above-standard atmospheric conditipns of température -
and pressure, to the elastic stiffness constants [Cij] which are used
to obtain the bulk modulus and other elastic parameters. Each crys-
talline or non-crystalline system is characterized by a particular
group of stiffness constants which are determined by the system's
crystallographic symmetry together with Hooke's law. Stiffness con-
stant assemblages have been derived for all crystalline systems and
for the isotropic system.

The "pulse superposition" method was used in the laboratory to
obtein the longitudinal (Vb) and shear (Vs) velocities for a specimen.
These velocities together with the density of the specimen are used to
obtain values for the stiffness constants. Formulas, relating the
stiffness constants to the other elastic parameters, have been consol-
idated from the current literature and are given here.. |

Four computer programs with input-output explanations were included
for performing the elastic parameter calculations. Two programs are for
pressure or temperature computations concerning an isotropic material.
The remaining programs are for pressure or temperature computations for

a tetragonal crystalline specimen.
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INTRODUCTION

In the past few decades much interest has been generated
concerning rock specimens that are subjected to modest pressures
or temperatures. It would be desirable to be able to duplicate,
experimentally, the higher pressure-temperature conditions
(< shock wave experimental conditions) of the earth, but this is
not as yet possible., However, it is possible to study specimens
at lower pressures than those that exist in the earth to gain an
initial understanding of the elastic behavior of materials under
moderate pressures or temperatures; the upper limit of the pressure
in this case is approximately 10 kilobars and that of the temperature
is about 500 degrees centigrade.

One approach to the study of the elastic behavior of isotropic
or crystalline materials is through their stiffness constants (also
called rigidity constants). Therefore; the first part of this paper
presents some of the basic theory pertaining to the derivation of
the stiffness constants for all systems of crystalline and non-
crystalline material. Partial derivations of the elastic constants
can be found in Voigt (1928), Wooster (1938), Love (19L4L4), Sokolnikoff
(19&6), Kittel (1960), Federov (1968), and others. The stiffness
constants were derived for a homogeneous, isotropic material and for
all crystal classes. For all crystal classes, point group stereograms
and corresponding class symbols are given with their appropriate stiff-
ness constants derivations. Hooke's law and the symmetry of the

material structure form the basis of the derivations. Symmetry is a



basic property of all crystals and can be considered here as of two
basic types: symmetry with respect to a plane (mirror reflection)
and symmetry with respect to an axis of revolution. Grouping of
crystals into 32 classes is predicted on symmetry and those classes
which have similar axial sets can be grouped into a crystal system.
With this type of grouping, the 32 crystal classes comprise seven
crystal systems: monoclinic, orthorhombic, tetragonal, cubic,
hexagonal, trigonal, and triclinic,

The elastic parameters of a material are computed from the stiff-
ness constants of the material. These computations are tedious and
lengthy but can easily be done by a computer. Therefore, the second
part of this paper presents the basic formulas extracted from the
current literature, and computer programs for elastic parameter
calculations. The computer programs show how these basic computations
are performed for a few specific cases. These programs can be modified
for computations based on other systems.

DERTVATION OF EIASTIC STIFFNESS CONSTANTS
FOR THE ISOTROPIC SYSTEM

The basis of the mathematical theory of elasticity concerning
small deformations of elastic bodies is Hooke's law. This law states
that there is a proportionality between forces and displacements on
a8 body. The generalized Hooke's law relating stress as a linear
function of strain is given by Frederick and Chang (1965) and has
the form

tij = Cijkzekz (1.1)



where the Cijkz

and Ckﬂ is the strain. The stress-strain subscripts indicate

orientation of the stress-strain vectors. Frederick and Chang

are the elastic constants, tij is the stress

have shown that the maximum number of independent constants of

(1.1) is 36 and by making the substitution

tll = tl, t22 = te, t33 = t3, t23 = th’ t3l = t5, t12 = t6
€17 = €15 €pp = €5 S35 = €g, 2e23 =), 2?31 = S 2e12 = iy
(1.2)
then (1.1) can be expressed in more compéct indexing as
t; = cijej (i, = 1,...,6) (1.3)
Equation (1.3) expanded becomes
tl = Cllel + 01262 + Cl3e3 + Clheh + Cl5e5 + Cl6e6
t2 = C21el + 022e2 + C23e3 + Ceheh + C25e5 + C26e6
t3 = C3le1 + 032e2 + C33e3 + C3heh + C35e5 + C36e6 .
.
th = Chlel + Cu292 + Cu363 + Cuheh =} Cu5e5 + Cu6e6
-t =

5 C5le1 + Cs2e2 + C53e3 + C5heh + C55e5 + 056e6

t6 = C6lel + C62e2 + C63e3 + C6Heh + C65€5 + C66e6

The 6 x 6 matrix of elastic constants [Cij] of (1.3) nas been shown
by Love (1944) to be symmetric. The symmetry of [Cij] is not assumed

for the isotropic case,



An isotropic body is defined as one that has the same elastic
properties in any direction about a point of the body. Therefore,
an isotropic body can have symmetry planes in any direction. Then
(1.3) must‘not alter under any transformation of the coordinates
with respect to these symmetry planes. The equations for the stress

and strain transformations are given as

, _ x

tij = ‘cir‘e;jstrs (1.5)
/

ey = zirzjsers (1.6)

where zir and ljs are direction cosines. After transformation

of the coordinates, (1.3) has the form

ti’ = cijeJ{ (1,3 = Tynensh) (1.7)

The coordinate axes of a body will in general be chosen such that
these axes will coincide with the symmetry of structure. A right-

handed cartesian coordinate system (X X3) is chosen at the center

1:%p>
of the body. Arbitrarily, the (X1X2) plane is chosen to be a mirror
plane. Since this is a symmetry plane the elastic constants [Cij]
must then be invariant with respect to this plane. The coordinate

transformations with respect to this mirror plane are given by

X =Xi,x =x!, X, = X!

1 o or X3 3 and the corresponding direction cosine



scheme is

X, X X
xi 1 0 0
xé 0 1 0
Xé 0 0 <1

where zll =1, 322 =1, 233 = =1, and the

Equation (1.5) can then be expanded as

remainin =
g 213

I —
610 = B9p(8g1bqg + Spbyp + £93843)
+ 815y 1b51 + Lyoton + £93853)
+ £y3(Ly1857 + Lyptsp + £q3t33)
4
tos = 8py(p1by + Sogtyp + Lo3tys)
+ ‘22(£21t21 + Bpobop + Lo3tns)
203(o1t3y + Soplizn + Lpgtas)
I —
t33 = L37(833%95 + L3ptyp + L3584 5)
L3p(R31tp1 + Laotpn + £3383)
33(231 31 * A3pbap + L33t33)
/
tog = Lpp(fa9tqq + Loty + 233t13)
+ Lpp(l31tpy + L3otps + £33t3)
+ Bp3(31t37 + fopbay + £35835)



(z + 4.t

tl, = )
31 1189y * bypbp * 2955

+ 232(“11 p1 + L1obop * Ly3t3)
8330y b5y + Sypt55 + £q3035)

, 9
t1p = 297(8p1800 + fpobin + 253t03)
+ 29p(p1tpy + Spgtoy + Lo3tss)

+ 293(8pytgy + Aptap + £23 33)

Equations (1.8), (1.5), and (1.2) yield

4 7 7/ 4
10 B5 =ty t3 = t3, t) = =%, t5 = -t5, te = t¢ (1.9)

and (1.8), (1.6), and (1.2) give

ei = e, eé = e, eé = 3, eﬁ = -€),; eé = -e5, eé = e (1.10)
The invariance of the [Cij] must be considered with respect to
the symmetry plane. This is done by comparing the coefficients
in Hooke's law (1.3) before transformation of coordinates to the
coeeficients in Hooke's law (1.7) after transformation of the
coordinates.
Substituting (1.9) and (1.10) into the first equation of

(1.7) yields equation

t) = Cpje) + Cpoe, + C1383 = Cqp8), = Cp585 + Cogep | (1.11)



A
Equating (1.11) with the first equation in (1.4) gives

Clh = 015 =0 (1.12)

Substituting (1.9) and (1.10) into the remaining five equations of
(1.7) gives five equations that can then be equated to the corre-

sponding five equations of (1.4t). These equalities yield

Cop = Cp5 =Cg), =C35 =Cpyy =Cyp =Cy3 =0

Ugy = Ogp 5l =0 =2 U, = U = Oppe = D

(1.13)

From (1.12) and (1.13), the stiffness constant matrix of (1.3) can

be written as

C 0] 0 Cl6

11 %12 Ci3
Co1 Cop O3 O 0 Oy

Gy Cgp Cg3 O O  Cue .
0 0 0 ¢y Cyp O

0 0 0 ¢y Cy O

c o o ¢

61 2 C63 66
The matrix (1.14) substituted into (1.3) represents the stress-strain

relationships for a body that has one plane of symmetry and the stiff-

ness constants have been reduced from 36 to 20, The first equation of



(1.3) can now be written as

t) = Cpp8) +Cppep + C13e3 + Cqeeg (1.15)

Similarly, the first equation of (1.7) is

_ ! ’ ’ ’
=C.,.e. +C..e~ +C..e, + Cl6e6 (lcl6)

_tl
& 1 A 8 1278 1373

Since our body is isotropic, another mirror plane (X2X3) can be
introduced normal to the (XIXQ) plane. The coordinate transformation
. . . . __I =I =I
for this symmetry operation is given by Xl = Xl’ X2 XE? X3 X3

and the direction cosine scheme 1s given by

X, X, X4
xi -1 0 0
xé 0 1 0
xé 0 0 1

where £,, = -1, fpy =1, £33 = 1, and the remaining zij =0. (1.17)

As before, equations (1.5), (1.6), (1.2), and (1.17) give

t] =y, ] = t,, té = tg =ty té 54-t5, tg = ~tg -
ei = e, eé = e, eé = 35 ey = €, eé = -e5, eé = -eg '



" From (1.18), (1.14), and (1.7), six equations are obtained that can
then be compared to those equations obtained from (1.14) and (1.3).

The results of these equalities are

Incorporating (1.19) into (1.1L4) yields

11 12 13
21 22 23

31 32 33 (1.20)

o) 0 0 0 0] C66

Equation (1.3) with the matrix [C;,] defined as that of (1.20)
represents the stress-strain relationship for a body with two
planes of symmetry normal to each other. These two planes of
symmetry have reduced the stiffness constants to 12.

Tﬁe (X1X3) plane can now be considered as a mirror plane but
no new information will be obtained concerning the [Cij]’ This
lack of information is because two orthogonal mirror planes imply
the existence of a third mutually orthogonal mirror plane. Since
the body is isotropic, the elastic properties must be the same

irrespective of orientation of the coordinate axes. Therefore,



90-degree rotations can be considered about the X. and X, axes

1 C.

and a 45-degree rotation about the X, axis. The coordinate

3

transformation for a 90-degree rotation about the X. axis gives

.

_ o~ -/ - x/ . . . .
Xl = Xl’ X2 = X3, X3 X2 and the direction cosine table is

given as

1 2 3
/

0 0
4

X, O & 1

X! o 1 0
3

Using zll= i 8 223= -1, and 23

(1.2) gives

4

/i & 7
10 by = Bay B = by B = -y, B = by, bE = -t

s H~

/ / 7
3> €3 = €y ©) = =€), &5 = €, ep = -

10

5= 1 with equations {1.5), (1.6), and

(1.21)

The resulting equations obtained from the substitutions of (1.21) into

(1.7), where the [cij] is defined as (1.20), are equated to those

equations obtained from (1.3) and (1.20). These equalities yield

Cip = Cqgs C

o1 = C315 Cpp = C335 Cp = Cpgs Cp = 055 (1.22)



Matrix (1.20) now has form

11 12 12
21 22 23

=l (1.23)

55
0 0 0] 0 0 066

The 90-degree rotation about the X., axis has direction cosines

3

. 2 3
xi 0 i 0
xé ., | 0 0
xé 0 0 1

Computations for this rotation are performed in similar manner to the

previous one but give

c s c 4 (1.24)

12 = Oy O3 = Cpps Cgp = Cpgs Coy = Cpg5 Oy = Cop

Tne array of coefficients of (1.23) can now be written as



(1.25)

0 0 0 0 0 Chh

A 45-degree rotation about the X._ axis yields a relationship among

3

the remaining three stiffness constants. This rotation of coordinates

has direction cosines given by

>4
>4

1 2 3
x{ /2 (2 o
2 2
X, -/2 /2 o
2 2
p 5 0 0 1
3

té == %tl + %tg (1.26)
eé = -, + e, (1.27)

Relationships (1.25) and (1.7) give

té B Chheé (1.28)
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Combining equations (1.26), (1.27), and (1.28) gives

1 1 ‘
Equation (1.29) represents the stress-strain relationship of the
transformed coordinates. Since the same stress-strain relationship
must exist prior to transformaﬁion, an expression equivalent to
(1.29) can be obtained prior to transformation. Using the first

two equations of the set of (1.3) and (1.2) and (1.25) give

1 = Cq787 +Cpp8p + 012e3 (1.30)

C.-
]

and

ct
]

p = Cip8q +Cpq8p + cl2e3 (1.3}

Equations (1.30) and (1.31) are combined to give

1, 1 1
-5t t 5ty = 5 (Cgq-Cpp)(ep-ey) ' (1.32)

The equality of (1.29) and (1.32) gives

1
Cyy =5 (C3-C1p)

Two of these constants are independent. Ietting Chh =u and

Ci, =\ , and using (1.3) and (1.25), the generalized Hooke's law

for an iéotropic body can be written as

byg = M834844

+ aieij(i’js = 132,3) (1.33)
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where A\ and -u are the constants of Lame.

The elastic constants, A and u, are used to obtain the various
elastic parameters for an isotropic material. Relationships between
‘the various elastic parameters and these stiffness constants are
given by Birch (1961).

DERIVATION OF THE EIASTIC STIFFNESS CONSTANTS
FOR THE CRYSTALLINE SYSTEMS

The generalized Hermann-Mauguin symbols for crystal classes are
given by Mason and Berry (1968) as n, T, n/m, nm, ©m, n2, and
n/mm . The letter n represents a rotation axis of symmetry and
m represents a plane of symmetry. A two-, three-, four-, or sixfold
rotation axis of symmetry .s denoted by n being 2, 3, 4, or 6. A
bar over the n indicates an inversion axis and a plane of symmetry
parallel to the principal symmetry axis is denoted as n/m. The
crystal class symbols and corresponding stereograms are given for
all classes for which elastic stiffness constants have been derived.

Some of the symmetry operations imply the existence of others,
and only those symmetry operations that produce all other symmetries
in a given system have been considered. Furthermore, some coordinate
transformations yield the same elastic constants. This implies that,
mathematically, the symmetry operations producing the transformations
are equi#alent. Two such equivalent operations are, the symmetry
plane and a diad axis éerpendicular to it. A mathematical verifica-
tion of this equivalence of syumetry operations is by showing that

the elastic constants are the same for the two symmetry operations.



£ L)
Tne transformation of the elastic constants is given by Frederick

and Chang (1965) as

¢! =34 (1.34)

rs riz

<Cis
8J 1J

Consider a symmetry plane perpendicular to the X, axis in a right-

3
hand coordinate system. This symmetry operation results in Xl = Xi,
_ 7 o / . . . - —
X2 = X2, and X3 = X3 . The direction cosines are Lll 1, 222 1,
and L33 = -1 . The direction cosines and (1.34) give
7 7 4
C11 = €115 C2p = Cpps €33 = C33 (1.35)
/4 . 4 = o 7 = o °
Cl3 = 013, 023 C23, 012 C12
For X3 as a diad axis, the coordinate transformations are Xl = —Xi,
= V4 2 - 4 3 3 . _— e
X2 = X2, and X3 X3 . The direction cosines, zll 1, 222 .
and 233 =1, substituted into (1.34) gives
4 4 4
C11 = €11 C20 = Cops €33 = C33 (1.36)
‘o _ ’ a1 S )
013 = 013, C 03 023, 012 012

The elastic constants of (1.35) are the same as those of (1.36).
Therefore, with regard to the stiffness constants, a twofold axis

is equivalent to a mirror plane that is perpendicular to the twofold
axis. Similarly it can be shown that an inversion axis symmetry

operation does not alter the stiffness constants.
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A. MONOCLINIC SYSTEM, The symmetry operations of the monoclinic
system are a twofold (diad) axis, a mirror plane or both, The

symmetry symbols and stereograms are given as

B

N
=
N
————|——]
3
D

Since a diad is maﬁhematically equivalent to a mirror plane perpen-
dicular to it, then all classes in this system are equivalent to a
diad axis. Therefore, the derivation of stiffness constants for the
monoclinic case will be with regard to a-diad axis arbitrarily
oriented parallel to the X3 axis., The direction cosines table

for the coordinate transformation is given as

X, X, Xg
xi -1 0 O
xé 0 -1 0
xé 0O o0 1

The direction cosines, (1.5), (1.6), and (1.2) give

’ 7 7 7 4 =i o 4 =
tl = tl, t2 = tz’ t3 = t3’ t,-l- = -tll-’ ts B t5, t6 - t6 (l 37)
ei = ey, eé = e,, eé = gy eﬁ = " eé = %59 eé - %6
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Equations (1.37), (1.7), and (1.3) give

|

Q
w
=

|

Q
w
Ul

|

Q
=
l_l

|
Py
n

|

o

Cqy = Cq5 = Cyy = Cp5 =

C51 = C5p = C53 = Cgg =

(1.38)

|
Q
(o)
=
|
Q
O
0
|
Q
=
(@)
|
Q
=
w
|
o

Using (1.38) and the symmetrical properties of the stiffness constants,

the [cij] of (1.3) has the form

(1.39)

The monoclinic system (2, m, 2/m) is characterized by 13 different
stiffness constants:

C C

ll’
€332 36> Cuys Cuso Cs5 Ceg

10 C135 C1g5 Cops Cp3s Cog L)
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B, ORTHORHOMBIC SYSTEM., All classes in this system have three
mutually orthogonal symmetry operations. The classes and stereo-

grams are given as

222 mm?2 mmm

The 222 and the mmm classes have as minimum symmetry operations,
three mutually orthogonal diad axes. The mm2 class, has two mirror
planes normal to each other which can be eonsidered as diads perpen-
dicular to each mirror plane. Thus all three classes can be made to
have common mathematical symmetry operations. The stiffness constants
may be obtained by considering three mutually orthogonal diad axes.
Iet the first diad axis be parallel to the X3 axis. The stiffness

constant matrix would be the same as (1.39).

Now consider the diad axis oriented parallel to the X, axis.

2

The direction cosine scheme is given as

1 2 3
’
Xl -1 0 o)
’
X2 0 1 0
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The direction cosines, (1.5), (1.6), and (1.2) give

r ’ /I L 7 ’
b7 = by, B = by, B = bo, b = by, 67 = <ty b5 = ~tg ey
e] = e, &) =&, eé = e, e, = -€ys eé = -e5, eé = -e¢
and equations (1.41), (1.39), (1.7), and (1.3) give
Cig = Cpg = C35 =0 (1.k2)
Matrix (1.39) can now be written as
C11 012 013 0 0 0
C12 C22 023 0 0 0
C C C 0] 0 0

0 0 0 0 0 c66

The third diad axis, mutually orthogonal to the previous two,

will be parallel to X, axis with direction cosine scheme as

1

1. 2 3
7
Xl i 0 0
¢
X2 o -1 0
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The transformed stresses and strains become

7

- . _ ’ _ . = & L= =
tl = tl, t2 = t2, t3 = t3, th = th’ t5 = t5’ t6 t6 (1.58)
' S0 ' A " v ‘ _ D
e =€, & =€, e3 = e3, ), = ey e5 = e5, e €
And applying previous procedures gives
chs =0
Matrix (1.43) can be written as
Cll 012 C13 0] 0 0
012 C22 023 0 o) 0]
C C 0 0 0
13 %23 Cs3 ST

25
0 0 0 0 0 C66

Therefore, the orthorhombic system (222, mm2, mmm) is characterized
by nine stiffness constants:

c (1.146)

112 G122 C132 Cops Co30 €335 Cuys Co50 Cgg
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C. TETRAGONAL SYSTEM., This system contains the classes whose symbols

and stereograms are given as

4 4 B 4/m

422 4/mmm

T T
aN% AN
'\7 N Q'"/é;‘:-"’
\\l L4

Two sets of stiffness constants are obtained. One set, for classes

4, T, 4/m, and the second set for the remaining classes. The former
has a twofold and a fourfold axis of rotation parallel to the X3
coordinate., Since the twofold axis of rotation is included in the
fourfold axis of rotation, only the fourfold axis of rotation is
considered. The fourfold operation yields a coordinate transformation

whose tabular form of the direction cosine is

1 2 3
7
Xl o -1 0
’
X2 1 0 0
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The direction cosines, (1.5), (1.6), and (1.2) give

r r ¢t ' F ‘o
B] = by B) = by, 85 = gy T = tg, b = <ty b5 = -tg s 18
ro_ r ’ r r_ . _
€ =85 &y =€y, €3 = €5, €) =€, & = -, e¢ = ~&
Relationships (1.48), (1.7), and (1.3) result in seven non-zero
stiffness constants. The diad symmetry element does not affect
the stiffness constants and the matrix [Cij] for classes U4, L,
and U4/m can be written as
‘i %2 CG3 9 0 Cyp
012 Cll 013 0 0 -Cl6
C C C 0 0 0
13 13 33 (1.18)
0 0 0 Chh 0 0
0 0 0 0 Chh 0
Cl6 -Cl6 0] 0 0 C66
The seven stiffness constants for tetragonal classes U4, K, and
L/m are
€115 G120 C13> C330 Cuys Cg0 Cog (1.49)

Classes U22, lUmm, L2m, and U/mm have a symmetry operation
in addition to the symmetry operations of the previous set of classes.

Since a mirror plane can be considered equivalent to a diad axis



perpendicular to it, then these remaining four classes have, as an
additional symmetry operation, a diad axis normal to the X3-
coordinate. Using the results from the previous ciasses, the

diad axis is placed arbitrarily parallel to the X1 axis. The
direction cosine scheme for this transformation is the same as

that used to obtain equations (1.4k4).

Equations (1.44), (1.7), and (1.3) give
Cl6 = 0

and the stiffness constant matrix (1.49) can be written as

it o 12 13
12 11 13

33 13 33

Tne tetragonal classes U422, lmm, L2m, and U/mmm are charac-

terized by six stiffness constants:

€12 Cap9 Cyan Cygr Cii» Cgg

23

(1.50)
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D. CUBIC SYSTE_M. The symbols and stereograms for this system are
® given by
-«
44—3\
< \’/]
<y
\1/
[
The minimum symmetry operations, to obtain the stiffness constants
¥ for this system, are three mutually orthogonal diad axes and a triad
axis. Considering the diad axes, the results are the same as those
of the orthorhombic system and the stiffness constants are those of
- (1.45). The triad axis is perpendicular to the diagonal axes of the
cube. Successive symmetry operations of a triad axis yields coordi-
nate transformations given by
!
_ ’d = 4 — 4
Xl = Xl’ X2 = X3, X3 = X2
and , , , (1.51)
X1 = X3, X2 = X2, X3 = Xl
o
Their respective direction cosine schemes are
Xl X2 X3
14
Xl dL: 0 0
X, 0 0 1 (1.52)
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and
X, X x3
7
X; O 0 1
xé 0 1 0 (1.53)
d 0 0
X3 1

Using (1.52), (1.53), (1.5), (1.6), (1.2), (1.h5), (1.7), and (1.3)

gives

C C

The matrix of stiffness constants (1.45) can now be written as

(1.55)

0] 0 0 0 0 ChLL

The cubic classes 23, m3, ’+32, E3m, and m3m, have three

stiffness constants:

€175 C1p5 Cyy (1.56)
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E. HEXAGONAL AND TRIGONAL SYSTEMS. The hexagonal and trigonal
systems will be considered together. These systems are characterized
by three stiffness constant matrices. The first and second sets of
matrix constants are obtained for the trigonal classes (3, 3) and
(32, 3m, 3m). The third set represents all classes of the hexag-

onal system.

The symbols and stereograms for the trigonal system are

3 3 |
3m Im 32

Clesses 3 and 3 have a triad axis parallel to the X, axis. This

3
symmetry operation corresponds to a 120-degree rotation. The direction

cosine table for this transformation of coordinates is given by

X, X, x3

xi Cos 6 Sin 6 0

xé -Sin 6 Cos 6 0 (1.57)
X 0 0 1
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where 6 = 120 degrees.

Relationships (1.57), (1.5), (1.6), and (1.2) give

’ 2 . 2 5
tl = tlpos 0 + t281n B + t631n ¢
! = £.8in%® + %,.Cos® - t,Sin 20

2~ "1 2 6

l —
By =43

S ) (1.58)
th = tuCos 6 - t581n S

B &
t5 = th81n e + tscos e

r" -
tg = %(te-tl)81n 2 + tCos 20
el =e.C 526 + e 8% Eb‘+-le Sin 29

e phit BCgoIn
el = e Sinee + e 00529 - 3e,Sin 2

2771 2 2~6

l p—
37 %3

(1.59)

I 4 — - -
eh = ehCos 3] e5S1n ¢)

V4 _ .
e5 = eh81n 0 + e5Cos 0
eg = (e2- el)Sln 2 + elos X

The substitution of (1.58) and (1.59) into the first equation of (1.7)

12 t2’ and t6 as a function of the

various strains. This represents the stress-strain relationship

results in an equation relating t

after transformation of coordinates and has the form
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. 2 . 2 . 2 o 12 .
thos D + tzsln 5 + t6SJ.n D = [CllCos 5 + CJ2S1n 5 - Cl6S:Ln 2] e
+ [C Sin29 + C C0326 + C.,Sin 2] e
11 12 16 2
+ Cl3e3

+ [Cthos 6 + Cl Sin 6] ey,

5

+

[C_'LSCOS 6 - Cthin 81 e5

+ [3C..Sin & - 3C..Sin % +

11 12

Cl6Cos D] e
(1.60)

From the first equation of (1.3) and using (1.58) and (1.59) yields

2 . 2 . 2 . 2 .
tlcos D + t2S1n 5 + t6Sm 2 = [CllCos 5 + CelSm B + C6lS:Ln 2] ey
+[0029+C S'29+C Sin 0]
12708 gpPh (- €2
+ [C 00529 + C Sin26 + C,.Sin 201] e
13 23 63 3

2 . 2 .
+ [Cthos 0 + Cthm B + C&Sln 2] ey,

2 = 2 .
+ [ClBCOS 0 + 02 Sin® + 06531n D] e

? >

+

[Cl6Cos29 + 026Sin26 4 C66Sin 2] eg

(1.61) |

Since the [Cij] must be invariant with regard to the transformation,

then an equality must exist between (1.60) and (1.61). This equality
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yields six equations of the type
2 .2 .
CllCos 9 + 01281n 5 - 016Sm 429 = CllCosge + C

. 2 .
2]_Sln 5 + C6lS:Ln =2

(1.62)

which implies that

Cyp = Cp 8md Cyp =Cgy =0 (1.63)

A repetition of the previous procedure is applied to the remaining
equations of (1.7). An equality is obtained for each of these
equations with corresponding equations obtained from (1.3). The
final results, of these six equalities of the type (1.60) and
(1.61), give 36 soluble equations. Solving various combinations

from these 36 equations gives

C16 = Cog = O3l = C35 = C3¢ = Oy3 = Cy5 = C53 = Cg,

Cgp =Cg3 = O (1.64)
and

C =-C C "C C :C

15 052 Cog = C105 Cop C

11> C23 = €139
Coy = Cqys €31 = Cy35 C3p = Cy35 Oy = Cyyp
Cup = “Cqu> Cug = Coss C51 = ~Cogs Csp = Cos (1.65)
Cs5 = Cuys C56 = Cys Cgy = Co5s Cgg = Cqps

Cgg = 2(C11-Cop)
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Using (1.64) and (1.65), the [Cij] can be written as

3 =B (1.66)
by gy B G, P C25
Cos Cps O O Oy Cyy
0 0 0 Cos  Cy  C13-Cop
2

The trigonal classes 3 and 3 are characterized by seven stiffness

constants:

C115 C1ps €135 Cqys Cogs Ca3s Oy, (1.67)

The trigonal classes 3m, §m, and 32 have the same symmetry
operation as the previous classes and in addition, a diad axis normal

to the triad axis. If we let the diad be parallel to the X, axis,

1
the transformation scheme is the same as that used to obtain (1.L4h4).

Equations (1.44), (1.7), and (1.3) give

025 =0 (1.68)

The matrix of (1.66) can be written as
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12 11

13 13 33

(1.69)
G Cw © G OO

The trigonal classes 3m, §, and 32 are characterized by six stiffness

constants:

€115 Cyps C135 Cps Cags Oy, (1.70)

The symbols and stereograms for the hexagonal system are

622 622 6/mmm
P L anX L
'\ ! ,’\ ' /\\\ d ,’z’
o -—>\ //—'\9 ‘\4;‘“}
SR Y N7 N

\~‘,/

Y

(]

| \
~-o-° N



The stiffness constants for the six hexagonal crystal classes are
obtained by simultaneously applying a twofold and threefold rotation
axes. Elastically, these two simultaneous operations are equivalent
to either a reflection-rotation sixfold axis or a single axis

[Federov, (1968)]. Considering the threefold axis first we obtain

32

(1.66). Introducing a diad axis parallel to the X3 axis yields
the direction cosine table
Xl X2 X3
4
Xl -1 0 0
7
X2 o -1 0
0 0o -
X3 1
The direction cosines, (1.5), (1.6), and (1.2) give
r r v ro_ r_ T _
tl = tl, te = t2, t3 = t3, th = th’ t5 t5, t6 t6 D)
r r r ro_ r_ ’_ '
& =€ & = €y, e3 = e3, €), = -€y> e5 e5, ec = €

Equations (1.71), (1.7), and (1.3) give

Cy), = Cpg = O (1.72)
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and the matrix of (1.66) can be written as

i g 12 i 5

12 11 13

13 13 73 (1.73)

A1l hexagonal classes are characterized by five stiffness constants:
€195 Cipo 013’ c33, Chyyy (1.74)

F, TRICLINIC SYSTEM, The triclinic system has two classes. One

class has a full rotation axis and the other has a center of‘

inversion. Neither of these symmetry operations reduce the number

of independent stiffness constants from the original 21.

G. RELATIONSHIPS BETWEEN EIASTIC STIFFNESS AND COMPLIANCE CONSTANTS.
In some instances, it may be desired to have the strain as a

linear function of the stress and this relationship [Frederick and

Chang, 1965] may be expressed as

e. = S..t. (1,3 = LyuueyB) (1.75)
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where e, is the strain, tj is the stress, and [Sij] are the
elastic compliance constants. From equations (1.3) and (1.75), a

relationship between the stiffness and compliance constants is

/

[c]1 [s]1 =1 (1.76)

where [C] and [S] are the matrices of stiffness and compliance
constants, respectivély, and I is the identity matrix. Matrix
equation (1.76) can be solved for each system, resulting in a
relationship between the [Cij] and [Sij]' These equations for

the most common classes are given by Nye (1967) as

Cubic System

Cip = (819% 89p) / (839~ 835)(87+ 2 85)

12 = Sy / (819- 815)(8 1+ 2 8,5)

= 1/8),

(%]
=
=

|

(1.77)

Hexagonal System

= 2
let S = 333(sll+ s12) -2 s13
Ciy+ Cpp = 533/3
Cy1- Cyp = 2/(Sq;- S12)
Ci3 = -313/3

Caq = (sll+ sle)/s

Chy, = /Sy,

(1.78)



Tetragonal System (classes tmm, Lem, 422, L /1m)

let S =8

43
Cyq* Cp = Sg5/S
€1y~ Cip = 1/(S5- S3p)
Ci3 = -313/5

33(Sll+ 312)

Cag = (8,1 8,5)/8
Chyy = /Sy,

%66 = /%6

Trigonal System (classes 3m, 32, 3m)

let S =

4

S

C ll+

11°

833(Sll+

Cip = 333/3

Cip = Sy, /8’
Ci3 = -514/8
Cyyy = -Su/8

Caq = (S3+ 5,,)/8

Cyy = (Sll’ 312)/3'

Sip) - 28

-2 8%

2

13

= 8y, (819- 8yp) - 2 1y

35

(1.79)

(1.80)



BASTIC EXPERIMENTAL DATA

The "pulse superposition” ultrasonic interferometry method is
used to obtain the basic experimental data for isotropic and non-
isotropic materials subjected to a pressure-temperature environment.
This method has been described in detail by McSkimin (1950, 1961)
and Schrieber and Anderson (1966). A block diagram of the electronic
equipment is shown in Figure 1. The carrier wave oscillator is desig-
nated as CW and the pulse repetition frequency as prf .

A quartz transducer to generate elastic wave pulses is attached
to one of the two parallel faces of the specimen. The frequency of
the CW pulse is equalized to the natural frequency of the transducer.
A radio frequency pulse (rf) from the tone burst generator is applied
to the transducer. The waves travel through the specimen and are
reflected and received by the transducer. When the interval (i.e.,
the period) between the applied rf pulses is equal to an integral
multiple (p) of the round-trip transit time of the wave pulsés in
the specimen, the echoes are superimposed. By properly gating the
incident pulses, the echo pulses travel through transformers and
amplifiers and are then displayed on an oscilloscope. The prf of
the apélied pulse 1s measured with a frequency counter, and the
elastic wave velocity in the specimen is calculated from the basic
experimental prf data and the specimen length. The basic data is
obtained at equal intervals of increasing or decreasing pressure

and temperature. Fifteen to thirty minutes are allowed at each

36
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interval for the specimen to reach equilibrium with the environment.
Twenty to forty MHz x-cut and y-cut quartz transducers are commonly
used for measuring the longitudinal- and shear-wave velocities in
the specimens. The transducers are bonded to the specimen by a thin
film of Dow Corning resin 276-V9. The effect of the phase shift due
to reflection at the specimen-seal interface is less than 1° for a
properly prepared seal [McSkimin and Andreatch (1962), Schrieber and
Anderson (1966)] and is therefore negligible.

A block diagram of the pressure system is shown in Figure 2.
The main components are a two-stage nitrogen gas pumping system,

a pressure vessel, a Harwood manganin pressure cell [Johnson and
Newhall (1953), Johnson et al. (1957), Newhall (1962)] and a Carey-
Foster resistance bridge. The latter is used for measuring and
monitoring the pressure in the vessel containing the specimen. The
temperature of the specimen can be maintained at 25+0,1°C by a
constant-temperature water jacket around the vessel and monitored
with a chromel-alumel thermo-couple and a potentiometer.

Figure 3 shows a block diagram of the temperature system. This
equipment is designed for elevated temperatures and 1 bar pressure.
The main components are the furnace, the heating unit, and a poten-
tiometer. The latter is used to measure and monitor the temperature
within an accuracy of +0.1°C. The upper limit of the temperature is

approximately 500°C.
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Each specimen is prepared for wave velocity measurements, at 1 bar
at 25°C, by grinding and polishing the two parallel faces to within 1
part in 4. The specimen is measured with a micrometer. The longitu-
dinal-wave velocity (Vb) and the shear-wave velocity (Vs) is obtained
from the relationship

V = 24fF (2.1)

where V is the velocity in the specimen, £ 1is the specimen length,

and f is the pulse repetition frequency (prf) of the applied pulse.

ISOTROPIC EIASTIC PARAMETER MEASUREMENTS AT
MODERATE PRESSURES OR TEMPERATURES

The hydrostatic pressure changes the dimension and density of

the specimen. The length change is given by Cook (1957) as

H# P P
(b4} =142
o Po Io 3A-LB

where (1+A) is the ratio of the adiabatic bulk modulus to the iso-
thermal bulk modulus, Py is the initial density, A = (Vbof/fo)2
for longitudinal waves, and B = (VS f/fo)2 for shear waves. The
zero subscripts denote initial 1 baroconditions. The quantity A is
equal to oyT , where « 1is the coefficient of volumetric expansion,
Y isvthe Gruneisen parameter, and T is the temperature (°K). For
those materials where « < 10-6/°C , A will be negligible. With an

increase in hydrostatic pressure, the density and velocity are assumed
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to vary linearly over small intervals. The density can then be written

as a ratio

(0/p,) = (w/v)/(n/v) (2.3)

where p 1is the density at an increase in pressure, o is the initial
density at 1 bar, m is the mass, v 1is the volume at an increased
pressure, and W is the initial volume.

For an isotropic material, the length change is the same in all

directions, and (2.3) can be written as
o =p (4/0)° (2.1)
oo ‘

where (Eo/ﬂ) is given in equation (2.2).
Similarly, for an increase in pressure the velocity ratio over

small intervals can be written as

(v/v,) = (8/2 ) (£/£,) (2.5)

or rewritten

v =V _(£/2)(£/f) (2.6)

The density and velocity after an increase in hydrostatic pressure are

given by equations (2.4) and (2.6), respectively.
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The dimensions and density of a specimen also change when the
specimen is subjected to an increase in temperature. The length

after an increase in temperature-is given by

£ =24 (1.0 + aht) (2.7) .

where o is the coefficient of linear thermal expansion per»centigrade
degree, and At is the temperature difference in °C. By substituting
(2.7) into (2.4) and (2.6), the density and velocity of the specimen
are obtained for the increased temperature.

From the velocity, density, and the isotropic stiffness constants,
the bulk-, shear-, and Young's moduli, Poisson's ratio and compress-
ibility are obtained. Formulas relating ﬁll of these parameters [Birch
(1961)] are given in Table I.

CRYSTALLINE (TETRAGONAL) EIASTIC PARAMETER MEASUREMENTS
AT MODERATE PRESSURES OR TEMPERATURES

In contrast to the isotropic case, a crystal is characterized by
more stiffness constants and consequently, prf data must be obtained
to compute the different stiffness constants. The six constants for
the tetragonal case are given by (1.46). Pressure or temperature
fij (experimental prf data) values are needed for each different [Cij]'
The stiffness constants are related to the velocity of a wave propa-
gated ?hrough the crystal in a particular direction. These velocity
relationships [Verma (1960), Birch (1960)] for waves propagated with

a given particle motion direction, in various directions through the
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crystal, are given”in Table II. This table also includes the experi-
mental prf data which corresponds to the appropriate stiffness constant
in the velocity relation column.

The experimental data (fij)’ equation (2.1), and the velocity
relationships of Table IT, are used to obtain the 1 bar values for
Cll’ 033, Chh’ C66’ CPQ’ CTU’ and CRS' 012 is obtained indirectly
from velocity relation involving CPQ Or'dTU given in'Table 1T

Similarly, C., is obtained from velocity relation involving CRS‘

13
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TABIE I. IDENTITIES FOR STIFFNESS CONSTANTS
OF ISOTROPIC BODIES
K = bulk modulus o = Poisson's ratio
E = Young's modulus p = density
g = shear modulus | R, = Vp/vs
B = compressibility RE = K/(pVS)
A = Lame's constant Rg = K/(pV:B)
2 2 _
X E A o] PVP PVs = W
3\ + 2 A
A +2u/3 '777?Tﬁ£ ey Mt
o =2 =t -2 3(kA)/2
K +p 3K - \
3K -
T K-2/3 posgeay K+MW/3
E E - Bﬂ: - E
33w - E uaJ'_E E/(2|~L)"l u3p,-E
3K - E 3K - B 3K + E 3KE
XK= K KEK-ET K-
l+o 140 ) (1-20 l-0 l1-2
A 5o A 5} A o . 2o
2(1 +o =e) 2 - o
b 3T 33 a(l+0) wiTgm b TS
g l-0 l-20
3K(1 - ) 3Ky X175 Fovm
E Eo E(1-c) E
3(1 - ) (T4o ) (1-20 ) (li0)(1-20) 2+ 2
: 9szR2
2 . s 2 2 _ ove See
p(V;p - Vs) 3R§ + 1 p(VP EVS) Below

X = (Ri - 2)/(33 - 1) = (3R5 - 2)/(335 +1) = 2(3R§ - 1)/(3R§ + 1)
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TABLE IIi EXPERIMENTAL DATA AND VELOCITY REIATIONSHIPS
USED IN THE TETRAGONAL COMPUTER PROGRAMS

Wave Particle
Propagation Motion Mode prf Velocity
Direction Direction . Relation
[001] [001] c B S G
[100] [100] c - pv° = 0y
Any direction in + _
[001] et S B, oV = Gy,
+
+
[110] [001] S . oV = ¢y,
[110] [110] S *Tm ov® = (Cqq- 912)/2 = *Crg
[110] [110] c o oVe = (Cyq* Ot 20)/2
= *CTU
Inclined at L5°
to [100] and [110] C *f *C_, = ¥*
[001] H B
C Compressional
S Shear
%¥  Defined by author
**pV2=C+C + 2Cy,+ [(C .= C )2+h(c + C )2] /4
{ 117 ¥33" Lk i "5 13" YLk

+

Indicates experimental data used to obtain the same elastic
constant Chh'
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A. COMPRESSIBILITY. The adiabatic linear and volumetric compress-

ibilities [Fisher (1964)] were computed using the formulas

By =8y +85)5 + 85

By = 833 + 2813 (2.8)

= 2811 + 833 + 2812 + hsl3

w
Il

where Bl and 82 are the compressibilities perpendicular and parallel
to the ¢ axis and Bv is the volumetric compressibility.

The pressure measurements in the laboratory are made under adia-
batic conditions. Therefore, the compressibilities of (2.8) are

converted to isothermal compressibilities by the relation [Birch (1952)]
By = Bg (1 + ayT) (2.9)

where o is the volumetric thermal expansion, T is the temperature
in °K, vy is the thermal Gruneisen parameter, and BT and BS are
the isothermal and adiabatic compressibilities, respectively. The

Gruneisen parameter vy [Birch (1952)] is given as

Y = (eKg)/(vC,)

where @ 1is the volumetric thermal expansion, KS is the adiabatic
bulk modulus, p is the density, and CP is the specific heat at

constant pressure.
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B; EIASTIC STIFFNESS CONSTANTS AT MODERATE PRESSURES. The stiffness
constants at higher pressures are calculated over a small pressure
increment from a lower pressure [Cij]’ the ratio of the prf at a higher
pressure to the prf at a lower pressure, and the isothermal compress-
ibility. If we assume linearity of the [Cij] values over this small
pressure interval, then the ratio of the stiffness constant at a higher
pressure to the elastic constant at 1 bar pressure can be written as

C35/(Cyq)g = (GVF)/(0,72) C (2.10)
where zero subscripts denote 1 bar values, V 1is the velocity, and

p is the density. Using (2.1), (2.10) becomes

C35/(Cs3)o = (£/£)% (8/2)% (0 /o ) (2.11)

However, the compressibility parallel to the c¢ axis for a given

pressure interval AP is

1,°7 %
Pp = - 5 35 )
or , (2.12)
(co/c) =1 +BAP

Similarly, the compressibility perpendicular to the c axis is

(a,/2) = 1 +B,AP (2.13)
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For a wave propagated along the a, b crystallographic axes, the

length and density changes of equation (2.11) are

(2/20) (a/ao)
and : (2.14)
(0 /o,) = (c /c)(a /e)

1]

Equation (2.11) can then be written as
2
Ciy = (Cij)oA(f/fo) (1 + B AP) (2.15)

This equation gives the stiffness constants at a higher pressure and
is used for those stiffness constants related to a wave propagated
along the a, b axes. Table IT gives these stiffness constants as
Cll’ CMMA’ 066’ CPQ’ and CTU' 012 is obtained by solving the wvelocity
TU? for C12.

Similarly, for a wave propagated parallel to the c¢ axis, the length

relation involving CPQ or C

and density changes are

(z/zo)‘= (c/co)
and . o (2.16)
(/p.) = (c /) (s /a)
Equation (2.11) then has the form
o 1+ 2(Bl + BQ)AP
cij = (cij)o (f/fo) (2.18)

1+ (Bl + BE)AP
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C. ELASTIC STIFFNESS CONSTANTS AT MODERATE TEMPERATURES. The stiff-
ness constants at higher temperatures are obtained in a similar manner
to those [Cij] obtained at higher pressures. The general formula for

thermal expansion is given as

L = zo (1 + oAt) (2.19)

where @ is the linear thermal expansion, At is the temperature
difference, 20 is the initial length of the specimen, and £ 1is
the length of the expanded specimen.

Thermal expansion parallel and perpendicular to the c¢ axis

can be written as, respectively,

(c/co) 1+ aht (2.20)

and

(a/ao) 1+ a0t 7 (2.21)

Equation (2.11) can then be written as
i 2
cij = (cia.)0 (f/fo) [1/(1 + aeAt)] (2.22)

This equation is used to obtain stiffness constants Cll’ ChHA’ 066’

CPQ’ and,CTU at higher temperatures. C

relationships involving C_, or C

n TU®
and Chh we have

12 is qbtalned from the

Similarly, for C33

¢y = (Og4)q (f/fo)2 (1 + abt)/(1 + alAt)e (2.23)
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and for C13

Cyq = (Cyq)g (£/£)% (L + aght) + (1 + o,88)1%/
[L(1 + azAt)(l + alAt)2]

(2.24)

D. COMPLIANCE CONSTANTS AND VELOCITIES FROM STIFFNESS CONSTANTS.

Having obtained the [Cij] at 1 bar and higher pressures, the
velocities at the various pressures are then computed using the
relation

V= (cij/p)%‘ (2.25)

and the compliance constants at the various pressures are obtained
from the relationships given in (1.79).
The velocities for an isotropic specimen are obtained from the

general isotropic formuli

V2 = K+ 3 (2.26)
D P ,
and
VZE=ul (2.27)
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,E; DEBYE TEMPERATURE, The Debye temperature calculation is also
included in the computer programs for the tetragonal system.
The Debye temperature was computed from the formula [Anderson

(1963), Anderson et al. (1968)]

1
3

251.45 (p/M) v (2.28)

D
I

where p 1is the density, M is the mean atomic weight, and V_ is

m
the mean velocity given by
- SR - S 3
3 N 3 3 (2-29)
Vm VS VP _

where Vb and VS are the longitudinal and shear velocities.

F. ISOTROPIC POLYCRYSTALLINE SPECIMENS AND ANISOTROPY. For a single
crystal, the stiffness constants and other related parameters are
functions of crystal orientation. However, the isotropic stiffness
constants of a polycrystalline specimen can be obtained from the
single crystal stiffness constants of the specimen. For a random
orientation of grains in the polycrystalline specimen, the parameters
are macroscopically isotropic. Therefore, the stiffness constants

(or compliance constants) of a single crystal specimen are used to
determine isotropic bulk-(K) and shear-(U) moduli and these relation-

ships [Meister and Peselnick (1966)] are given as
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K, = [2(cll+ 012) + 033 + hcl3]/9 (2.30)
U [2(011- cl3+ 301;4) + 033 - Cyp + 3066']/15 (2.31)
K, = 1/(25)+ Syo+ 25+ usl3) (2.32)
U, = 15/(8311+ ’+S33- l+sl2- 8s13+ 6Suu+ 3s66) (2.33)
kK = (K, +K)/2 (2.34)
u, = (U, +1U)/2  (2.39)

where K& and U& are the bulk and shear moduli calculated by Voigt
(1928), K. and U, are the moduli calculated by Reuss (1929), and
Kh and Uh are the moduli calculated by Hill (1952). The Hill

modulus is the arithmetic average of the Voigt and Reuss moduli.

The anisotropy (A) is computed using the formula [Anderson (1963)]

2(Uv- Uh)

A = -(W (2-36)

where U& and Uh are the averaging schemes given in equations (2.31)

and (2.35).
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COMPUTER PROGRAMS

The purpose of including these programs is to eliminate a major
portion of the programming necessary in computing elastié parameters
of a material from the basic experimental data. From the crystalline
systems, only the tetragonal system (422, Lmm, L2m, L /mmm) has been
considered in detail. However, the bulk of this program can be used
fo obtain computer programs for the other crystalline systems.

The IBM 360/65 computer was used in performing the elastic moduli
and related parameter computations. All programs are written in
Fortran IV and are listed in the appendices along with sample input
and output data. Appropriate comment and control cards are included
with each main program. Appen@ix I and Appendix II each contain two
programs and explanations for using them. The former includes those
programs that are applicable to the isotropic system and the latter
includes programs for computations within the tetragonal system. The
first program in each appendix is for those elastic parameter computa-
tipns concerning a specimen that is subjected to an increase in pressure.
The second program performs those computations for a specimen that is in
an increased temperature environment.

The programs were tested using current experimental data
[Sokolowski and Manghnani (1969), Manghnani (1969), Fisher et al.

(in press)].
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CONCLUSIONS

This work has related the laboratory data, obtained at and above
standard atmospheric cbnditions, to the elastic parameters of crystal-
line and non-crystalline materials. This was accomplished by deriving
the set of elastic stiffhess constants which characterizes each of tﬁe
seven crystalline systems and the non-crystalliné system and by con-
solidating from current literature various formulas which relate the
stiffness constants to other elastic parameters. Using these formulas
on & digital computer, computations which include most of those elastic
parameters that are in the current literature are easily performed.

This work can be considered in its entirety for those who wish to
begin general studies into pressure-temperature dependence of materials,
or various sections of this work can be extracted for particular prob-
lems. The computer programs, for example, can be used as given or

'slightly modified to perform the computations required.
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APPENDIX T

ISOTROPIC SYSTEM
A, INPUT-OUTPUT DATA, Two computer programs are included for the
isotropic system. These programs are for computations of elastic
and other associated parameters of a material subjected to increased
temperature or pressure. The complete programs, with input data, and
output results are listed. The deck sequence for the pressure or
temperature computations is as follows:
1. Control cards
2. Main program
3. Control cards to input data
i, Parameter description cards
5. Specimen description card
6. Initial measurement card
T. Experimental pressure-prf data
8. Ieast squares indicator card
9. Data termination card
10. Control card
All control cards are those compatible with the IBM 360/65
computer. All input data must agree with the input format state-
ments in the main program.
The parameter description cards are the first fifteen data cards
and must be placed in the same order as those that are listed following
the main program. FEach parameter and its abbreviated form is punched

on one card.
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"Example:
Longitudinal Frequency P Freq.

The specimen description card follows the last parameter descrip-
tion card and contains the necessary information to identify the
specimen.

Example:
Pressure calculations for glass #111

The next card in the sequence of data cards is the initial
measurements card. These measurements are made on the specimen at

1 bar pressure and room temperature. For the isotropic-pressure

program, this card contains five variables.
Example:

Density P Velocity S Velocity P frequency S frequency

(gm/cc) (km/sec) (km/sec) (ke/s) (ke/s)
2.9595 6.934 3.784 326.957 178.k22

The initial P and S wvelocities are obtained from equation (2.1).
The initial measurements card for the isotropic-temperature program
must contain the linear coefficient of thermal expansion per degree
centigrade in addition to the five aforementioned variables.

These programs will accommodate fiftty pieces of experimental data.
For the isotropic-pressure program, each card in this set of data

contains pressure and the corresponding longitudinal and shear prf,
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Example:
Pressure P frequency S frequency
(k psi) (ke/s) (ke/s)
8.000 327.248 178.473

Similarly, each data card for the temperature program contains temper-
ature and the corresponding longitudinal and shear prf. The number of
pieces of prf data need not be counted, as this is done automatically
within the program. However, to accomplish this asutomatic data-
counting routine, a blank card must be placed at the end of the prf
data.

The least squares indicator card follows the blank card. The
least sQuares computations are between pressure (or temperature) and
any of the fifteen parameters of the parameter description cards. A
number 1 in any of the first fifteen columns of the least squares card
indicates which parameter values will be used in the computation. The
number sequence on the least squares card corresponds to the.card
sequence in the parameter description card set. A blank instead of
a number will result in no least squares computation performed for
a particular parameter,

The last card in the data set is the program termination card
which contains only the number 1 punched in column 80.

Data sets for various specimens may be included for computation
by repeating, for each specimen, deck sequence steps 5, 6, 7, and 8.
Each set of these four sequence steps must follow the least squares

indicator card of the previous specimen set.



The output is the elastic parameters as a function of pressure

or temperature with the following units:

Density g/cc
Longitudinal velocity km/sec
Shear velocity km/sec
Longitudinal prf ke/sec
Shear prf ke/sec
Volumetric thermal expansivity (°c)'1
Pressure k psi
Temperature °C
Bulk modulus _ k bars
Shear modulus k bars
Young's modulus | k bars
Compressibility (M baurs)"l

Tame's constant k bars
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B, LISTING OF PRESSURE PROGRAM, INPUT AND OUTPUT DATA.
7/7150P JOB (1242,1My10F,190KR), *MILLER?

// EXEC FORTCLG,RG=190K

J/SYSIN. D =

IMPLICIT REAL*8(A-H,0-2)

DIMENSIUN P(50),PF(50),SF(50)PFR(50)ySFR(50),XLR{50),DR(50),4D(50)
1,PVI(50),SV(50),BM00(50),SMOD(50),EMOD(50) ,SIG(50),COMP(50)4M(15),X
1(50),Y(50),DESC(20,20),YAX(20,20),AL(50)

JJ = 1

INPUT PARAMETER AND SPECIMEN DESCRIPTION CARDS

(g Na X3

1 READ 2, (DESCUJUJyJ1)pd1l=1413),(YAX(JJyJ2)¢J2=193),1IM
2 FORMAT(13A4,3A4,15X,111)

IF(IM) 3,3,45
3 JJ = JJ+l

[IF(JJ-16) 1,144

INPUT INITIAL MEASUREMENT CARD

o000

4 READ 59 RHO4PVISVIWPFI4SFI

5 FORMAT(5F10.4)
PRINT 6y (DESC(16,5J3)4J3=1,13),RHO,PVI,4SVI,PFI,SFI

6 FORMAT(LHL,13A4//1X,'REC = DENSITY'/1X,'PV = LONGITUDINAL VELOCITY
1'/1X, 'SV = SHEAR VELOCITY'/1X,'P FREQ = LONGITUDINAL FREQUENCY'/1X
1y*S FREQ = SHEAR FREQUENCY'/1X,'PRESS = PRESSURE'/1X,*'PF RATIO = L
1ONGITUDINAL FREQUENCY RATIO'/1X,'SF RATIO = SHEAR FREQUENCY RATIO'
1/1X,'L RATIO = LENGTH RATIO'/1X,'BMOD = BULK MODULUS'/1X,*SMOD = S
LHEAR MODULUS'/1X,'EMOD = YOUNGS MODULUS'/1X,*SIG = POISSONS RATIO®
1/1X,*COVMP = COMPRESSIBILITY'/1X,'L = LAME CONSTANT'///T7X,'RHO',8X,
1PV 8Xy*SV! 5X,'P FRECQ'94Xy'S FREQ'/2X,5F1044//4Xy*PRESS" 42Xy 'P F
LREQ"y3X,'S FREQ's4X,y'PF RATIO"',2X,*SF RATIO",3X,'L RATIO',4X,*DENS
LITY! ) 5X,"PVY 16X, 'SV 14X, "BMOD"y 3X, *SMOD" 93X,y "EMOD® +4Xy *SIG* 44X, *'C
1OMP/MB*,3X, L")
N =1

INPUT EXPERIMENTAL PRESSURE—FREQUENCV DATA AND DETERMINE THE
NUMBER OF PIECES OF DATA

(s NeNaNal

7 READ 84y PIN)yPFIN),SF(N)
8 FURMATI(3F10.3)
IF(PF(N)) 1249410
9 IF(SFIN)) 12414,7
10 IF(SF(N)) 12,7,11
11 N = N+1
GO 1O 7
12 PRINT 13
13 FORMAT('NEGATIVE FREQ IN DATA')
GO TO 45
14 N = N-1

COMPUTE SPECIMEN LENGTH AND CORRESPONDING VELOCITIES AT
VARIOUS PRESSURES

s NaNaKal

DO 15 I = 14N
PFR(T) PFI1)/PFI
SFR(I) SF(I1)/SE1
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s NeNaN g
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A = (PVI*PFR(1)*10.0225)%%2

B = (SVI*SFR(I)*10.,0%25)%%2

PX = (P(I1)/1.4504%10.C**8)/(3.0%A-4,0%0R)
TT=1.0 + PX/RHO

XLR{I)=1.0/TT

DRII)=TT*x*3

D(1) = RHO*DR(I)

PV(I) = PVI*PFR(I)*XLR(1)

SVII) = SVI®*SFROLI)*XLR(1)

COMPUTE ELASTIC MODULI

BMCD(I) = LOOXCUI)*(PVII)*x%2-4,0%SV(])**2/3.0)
SMOD(T) = 10.,0%C(T)*SV(])*%2
EMOD(I) = 9.0*BMOD(T)*=SMOD(1)/(3.0%BMOD(1)+SMOD(I))

SIG(I) = EMOD(I)/(2.0%SMOD(I))-1.0
cuMP(I) = (1,0/BMCD(1))*1000.0
AL(I) = BMOD(I1)=-2.0*SMOD(T)/EMODLT)
15 PRINT 1l&y PUI)yPFIT)oSFLI)yPFRAET)§SFRULD) ¢ XLRETIDyDCI)4PVIID)SVLIT)
LyBMOD(T)ySMOD(1),ENOD(I),SIG(I)COMP(T),AL(I)
16 FORMAT(3F9.3,F11e64F10.642F11.742F8.4y3FTe14FBa4y,FBe3,FT.1)

COMPUTE LEAST SQUARES FIT BETWEEN PRESSURE AND THE VARIOUS
PARAMETERS

READ 17y (M(K)4K = 1,15)
17 FORMAT(1511)
LL = 6
L = 59/(N+11)-1
DO 44 K = 1,415
IF(L-LL) 18,20,20
18 PRINT 19
19 FORMAT(LHL)
LL = 0
20 1F(M(K)) 214+44,21
2L LE = Lil#)
DO 37 Il = 1,N ;
GO TO (22423124925126427928429930431432,33,34435,36,37),K
22 Y(I1) = PF(IT)

GU Tu 37

23 Y(11) = SE(LLL)
GO TO 37 )

24 Y(IL) = PFR(II)
GO TO 37

25 Y(II) = SFR(II)
GO TO 27

26 Y(I1) = XLR(II)
GO TO 37

27 Y(II) = D(IT)
GO TO 37

28 Y(I11) = DR(II)
GO 10O 37

29 Y(I1) = PVIIT)
GG TO 37

30 v(IT) = SV(Il)
GU TUu 37
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3Y Y1) BMOD(IT)
GU TO

32 Yi11)
co 10

33 YLLI1)
GU TO

34 Y(UII)
GO TO

35 Y(IL)
GO TO

36 Y(ILT)

37 CONTINUE
PRINT 38, (DESCI164J1)3J1=1,13),(DESC(K,J2),J2=1,13)

38 FORMAT (30X,13A4/30X,'LEAST SQUARES PRESS VS ',13A4/7)
PRINT 39, (YAX(K,Jl),Jd1=1,3)

39 FORMAT (33X, "PRESSY 316X ,3A4,11X,'Y/Y0")

~

sMan(rn)

EMaDCIL)

WO W i N
~

~

SIGUIT)

-~

CUMPLIT)

o n wan
-

AL(TT)

SuMX = 0.0

SuMy = C.0

SuMx2 = 0.0

SUMXY = 0.0

SUMY2 = 0.0

C =N

DO 40 J = 14N

X(J) = P(J)

SUMX = SUMX+X(J)

SUMY = SUMY+Y(J)

SUMX2 = SUMX2 #X(J)**2

SUMY2 = SUMY2 +Y(J)#*x*x2
40 SUMXY = SUMXY+X(J)*Y(J)

CCMPUTE SLOPF, INTERCEFT,CORRCLATION COEFFICIENT,VARIANCE AND
STANDARD DEVIATIQON

{SUMX%SUMY=C%SUMXY )/ SUMX*%2-C%SUMX2)
(SUMX2%SUMY=SUMX*®SUMXY )/ {C*SUMX2=SUMX**2)
{CHESUMXY=SUMX*SUMY ) /DSURT ( { CxSUMX2~-SUMX#%2 )% (C*SUMY2-SUMY*%2))
SUMXY=SUMX*SUMY/C
SXX SUMX2-SUMX*SUMX/C
SYY SUMY2-SUMY*®SUMY/C
VARS = (SYY-SXY*%2/SXX)/(SXX*(C-2.0))
DEVS =CSQRT(VARS)
SPKB=S#14.504
DO 41 J = 14N
Yk = Y(J)/YLL)
41 PRINT 42, X{J)Y(J), YR
42 FORMAT(19X,3(8X,FLl4.7))
PRINT 43, SyVARS,DEVS,B,R,SPKB
43 FORMAT (12HOSLUOPE =4.Fll.4/' VARIANCE =*,E13.2/' STD DEV =v,
LF12.5/ INTEKCEPT =',Fll.4/' CURR., COEFF. = ',E12.5/" SLOPE PER KB
1 =,F8.47/)
44 CCNTINUE

S
8
R
SXY

wonon

Jd = 16
GO Tu 1
45 STOP

END

62
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//GC.SYSIN

DC *

LCNGITUDINAL FREQUENCY

SHEAR FRE

QUENCY

LCNGITUDINAL FREQUENCY RATIC
SHEAR FREQUENCY RATIO

LENGTH RA
CENSITY
CENSITY R

TIO

ATIO

LGNGITUDINAL VELOCITY

SHEAR VEL
BULK MODU
SHEAR MCD
YCUNGS MO
POISSONS

OCITY
LUS
uLuUS
bULUS
RATIO

CCMPRESSIBILITY PER MEGABAR

LAME'S CO

NSTANT

PRESSURE CALCULATIONS FOR GLASS #111

2.9595

00.015

4,000

8.000
12.000
16.000
20.000
24.000
28.000
32.000
36.0C0
40,000
44,000
48,000
52.000

11 1 111

[sarp

6.9340
326.957
327.102
327.248
327.366
3271+529
327.657
327.812
327.947
328.086
328B.221
328.363
328.508
328.630
3284793

LLL11

3 078100
178.422
178.451
178.4173
173.494
178,518
1784533
178.554
178.515
178.5S4
178.€15
178.€32
178.651
178.670
178.653

326.9570

178.4220

63

P FREQ

S FREQ
PF RATIO
SF RATIO
L RATIO
DENSITY
D RATIO
P VEL

S VEL
BMOD
SMOD
EMOD

SIG
COMP/MB
L
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PRESSURF CALCULATIONS FOR GLASS #1111
RHO = DENSITY
PV = LONGITUDINAL VELOCITY
SV = SHEAR VELOCITY -
P FREQ = LONGITUDINAL FREQUENCY
S FREQ = SHEAR FREQUENCY
PRFSS = PRFSSURE
PF RATIO = LONGITUDINAL FREQUENCY RATIO
SF RATIOD SHEAR FREQUENCY RATIO
L RATIO LENGTH RATIO
BMOD = BULK MODULUS
SvYOD = SHEAR MOOULUS
EMOD = YOUNGS MODULUS
SIG = POISSONS RATIO
COMP = COMPRESSIBILITY
L = LAME CONSTANT
RHN P FREQ S FREQ
2+9595 6.9340 3.7840 326.9570 178.4220
PRESS P FREQ S FREQ PF RATIO SF RATIO L RATIO
0.015 326.957 178.422 1.000000 1.000000 0.9999996
4.000 327.102 178.451 1.000443 1.000163 0.9998930
8.000 327.248 178.473 1.000890 1.000286 0,9997363
12.000 327.366 178.494 1.001251 1.000404 0.9936798
16.000 1327.529 178.518 1.001749 1.000528 0.9995737
20.009 327.657 173.533 1.002141 1.000622 0.9994679
24.N000 327.812 178.554 1.002615 1.000740 0.9993624
28.0CO0 327.947 178,575 1.003028 1.000858 0.9992571
32.000 328.086 178.594 1.003453 1.000964 0.9991522
36.000 323.227 178.615 1.003884 1.001082 0.99390475
40.000 3?28.363 178.632 1.004300 1.001177 0.9989431
44.N00 323.508 178.651 1.004744 1.001283 0.99388390
48.200 323.630 178.670 1.005117 1.001390 0.9987350
328.793 178.693 1.005615 1.001519 0.9936317

52.000

DENSITY
2.95950136
2.9604503
2.9613982
2.9623447
2.9632877
2.9642296
2.9651681
2.966105%
2.9670403
2.9679730
2.9689038
2.9698316
2.9707597
2.9716814

PV
6.9340
5.9363
6.9387
6.9405
5.9432
6.9451
6.9477
6.9498
6.9520
6.9543
6.9565
6.9588
6.9607
6.9634

SV
3.7840
3.7842
3.7843
3.7843
3.73844
3.7843
3.7844
3.7844
3.7844
3.7845
3.7844
3.7845
3.7845
3.7846

8MQOD

857.9
859.1
860.3
861.3
862.7
363.8
865.1
B66.2
867.4
868.6
869.8
871.0
872.1
873.4

SMOD

4?3.4
423.9
424.1
424,.2
424.4
424.5
424,17
424.3
424.9
425.1
425.2
425.3
425.5
425.6

EMOD
1091.6
1092.2
1092.7
1093.2
1093.8
1094.3
1094.3
1095.4
1095.9
1096.4
1096.9
1097.4
1097.9
1098.5

SIG
0.2379
0.2331
0.2883
0.2335
0.2887
0.2889
0.2891
0.2892
0.2894
0.2896
0.2898
0.2900
0.2902
0.2904

COMP/vB
l.165
l.164
La 152
1.1561
1.159
1.153
1.156
1.154
1.153
1.151
1.150
lL.143
l1.147
1.145

L
857.1
853.3
359.5
860.5
351.9
9n3,.0
864,13
365.5
366.0
867.3
353.0
irT2.2
871.3
372.7

h9



SLOPE
VARIANCE
STD NEV
INTERCEPT =
CORR. COEFF, =
SLOPE PER KB =

SLOPE
VARIANCE
STD DEV
INTERCEPT
CORR. COEFF, =
SLOPE PFR KD =

nou oM

0.0351
0.180-07

- 0.00013
326.9601

0.99991D 00
0.5091

0.0050
0.38D-08
0.00006

178.4312

0.999120 00
0.0732

PRESSURF CALCULATIONS FOR GLASS #111
LEAST SQUARES

PRESS
0.0150000
4.0000000
8.0000000

12.0000000
16.0000000
20.0000000
24 ,0000000
28.0000000
32.0000000
36.0000000
40.0000000
44.,0000000
48.0000000
52.0000000

PRFSSURE CALCULATIONS FOR GLASS #111
LFAST SQUARES

PRESS
0.0150000
4.0000000
8.0000000

12.0000000
16.0000000
20.,0000000
24.0000000
28.0000000
32.0000000
36.0000000
40.0000000
44.,0000000
48.0000000
52.0000000

PRESS VS

PRESS VS

P FREQ
326.9570000
327.1020000
327.2430000

327.3660000

327.5290000
327.6570000
327.8120000
327.9470000
328.0860000
328.2270000
328,3630000
328.5080000
328.6300000
328.7930000

S FREQ
178.4220000
178.4510000
178.4730000
L78.4940000
178.5180000
178.5330000
178.5540000
178.5750000
178.5940000
178.6150000
178.6320000
178.6510000
178.6700000
178.6930000

SHEAR FREQUENCY

LONGITUDINAL FREQUENCY

Y/Y0
1.0000000
1.00044135
1.0008900
1.0012509
L.0017495
1.0021410
1.0026150
1.0030279
1.0034531
1.0038843
1.0043003
1.0047437
1.0051169
1.0056154

Y/Y0
1.0000000
1.0001625
1.0002858
1.0004035
1.0005381
1.0006221
1.0007398

 1.0008575
1.0009640

1.0010817
1.0011770
1.0012835
1.0013900
1.0015189
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PRESSURE CALCULATIONS FOR GLASS #lll
LEAST SQUARES PRESS. VS DENSITY

PRESS DENSITY Y/Y0
0.0150000 2.9595036 1.0000000
4,0000000 2.9604503 1.0003199
8.0000000 2.9613982 1.0006402
12.0000000 2.96234417 1.0009600
16.0000000 2.9632877 1.0012786
20.0000000 2.9642296 1.0015969
24,0000000 2.9651681 1.0019140
28.0000000 2.9661054 1.0022307
32.0000000 2.9670403 1.0025466
36.0000000 2.9679730 1.0028618
40.0000000 2.9689038 1.0031763
44,0000000 2.9698316 1.0034898
48.,0000000 2.9707597 1.003803%
52.0000000 2.9716814 1.0041148
SLOPE = 0.0002
VARIANCE = 0.80D-13
STO DEV = 0.00000
INTERCEPT = 2.9595
CORR. CNEFF. = 0.999990 00
SLOPE PER KB = 0.0034
PRESSURE CALCULATIONS FOR GLASS #111
LEAST SQUARES PRESS VS LONGITUDINAL VELOCITY
PRESS P VEL Y/Y0
0.0150000 6.9339972 1.0000000
4,0000000 6.9363328 1.0003368
8.0000000 6.9386883 1.0006765
12.0000000 6.9404509 1.0009307
16.0000000 6.9431700 1.0013229
20.0000000 6.9451477 1.0016081
24.0000000 6.9477000 1.0019762
28.0000000 6.9498289 1.0022832
32.0000000 6.9520442 1.0026027
36.0000000 6.9543034% 1.0029285
40.0000000 6.9564578 1.0032392
44.,0000000 6.9588048 1.0035777
48.0000000 6.9606641 1.0038458
$2.0000000 6.9633965 1.0042399
SLOPE = 0.0006
VARIANCE = 0.81D-11
STD DEV = 0.00000
INTERCEPT = 6.9340
CORR. CNEFF. = 0.99985D 00
SLOPE PER KB = 0.0081



PRESSURF CALCULATIONS FOR GLASS #ll1
LEAST SQUARES PRESS VS SHEAR VELOCITY

PRESS S VEL Y/Y0
0.0150000 3.7839985 1.0000000
4.0000000 3.7842101 1.0000559
8.0000000 3.7842727 1.0000725
12.0000000 3.7843149 1.0000836
16.0000000 3.7844222 1.0001120
20,0000000 3.7843391 1.0000901
24.,0000000 3.7843851 1.0001022
28.0000000 3.7844314 1.0001144
32.0000000 3.7844365 1.0001157
36.0000000 3.7844850 1.0001286
40.0000000 3.7844496 1.0001192
44.0000000 3.7844580 1.0001214
48,0000000 3.7844662 - 1.0001236
52.0000000 3.7845621 1.0001489
SLOPE = 0.0000
VARIANCE = 0.150-11
STD OkVv = 0.00000
INTERCFPT = 3.7842
CORR, CNEFF, = 0.869090 00
SLOPE PER KA = 0,0001
PRESSURE CALCULATIONS FOR GLASS #111
LEAST SQUARES PRESS VS BULK MODULUS
PRESS 8MOD Y/Y0
0.0150000 857.9243148 1.0000000
4.0000000 859.0945923 1.0013641
8.0000000 860.3188040 1.0027910
12.0000000 861.3058710 1.0039416
16.0000000 B62.6666268 1.0055277
20.0000000 863.7797944 1.0068252
24.,0000000 865.0909783 1.0083535
28.0000000 866.2281711 1.0096790
32.0000000 867.4134492 1.0110606
36.0000000 868.6040240 1.0124483
40.0000000 869.7767683 1.0138153
44.0000000 871.0160194 1.0152597
48.0000000 872.0545909 1.0164703
52.0000000 873.4270247 1.0180700

SLOPE
VAR ANCE
STD DLV
INTERCEPT =
CORR., CNEFF, =
SLOPE PER KB =

0.2975
0.120-05
0.00111

857.8862

0.99992D 00
4.3149



SLOPE
VARTANCE
STD DEV
INTERCEPT

CORR. COEFF.
SLOPE PER KB =

SLOPE
VARIANCE
STD DEV
INTERCEPT

CORR. COEFF. =
SLOPE PER KB =

0.0352

0.900-07
© 0.00030
423.8055

= 0,999570 00

0.5106

0.1309

0.500-06

0.00071
1091.6572

1.8987

0.99982D 00

PRESSURE CALCULATIONS FOR GLASS #111

LEAST SQUARES

PRESS
0.0150000
4.0000000
8.,0000000

12.0000000
16.0000000
20.0000000
24.0000000
28.0000000
32.0000000
36.0000000
40.0000000
44.0000000
48.0000000
52.0000000

PRESS VS SHEAR MODULUS

SMOD
423.7607946
423.9437530
424.,0915461
424.2385393
424.39765T71
424.5139455
424.6586262
424,8032768
424.9383148
425.0827860
425.2081433
425.3429004
425.4776933
425.6312505

PRESSURE CALCULATIONS FOR GLASS #1111

LEAST SQUARES

PRESS
0.0150000
4.0000000
8.0000000

12.0000000
16.0000000
20.0000000
24.0000000
28.0000000
32.0000000
36.0000000
40.0000000
44.0000000
48.0000000
52.0000000

PRESS VS YOUNGS MODULUS

EMOD
1091.5614265
1092.1764638
1092.72754717
1093.2252632
1093.8208574
1094.2770611
1094.8311412
1095.3538827
1095.8635926
1096.3948674
1096.8803129
1097.3980523
1097.8802135
1098.4625210

68

Y/Y0
1.0000000
1.0004317
1.0007852
1.0011274
1.0015029
1.0017773
1.0021187
1.0024601
1.0027787
1.0031197
1.0034155
1.0037335
1.0040516
1.0044139

Y/Y0
1.0000000

'1.0005634%

1.0010683
1.0015243
1.0020699
1.0024878
1.0029954
1.0034743
1.0039413
1.0044280
1.0048727
1.0053470
1.0057888
1.0063222



69

PRESSURE CALCULATIONS FOR GLASS #111

LEAST SQUARES PRESS VS POISSONS RATIO
~ PRESS SIG Y/Y0
0.0150000 0.2879453 1.0000000
4.0000000 0.2881148 1.0005888
8.0000000 0.2883096 1.0012652
12.0000000 0.2884559 1.0017732
16.0000000 0.2886745 1.0025324
20.0000000 0.2888588 1.0031725
24.0000000 0.2890721 1.0039132
28.0000000 0.2892484% 1.0045256
32.0000000 0.2894384 1.0051856
36.0000000 0.2896251 -1.0058339
40.0000000 0.2898157 1.0064959
44.0000000 0.2900157 1.0071904
48.0000000 0.29017136 1.0077389
52.0000000 0.2903922 1.0084980
SLOPE = 0.0000
VARIANCE = 0.610-13
STD OEV = 0,00000
INTERCEPT = 0.2879

CORR. COEFF. = 0.999830 00
SLOPE PER KR = 0,0007

PRESSURE CALCULATIONS FOR GLASS #111

LEAST SQUARES PRESS VS COUMPRESSIBILITY PER MEGABAR
PRESS COMP/MB Y/Y0
0.0150000 1.1656040 1.0000000
4.0000000 11640162 '0.9986378
8.0000000 1.1623598 0.9972167
12.0000000 1.1610277 0.9960739
16.0000000 1.1591963 0.9945027
20.0000000 1.1577025 0.9932211
24.0000000 1.1559478 0.9917157
28.0000000 1.1544302 0.9904138
32.0000000 1.1528528 0.9890604
36.0000000 1.1512726 0.9877047
40.0000000 1.1497203 0.9863730
44.0000000 1.1480845 0.9849696
48.0000000 l.1467172 0.9837966
52.0000000 1.1449153 0.9822507
SLOPE = -0.0004
VARIANCE = 0.230-11
STD DEV = 0.00000
INTERCEPT = l.1656

CORR, CNEFF. = =0.99991D 00
SLUPE PER KB = -0.0058
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PRESSURE CALCULATIONS FOR GLASS #1111
LEAST SQUARES PRESS VS LAME'S CONSTANT

PRESS L Y/Y0
0.0150000 857.1478843 1.0000000
4.0000000 858.3182640 1.0013654
8.0000000 859.5425930 1.0027938
12.0000000 860.5297482 1.0039455
16.0000000 861.8906356 1.0055332
20.0000000 863.0039142 1.0068320
24.0000000 864.3152265 1.0083619
28,0000000 865.4525254 1.0096887
32.0000000 866.6379178 1.0110716
36.0000000 867.8286049 1.0124608
40.0000000 869.0014638 1.0138291
44.0000000 870.2408350 1.0152750
48.0000000 871.2795014 1.0164868
52.0000000 872.6520666 1.0180881
SLOPE - 0.2975
VARIANCE = 0.120-05
STD DEV = 0.00111
INTFRCEPT = 857.1097

CORR, CNEFF, =
SLOPE PER KB =

0.999920 00
4.3154



C.

LISTING OF TEMPERATURE PROGRAM, INPUT AND OUTPUT DATA.

J71SOT  JOB (1242,1MyLOF,190K2)y *MILLER?

// EXEC FORTCLGyRG=190K
//SYSIN DD *

ano

(s NaXel

(el aNaNgl

aooOo00

N e

IMPLICIT REAL*B(A-H,0-2)

DIMENSIUN T(50)PF(50)ySFI50)4PFRI50) ¢SFR(50) ¢XLR{50) 4DR(50) ,0(50)
19PV(50),SV(50),BMUD(50),SMUD(50) EMOD(50),SIG(50)yCOMP(50)sM(15) X
1(50),Y(50),DESC(20,20) yYAX120+20)»AL(50)

JJ = 1

INPUT PARAMCTER AND SPECIMEN DESCRIPTION CARDS

READ 24 (DESC(JJpJ1)yJl=1913) 9 (YAX(JJ9J2)9d2=193),1IM
FORMAT (13A4,3A4,15X,111)

IF(IM) 343,45

JJ = JJ+1

IF(JJ-16) Llyls4

INPUT INITIAL MEASUREMENT CARUD

READ 5y RHO,PVIaSVI4PFI,SFI4ALPHA
FORMAT (5F10.4,010,3)

PRINT 6y (DESC(L164J3)4J3=1,13),RHO,PVI,SVI,PFI,SFI,ALPHA

FURMAT (1H1,13A4//1X,'RFO = DENSITY'/1X,'PV = LONGITUDINAL VELOCITY
19/1X,*'SV = SHEAR VELOCITY'/1X,'P FREG = LONGITUDINAL FREQUENCY'/1X
1,'S FREQ = SHEAR FREQUENCY'/1X,'ALPHA = VULUMETRIC THERMAL EXPANSI
LON'/1X, *PKESS = PRESSURE'/1X,'PF RATI0O = LONGITUDINAL FREQUENCY RA
LTIO'/1X,'SF RATIU = SHEAR FREQUENCY RATIO*/1X,'L RATIO = LENGTH RA
LTIO0"/1X, *BMOD = BULK MCDULUS'/1X,*'SMOU = SHEAR MUDULUS'/1X,'EMOD =
1 YOUNGS MODULUS*/1X,*'SIG = POISSCNS RATIO/1X,*COMP = COMPRESSIBIL
LITY'/1Xe'L = LAME CCNSTANT®///TXy"RHO®8X, PV ,8X, 'SV ,5X,'P FREQ'
1e4Xy'S FREQ' 39X, ALPHA'/2X5F10.4,01443//74X, *T(C) *42X,'P FREQ',3X
19'S FREQ® 14Xy *PF RATIC'y2Xs"SF RATIO? y3Xy 'L RATIO? 44X, *DENSTITY *,5X
Lo PV? g6Xy SV 4Xy ' BMOD® 33X 'SMOC® 43X 4 "EMOD" 44X,y *STG®y 4Xy 'COMP/MB? ,
13X,°L")

N =1

INPUT EXPERIMENTAL TEMFERATURE-FREQUENCY DATA AND DETERMINE THE
NUMBER OF PIECES OF DATA

READ 849 TI(N)4PF(N),SF(N)
FORMAT (3F10.3)

IF(PF(N)) 1249,10
IF(SFIN)) 12414,7
[IF(SFIN)) 12,7411

N = N+1

GO TO 7

PRINT 13

FORMAT ("NEGATIVE FREQ IN DATA')
GO TO 45

N = N-1

COMPUTE SPECIMEN LENGTH AND CORRESPONDING VELOCITIES AT
VARIOUS TEMPERATURES

DU 16 I = 1N

T



o000

aooo0

15
16

874

18
19

20

22
23
24
25
26
24l
28
29
30

31

T2

PFR(I) = PF(I)/PFI

SFR(I) = SF(I)/SFI
XLR(I1=1.0+ALPHA®(T(I)-25.0)
DRUII=1.0/XLR(T)%=%3

D(1) = RHO*DR(TI)

PV(I) = PVI%PFR{I)=XLR(I)
SV(I) = SVI*SFR{I)*XLR(I)

COMPUTE ELASTIC MOOLULI

BMOD(TI) = 10.0*D(I)*(PV(1)*%2-4,0%S5V(I)*%2/3.0)
SMOD(T) = 10.0%C(I)*SV(T1)*%2
EMCD(I) = 9.0%=BMOO(I)*SMOD(I)/(3.0*BMOD(1)+#SMOD(I))

SIG(I) = EMOD(I)/(2.0*SMOL(I))-1.0

COMP(I) = (1.0/BMOD(1))*1000.0 '

AL(1) = BMOD(1)-2.0*SMOC(I)/EMODLT)

PRINT 159 T(I)oPFUI),SFUL)sPFRITI)ZySFRET)yXLRUL)(ODCL),PVIID,SVIID,
1 BMOD(1),SMOD(I),EMOD(I),SIG(L),COMP(1),AL(I)
FORMAT(3F9.3yF11.6yF1Ce6y2F11.792FBs493F7e19FBe49FB8.3,FTal)
CONTINUE

COMPUTE LEAST SQUARES FIT BETWEEN TEMPERATURE AND THE VARIOUS
PARAMETERS

READ 17y (M(K)sK = 1,15)
FORMAT(1511)

LL = 6

L = 59/(N+11)-1

DO 44 K = 1,15

IF(L-LL) 18,20,20

PRINT 19

FORMAT (1H1)

LL = 0

IF(M(K)) 21444,21

LL = LL+1

DO 37 II = 1,N

GO TO (22923924125926927928929930931932433,34435,36437),K

Y(In) = PFLIT)
GO TO 37

Y(tny = SF(IT)
GO 10 37

Y(II) = PFER(II)
GO TO 37

Y(II) = SFR(II)
GO TO 37

Y(II) = XLR(II) o
Gu TO 37

Y(1l1) = D(IT)
GO 1O 37

Yorr) = DRI(II)
GO 1O 37

Y(II) = PV(IT)
GO TO 37

Y(ir) = Sv(ll)
GO TO 37

Y(II) = BMOD(IT)



32
33
34
35

36
37

38

39

40

sl NaXal

73

GO TO 37

Y(II) = SMOD(IT)

GO TO 37

Y(II) = EMODI(IT)

GU TU 37

Y(rr) = SIGULI)

GO TO 37

Y(Il) = campPlll)

GO 70 37

YUII) = ALLTY)

CONTINUE

PRINT 38, (DESC(164J1)yJ1=1,13),l0DESC(K,J2),J2=1,13)
FORMAT {30X,13A4/30X,"LEAST SQUARES TEMP VS ', 13A4/7)
PRINT 39, (YAX(KyJl)ysJdl=1,3) .
FORMAT (33X, 'TIC)" 4 17Xxy3A4,11X,°Y/Y0")

SUNX = 0.0

SUMY = 0.0

SUMX2 = 0.0

SUMXY = 0.0

SUMY2 = 0.0

C =N

DO 40 J = 14N

X(J) = T(J)

SUMX = SUMX+X(J)

SUMY = SUMY+Y(J)

SUMX2 = SUMX2 +X(J)**2
SUMY2 = SUMY2 +Y(J)*32
SUMXY = SUMXY+X(J)*Y(J)

COMPUTE SLOPE,INTERCEPT,CORRELATION COEFFICIENT,VARIANCE, AND
STANDARD DEVIATION

= (SUMX®SUMY=C*SUMXY)/(SUMX**2-C*SUMX2)
B = (SUMX2®SUMY=SUMX*SUMXY )/ (C*SUMX2-SUMX*%2)

R (C*SUMXY=SUMX*SUMY ) /DSQRT (( C*SUMX2-SUMX*%%2 ) *(C *SUMY2-SUMY**2) )
SXY = SUMXY-SUMX%SUMY/C
SXX = SUMX2-SUMX%*SUMX/C
SYY = SUMYZ2-SUMY*SUMY/C

VARS = (SYY=SXY*%2/SXX)/(SXX*((-2.0))
DEVS =DSQRT(VARS)

DO 41 J = 14N

YR = Y(J)/Y (1)

41 PRINT 429 X(J)Y(J),YR
42 FORMAT(19X,3(8X,Fl4.7))
PRINT 43, S,VARS,DEVSyB,yR
43 FORMAT(12HOSLOE =4Flle49*/(C)?/" VARIANCE =',E13.2/"' STD DEV
1 =V ,F12.5/" INTERCEPT =*,F11.4/* CORRs COEFFe = '4EL12.5//)
44 CONTINUE
JJd = 16
GO TO 1
45 STGP
END
*
//GO.SYSIN DD *
LCNGITUCINAL FREQUENCY P FREQ

SHEAR

fREQUENCY ' S FREQ



LOCNGITUDINAL FREQUENCY RATIC
SHEAR FREQUENCY RATIO
LENGTH RATIC

CENSITY

CENSITY RATIO ;
LONGITUDINAL VELOCITY

SHEAR VELOCITY

BULK MODULUS

SHEAR MODULUS

YOUNGS MODULUS

POISSONS RATIO
COMPRESSIBILITY PER MEGABAR
LAME'S CONSTANT

TEMPERATURE CALCULATIONS FOR GLASS #1l11

2.6360 59956 4.0554
25.000 525.280 363.€35
50.000 524.300 363.315
75.000 523.300 363.150

100.000 522.210 362.625
125.000 521.100 362,650
150.000 519.920 362.460
175.000 518.800 362.235
200.000 517.560 362.000
225.000 516.210 361.720
250.000 514.800 361.540
275.000 513.100 361.310
300.000 511.380 361.075

11 I 11111111

[SOT

526.116

363.326

PF RATIO
SF RATIO
L RATIO
DENSITY
D RATIO
P VEL

S VEL
BMOD
SMOD
EMOD

SIG
COMP/MB
L

«143D-04



TEMPERATURE CALCULATIONS FOR GLASS #111

RHO = DENSITY !

PV = LONGITUDINAL VELOCITY

SV = SHEAR VELOCITY

P FREQ = LONGITUDINAL FREQUENCY

S FREQ = SHEAR FREQUENCY

ALPHA = VOLUMETRIC THERMAL EXPANSION
PRESS = PRESSURE

PF RATIO = LONGITUDINAL FREQUENCY RATIO
SF RATIO = SHEAR FREQUENCY RATIO

L RATIO = LENGTH RATIO

BMOD = BULK MODULUS
SMOD = SHEAR MODULUS
EMOD = YOUNGS MODULUS

SIG = POISSCNS RATIO
COMP = COMPRESSIBILITY
L = LAME CONSTANT

RHO PV SV P FREQ S FREQ
2.6360 5.9956 4.,0554 526.1160 363.3260

ALPHA
0.143D-04

T(C) P FREQ S FREQ PF RATIO SF RATIO L RATIO DENSITY
25.000 525.280 363,635 0.998411 1.000850 1.0000000 2.6360000
50.000 524.300 363.375 0.996548 1.000135 1.0003575 2.6331749
75.000 523.300 363.150 0.994648 0.999516 1.0007150 2.6303539

100.000 522.210 362.925 0.992576 0.998896 1.0010725 2.6275368
125.000 521.100 362.690 0.990466 0.998250 1.0014300 2.6247238
150.000 519.920 362,460 0.988223 0.997616 1.0017875 2.6219148
175.000 518.800 362.235 0.986094 0.996997 1.0021450 2.6191099
200.000 S517.560 362.000 0.983737 0.996350 1.0025025 2.6163089
225.000 516.210 361.720 0.981171 0.995580 1.0028600 2.6135119
250,000 514.800 361.540 0.978491 0.995084 1.0032175 2.6107189
275.000 513.100 361.310 0.975260 0.994451 1.0035750 2.6079298
300.000 511.380 361.075 0.971991 0.993804 1.0039325 2.6051448

L

PV
5.9861
5.9770
5.9678
5.9575
5.9469
5.9356
5.9249
5.9129
5.8995
5.8855
5.8682
5.8506

SV
4.0588
4.0574
4.0563
4,0553
4.0541
4.0530
4.0519
4.0507
4.0490
4.0484
4.0473
4.0461

BMOD

365.5
362.7
359.7
356.4
353.1
349,.5
346.1
342.3
338.3
333.8
328.5
323.1

SMOD

434.3
433.5
432.8
432,.1
431.4
430.7
430.0
429.3
428.5
427.9
427.2
426.5

EMOD

933.2
930.0
926.7
923.2
919.6
915.8
912.2
908.2
903.9
899.4
894.0
888.5

SIG
0.0745
0.0727
0.0706
0.0683
0.0659
0.0632
0.0607
0.0578
0.0547
0.0509
0.0464
0.0416

CoMP/MB
2.736
2.757
2.780
2.806
2.832
2.861
2.889
2.921
2.956
2.996
3.045
3.095

&
364.6
361.8
358.8
355.5
352.1
348.5
345.1
341.4
337.4
332.9
327.5
322.1

6L



SLOPE =
VARITANCE =
STD DEV =
INTERCEPT =
CORR. CNEFF.

SLOPE

VARIANCE
STO DEV
INTFRCEPT =

CORR. CNEFF. = -0.99983D 00

-0.0496/1(C)
0.190-05
0.00140

527.0635

= -0.99607D 00

-0.0093/(C)
0.290-08
0.00005

363.8505

TEMPERATURE CALCULATIONS FOUR GLASS #111
LEAST SQUARES

T(C)
25.0000000
50.0000000
75.0000000

100.0000000
125.0000000
150.0000000
175.0000000
200.0000000
225.0000000
250.0000000
275.0000000
300.0000000

TEMPERATURE CALCULATIONS FOR GLASS #111

LEAST SQUARES VS SHEAR FREQUENCY

T(C)
25.0000000
50.0000000
75.0000000

100.0000000
125.0000000
150.0000000
175.0000000
200.0000000
225.0000000
250.0000000
275.0000000
300.0000000

76

VS LONGITUDINAL FREQUENCY

P FREQ
525.2800000
524.3000000
523.3000000
522.2100000

521.1000000

519.9200000
518.8000000
517.5600000
516.2100000
514.8000000
513.1000000
511.3800000

S FREQ
363.6350000
363.3750000
363.1500000
362.9250000
362.6900000
362.4600000
362.2350000
362.0000000
361.7200000
361.5400000
361.3100000
361.0750000

Y/Yn
1.0000000
0.9981343
0.9962306
0.9941555
0.9920423
0.9897959
0.9876637
0.9853031
0.9827330
0.9800487
0.9768124
0.9735379

Y/Y0
1.0000000
0.9992850
0.9986662
0.9980475
0.9974012
0.9967687
0.9961500
0.9955037
0.9947337
0.9942387
0.9936062
0.9929600



SLOPE =
VARIANCE =
STL DEV =
INTERCEPT =

CORR. COEFF. = -0.100000 Ol

SLOPE =
VARIANCE =
STD DEV =

INTERCEPT =

CORR. COEFF. = -0.99445D 00

-0.0001/(C)
0.600-14
0.00000
2.6388

-0.000571(C)
0.260-09
0.00002
6.0044

7

TEMPERATURE CALCULATIONS FOR GLASS #111
LEAST SQUARES TEMP VS DENSITY

T(C) DENSITY Y/Y0
25.0000000 2.6360000 1.0000000
50.0000000 2.6331749 0.9989283
75.0000000 2.6303539 0.9978581

100.0000000 2.6275368 0.9967894
125.0000000 2.6247238 0.9957222
150.0000000 2.6219148 0.9946566
175.0000000 2.6191099 0.9935925
200.0000000 2.6163089 0.9925299
225.0000000 2.6135119 0.9914688
250.0000000 2.6107189 0.9904093
275.0000000 2.6079298 0.9893512
300.0000000 2.6051448 0.9882947

TEMPERATURE CALCULATIONS FOR GLASS #111

LEAST SQUARES TEMP VS LONGITUDINAL VELOCITY
T(c) P VEL Y/Y0

25.0000000 5.9860730 1.0000000
50.0000000 5.9770410 0.9984912

75.0000000 5.9677729 0.9969429
100.0000000 5.9574699 0.9952217
125.0000000 5.9469298 0.9934610
150.0000000 5.9355815 0.9915652
175.0000000 5.9249088 0.9897823
200.,0000000 5.9128561 0.9877688
225.0000000 5.8995361 0.9855436
250.0000000 5.8855192 0.9832020
275.0000000 5.8681741 0.9803045
300.0000000 5.8505864 0.9773664



T(c) S VEL Y/Y0
25.0000000 4.0588490 1.0000000
50.0000000 4.0573969 0.9996422
75.0000000 4.0563337 0.9993803 -
100.0000000 4.0552687 0.9991179
125.0000000 4.0540901 0.9988275
150.0000000 4.0529656 0.9985505
175.0000000 4.0518951 0.9982867
200.0000000 4.0507110 0.9979950
225.0000000 4.0490212 0.9975787
250.0000000 4.0484490 0.9974377
275.0000000 4.0473153 0.9971584
300.0000000 4.0461237 0.9968648
SLOPE = -0.0000/7(C)
VARIANCE = 0.36D0-12
STD DEV = 0.00000
INTERCEPT = 4.0598
CORR, CNEFF. = -0.999150 00
TEMPERATURE CALCULATIONS FOR GLASS #111
LEAST SQUARES TEMP VS BULK MODULUS
T(C) BMOD Y/Y0
25.0000000 365.5445536 1.0000000
50.0000000 362.7213907 0.9922768
75.0000000 * 369, 7233897 0.9840754
100.0000000 356.4124587 0.9750178
125.0000000 353.0720350 0.9658796
150.0000000 349.4773386 0.9560458
175.0000000 346.0910837 0.9467822
200.0000000 342.32271792 0.9364735
225.0000000 338.3216247 0.9255277
250.0000000 333.8086966 0.9131820
275.0000000 328.4544920 0.8985348
300.0000000 323.0693457 0.8838029
SLOPE = -0.1515/(C)
VARIANCE = 0.23D-04
STD DEV = 0.00475
INTERCEPT = 371.2013

CORR. COEFF.

= -0.99512D0 OO0

TFMPERATURE CALCULATIONS FOR GLASS #111

LEAST SQUARES VS SHEAR VELOCITY

78



TEMPERATURE CALCULATIONS FOR GLASS #1111

LEAST SQUARES VS SHEAR MODULUS

79

Tic) SMOD Y/Y0
25.0000000 434,2613715 1.0000000
50.0000000 433.4856263 0.9982136
75.0000000 432.7942995 0.9966217
100.0000000 432.1037986 0.9950316
125.0000000 431.3903341 0.9933887
150.0000000 430.689621313 0.9917751
175.0000000 430.0016297 0.9901908
200.0000000 429.2907406 0.9885538
225.0000000 428.4741041 0.9866733
250.0000000 427.8952372 0.9853403
275.0000000 427.1987506 0.9837365
300.0000000 426.4912943 0.9821074
SLOPE = -0.0282/(C)
VARTANCE = 0.18D0-07
STO DEV = 0.00013
INTERCEPT = 434.9189
CORR, COEFF. = -0.999890 00
TEMPERATURE CALCULATIONS FOR GLASS #111
LEAST SQUARES TEMP VS YOUNGS MODULUS
T(C) EMOD Y/Y0
25.0000000 933.2298312 1.0000000
50.0000000 .~ 929.9844053 0.9965224
75.0000000 926.7255423 0.9930303
100.0000000 923.2175997 0.9892714
125.0000000 919.6302474 0.9854274
150.0000000 915.8451434 0.9813715
175.0000000 912.2117307 0.9774781
200.0000000 908.2202572 0.9732011
225.0000000 903.8542779 0.9685227
250.0000000 899.3893385 0.9637383
275.0000000 894.0053143 0.9579691
300.0000000 888.4982192 0.9520680
SLOPE = -0.1597/(C)
VARIANCE = 0.180-04
STD DEV = 0.00428
INTERCEPT = 938.85131

CORR.

COEFF.

= -0.99643D0 00



SLOPE

-
VARTANCE =
STD DEV =

INTERCEPT

CORR.

SLOPE

VARIANCE
STD DEV
INTERCEPT

CORR,

-0.0001/(C)
0.28D-10
0.00001
0.0795

COEFF. = -0.98974D0 00

COEFF., =

0.0013/(C)
0.290-08
0.00005
2.6827
0.99106D0 00
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TEMPERATURE CALCULATIONS FOR GLASS #111

LEAST SQUARES TEMP VS POISSONS RATIO
T(C) SIG Y/Y0

25.0000000 0.0745025 1.0000000

50.0000000 0.0726819 0.9755642

75.0000000 0.0706305 0.9480288
100.0000000 0.0682822 0.9165093
125.0000000 0.0658911 0.8844152
150.0000000 0.0632310 0.8487105
175.0000000 0.0607073 0.8148360
200.0000000 0.0578149 0.7760128
225.0000000 0.0547362 0.7346895
250.,0000000 0.0509457 0.68138125
275.0000000 0.0463576 0.6222290
300.0000000 0.0416370 0.5588673

TEMPERATURE CALCULATIONS FOR GLASS #1111

LEAST SQUARES TEMP VS COMPRESSIBILITY PER MEGABAR
T(C) COMP/MB Y/Y0

25.0000000 2.7356446 1.0000000
50.0000000 2.7569369 1.0077833
75.0000000 . 2.7799138 1.0161823
100.0000000 2.8057381 1.0256223
125.0000000 2.8322832 1.0353257
150.0000000 2.8614159 1.0459750
175.0000000 2.8894128 1.0562091
200.0000000 2.9212196 1.0678359
225.0000000 2.9557673 1.0804646
250.0000000 2.9957278 1.0950720
275.0000000 3.0445618 1.1129230
300.0000000 3.0953107 1.1314740



SLOPE

VARIANCE
STD Dev
INTERCFPT =

CORR. CNEFF. = =0.99512D 00

-0.1516/(C)
0.230-04
0.00475

370.2752

TEMPERATURE CALCULATIONS FOR GLASS #111

LEAST SQUARES VS LAME'S CONSTANT

T(c)
25.0000000
50.0000000
75.0000000

100.0000000
125.0000000
150.0000000
175.0000000
200.0000000
225.,0000000
250.0000000
275.0000000
300.00000060

L
364.6138903
361.7891479
358.7893606
355.4763765
352.1338528
348.5368092
345.1483165
341.3774342
337.3735203
332.8571727
327.4987957
322.1093183
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Y/Y0
1.0000000
0.9922528
0.9840255
0.9749392
0.9657719
0.9559066
0.9466132
0.9362711
0.9252898
0.9129032
0.8982071
0.8834258
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APPENDIX II

CRYSTALLINE (TETRAGONAL) SYSTEM
A, INPUT-OUTPUT DATA. An attempt was made to obtain aé much similar-
ity as possible betweeﬁ the crystalline and isotropic program. Two
computer programs are included for.the tetragonal case. These programs-
provide ease of computation of elastic and other related parameters of
a tetragonal crystal subjected to increased temperature or pressure.
The complete programs with input data and oﬁtput results areilisted.
The deck sequence is as follows:
1. Control cards
2. Main program
3. Control cards to input data
Lk, Parameter description cards
5. Specimen description card
6. Initial measurement card (1)
7. Initial measurement card (2)
8. Experimental pressure-prf data
9. Ieast squares indicator card
10, Date termination card

11, Control card

All input data must agree with the input format statements in the
main program. The first 24 parameter description cards must be placed
in the-saﬁe order as those listed after the main program. As in the
isotropic case, each parameter and its abbreviated form must be punched

on one card.
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Example:

C,, Velocity C.- Vel

33 33

The next data card following the last parameter description card
is the specimen description card.

Example:
Pressure calculations for crystal #1111

Two initial measurement cards follow the specimen description
card. These measurements are performed with the specimen af 1 bar
pressure and room temperature. For the pressure program, measurement

card (1) contains mean atomic weight, coefficient of volumetric thermal

expansion, Gruneisen parameter, and room temperature in °K.

Example:
Mean Volumetric Gruneisen
Atomic Weight Expansion Parameter Temperature
o3 o
(gm) (°c) (°K)
26.63 23.52 % 1o'6

1.28 298.15

Measurement card (2) contains the density (gm/cm3) and initial elastic
constants. The initial constants are calculated using equation (2.1),
the relationships given in Table IT, the length of the specimen and

the initial prf data and have k bar units.

Example:
L 26k L84L, 043 1245 ,463 2716.885
Cg6 °ry Cry Crs

1949.548 L67.794 4177.920 3984, 370



8l

In the temperature program, measurement card (1) contains thermal
expansion coefficients parallel and perpendicular to the c¢ axis,

specific heat coefficients, and the mean atomic weight.

Example:
Thermal expansion parallel to c¢ axis 9.2 x 10-6
(°C)-l 2.875 x 1072
Thermal expansion perpendicular fo ¢ axis - 7.18 x 10'6
(°c)™t ‘ 1.25 x 1072
Specific heat at constant pressure 1.512 x 10-l
(cal/mole deg.) 2.45 x 1o‘LL
2.22 x 10'8
Mean atomic weight ' 26.63
(gm)

The second measurements card for the temperature program is the same
as that card for the pressure program.

The next set of data following the initial measurement cards is
the experimental pressure (or temperature) prf data. The input prf
date for each particular pressure (temperature) must contain f33,
fll’ fhh’ f66’ fRS’ and either fPQ or fTU or both. Table II
indicates the crystal orientation to obtain the fij data. Either
fuu or fhhA or both may be input data. The input units for the

fi' values are kc and must be in the same order as shown in data

at the end of the main program.



"Example:

Pressure £

33
0.015 L76.719
fee
U53.53%  163.067

iy
241,682

fTU

487.327

11 SR

460.900

frs

295.771

0.0
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The least squares indicator card and the program termination card

function in the same way as the corresponding cards in the isotropic

program.

The output of the elastic parameters, as a function of pressure

or temperature, have the following units:

Temperature

Pressure

Density
.Compressibility
Experimental prf data
Stiffness constant data
Compliance constants
Velocities

Bulk moduli (X)

Shear moduli (U)

Debye temperature

°C

k psi
g/ce

(M bar)_l
ke/s

k bar

(M bar)”
km/sec
k bar

k bar

°K



B. LISTING OF PRESSURE PROGRAM, INPUT AND OUTPUT DATA.

//CRYP

JOB (1242,1M, 1OF,190KR) s *MILLER®

7/ EXEC  FORTCLGyRG=190K
//SYSIN DD *

1
c
("
5

2

3

4
c
C
c

5

6
c
(o
o

7
c
c
c
€

8

9

10

11
c
c
G

12

13

IMPLICIT REAL#*8(A-H,0-2)

DIMENSTION P(50),C(10450),FL{10450),S(10450),VL(10450)PKB(50),8BB1(5
10) oBR2(50)  VCUMP(50) 9 X(50),Y(50),R(50),PP(50)4M(25),V(50,50),DESCI
125420) 3 YAX(25,20)

Ja=1
I=1

INPUT PARAMETER AND SPFECIMEN DESCRIPTION CARDS

READ 3, (DESC(JIJ1 )y Jl=1,13),(YAX(JIsJ2)d2=193),1IM
FUORMAT(13A4,3A4,15X,111)

IF(IM) 4,4,78

JJ=JJ+1

IF(JJ=-29)242+5

INPUT INITIAL MEASUREMENT CARD (1)

READ. 6 yWGT yALPHA,GAMA, TEMP
FORMAT(FL10.4,010.542F10.5)
AGT=1.04ALPHA*GAMAXTLMP

INPUT INITIAL MEASUREMENT CARD (2)

READ T4RUL)(ClIy1)e0=1,8)
FURMAT(9F8.3)

INPUT EXPERIMENTAL PRESSURE-FREQUENCY DATA AND DETERMINE THE
NUMBER OF PIECES OF DATA

READ 7,PUI)(F(Jy1)yJ=148)

P(I)=P(I)/14.5038

IF(Ft1,1))9,10,9

I=1+1

GO T0 8

N=1-1

I=1

PRINT 11,(DESC(254J1),J1=1,13)

FORMAT(IHL 24X, 13A4/25X, *ISOTHERMAL CUMPRESSIBILITIES AS A FUNCTIO

LN OF PRESSURE'//25X,'P = PRESSURE®*/25X,*'RHD = DENSITY'/25X,'1 COMP
1 PDOTC = ISOTHERMAL COMPRESSIBILITY PERPENDICULAR TO C AXIS'/25X,'1
L COMP PLTC = ISOTHCRMAL COMPRESSIBILITY PARALLEL TO C AXIS'/25X,'I
1 vOL COMP = ISOTHERMAL VOLUMETRIC COMPRESSIBILITY'///25X,* P{KPSI
1) P(KB) RHO [ COMP PDTC I COMP PLTC I VOL COMP!'/)

COMPUTE C12,C13 AND ALL CUMPLIANCE CONSTANTS

IF(F(641)alLT.0.1) GO TO 14
IF(F(741)eLT.0.1)GU TO 13
Cl9,1)=CUT401)-C(S5,1)=-Clb6,I)

GO TO 15

C(9,1)=C(3,1)-2.0%C(6,1)
C(T7,01)=(C(3,1)4C(9,1)+2.0%C(5,1))/2.0
GO TO 15



OO0

(s XX

a0

14

15
16

"7

18

19
20

21

22

23

24

Cl9y1)=2.0%C(T7,1)=-2.0%C(5,1)=C(3,1)
Cl6,1)=(CL3,1)-C(9,1))/2.0
TFICL2,1))17416417 :

J=4

St2,1)=0.0

St4,1)=1.0/Cl4,1)

GO T0O 20

J=2

SU2,1)=1.0/C(2,1)

lF‘C(’.'I))IQ'lB'lq

S(4,1)=0.0

GO TN 20

S(4,1)=1.0/Cl4,1)
C10,1)=DSQRT((4.0%C(8,1)=C(3y01)-ClLlyI)=2.0%ClJyl))**2-(C(3,1)~-
1IC(1,1))%%2)/2.0-C(J, 1)
S(5,1)=1.0/C(5,1)
XI=2.0%CULO, 1) *%2-C(1,1)*(C(9,[)+4C(3,1))
XXI=XI%(C(2,1)-C(3,1))
S(3,01)=(CUA, 1) *C(L,1)-ClLO,1)%%2)/XXI
SI9,1)=(C10,1)*%2-C(9,1)%C(L,1))/XXI
S(10,1)=C(10,1)/XI
SU1,1)=—=(C(3,1)+4C(9,1))/XI

COMPUTE THE VFLOCITIES FOR THE VARINUS C(1,J)

D0 21 J=1,10
VI(Jy1)=DSQRTIC(J+1)/(10.0%R(1)))

COMPUTE ADIABATIC AND ISOTHERMAL COMPRESSIBILITIES

VIls1)=5(3,1)+S(9,1)+S5(10,1)
VIIe2)=S(1,1)42.0%5(10,1)
VI143)=2.0%S(3,1)+S(1,1)42.0%5(9,1)44.0%5(10,1)
BBLIT)=V(I,1)*AGT

BB2(1)=V(1,2)*AGT

VCOMPI1)=V(I,y3)*AGT

PPLI)=P(1)%*14.5038

PRINT 22,PP(1),PLI),R(1),B01(1),B82(1),VCOMP(I)
FORMAT (25X 42F94341X9F9.543(1XsEL2.6))
IF(I.GT.N-1) GO TO 27

COMPUTE ELASTIC CONSTANTS AT HIGHER PRESSURE

DO 24 J=1,2

IFIF(Jy1)LT.0.1) GO TO 23

ClIoI41)=CUI, D)R(FUJyI+L)/F(Jy 1)) %425 (1.04BBLIL)*(PLI+L)-P(1)))%%2
1/(1.0+8B82( 1) *(P(I+1)-P(I)))

GO TO 24
ClJyI#1) =0.0
CONTINUE

DO 26 J=3,7

IF(F(Jy[)eLT.0.1) GO TN 25
ClJpl+)=ClIyI)=(F(Jy I+1)/FUJ, 1)) %.%2%(1.0+8B2(1)*(P(I+1)-P(1)))
GO TD 26

25 ClJy1¢1)=0.0

26

CONT INUE
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J=8

Cldpl#l)= CUIGII*(F(Jy1+1)/FUIy 1)) %25 (1,0+4(2.0%BRLIT)+BB2(T))*(P(
LI+1)=P(I)))/(L.04(BBLIT)I+BB2(TNI*(P{T+1)-P(1)))
RET+L)=REI)=VCOMP (I *(P(T+1)-P(I))+R(T)

[=1+1

GO 10 12

27 PRINT 28, (DESC(259J1)4J1=1,13)

28 FORMAT(1H1,24X,13A4/25X, 'AOTABATIC COMPRESSIBILITIES AS A FUNCTION
1 OF PRESSURE*//25X,'A COMP PDTC = ADIABATIC COMPRESSIBILITY PERPEN
IDICULAR TO C AXIS'/ 25X, 'A COMP PLTC = ADIABATIC COMPRESSIBILITY P
LARALLEL TO C AXIS'/25X,'A VUL COMP = ADIABATIC VOLUMETRIC COMPRESS
LIBILITYY///26X,y" PIKPSI) P{KB) RHO A COMP PDTC A COMP P
ILTC A VvOL COMP'/)

D0 29 [=1,4N
29 PRINT 224PPUI)2PLI)oRIT) 4 (VIIyd)yd=1,43)
PRINT 30,(DESC(25,J1)yJ1=1,13)
30 FORMAT(1IH1 14X ,13A4/15X, "EXPERIMENTAL PRESSURE-FREQUENCY INPUT DAT

LAY///716Xy ' PLKPSI) P{KB) F33 F44 Fll F44A
1 F6b6 FPQ FTU FRS'/)
DO 31 [=1,N

31 PRINT 32,PP(I),PlL)s(FlJyl)yJd=1,8)

32 FORMAT({15X,10F9.3)

PRINT 33,(DESC(25,J1),J1=1,13)

33 FORMAT(1HLl, 9X,13A4/10X, *ELASTIC CONSTANTS AS A FUNCTION OF PRESSU
1RE'/10X,'C44 = PROPAGATION PARALLEL TO C AXIS'/10X,'C44A = PROPAGA
LTION PERPENDICULAR TO C AXIS'/10X,'CPQ = (C11-C12)/2'/10X,'CRS = {
1(CL1+4C33+42%C44+((CL1-C33)%%2+44%(CL34+C44)%%2)%%x]1/2)/4"/10X,'CTU = |

1CL1+C12+42%C661/72'///11X,y, *'P(KPSI) P(KB) C33 Ca4 cl
11 C44A Cé66 cPQ cTu CRS Ccl2 c13'/
1)

D0 34 [=1L4N

34 PRINT 35,PP(1),P(I),(ClJy1),J=1,10)

35 FORMAT(9X,12F9.3)

PRINT 364,(DESC(254J1)4J1=1,13)

36 FORMAT(1H1, 9X,13A4/10X,'"COMPLTIANCE CONSTANTS AS A FUNCTION OF PRE
LSSURE'///10X,"' P(KPSI) P(KB) $33',10Xy*S44"410X,'S11%',10X,
L'S44A 39X, 'S66',10X,'S12',10X,*S13%/)

DU 37 1=1,N
37 PRINT 384PPII)yPUIYo(SUJa1)J=1,5),(S1Jy1),J=9,10)
38 FORMAT (9X42F9.3yT(1X4EL2.6))
PRINT 39, (DESCI(254J1)yJ1=1,13)
39 FORMAT(1H1,4Xy13A4/5X,'"VELOCITIES OF THE ELASTIC CUNSTANTS AS A FU

INCTION OF PRESSURE'///TX,'P(KPSI) P(KB) V(IC33) V(Ca4) vic
111) VIC44A) VI(CO66) viCcPQ) VICTU) VICRS) viclz2) viCcl3)
12/}

DO 40 I=14N

40 PRINT 41, PPLI),P(I)y(VILJyT)yJ=1,y10)
41 FORMAT(5X42F9.3,10F9.5)
PRINT 42, (DESC(25,J1)4J1=1,13)

42 FORMAT(IH1,+8Xy13A4/9X,'VOIGT,REUSS,HILL MODULI AND CORRESPUNDING V
LELOCITIES*//9X,'K{V) = VOIGT BULK MODULUS'/9X,'Ul(V) = VOIGT SHEAR
1MODULUS */9X, *K(R) = REUSS BULK MODULUS'/9X,y'U(R) = REUSS SHEAR MOD
LULUS'/9X, *K(H) = HILL BULK MODULUS'/9X,*'U(H) = HILL SHEAR MODULUS'
179X, 'VS{V) = VOIGT SHFAR VELOCITY'/9X,'VS(R) = REUSS SHEAR VELOCIT
1Y*'/9X,'VS(VRH) = VOIGT,REUSS,HILL SHEAR VELOCITY'/9X,'VvP{V) = VOIG
1T LONGITUDINAL VELOCITY®*/9X,*'VP{R) = REUSS LONGITUDINAL VELOCITY'/
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43
44

45

47

48

49

50
51

19X, *VP(VRH) = VOIGT,REUSS,HILL LONGITUNDINAL VELOCITY'//12X,'P K
1iv) utv) K(R) U(R) K(H) U(H) vVS(V) VS(R
8] VS(VRH) vePLIv) VP(R) VPIVRH) /)

COMPUTE ELASTIC MOOLULI AND CUMPRESSIUNAL- AND SHEAR-WAVE
VELOCITIES BY VOIGT,REUSS AND HILL AVERAGING SCHEMES

DO 46 I=1yN

IFIF(2,1).EQ. 0.0) GO TO 43

L=2 :

GO TO 44

L=4

VILe4)={(2.0%C(3,1)+C(1y1))#42.0%(C(9,1)+2.0%C(10,1)))/9.0
VII¢5)=02.0%C(3,1)4C(1,1)-Cl9I41)-2.0%C(LO,[)+60%C(Ly1)+3.0%C(5,1)
1)/15.0

VI136)=1.0/(2.0%5(3,1)+S(141)#2.0%(S(9,1)+2.0%S(10,1)))
VIIg7)=15e0/14.0%(2:,0%S(3,31)+S(131))1-4.0%(S(9,1)42,0%S(10,1))+6.0%
ISILy 1) +3.0%5(5,41))

VII48)=0.5%(VI(I[,4)¢V(I,6))

VIE39)=0.5%(VII,5)¢VII,T))

DO 45 K=3,5

VIIsK+T)=DSQRT(V(T42*%K-1)/(10.0%R(1)))

VIIgK+10)=DSQRT (VL) 2%K=2)+4.0%V(],2%K-1)/3.0)/(10.0%R(I)))

PRINT 47,PPLI)o(VIIsd)yd=4,15)

FORMAT(9X3FSe146F9.3,6F%.4)

COMPUTE MEAN SOUNDL VELOCITIES ,DERYE TEMPERATURE AND ANISQOTROPY AS
A FUNCTION OF PRESSURE

PRINT 48,({DESC(25,4,J1),4J1=1,13)
FORMAT(1HL 413X ,13A4/14X,'WOIGT,RFUSS AND HILL MEAN VFLOCITIES AND
1CORRESPONDING DEBYE TEMPERATURE®'//14X,*VM(V) = MEAN VELOUCITY'/14X,
1*'VM(R) = REUSS MEAN VELOCITY*/14X,*'VM(VRH) = VOIGT,REUSS,HILL MEAN
1 VELOCITY®/14X,*SIG(V) = POISSONS RATIO USING VOUIGYT VELOCITIES'/14
1X, 'SIG(R) = POISSONS RATIO USING REUSS VELOCITIES'/14X,*'SIGIVRH) =
1 POISSONS RATIO USING VRH VELOCITIES'/14X,'DT(V) = DEBYE TEMPERATU
LRE USING VM(V)*/14X,'DT(R) = DEBYE TEMPERATURE USING VMI(R)?'/14X,'D
IT(VRH) = DEBYE TEMPERATURE USING VM(VRH)'/14X,'A = SHEAR ANISOTROP

1Y' /14X, 'RHO = DENSITY'///L1TX,'P VHLIV) VMIR) = VM(VRH) SIG
1Lv) SIG(R) SIG(VRH) DT(V) DT(R) DT(VRH) A RHO'/
1)

DO 51 [=1,4N

DO 49 K=16,18
VILoK)=((3.0%VI[,K=3)%¥34V (] ,K-6)%%3)/(2.,0%V(I4K-3)%%3 +V(],K-6)*%
13))#%%,33333333

VIIgK+3)=0.5%(( (VI K=3)/VII,K-6))#%2=-2,0)/L(VII14K=-3)/V(1,K-6))#%%2
1-1.0))

VI gK+6)=251.2%(1,0/(WGT*%,33333333) )*%(R(1)%¥*,33333333)%V(I,K)
VI1425) = 2.0¢(VIL5)=VII,9))/7(VII,5)+V(]1,9))

VII,26)=RI(1)

PRINT S50,PP(I)o(V(I4J)yJ=16,26)

FORMAT (14XsF5.141Xy11F9.4)

CONTINUE

COMPUTE LEAST SWQUARES FIT BETWEEN PRESSURE AND THE VARIOUS
PARAMETERS
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52

53
- L

55
56

—

57
58
59
60
61
62
63
64
65
66
67
68

69

70

71

READ 52.(M|K"K=l'24)
FORMAT(2411)

LL=6

L=59/(N+1)-1

DO 77 K=1,24
IF(L-LL)S53,55,55
PRINT 54

FORMAT(1H1)

LL = 0

IFIM(K)) S6,77,56

LL = LL+1

DO 67 I1=1,N

GO TO (5T7:58,59¢90,61961761,361,61,62:¢62963963963963,63964,64965,65
065965365466 ) K

YOLD)=R(II)

GO T0 67

Yirn)=ssrcetrn)

GN T 67 . .
YUII)=8B82(11)

GO TO 67

Y(II)=vCOMP(II)

GO TO 67

YUIT)=C(K-4,11)

GO TO 67

Y(IT)=C(K-1,1T1)

GO TO 67

YOIT)=VL{K-11,11)

GO T0 67

Y(II)=VI(K-8,11)

GO TO 67

YOLT)=F(K-18,11)

GO TO 67

Y(IT)=F(8,I11)

GO TO 67

CONTINUE

PRINT 68, (DESC(25,J1),J1=1,13),(DESC(K,J2)4J2=1,13)
FORMAT (30X, 13A4/30X, 'LEAST SQUARES PRESS VS *',13A4/)

PRINT 69y (YAX(K,JLl)yJl=1,3)
FORMAT(33X, 'PRESS',12Xy3A4,15X,'Y/YO0")

SUMX = 0.0

SUMY = 0.0

SUMX2 = 0.0

SUMXY = 0.0

SUMY2 = 0.0

Ci=N

DO 70 J=1,N

XtJ) = PP(J)

SUMX = SUMX+X(J)

SUMY = SUMY+Y(J)

SUMX2 = SUMX2 +X(J)*%2
SUMY2 = SUMY2 +Y(J)#%*2
SUMXY = SUMXY+X(J)xY(J)

IF(SUMXY) T73,71,73
PRINT 72
G0 T0 77
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T2 FORMAT(///7/7745X,*NO INPUT VALUES'/)

COMPUTF SLOPFE o INTERCEPT,CORRELATION COEFFICIENT,VARTANCE AND

STANDARD DEVIATIUN

73 SI=(SUMX*SUMY-CI#SUMXY)/ (SUMX*%2-C[*SUMXZ)
Bl= (SUMX2%SUMY=-SUMX®SUMXY)/(CI*SUMX2-SUMX*%?2)
RI=(CI*SUMXY=-SUMX*SUMY )/DSQRT((CEI*SUMX2-SUMX%%2 ) *(C]*SUMY2-SUMY*%2

1))

SXY
SXX
SYv
VARS =
DEVS =DSQRT(VARS)
SPKA=S1%*14.504
DO T4 J=1,N

YR = Y(J)/YI(1)

nonhn

SUMXY-SUMX*SUMY/CI
SUMX2-SUMX*SUMX/CI
SUMY2-SUMY*SUMY/CI1

(SYY-SXY«¥2/SXX)/(SXX*(C1-2.0))

T4 PRINT 75,

75 FUORMAT (27X FlaeT¢8XyELl4.7y8XyF14.7)

PRINT 176,

76 FURMAT(12HOSLOPE
INTERCEPT

LF 1245/

X(J) o Y(J)yYR

STeVARS,DEVSBT1,4yRI[,SPKB

1 =',FH.4//)

77 CONTINUE
JJ=25
GO TO 1
78 STOP
END
*
//G0.SYSIN DD *
NENSITY

CUMP PERPFNDICULAR TO C
COMP PARALLEL TO C

VOLUME TRIC COMP
c33

Ca4

GlL1

C44A

Ché

cl2

c13

C33 veLoctlty
C44 VELOCITY
Cil VELOCITY
C44A VELOCITY
C66 VELOCITY
Cl? VELOCITY
C13 VELUCITY
F3?

F44

Fll

F4aA

F66

FRS

=yF1l.4/" VARIANCE
=V, Fll.4/"

CORR,

PRESSURE CALCULATIONS FOR CRYSTAL #1111
26.61329333 2.3520-05 1.28

298.15

COEFF. =

=09 kL3 2/

'yEL2.57°"

STD OEV

SLUPE PER KB

DENSITY
coMP PDTC
COMP PLTC
vOL COMP
c33

Ca4

(e B §

C44A

C66
Cl2

cl13

C33 VEL
C44 VEL
Cll VEL
C44A VEL
C66 VFL
Cl2 VEL
Cl3 VEL
F33

Fa4

i

F44A

F&66

FRS

91



4,264 4844.0431245.4632716.885 1949.548 467.7944177.9203984.370

0.015476.719 241.682 460.900 453,534 163.067 487.327 595.771

4.000476.812 241.701 461.044 453,733 163.002 487.565 595.904

8.000476.905 241.721 461.190 453,932 162.936 487.805 596.038
12.000476.998 241.740 461.335 4544132 162.871 488.045 596.172
16.000477.091 241.760 461.480 454.332 162.805 488.284 5964305
20.000477.184 241.779 461.625 " 454,531 162,740 488.524 596.439
24,000477.277 241.799 461.770 454,731 162.674 488.764 596.573
28.000477.371 241.818 461.916 454.931 162.608 489.003 596.707
32.000477.464 241.838 462.061 455,130 162.543 489.243 596.840
36.000477.557 241.857 462.206 455330 162.477 489.482 596.974
40.000477.650 241.877 462.351 455,530 162.412 489.722 597.108
44,000477.743 241.897 462.496 455.729 162,346 489,962 597.241
48.,000477.836 241.916 462.641 455,929 162.281 490.201 597.375
52.000477.929 241.936 462.787 456,129 162.215 490.441 597.509
56.000478.023 241.955 462.932 456.328 162.150 490.681 597.643
60.000478.116 241.975 463.077 456.528 162.08%4 490.920 597.776
64,000478.209 241.994 463,222 456,728 162.019 491.160 597.910
68.000478.302 242.014 463.367 456.927 161.953 491.399 598.044
72.000478.395-242.033 463.512 457.127 161.888 491.639 598.177
76.000478.489 242,053 463.657 457.327 161.822 491.879 598.311
80.000478.582 242.072 463.803 457.526 161.757 492.118 598.445
84.000478.675 242.092 463.948 457.726 161.691 492.358 598.579
92.000478.861 242.131 464.238 4584125 161.560 492.837 598.846
96.000478.954 242.150 464.384 4584325 161.494 493.077 598.980
100.000479.047 242.170 464.529 458,524 161.429 493.316 599.114
104.000479.141 242.189 464.674 458.724 161.363 493,556 599.247
108.000479.234 242.209 464.819 458.924 161.298 493.796 599.381
112.000479.327 242.228 464%.964 459.124 161.232 494.035 599.515
116.000479.420 242.248 465.109 459,323 161,167 494.275 599.648
120.000479.513 242.267 465.254% 459.523 161.101 494.515 599.782

ISR AREEERRRERRRRARERED!

CRYP



PRESSURE CALCULATTUNS FUK CRYSTAL #1111
ISOTHERMAL CCMPRESSIBILITIES AS A FUNCTION NDF PRESSURE

P =
RHO =
I comp PDTC
I COMP PLTC
I vGL COomp

PIKPSI)

0.C1%
4.000
8.C00
12.000
16.000
20.000
24.000
28.C00
32.C00
36.000
40.CCO
44,000
48.000
52.000
56 « €00
60.000
64,C00
68.0C0
72.000
76.C00
80.C00
84.000
92.000
96.000
100.G00
104.C00
108.000
112.C00
116.000
120.C00

PRESSURE
CENSITY

[SOTHERMAL CCMPRESSIEILITY PERPENDICULAR
ISOTHCRMAL COMPRESSICILITY PARALLEL TO C
ISOTHERMAL VOLUMETRIC COMPRESSIBILITY

PIKEB)

0.001
0.276
0+552
0.827
1.103
1.379
1.655
1.931
2206
2.482
2.758
3.034
3.309
3.585
3-861
4.137
4."11
4.688
4.964
5.240
5.516
54 192
6.343
6.619
6.895
7.171
Te446
7.722
7.998
8.274

RHO

4.26400
4.26456
4.20512
4265069
4.26625
4,26681
4,26137
4.,26193
4.26850
4-26006
“.20961
4427017
4.270173
4,27129
4.,27185
4127241
4427296
4.27352
4.27408
4.27463
4,27519
4.27574
4.27685
4,27740
4427795
4,27851
4.27906
4427961
4028016
4.280T1

I CCMP PDTC

0.16€276D-03
0.156056D-03
0.1958320-03
Ne165¢110-03
0.1953900-03
0.165168D-03
0.1547470-03
0.1647270-03
0.164507D-03
0.194288D-03
0.164069D-03
0.16313490-03
0.1536320-03
0.163413D-03
0.1921950-03
0.1629780-03
0.162761D-03
0.1625450-03
0.1652328D0-03
0.162112D-03
0.151897D-03
0.1916810-03
0.161252D-03
0.16510380-03
0.160224D-03
0.16C6110-03
0.1603980-03
0.16C186D-03
0.189G673D-03
0.1€%7610-03

[ COMP PLTC

C.8686210-04
0.8684610-04
0.8683230-04
0.858154D-04
C.8680250-04
0.8678580-04
C.8677090-04
0.8675520-04
0.867428D-04
0.8672540-04
0.8671030-04
0.8669800-04
0.8668C4N-04%4
0.86€66620-04
0.8665020-04
0.8663700-04
0.8661990-04
0.866046D-04
0.8658990-04
0.8657560-04

0.865589D-04

0.8654370-0¢
0.865135D-04
0.864973D-04
0.864816D-04
0.864678D-04
0.864524D0-04
0.8643470-04
0.8642200-04
0.864049D0-04

TO C AXIS
AXIS

I VGL COMP

0.479414D-03
0.478958D-03
0.478497D-03
0.478037D-03
0.4775820-03
0.4771220-03
0.4766660-03
0.476210D-03
0.475756D-03
0.4753010-03
0.474848D0-03
0.474396D-03
0,473944D-03
0.4734920-03
0.4730400-03
0.472593D0-03
0.4721420-03
0.471694D-03
0.471247D-03
0.4708000-03
0.470353D0-03
0.,469907D-03
0.4690180-03
0.4685720-03
0.468130D0-03
0.4676830-03
0.467248D-03
0.4668060-03
0.466368D0-03
0.465927D-03

b



PRESSURE CALCULATIONS FOR CRYSTAL #1111
ADIABATIC CCMPRESSIBILITIES AS A FUNCTION OF PRESSURE

A COMP PDTC
A COMP PLTC
A vOL Ccamp

PIKPSI)

0,015
4.000
8.C00
12.000
16.000
20.C00
24.000
28,000
32.000
36,000
40.C00
44.000
48.C00
52.000
56.000
60.C00
€4.C00
68.000
72.C00
16.C00
80.000
84.C00
92.000
96.000
100.C€00
104.C00
108,000
112.C00
116.000
120.C00

ADIABATIC COUMPRESSIBILITY PERPENDICULAR TO C AXIS
ADIABATIC COMPRESSIBILITY PARALLEL TO C AXIS
ADIABATIC VUOLUMETRIC COMPRESSIBILITY

P(KB) -

0.001
0.276
0.552
0.827
1.103
1.379
1.655
ll931
2.206
2.432
2.758
3.034
3.309
3.585
3.861
40137
4.413
4.688
4.964
5.240
5.516
Se 792
64343
6.619
6.895
Te1T1
1446
T.722
7.998
8.2174

RHO

4426400
4.26456
4,26512
4026569
4,26625
4.26681
4.26737
4.26793
4.26850
4.26906
4,26961
4.27017
4.27073
4.27129
4.217185
4.27241
4,27296
4.27352
4,27408
4,27463
4.27519
4.27574
4.27685
44271740
4,27795
4.27851
4.27906
4.27961
4,28016
4.28071

A CCMP PDTC

0.1945300-03
0.164312D-03
0.194090D0-03
0.1638700-03
0.1936510-03
0.193432D0-03
0.192213D-03
0.1929950-03
0.162776D-03
0.162560D-03
0.162342D-03
0,192124D-03
0.191909D-03
0.1616920-03
0.191476D-03
0.1912¢1D-03
0.191046D-03
0.19C832D-03
0.16C617D-03
0.1604030-03
0.1501900-03
0.189976D-03
0.186551D-03
0.186338D-03
0.1891270-03
0.1489150-03
0.188704D-03
0.1884940-03
0.188283D-03
0.168073D-03

A COMP PLTC

0.860894D-04

0.8607350-04
C.860599D-04
0.8604310-04
0.860303D-04
0.8601380-04
0.853690D-04
0.859834D-04
0.8597110L-04
0.859539D0-04
0.8593890N-04
C.8592680-04
0.8590930-04
0.8589520-04
0.858793D0-04
0.858663D-04
0.858494D-04
C.8583410-04
0.858196D0-04
C.8580540-04
0.8578880-04
0.8577380-04
0.8574390-04
0.857278D-04
0.857123D-04
0.8569860-04
0.8568330D-04
0.8566580-04
C.856531D-04
0.856362D-04

A VOL COMP

0.4751490-03
0.474697D-03
0.4742400-03
0.473784D-03
0.4733330-03
0.472878D-03
0.472425D-03
0.471973D-03
0.471524D-03
0.471073D0-03
0.470624D-03
0.470176D-03
0.4697280-03
0.469279D-03
0.468832D0-03
0.468388D-03
0.467942D-03
0.467498D-03
0.467054D-03
0.4666120-03
0.466168D-03
0.465726D-03
0.4648460-03
0.464404D0-03
0.463966D-03
0.463528D-03
0.463091D-03
0.462654D0-03
0.462219D-03
0.461782D-03

. G



PRESSURE CALCULATICNS FCR CRYSTAL #1111

- EXPERIMENTAL PPESSURE-FREQUENCY INPUT DATA

P{KPSI) P(KB) F33 F4q4 Fl1 F68 FPQ FTU FRS

-
>
»
>

453,534 163.067 487.327 595,771
453.733 163.002 487.565 595.904

0.915 0.001 476.719 241.682 46C.SC0
4.000 0.276 476.812 241.701 461.044

8.000 0.552 476.705 241.721 461.190 453,932 162.936 487.805 596.038
12.000 0.827 476.998 241.740 461.235 454,132 162.871 488.045 596.172
16.0C0 1.103 477.091 241.760 461.480 454.332 162.805 488,284 596,305
20.000 1.379 477.184 241,779 461.€25 454.531 162.740 488.524 596.439

454,731 162.674 4B88.764 596.573
454,931 162.608 489.003 596.707
455.130 162.543 489.243 596.840

24.000 1.655 477.277 241.799 461.770
28.000 1.921 477.371 241.818 461.916
32.0600 2.206 477.464 241.838 462.C61

36.000 2.482 477.557 241.857 462.206 455.330 162.477 489.482 596.974
4C.000 2.758 477.650 241.817 462.351 455.530 162.412 489.722 .597.108
44.000 3.034 477.743 241.897 462.4S6 455,729 162.346 489.962 597.241
48.0C0 3.309 477.836 24l.916 462.641 455.929 162.281 490.201 597.375
52.000 3.585 477.929 241.936 462.7€7 4564129 162,215 490.441 597.509
56.000 3.861 478.023 241.955 462,532 456.328 162.150 490,681 597.643
60.000 4.137 478.116 241.975 463.C77 456.528 162.084 490.920 597.776
64.000 4.413 478,209 241.994 463.222 456,728 162.019 491.160 597.910
68.000 4.688 478.302 242.014 463,367 456.927 161.953 491.399 598,044
72.000 4.964 418.395 242.033 463.512 457.127 161.888 491.639 598,177
16.000 5.240 478.489 242.053 463,657 457.327 161.822 491.879 598.311
80.000 5.516 478.582 242.072 463.803 457.526 161.757 492.118 598.445
84.000 5.792 478.6715 242.092 463.548 45T7.726 161.691 492.358 598.579

458.125 161.560 492.837 598.846
458.325 161.494 493.077 598.980
458.524 161.429 493.316 599.114

92.000 §.343 478.861 242.131 464.238
$6.000 6.619 478.9%% 242.150 464.384
1€C.000 6.865 479,047 242.170 464.529

104,000 T.171 479.141 242.189 464.¢€174 458,724 161.363 493.556 599,247
1€8.000 Tob446 479,234 242,209 464.819 458.924 161.298 493.796 599.381
112.000 T.722 4719.327 242.228 464.564 459.124 161.232 494.035 599.515
116.000 7.968 479,420 242.248 465.109 459.323 161.167 494.275 599.648

OCOO0CO0OOCOCOCODODOOO0OOCO0ODOCO0OOODODCOOOCOOCO
® o s ® o & o % 8 e ¢ & & & 6 & 6 6 0 & 0 6 8 O 0 8 e 9 ° @

OCO0OO0OTCOCOOO0O0OO0OOOCOOCO0O0OOOOCCO0OOCOCOO

120.000 8.274 479.513 242.267 465.254 459.523 161.101 494,515 599.782



PRESSURE CALCULATICNS FCR CRYSTAL #1111
ELASTIC CONSTANTS AS A FUNCTIUN OF PRESSURE

C44 = PROPAGATIUN PARALLEL TO C AXIS

C44A = PROPAGATICN PERPENDICULAR TO C AXIS
CPQ = (Cl1-Cl2)/2
CRS = ((CL14C33¢2%C44¢((CLL=C33)#%2¢4%(C13+4C44)9%2)%%1/2)/4
CTU = (Cl1+Cl2+2%C66)/2

PIKPSI)

0.015
4.000
8.000
12.000
16.000
20,000
24,000
28.000
32.000
36.000
40.000
44,000
48.000
52.000
56.000
60,000
64.000
68,000
72.000
76.000
80.600
84.000
92.000
96.000
100.000
104.000
108.000
112.000
116.000
120.000

PIKB)

0.001
0.276
0.552
0.827
1.103
1.319
1.655
1.931
2.206
2.482
2.754
3.034
3.309
3.585
3J.8061
40137
4.413
4,688
4.964
5.240
5.516
5.792
6,343
6.619
6.865
T.171
Te440
T.722
7.958
8.274

c33

4844,043
48464340
4848.639
4450.938
4853.237
4855.5317
4857.836
4360.156
862,456
48644756
4867.054
4869.356
4871.656
4873.957
4876.278
4ETB.5T9
4u8C. 880
4uB83.181
4N85.482
4U47.804
4890.10%
4892.407
4867.012
4899.314
490l.010
4903.939
437064242
49C8.545
491C.348
4913.151

Co4

1245.463
1245.763
1246.C75
1246.375
1246.686
1246.987
1247.297
1247.5498
1247.908
1244.208
1248.519
1248.829
1249.129
12494439
1249.739
1250.049
1250.348
1250.658
1250.957
1251.267
1251.566
1251.875
1252.484
1252.1783
1253.092
1253.3490
1253.699
1253.998
1254.307
1254.605

ci1

2716.885
2718.648
2720.435
27224211
2723.65¢8
2725.765
2727.543
2729.333
2731.113
2732.892
2734.,673
2736.454
2738.235
2740.029
2741.812
2743.596
2745,.380
27474164
2748.949
2750.1735
27524534
27%.321
2757.897
2759.698
2761.4817
2763.277
2765.068
2766.859
27684651
27704444

.0

o
.
(=]

ccoCcooOOCO0OODCOOOCODODOODODCODDOOOOOODO

© o 8 o 4 o ® o s 8 & 6 8 8 8 % s e s s e s e s s e »

CoCoOoCOODOOCOoOOCOOOOOOOCOOOCODOOOOCOC

cas

1949.548
1951.306
1953.065
1954.833
1956.602
19%8.363
1960.134
1961.905
1963.669
1965,442
19617.216
1968.983
1970.758
1972.535
1974.303
1976.082
1977.861
1979.632
1981.413
1983.194
1984.968
1986.751
1990.311
1992.097
1993.8175
1995.662
1997.450
1999.219
2001.021
2002.811

cPQ

467,794
467.432
467,065
466,704
466,337
465,975
465,609
465,262
464,891
464,515
464,155
463,788
463.428
463,062
462,702
462.337
461,917
461,612
461,253
460,848
460,528
4604164
459,440
459.076
458,717
658,353
457,995
457.631
457.273
456,910

cruy

4177.920
4182.102
41864320
4190.541
4194.747
4198.972
4203.199
4207.411
4211.641
4215.860
4220.096
42244334
4228.558
4232.800
4237.045
4241.275
4245.525
4249,.759
4254.011
4258.269
4262.51C
4266.1770
4275.280
4279.547
4283, 199
4288 .070
42924344
4296.603
4300,.881
4305.161

CRS

3984.370
39486.364
3984.373
3990.302
3992.371H
3994.387
3996.398
3998.408
4000.405
4002.417
4004,4280
40064427
4008.439
40104452
4012.465
4014.465
4016.478
4014.492
4020.493
4022.508
4024.523
4026.539
4030.558
4032.575
4034.592
4036.596
4030.613
4040.631
4042.636
4044.655

c12

1760.578
1763.364
17664191
1769.004
1771.808
1774.633
1777.456
1780.264
1783.093
1785.902
178,725
1791.5613
1794.371
1797.203
1800.039
1802.857
1805.687
1808.515
18114347
1814,187
1817.01)
1419,855
1825.529
1828.374
1831.207
1834.055
1836.,899
1839.732
1842.5487
1845.440

96

c13

1498.430
1499.804
t501.177
1502.577
1503.926
1505.1327
1506.707
1508.090
1509.442
1510.845
1512.227
1513.541
1514.986
1516.366
1517.757
1519.114
1520.521
1521.907
1523.287
1524.659
1526.065
1527.453
1530.225
1531.633
1913.024
1%34.1393
1535.785
1537.199
1538.564
1539.979



97

PRESSURE CALCULATICHNS FCR CRYSTAL #1111
COMPLIANCE CCNSTANTS AS A FUNCTION CF PRESSURE

PIKPSI) PIKD) $33 Sh4 sil S44A S66 si12 s13

0.015 C.001 0.2603410-C3 0.R8029140-03 0.6636730-03
4.000 0.276 0.2602410-03 0.8027210-03 0.6641020-03
8.000 0.552 0.2¢01400-03 0.8025200-03 0.L¢4540L-03
12,000 0.827 0.2600420-03 0.,8023270-03 0.6¢45800-03
16.000 1.103 0.2599390-03 0.8021270-03 0.€£54140-0)

0.5129390-03 -,382017D-03 ~-,8712590-04
0.5124770-03 -,3827070-03 -.870838D-04
0.5120160-03 -,3834100-03 -.R704010~04
0.5115530-03 -,3841100-03 ~,H699930~-04
0.5110900-03 -.38480AD-03 -.B8695440-04

20.000 1.379 0.2%968410-0% 0,8019330-03 0,6658620-013 0.5106310-03 -,3855170-03 -.R691350-04
24.000 1.655 0.2597410-03 0.401733D0-03 0.¢€£3100-03 0.5101690-03 -,3862260D-03 =-.HABTOHD-04
28.000 1.931 0.2596400-03 0,8015400-03 0.6667430-03 0.5097090-03 =,3869200-03 -.8682810-04
32,000 2.206 0.2595370~-CY 0.801341D-03 0.£67195D~-03 0,5092510-03 -.3876350-03 -.08678300-04
36.000 2,482 0.2594400-03 0.80114¢8D-03 0.667640D-03 0.5087910-03 =.3883380-03 =-.R6T7428D-04
40,000 2.758 0.2593400-03 0.8009450-03 0,6¢£80920-03 0.5083330-03 -.3890490-03 -.H67005D-04
44,000 3.034 0.2592330-C3 0.8007500-03 0.6€£85520-03 0.5078770-03 =,3897720-03 ~-.866554D-04
48.000 3.309 0.2591400-C3 0.8005560-03 0,669000D0-03 0.5074190-03 =,390475D-03 -,b661550-04
52.000 3.5E5 0.2590400~03 0,800359D-03 0.6654530-03 0.5069620-03 =.391184D-03 -.B80657260-04
56.000 3.B61 0.2569400-03 0,800167D-03 0.6¢99170-03 0.506508D~03 =.,3919100-03 -.865304U-04
60.000 4.137 0.2588390-03 0.7999¢90-03 0.6703710-03 0.5060520-03 -.3926230-03 =-.864862D-04
64.000 4.413 0.25d7410-03 0.7997770-03 0,67CAI5L~03 0.5055970-03 =.23933420-03 -.8644610-04
68.000 4.688 0.2586430-03 0.7995790-03 0.61712960L-03 0.505144D=03 =,3940620-03 --.8640420-04
72.000 4.964 0.2585430-03 0.7993480-03 0.6717650-03 0.5046900-03 =.3947860-03 ~-.86361/D-04
76.000 5,240 0.2584410-03 0.7991900-03 0.6122360-01 0.5042310-03 =,3955150-03 -.8631800-04
80,000 5.516 0.2583440-03 0,79689990-03 0.6726960-03 0.5037860-03 =.3962280D-0Y = 8621T770-04
84.000 5.792 0.2542460-03 0.79088010-03 0.6731710-03 0.5033340-03 =,3949590-03 -,8623590-04
92.000 64343 0,25404H0-C3 0.79684130-03 0.6741200-03 0.5024340-03 =,39841T0-03 -.861520D-04

0.501984D-03 -,3991460-03 -.8611160D-04
0.5015360-03 =,39968740-03 -, 8607030-04
0.5010870-03 =.400614D-03 -.8602630-04
0.5006380-03 -,401351D=-03 -.H59850D-04
0.50019uD-03 =,4020800=03 ~.H859457U-04
0.4997450-03 =.,4028270-03 -.8590180-04
0.499298D-03 =.4035710-03 =-.8586230-04

96,000 6,619 0,2579510-03 0,7982230-03 0.6745950-03
160,000 6.895 0,2578530-C3 0.798026D-03 0.6150710-03
104.000 Tol71 0.2577510-C3 0,797836U-03 0.615%550-03
108,000 Teh4t 0,25106530-03 0.7976390-03 0.61¢0390-03
112.000 Te122 0.25715570-03 0.7974500-03 0.6165200-03
116.000 T53i0 0.2574570-03 0.7972530-03 0.677¢12V-03
120.000 84274 0.2573610-03 0.7970640-03 0.6775060D-03

OoccCcccocccoconoosncoccCcooccococococo
® 6 o ® % 4 % 4 8 s e s 6 s s e s 8 e s s s 8 s 6 e s 4 e e
[~N-N-N-R-N-N-N-F-N-N-R-N-R-N-N-N-R-N-N-N-N-N-N-N-N-N-N-N-N-
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PRESSURE CALCULATIGNS FCR CRYSTAL #1111
VELUCITIES UF THE ELASTIC CONSTAMTS AS A FUNCTION CF PRESSURE

PIKPSI) PIKB) vic3a3) ViCsa) vicil) VIC44A) VICHSL) viceq) victy) VI(CRS) vici2) viciy)

0.015 0,001 1C0.6584F £,40452 7,98228
4.000 0.276 10.66031 5.40481 7.98434
8.000 0.552 10.66213 5.40513  7.98644

6.T6174 3.31222 9.89855 9.66654 6.42568 5.92802
6.76434 3,31072 9.90285% 9.66833 6,43034 5.,93035
6.76694  3,30920 9.90717 9.67012 6.43506 5.93267

6.82441 3.27606 10.00251 9.70960 6.53796 5.98394
6.A82702 3.27457 10.00683 9.71140 6454260 $5.98627
6482963 3.27306 1001117 9.71318 6.54727 5.98856

96.000 6.619 10.70221 5S.41184 8.03232
100.C00 6,865 1C.TU414 5.41219 B.03440
104.000 T.171 10.70558 5.41247 8.03648

0.0
0.0
0.0
12.000 0.A27 10406356 5.40543 7.98852 0.0 6.76%%6 3.30770 9.91153 9.67192 6.4397T6 5.93504
16.000 1103 10.066578 5.40574  7.,99000 0.0 6,77217 3,30618 9.91586 9.67370 6.440446 5,93732
20.000 1379 1C.66760 5.40604 7.,4942268 0.0 677477 3.30468 9.92018 9,67550 6444915 5.93969
24.000 1.655 10.06942 5,4063h 17.99476 0.0 6.77739 " 3.30316 9.92452 9.67730 6.45385 5.94202
28.000 1.931 10.67127 5.40665 7.97686 0.0 678001 3.30165 9.92884 9,67909 6.45852 5.94435
32.000 2.206 10.4A7310 5.40697 7.59894 0.0 6.76261 3.30015 9.93318 9.68087 6446323 5.94663
36.000 2.482 10,67492 5.,40727 8,00100 0.0 6.78523 3.29863 9.93750 9.6H2AT 6446790 5.94900
40.000 2.750 1C.676174 5.47758 8.00310 0.0 6.78784 3.29714 9.94186 9,6044] 6.67258 5.95133
44,000 3.034 10.067H57 5,40790 8.00518 0,0 6.79064  3,29562 Y.94K1H 9,63A25 b6.,47729 5.95361
48,000 3.309 10.6B0359 5.40820 R.00726 0.0 6.79306 3.29412 9.95050 9.68R805 A.40194 5,.,95598
$2.000 3.58% 1C.68221 5.40851 B,00936 0.0 6.79508 3.29261 9.95484 9.68985 6.40663 5.95830
56.000 3.861 10.684C6 5.40881 H.01145 0.0 6.79828  3.29111 9.95918 9.69165 6.49132 5.96064
60.000 4,137 10.6H548 5.41913 8.01353 0.0 6.80090 3.2d96U0 9.94350 92.69343 6.49597 5.96292
64.000 4.413 10.02771 5.40942 8.01561 0.0 6.80351 3.28811 9.96784 9.695231 6.50065 5.96529
68.000 4,688 l0.68953 5.,40974 H.01769 0.0 6.80612 3.29659 ° 9.97216 9.69703 6.50531 5.96762
72.000 4.964 10.6913% 5.41004 8.01970 0.0 6.80873 3.24510 9.97650 9.67841 6.50998 5.96994
16.C00 5.240 10.69320 5.41035 8.02186 0.0 6.81135 3,28358 9,98084 9.70061 6.51466 5.97224
80.000 5.516 10.69502 5.41065 B8.02396 0.0 6.81395 3.24209 9.98516 9.70241 6.51931 5.97460
84,000 5.792 10.66G5%4 5.,41097 H.02605. 0.0 6.81657 3.28058 9.94950 9,70421 6.52198 5.97693
92.000 6.343 1C.7GC49 5.41158 8.03021 0.0 6.,82179 3.27157 9.99817 9.70780 6.53330 5.98158
0.0
0.0
0.0
108.000 To446 1C.70I8C  S.41281 B.03857 0,0 6.83225 3.27157 10.01551 9.71498 6.55192 5.99089
112.0C0 Te722 10.7C963  5.41310 8,.04066 0.0 6.83487 3.27006 10.01983 9.71678 6.55655 5.99326
116.000 T.598 10.71145 5.41342 8.C4274 0.0 683747 3.26857 10,02418 9,71857 6.56121 5.995%3
0.0

120.000 8,274 10.71327 5.411372 8.04483 6.84009 3.26706 10,02852 9.72037 656547 5.99790



PRESSURE CALCULATICNS FCR CRYSTAL Wlltl
VUIGT yREUSSsHILL MODULL AND CORRFSPONDING VELUCITIES

Kiv)
utve
KiR)
U(R)
K(H)
UlH)

Vs(v) =
VS(R) =
VS (VRH)
vP(V) =

VPIR)

VP {VRH)

VOIGT RULK MODULUS
VOIGT SHEAR MULULUS
REUSS BULK MLDULUS
REUSS SHLAR MUDULULS

HILL BULK MOOULLS

HILL SKEAR MNDULUS

VOIGT 5SHcAr VELUCITY
REUSS SHEAR VELNCITY
= VOIGT REUSS HILL SHEAR VELUCITY
VUIGT LONGITUCINAL vEOLOCITY

= REUSS LONGITUDINAL VELOCLTY

K(v)

2196.189
2201.0064
2202.955
2204.853
220647206
2208.627
2210.511
2212.412
2214.293
2216.192
2218.084
2219.6619
2221.¢68
22234165
2225.668
2221.549
2227.455
4231.352
2233.247
2235.143
2237.051
2238.953
2242.751
2244.6¢€5
224¢.5617
2248.4¢€4
2250.308
2252.281
22544176
2256.C53

utv)

1256.12¢C
12564011
1257.1G67
1257.537
1258.C98
1250.5€6
12594042
12594579
1260.077
1260.56F
1261.06¢
1261.564
1262.055
1262.55%
1263.04¢
1203.548
1264.036
12644535
1265.029
1265.530
12664022
1266.520
1267.511

1268.004

1268.501
1268.99%
12694497
1269.989
1270.489
1270.940

K(R) -

2104.601
21064609
210£,630
211046617
2112.678
2114.711
21164738
2118764
2120.784
2122.813
2124. 841
2126.064
2123.0)3
2130.9217
2132.962
2134,980
2137.017
2139.048
2141.078
2143.109
2145.148
2141.184
2151.251
2153.298
2155.332
21574365
2159.403
2161.4404
21h3.477
21€%.9525

U(R)

1004,54¢6
1004.350
11C4.150
1003.945
1003.750
1003.537
1003,330
1903.131
1002.921
1002.712
1002.500
1002.283
1002.072
1001,860
1001.636
1001.424
1001.199
1000,978
1000, 7%2
10C0.526
1000.,305
13C0.074
999.612
199,373
999,147
198,909
998,671
998,433
9984190
997.941

= VOIGT,REUSSsHILL LONGITUDINAL VELOCITY

K(H)

2151.894
2153.826
2155.757
2157.760
2159.702
21¢€1.6¢5
21463.628
2165.5¢8
21467.538
2169.503
2171.4¢3
2173.416
2175.3A1
2177.340
2119.319
2181.264
2183.23¢
2185.20C
2187.1¢€2
2189.126
2191.100
2193.068
2197.001
2198.9€2
2200,949
2202.914
2204.HE0
220¢6.8¢2
220€.826
2210.48C9

UtH)

1130.333
1130.480
1130.629
1130.771
1130.924
1131.062
1131.206
1131.35%
1131.499
1131.640
1131.783
1131.924
1132.064
1132.207
1132.341
1132.486
1132.0619
1132.756
1132.891
1133.028
1133.1¢63
1133.297
1133.561
1133.691
1133.824
1131.954
1134.084
1134.211
1134.340
1136.461

vsitv)

5.4216
5.4283
54290
5.4267
5.4304
S.4311
5.4218
5.4326
5.4313
504340
Se.4347
S5.4354
5.4361
S5.4368
5.4375
5.439)
5.4390
5.4377
544404
S5.4411
5.4418
5e4425
5.44139
S5.64417
564454
5.4401
5.%468
5.4475
S.4482
5.4439

VSIR)

48537
4.4529
4.8521
4.8513
4 .8505
4.8497
4, H4R9
4.8481
4.84673
4. H604
4.8456
4.84648R
4.8419
448431
4.8422
4.8414
4.8406
4.8397
4.8 389
4.8380
4.8371
448363
4.8345
4.08336
4.832R
4.8319
4.8310
4.8301
4.8292
4.8283

VS(VRH)

SelaB7
Se1487
S.1487
5.1486
S.1487
S.l4n6
Se 14806
S.1486
S5.14806
S.1486
S5.1486
5.1486
5.1485
51445
5.14A%
Se1485
5.1485
5. 1484
S5.1484
5.14494
S5.1484
5.1483
5.1481%
Se1482
5.16482
S5e1482
5.1481
S.1481
5. 1480
5.1480

vPIV)

9.5317
9.5 342
9.5367
9.539%2
9.5417
9.5442
9.5467
9,5%492
9.5517
9.5542
9.5568
9.5593
9.5618
9.5643
9.5668
9.569)
9.5718
9.5743
9.5768
9.5793
9.5818
9.5043
9.509)
9.5918
9.5743
9.5968
9.5993
9.6018
9.6043
9.6068

VPIR)

B.9R72
8.9389
8.97°06
8.9923
8.9939
Re9956
8.9973
8.99490
9.0007
9,0024
9.0041
9.0057
9.0074
9.0091
9.0108
92.0124
9.0141
9.0158
9.0174
9.0191
9.0208
940224
9.0257
9.0274
9.0290
9.0307
9.0323
9.0340
9.0356
9,0372

99

VPUVRH]

9.2635
9.2655
9.26717
9.2698
9.2719
9.2740
9.2761
2.2702
9.2803
9.2824
9,2845
9.2866
9,2847
Y.2908
92929
9,2950
9.2971
9.2992
9.3013
9.3034
9.3055
9.3076
9.3118
9.3139
9.3160
9.3180
9.3201
9.3222
9.324)
9.3264



PRESSURE CALCULATICNS FOR CRYSTAL #il1l
VOIGT,RELUSS AND HILL MEAN VELOCITIES AND CORRESPONDING DEBYE TEMPERATURE

VM(V) = MEAN VELCCITY

VMIR) = RLCUSS MCAN VELCCITY
= VOIGTyREUSS HILL

VMIVRH)
SIG(V)
SIG(R)

DTIVRH)

0.0
4.0
8.0
12.0
16.0
20.0
24.0
28.0
32.0
36.0
40.0
44.0
48.0
52.0
56.0
0.0
64.0
68.0
72.0
16.0
80.0
84.0
92.0
96.0
100.0
104.0
108.0
112.0
116.0
120.0

vMLv)

5.C32A8
6.0337
6.0345
6.0354
6.0301
6.0371
6.C380
6.C388
6.0397
6.0405
6.0414
6.0423
6.0431
6.0440
640448
6540457
6.0465
6.,0474
6.C483
6.C491
6.0500
6.05C08
65.0526
Ge0934
6.05%473
6.C551
6.C560
6aCH0H
6.0577
6.C5H6

VM(R)

5.4175
5.4167
5.41560
5.4152
5.4145
5.4137
5.4129
5.4122
S5.0ll%
5.4106
5.4098
5.4090
5.40482
5.40174
5.4066
5. 4054
5.4050
5.4042
S5.4034
5.4026
5.4018
5.4009
5.3993
5.3984
5.3976
52967
5.3959
5.3950
543942
5.3923

MCAN VELOCITY
= POISSENS RATIO USING VOIGT VELOCITIES
= POISSCHS RATIU USING REUSS VELUCITIES
SIGIVRK) = PCISSCANS RATIO USING VRH VFLOCITIES
DT(V) = DERYE TEMFERATURE USING VM(V)

DTIR) = DEBYE TEMPERATURED USING VM(R)

= UIDOYE TEMPERATURE USING VM(VRH)
A = SHEAR ANISOTRCPY
RHO = DENSITY

VM (VRH)

5.7341
5.7342
5.7343
5.7344
5.7345
5.7346
5.7347
S5.7348
547349
5.7350
5.7351
547352
5,7352
5.,7353
5.7354
5¢7355
5.7356
57356
5.7357
5.7358
5.7359
547359
S.7361
5.7361
5.7362
5.7363
5.7363
5.7364
5.7364
5.7365

SIGIV)

0.2601
0.2602
0.2603
0.2604
0.2605
0.2606
0.2607
0.2607
0.2608
0.2609
0.2610
0.2611
0.2612
0.2613
0.2614
0.2615
0.2616
0.2617
0.2618
0.2618
0.2619
0.2620
0.2622
0.2623
0.20624
0.2625
0.2626
0.2027
0.2628
0.2629

SIG(R)

0.2941
0.2943
0.2945
0.2947
0.2949
0.2951
0.2953
0.2955%
0.2957
0.2960
0.2962
0.2964
0.2966
0.29068
0.2970

' 0.2972

0.2974
0.2976
0.2978
0.2980
0.2982
0.2984
0.2968
0.2990
0.2992
0.2994
0.2996
0.2999
0.3001
0.3003

SIG(VRH)

0.21765
0.2766
0.27¢8
0.2769
0.2771
0.2772
0.2774
0.,2775
0.2777
0.2778
0.2780
0.2781
0.2783
0.2784
0.2786
0.2787
0.2789
0.2790
0.2791
0.2793
0.2794
0.2796
0.2799
0.2800
0.2802
0.2803
0.2805
0.2806
0.2808
0.2809

nTiv)

822.8873
823.0391
823.1927
823.3442
423.4991
823.6500
823.8035
823.9509
824.1109
B824.2626
824.4162
824.5701
B24.7219
824.8761
825.0279
825.1827
825.3342
825.40873
825.6399
825.7943
825.9461
B26.0995
826.4051
826,5571
826.7102
826.8636
827.0172
827.1688
B827.3227
827.4740

DT(R)

738.9530
738.8837
738.8130
738.7405
738.6713
738.5963
738.5228
738.4525
738.3781
738.3040
738.2291
T38.1522
738.0773
738.0021
737.9228
737.8477
737.7680
737.6896
737.6096
737.5296
737.4510
737.3692
737.2052
73741224
737.0404
736.95517
736.8713
736.7867
736.7006
736.6122

DT (VRH)

782.1455
782.1934
782.2416
782.2878
782.3375
782.3823
782.4292
782.417176
78245244
782.5701
782.6166
182.6622
782.7077
T182.7542
782.79717
782 .8447
782.A879
782.9325
782.9761
783.0207
783.0645
783.1078
783.193¢6
113.2357
783.2788
783.3208
783.3631
783.4062
783.4459
783.4851

0.1054
0.1057
0.1059
0.1062
0.1065
0.1067
0.1070
0.1073
0.1075
0.1078
0.1081
0.1083
0.1086
0.1089
0.1091
0.1094
0.1097
0.10°9
0.1102
0.1105
0.1108
0.1110
0.1116
0.1118
0.1121
0.1124
0.1127
0.1130
0.1132
0.1135

RHO

442640
4.2646
4.2651
42657
4.2663
4.2668
4.2674
4.2679
4.,2685
4.2691
4,2696
4.2702
4.2707
4.2713
4.2718
4.2724
4.2730
4,2735
4.2741
4.2746
4,2752
4,27517
4.2768
4.2774
4.2780
4.2785
4.2791
4.2796
4.2802
4.2807

100
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PRESSURE CALCULATIONS FCR CRYSTAL #1111
LEAST SQUARES PRESS VS CENSITY

PRESS DENSITY Y/Y0
0.0150000 0.42640CCD 01 1.0000000
4,C000000 0.,42645620 01 1.0001317
8.CC00000 0.4265125D 01 1.0002638
12.0€C0000 0.42656EED 01 1.0003958
16.0600000 0.426625CD 01 1.0005277
20.CCCO000 0.42668120 01 1.0006595
24.€C00000 0.4267374D 01 1.0007912
28.0C00000 0.42679350 01 1.0009227
32.€C0C0CV0 0.42684550 01 1.0010542
36.€000000 0.42690¢550 01 1.0011855
40.CC000N0 0.42696150 01 1.0013168
44.C0C0CN0 0.427011740 01 1.0014479
48,0000000 0.42707230 01 1.0015789
$2.C000000 0.42712910 01 1.0017098
56.CC00000 0.427184SC 01 1.0018407
60.CCCN0O00 0.4272406D 01 1.0019714
€4.CC00000 0.42729¢€30 01 1.0021019
68.C000000 0.427351SD 01 1.0022324
72.€000000 0.42740i5D 01 1.0023628
16.€C00000 0.42740621D0 01 1.0024931
80.060C00Nn0 0.42751860 01 1.0026232
84.CC00000 0.427574C0 01 1.0027533
62.€CCO000 0.4276848C 01 1.0030132
$6.,CC00000 0.42774020 01 1.0031430
1C0.00G0000 0.42779540 01 1.0032726
104.C0C0000 0.42785C70 01 1.0034021
1C8.CCOCCNO 0.42790580 01 1.0035315
112.C0C0000 0.4279610D0 01 1.003¢0609
116.C00¢CC00 0.4280161D 01 1.0037901
120.0000000 0.42807110 01 1.0039192
SLOPE = 0.0CC1
VARIANCE = 0.75C-14
STOL DEV = 0.00000
INTERCEPT = 4.2€4C
CORR. COEFF. 0.899990 00
SLOPE PER KB = 0.0020



PRESSURE CALCULATIONS FOR CRYSTAL #1111
PRESS VS CCMP PERPENDICULAR TO C

LEAST SQUARES

102

PRESS cavp PDTC Y/Y0
0.0150000 0.19627610-03 1.0000000
4.CC00000 0.19605570-03 0.9988768
8.CC0C000 0.19583210-03 0.9977376
12.€C00000 0.15561050-03 0.9966089
16.0C00090 0.1953895C-03 0.9954828
20.C000000 0.1951683D-03 0.9943555
24.0CC0000 0.19494730-03 0.9932298
28.0000000 0.19472720-03 0.9921085
32.C000C00 0.19450660-03 0.9909845
36.,0000000 0.19428750-03 0.9898703
40.CC00000 0.19406880-03 0.9887539
44,0000000 0.193845CD-03 0.9876339
48.C000000 0.19363170-03 0.9865270
52.€000000 0.19341270-03 0.9854112
56.0000000 0.193194€D-03 0.9843009
60.0000000 0.,19297780-03 0.9831956
€4.CC00000 0.1927611D-03 0.9820914
68.C0C0000 0.1925447D-03 0.9809888
72.0C€00000 0.19232840-03 0.9796870
16.CC00000 0.1921123D0-03 0.9787858
80.CC00000 0.1518968D-03 0.9776879
84.0000020 0.1916814D-03 0.9765904
92.C000000 0.19125220-03 0.9744044
96.C000000 0.19103750-03 0.9733100
1C0.C000000 0.,19082430-03 0.9722236
1C4.0C0Q0000 0.19061C€D-03 0.9711350
108.0000000 0.19039770-03 0.970C500
112.€C00000 0.19018550-03 0.9689708
116.0000000 0,1899729b-03 0.9678858
120.C000000 0.18976C9D-03 0.9668056
SLOPE = -C.C000
VARIANCE = 0.480-20
STD DEV = 0.C0000
INTERCEPT = 0.,0002

CORR. CUEFF. = =-0.59998D 00
SLOPE PER KB = -0.0C00



SLOPE
VARIANCE
STD DEV
INTERCEPT
CORR. CUEFF.
SLOPE PER KB

0on

-0.CC00
0.350-22
C.CC000
¢.0001

=0.99997D 00

-0.CCCO

PRESSURE CALCULATIONS FCR CRYSTAL #1111
PRESS VS CCMP PARALLEL TO C

LEAST SQUARES

PRESS
0.0150000
4,CC00000
8.CC00000

12.CCC00N0
16.CLO00NO
20.CCCO0V0
24.€CC00000
28.C000000
22.C000000
36.CC00000
40,0000000
44,C000000
48.CC00000
52.CC0O000V0
56.CC0G0O0O0
¢0.CC00000
64.CCCO0V0
68,CCC0O000
72.CCC0000
76.€C00000
€0.CCLO000
b4.0000000
§2.0000000
S6.C000000
1C0.CC00000
104.0000000
108.CCC0O000
112.€CCO000
116.€000000
120.0000000

COMP PLTC
0.86862130-04
0.8684612D-04
0.8683234D-04
0.836815450-04
0.8680248D-04
0.36785E5D-04
0.8677C550-04
0.86755170-04
0.8674281D-04
0.8672544D-04
0.8671027C-04
0.8665804D-04
0.8668043C~-04
0.860666150-04
0.86650200-04
0.8663701D-04
0.86619930L-04
0.8660456C-04
0.86589890-04
0.86575570-04
0.86558E9C-04
0.8654314D-04
0.8651355D-04
0.86497290-04
0.364316CD-04
0.86467180-04
0.8645235D-04
0.8643414D-04
0.8€6421570-04
0.36404500-04
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Y/Y0
1.0000000
0.9998157
0.9996570
0.9994625
0.9993132
0.9991218
0.9989502
0.9987686
0.9986262
0.9984263
0.9982517
0.9981108
0.9979081
0.9977438
0.9975601
0.9974083
0.9972117
0.9970347
0.9968658
0.9967009
0.9965089
0.9963345
0.9959869
0.9957997
0.9956191
0.9954600
0.9952824
0.9950796
0.9949326
0.9947361
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PRESSURE CALCULATIONS FCR CRYSTAL #1111
LEAST SQUARES PRESS VS VOLUMETRIC COMP

PRESS VCL CCrP Y/Y0
0.0150000 0,47941440D-03 1.0000000
4.CCCO000 0.47895150-03 0.9990469
8.€CC0000 0.47849¢50-03 0.9980854
12.0000000 0.47803€650-03 0,9971259
16.€000000 0.47758150-03 0.9961768
20.C000000 0.4771224D-03 0.9952191
24.,C000000 0.4766656D-03 0.9942663
28.CCCCOLO 0.4762066D-03 0.9933152
32.€000000 0,47515600-03 0.9923690
36.0000000 0.47530130-03 0.9914205
40,C0CO000 0.417484190-03 0.9904747
44.,CC00000 0.474396C0D-03 0.9895322
48.C000000 0.47394390-03 0.9885891
52.,€000000 0.4734916D-03 0.,9876456
56.0000000 0.4730358D-03 0.,9867033
60.CC00000 0.47259270-03 0.9857707
64,0000000 0.47214220-03 0.9848310
68.,C000000 0.47169400-03 0.9838961
12.C000000 0.47124680-03 0.9829633
76.CC00090 0.47080C20-03 0.9820318
80.00000V0 0.47035250-03 0.9810980
84.CCO0000 0.46990£65D-03 0.9801677
92.0000090 0.46901820-03 0.9783148
66.CCCO0ON0 0.46857230-03 0.9773848
1¢0.CC00000 0.46813020-03 0.9764625
104.CC00000 0.46768910-03 0.9755423
108.0000000 0.4672477D-03 0.9746217
112.CCC0000 0.46680€£D-03 - 09737013
116.€000000 0.466361770-03 0,9727862
120.€C000000 0,46592670-03 0.9718662
SLOPE = -0.0000
VARIANCE = 0.180-19 '
STD DEV = 0.CC000
INTERCEPT = 0.0005
CORR. CUEFF., = -0.554958D 00

SLOPE PER KB = =-C.CCCO



SLOPE
VARIANCE
STD DLtV
INTERCEPT
CURR. COEFF.
SLOPE PER KB

0.5760

0.200-08

c.0Cco5
4844.0204

= 0.1C0000 01

= B8.3£47

PRESSURE CALCULATIUNS FOR CRYSTAL #1111
LEAST SQUARES

PRESS
0.0150000
4.C000000
8.C000000

12.CC00000
16.C000000
20.CcCcC0000
24.€0C0000
28.€060000
32.€0CC000
36.C000000
40.CCC00Q00
44.0000000
48,CC00000
52,CC00000
56.,CC00000
60.CCCO000
64.C000000
68.€000000
72.€C000N0
16.CC00000
80.0C00000
84.CC00000
G2.C000000
56.C000000
1€0.C000020
104.€0000)0
108.C000000
112.€0€00)0
116.€C000000
120.C000000

PRESS VS C33

€33
0.4844042D
0.4346340D
0.4848€39D
0.485093¢€0
0.4853237D
0.485553170
0.485783¢0
0.4860156D
0.4862456D
0.4864756D
0.486705¢D
0.486935€D
0.4871656D
0.4€873987D
0.48762178D
0.487857SD
0.4E8088CD
0.48831810
0.4€854820
0.48878C40
0.48901C50
0.48924070
0.48970120
0.48993140
0.49016160
0.4903939D
0.49062420
0.49085450
0.4910848D
0.49131510

.105

Y/Yo0
1.0000000
1.0004742
1.0009488
1.0014234
1.0018980
1.0023727
1.0028474
1.0033263
1.0038011
1.0042759
1.0047507
1.0052256
1.0057005
1.0061754
1.0066545
1.0071295
1.0076045
1.0080796
1.0085546
1.0090340
1.0095091
1.0099843
1.0109348
1.0114101
1.0118854
1.0123649
1.0128403
1.0133157
1.0137911
1.0142666



SLUPE
VARIANCE
STD DEV
INTERCEPT

CORR. COEFF., =

SLOPE PER KB

0.0762

0.67C-09

c.CCCC3
1245.4¢€65

= 1l.1C5¢

0.10000D 01

PRESSURE CALCULATIONS FUR CRYSTAL #1111
LEAST SQUARES

PRESS
0.C150000
4.C000000
8.CCCCONO

12.0C00000
16.CC000%0
20.C000000
24.C000090
28.CCC0090
22.CC00000
36.0000000
40.CCC0O000
44.CC00000
48.C000000
$2.€C000"0
56.,0C00000
60.C000000
€4.CCCL0O00
68.€C00000
72.0000000
76.CC00000
80,0000000
84.CC00000
92.€000000
66.€000000
1€0.CC00000
1C4.CC00000
108.€000000
112.CCC00)0
116.€CC00NO
120.CGCC00N0

PRESS VS Ca4

C44
0.12454630
0.1245763D
0.124¢0175D
0.12463150
0.124€68¢€0
0.12469E7D
0.1247257D
0.12475680
0.12479C8D
0.1243208D
0.1248515D
0.1248825C
0.1249129D
0.12494390
0.124973S0D
0.12500490D
0.1250348D
0.1250€58C
0.1250957D
0.12512€170D
0.1251566D
0.1251875D
0.1252484D
0.1252783D
0.12530920
0.125339CD
0.1253699C
0.1253496¢8D
0.12543C70
0.12546050
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Y/Y0
1.0000000
1.0002412
1.0004910
1.0007324
1.0009820
1.0012233
1.0014728
1.0017139
1.0016633
1.0022043
1.0024535
1.0027026
1.0029434
1.0031924
1.0034330
1.0036819
1.0039223
1.0041711
1.0044114
1.0046600
1.0049002
1.0051487
1.0056372
1.0058771
1.0061253
1.0063651
1.0066131
1.0068528
1.0071007
1.0073402



107

PRESSURE CALCULATIONS FCR CRYSTAL #1111

LEAST SQUARES PRESS VS C11
PRESS ) ‘ Cl1 Y/Y0
0.0150000 0.27168E5D 04 1.0000000
4.C000000 0.2718648D 04 1.0006488
8.CCCO000 0.2720435D 04 1.0013067
12.CC00000 0.2722211D0 04 1.0019604
16.0000000 0.27239€8D 04 1.0026144
20.C000000 0.27257€5D 04 1.0032685
24.0000000 0.2727543D 04 1.0039229
28.C0C0000 0.2729323D 04 1.0045819
32.CC000N0 0.2731113D 04 1.0052367
36.C€000000 0.2732892D 04 1.0058918
40.,CC00Q000 0.2734673D 04 1.0065471
44.C000000 0.2736454D 04 1.0072026
48.C0C0000 0.27382350 04 1.0078584
52.CC00000 0.2740029D 04 1.0085187
56.C000000 0.27418120 04 1.0091749
60.€000000 0.2743556D 04 1.0098313
64.,CC00000 0.27453800 04 1.0104880
68.6000000 0.27471¢4D 04 1.0111448
72.€000000 0.2748949D 04 1.0118019
76.CCCO000 0.2750735D 04 1.0124592
80.C000000 0.2752534D 04 1.0131211
84.C060000 0.27543210 04 1.0137789
92.€000000 0.271578S17D 04 1.0150951
$6.,C000000 0.2759658D 04 1.0157580
1€0.C000000 0.27614E7D 04 1.0164166
104.C00009%0 0.27632770 04 1.0170755
1€8.CC000000 G.2765068D 04 1.0177346
112.CCC00NQ 0.27668590 04 1.0183940
116.C000000 0.2768€651D 04 1.0190535
120.C000000 0.2770444D 04 1.0197133
SLOPE = 0.4464
VARIANCE = 0.13C-0Q7
STD DEV = 0.00012
INTERCEPT = 2716.8328
CORR. COEFF. = 0.1C000D 01
SLOPE PER KB = £.41751



SLOPE
VARIANCE
STO DEV
INTERCEPT
CORR. COEFF.
SLOPE PER KB

0.4439

0.250-07

c.00C16
1949.41795

= 0.100000 01

= 6.43E7

PRESSURE CALCULATIONS FCR CRYSTAL #1111
LEAST SQUARES

PRESS
0.0150000
4.C000000
8.Cc00000

12.€000000
16.€000000
20.C€000000
24.6CC0000
28.C000000
32.C000000
36.€000000
40.C000000
44.,0000000
48.C000000
52.€000000
56.CC00000
60.0000000
64,CC00000
68.€C00000
72.€000000
76.CCCOC00
80.C€000000
84.€000000
92.CCU0000
96.C000000
1C0.0C00000
104.CC00000
108.0000000
112.€000000
116.0000000
120.€000000

PRESS VS C66

Co66
0.1949548D
0.19513060D
0.19530¢5D
0.1954823D
0.1956602D
0.19583¢€3D
0.19601340D
0.1961905D
0.19636€9D
0.1965442D
0.1967216D
0.1968983D
0.19707£8D
0.1972535D
0.19743030
0.1976082D
0.19778¢€10
0.1975622D
0.1981413D
0.19831%40
0.19849680
0.19867¢1D
0.19903110
0.19920570D
0.1993815D
0.19956€2D
0.1997450D
0.1999239D
0.20010210
0.2002811D

/108

Y/Y0
1.0000000
1.0009016
1.0018038
1.0027108
1.0036182
1.0045216
1.0054299
1.0063386
1.0072432
1.0081528
1.0090628
1.0099687
1.0108796
1.0117908
1.0126981
1.0136102
1.0145227
1.0154312
1.0163446
1.0172584
1.0181682
1.0190829
1.0209091
1.0218250
1.0227370
1.0236538
1.0245710
1.0254887
1.0264023
1.0273208



SLOPE

VARIANCE

STD DEV
INTERCEPT

CORR. COEFF, =

C.7C73

0.570-07

0.0C024
1760.41734

SLUPE PER KB = 10,2581

0.1C000D 01}

PRESSURE CALCULATIONS FCR CRYSTAL #1111
LEAST SQUARES

PRESS
0.0150000
4.C000000
8.0CCOQ00

12.0000000
16.€000000
20.C000000
24.0000000
28.C000000
32.CCC0000
36.C000000
40.C000000
44,C000000
48.CC00000
52.0000000
56.CC00000
60.C€000000
64.CC00000
68.€0C001)0
72.€C00000
76.CC00000
80.CC00000
84.CC00000
92.,€000000
§6.CC00000
100.C000000
104.€000000
1€8.0000000
112.C000000
116.0000000
120.€000000

PRESS VS Cl2

cl2
0.1760578D
0.17633€40D
0.1766151D
0.17690C4D
0.17718C8D
0.1774623D
0.17774560
0.17802¢€4D
0.1783053D
0.17859020
0.17887250
0.1791563D
0.179431710
0.1797203D
0.1800039D
0.,18028570D
0.18056€7D
0.18085150
0.1811347D
0.1814187D
0.18170130
0.18198550
0.18255290
0.182831740
0.18312C70
0.18340%550
0.18368990D
0.18397320
0.18425870
0.184544CD
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Y/Y0
1.0000000
1.0015822
1.0031879
1.0047862
1.0063786
1.0079832
1.0095869
1.0111815
1.0127882
1.0143841
1.0159874
1.0175994
1.0191943
1.0208029
1.0224138
1.0240140
1.0256215
1.0272280
1.0288368
1.0304496
1.0320550
1.0336692
1.0368917
1.0385080
1.0401169
1.0417346
1.0433499
1.0449591
1.0465807
1.0482013



SLOPE
VARIANCE
STD Cev
INTERCEPT

CORR. COEFF.
SLOPE PER KB

=

0.3462
0.170-07
0.00013

1498.38176

0.1C0COD 01

= 5.,0209

PRESSURE CALCULATIONS FCR CRYSTAL #1111
LEAST SQUARES

PRESS
0.0150000
4.CCCc00N0
8.CC092000

12.€000000
16.C000000
20.€C00000
24.0C00090
28.CC00N0O
32.CcC0000
36.C000000
40,CCLO0ON0
44,CC00000
48.C(0LV000
52.C€000000
56,C000000
60.€C0O0000
64,C000000
68,C000000
72.C000000
76.CC0V0D0
80.€000000
84,CC00000
$2.C000000
G6.CCLO0OVO
16C.C00C000
164.CC00020
1C8.CCCO0V0
112.€000000
116.€0000)0
120.CC00000

PRESS VS C13

Cl13
0.149843C0
0.14998C4D
0.15011770
0.150251717D
0.150392¢D
0.1505327D
0.15067C7D
0.15080500
0.1509442D
0.15108450
0.15122270
0.15135810
0.15149¢€60D
0.15163¢¢D
0.1517757D
0.15191140D
0.15205210
0.15219070
0.15232870
0.1524€550D
0.15260€50D
0.15274530D
0.15302250
0.1531633D
0.15230240
0.1534392D
0.15357€5D
0.1537166D
0.15385€4D
0.153991750
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Y/Y0
1.0000000
1.0009169
1.0018334
1.0027673
1.0036682
1.0046030
1.0055238
1.0064467
1.0073492
1.0082855
1.0092079
1.0101116
1.0110491
1.0119700
1.0128983
1.0138035
1.0147426
1.0156678
1.0165885
1.0175045
1.0184425
1.0193692
1.0212188
1.0221584
1.0230867
1.0240005
1.024929¢6
1.0258735
1.0267841
1.0277287



SLOPE
VARIANCE
STD DEV
INTERCEPT

CORR. CUEFF.
SLOPE PER KU

" owu

c.CC05
0.110-14
0.CCCO0

10.6585

C.l1CoC0oD 01
0.0C06

PPESSURE CALCULATIONS FCGR CRYSTAL #1111

LEAST SCQUARES PRESS VS €33 VELOCITY

PRESS
0.0150000
4.CCCO0N0
8.CCU0000

12.€0000900
16.CCC00N0
20.0000090
24.CCGC00N0O
28.0000000
22.€C00000
36.C000000
40.C000000
44 ,C000000
48,CC00000
52.CC00000
56.C000000
¢0.C000000
64.CC00000
68.C000000
72.CCGLOO0ONO
16.0CC00)0
80.C000000
84.CC0C000
92.C0L0000
S6£.CCO0000
1C0.CCCUOVO
104.CCC0C0Y0
1C8.CC 00000
112.€C0600)0
116.€C000000
120.€C0C( 0090

C33 VEL
0.106584¢8D
0.10660310D
0.1066213D
0.10663¢6D
0.1066578D
0.10667€0D
0.1066943D
0.1067127D
0.1067310D
0.10674S20
0.1067614D
0.10678570
0.1068039D
0.10682z1C
0.10684C60D
0,10685E80
0.10687710
0.10£89530D
0.1C69135D
0.1C693200
0.10695020
0.10696€4D
0.10700490D
0.1070221D
0.1070414D
0.1070558C
0.10707€CD
0.10709¢€30
0.1071145D
0.10712270

02
02
02
02
02
02
02
02
02
02
02
02
02
02
02
02
02
02
02
02

111

Y/Y0
1.000C000
1.0001712
1.0003423
1.0005135
1.0006846
1.0008557
1.0010268
1.0012000
1.0013711
1.0015422
1.0017132
1.0014843
1.0020554
1.0022265
1.0023996
1.0025707
1.0027418
1.0029128
1.0030839
1.0032570
1.0034280
1.0035991
1.0039411
1.0041122
1.0042832
1.0044563
1.0046273
1.0047983
1.0049693
1.0051403



112

PRESSURE CALCULATIONS FCR CRYSTAL #1111
LEAST SQUARES PRESS VS C44 VELOCITY

PRESS C44 VEL Y/Y0
0.0150000 0.5404516D 01 1.0000000
4.CC00000 0.5404812D0 01 1.0000548
8.€000000 0.54051300 01 1.0001136
12.€000000 0.54054250 01 1.0001682
16.CCCCCO0 0.54057430 01 1.000227Q
20.0000000 0.5406C380 01 1.0002817
24.CC00000 0.5406356D 01 1.0003405
28.CQ00000 0.540€6€520 01 1.0003952
32.0600000 0.54069170D0 01 1.0004540
36.CCCCOQLO 0.54072¢50 01 1.0005086
40.0000000 0.5407583D 01 1.0005674
44,CC00000 0.5407901D 01 1.0006262
48,.,C000000 0.54081560 01 1.0006809
52.€000000 0.54085140D 01 1.0007397
56,€000000 0.54088C9D 01 1.0007944
60.0000000 0.5409127C 01 1.0008532
64.0C00000 0.5409423C 01 1.0009079
68.,C000000 0.54097410 01 1.0009667
72.C€C00000 0.541002¢0 01 1.0010214
76.C€C00000 0.5410354D 01 1.0010802
80.€000000 0.5410€5CD 01 1.0011349
84.CC00000 0.5410967C 01 1.0011937
92.C€C00000 0.5411581D 01 1.0013072
96.C€C00000 0.54118760 01 1.0013619
1C0.C000000 0.54121940 01 1.0014207
104.CCC0OQ0O0 0.54124900 01 1.0014754
1068,C000000 0.54128C¢€D 01 1.0015342
112.C0C0000 0.54131030 01 1.0015889
116.C000000 0.54134210 01 1.0016477
120.C€000000 0.54137170 01 1.0017024
SLOPE = 0.0001
VARIANCE = 0.110-14
STD DEV = C.C0C00
INTERCEPT = 5.4045
CORR, CUEFF., = 0.10000D0 01
SLOPE PER KB = (€.0011



SLOPE

VAR IANCE
STD DEV
INTERCEPT

CORR. CUEFF.

SLOPE PER KB =

0.0005
0.25D-14
0.C0000
7.9823
0.100C0D 01
0.0076

PRESSURE CALCULATIONS FCR CRYSTAL #1111

LEAST SWQUARES PRESS VS Cl1 VELOCITY

PRESS
0.0150000
4.C0C002%0
8.CCCCONO

12.0000000
16.CC00000
2C.CCCo0OVO
24.C000000
28.C000000
32.C000000
36.€000000
4£0.,CC00000
44,C000000
48.C000000
52.€000000
56.€000000
60.0000000
64,C000000
68.CCCO000
72.€000000
76.C000000
80.€000000
84,C000000
§2.€000000
96.0000000
1€0.CC0O0000
104.0000000
1€8.CC00000
112.€C00000
116.€000000
120.0000000

Cll VEL
0.79822810D
0.7984345D
0.7586441D
0.75885210
0.7990601D
0.79926810
0.79947¢€1D
0.7996859C
0.759893SD
0.80010200
0.80031C20
0.8005183D
0.80072¢€5D
0.80093¢&4D
0.801144¢€0D
0.80135250
0.80156110D
0.80176540
0.8019777D0
0.80218610
0.8023961D
0.8026045D
0.80302130
0.8032315C
0.80344000
0.80364E50D
0.803857CD
0.80406£55D
0.80427410
0.804482170

0l
0ol
01
01
0l
0l
01
01
01
01
0l
01
01
0l
01
01
o1
01
ol
01
ol
01
01
01
01
01
01
01
01
0l
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Y/vY0
1.0000000
1.0002585
1.0005212
1.0007817
1.0010422
1.0013028
1.0015634
1.0018262
1.0020869
1.0023476
1.0026083
1.0028691
1.0031299
1.0033929
1.0036537
1.0039146
1.0041755
1.0044364
1.0046974
1.0049584
1.0052216
1.0054826
1.0060048
1.0062681
1.0065293
1.0067905
1.0070517
1.0073130
1.0075742
1.0078356



SLOPE
VARIANCE
STD DEV
INTERCEPT

CORR. COEFF, =
SLOPE PER KB =

0.0C07
0.94D-15
¢.C0000
6.7617
0.10000D 01
0.C095

PKESSURE CALCULATIONS FOR
LEAST SQUARES

PRESS
0.0150000
4.CC000N0
8.CC00000

12.€C000000
16.€C000000
20,CC00000
24.C0C00N0
28.0000000
32.C000000
36.€000000
4C.C000000
44.CCC00M0
48,C0C0000
52.CCCO000
56.C000000
60.000:0000
64.CCLO00VO
¢8.CCO0000
72.CCC00QVQ
716.CCLONOO
g0.CCcO0O0VOO
84.CCOLO0O
92.CC0L0O000
$6.CC00000
1Co.CCCoQn0
104.C000000
1C8.CC00000
112.€000000
116.€C0C00)0
120.0000000

Cé66 VEL
0.67617380D
0.67643410
0.6766941D
0.6769557D
0.677211730
0.6174715D
0.67773S1D
0.6178CCCTD
0.678260SD
0.6785225D
0.67878420
0.6790444D
0.67930610
0.6795678D
0.679828CH
0.68008570
0.6803514D
0.6806117D
0.68087340D
0.66811352D
0.68139550
0.68165730
0.68217640
0.6824412D
0.682701¢50
0.6829634D
0.68322520
0.68348171D
0.6837415D
0.6840CS40

CRYSTAL #1111
PRESS VS Cé66 VELOCITY

0l

11k

Y/Y0

" 1.0000000

1.0003848
1.0007695
1.0011563
1.0015432
1.0019279
1.0023148
1.0027018
1.0030865
1.0034735
1.0038605
1.0042452
1.0046323
1.0050193
1.0054041
1.0057912
1.0061783
1.0065632
1.0069503
1.0073374
1.0077223
1.0081095
1.0088816
1.0092688
1.0096538
1.0100411
1.0104283
1.0108156
1.0112007
1.0115880



SLOPE
VARIANCE
STD DEV
INTERCEPT
CORR. COEFF. =
SLOPE PER KB =

0.0012
0.140-12
0.C0000
6.4258
0.1C0000 01
0.0169

PRESSURE CALCULATIONS FCR CRYSTAL #1111

LEAST SQUARES PRESS VS Cl2 VELOCITY

PRESS
0.0150000
4.CC00CO0
8.€C00000

12.0000000
16.€C00000
20.0CC0000
24.CC00000
28,0000000
32.C€C00000
36.0C00000
40.C000000
44,0000000
48.C00G000
52.C€000000
56.CC00000
€0.C000000
€4.CC00000
68.C000000
72.CC00000
16.,CC000N0O
8C.CCCOOVO
84,€000000
92.C000000
S6.CC0O0000
1C0.CC00000
104.0000000
1€8.CC00000
112.C€00000
116.€C00000
120.0000000

Cl2 VEL
0.64256160
0.64303370
0.64350¢€4D
0.64397¢€40
0.64444400
0.64491510
0.64538£40
0.6458524D
0.64632290
0.6467855D
0.647258CD
0.64772890
0.6481939D
0.6486628D
0.64913210
0.6495915D
0.6500648D
0.65053132D
0.6506582D
0.65146600D
0.65133C9D
0.65235820
0.6533297D
0.65379¢€40
0.65426040
0.65472670
0.65519190
0.65565470
0.65612100
0.6565866D

o1
0l
01
0l
01
01
0ol
01
0l
01
01
01
ol
ol
01
0l
01
01
o1
0l
o1
01
01
01
01
01
01
01
01
0l

115

Y/Y0
1.0000000
1.0007249
1.0014606
1.0021919
1.0029197
1.0036528
1.0043848
1.0051116
1.0058437
1.0065699
1.0072990
1.0080318
1.0087555
1.0094852
1.0102155
1.0109398
1.0116670
1.0123931
1.0131197
1.0138476
1.0145712
1.0152985
1.0167481
1.0174744
1.0181965
1.0189222
1.0196461
1.0203664
1.0210921
1.0218166



SLOPE =
VARIANCE =
STD Cev =

INTERCEPT =

CORRe. COEFF. =
SLOPE PER KB =

0.00006
0.120-13
0.00000
5.928C
0.1C000D 01
0.0084

PRESSURE CALCULATIUNS FCR CRYSTAL #1111

LEAST SQUARES PRESS VS C13 VELOCITY

PRESS
0.0150000
4.0000000
8.CC00000

12.€000020
16.CC00000
20.C€000000
24.C€000000
28,.C€000000
32.0000000
36.CC00000
40.C0C00N0
44.C000000
48.CC00000
52.CC00000
56.,€000000
60,C0C0000
64.C000000
68.,C€000000
72.0000000
16.C000000

8C.CCOU000

84.C0CG00N0O
§2.0000000
56.€000000
100.,0000000
104.0C00000
108.CCC001)0
112.€C000000
116.C0C0000
120.C000000

Cl3 VEL
0.5928019D
0.593034¢€D
0.593266S0
0.59350420
0.5937316D
0.59396890
0.59420190D
0.5944355D
0.59466290
0.5949002D
0.5951332D
0.5953606D
0.59559179D
0.59583010
0.5960644D
0.59629180
0.59652S510
0.596176210D
0.59649937D
0.59722380
0.59746020D
0.5876922D
0.59815770D
0.59839410D
0.598621710
0.5988557D
0.5990887D
0.59932590D
0.5995522D
0.59979C4D

01
ol
01l
0l
01
0l
01
01
01
01
01
01
01
ol
0l
ol
01
o1
01
01
0l

116

Y/Y0
1.0000000
1.000392¢4
1.0007843
1.0011846
1.0015682
1.0019685
1.0023617
1.0027556
1.0031392
1.0035395
1.0039327
1.0043162
1.0047165
1,0051083
1.0055035
1.0058871
1.0062873
1.0066804
1.0070711
1.0074592
1.0078580
1.,0082511
1.0090347
1.0094334
1.0098265
1.0102121
1.0106052
1.0110052
1.0113888
1.0117888



SLOPE =
VARIANCE =
STD DEvV =

INTERCEPT =

CORR. CUEFF. =
SLOPE PER KB =

0.0233
0.220-11
¢.CCc000

47647185

0.100000 01
0.3378

PRESSURE CALCULATIONS FCR CRYSTAL #1111
LEAST SQUARES

PRESS
0.0150000
4.C000000
8.C000000

12.€0C0000
16.€000000
20.C000000
24.CCCOCO0
28,C000000
22.€000000
36.€000000
40.€000000
44,CC00000
48.€000000
52.C000000
56.CC(:0000
60.€000000
64.C000000
68,CCCCO00
72.CLC0O000
76.0C000920
8C.CC00000
84.CC00000
92.C000000
$6.€CC0000
1C0.C000000
104.C000090
1€8.CCC0000
112.€000000
116.C000000
120.€000000

PRESS VS F33

F33
0.4767190D
0.4768120D
0.47690500
0.476598CD
0.477091CD
0.47718400
0.4772717CD
0.47737100
0.47746400D
0.477557CD
0.47765C0D
0.47774300
0.4778360D
0.477925CD
0.47802300
0.478116C0O
0.478208CD
0.4783020D
0.478395CD
0.4764850D
0.478582CD
0.478675CD
0.478861CD
0.478954CD
0.479047CD
0.47914100
0.4792340D
0.47932700
0.47942CCD
0.47951300
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Y/Y0

"1,0000000

1.0001951
1.0003902
1.0005853
1.0007803
1.0009754
1.0011705
1.0013677
1.0015628
1.0017578
1.0019529
1.0021480
1.0023431
1.0025382
1.0027354
1.0029304
1.0031255
1.0033206
1.0035157
1.0037129
1.0039080
1.0041030
1.0044932
1.0046R83
1.0048834
1.0050806
1.0052756
1.0054707
1.0056658
1.0058609
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PRESSURE CALCULATIONS FOR CRYSTAL #1111

LEAST SQUARES PRESS VS F44
PRESS F44 Y/Y0
0.0150000 0.24168200 03 1.0000000
4.C0C0020 0.2417010D 03 1.0000786
8.0000000 0.24172100 03 1.0001614
12.CC00000 0.2417400D0 03 1.0002400
16.€C00000 0.24176C0D 03 1.0003227
20.CcocC0000 0.24177500 03 1.0004014
24,€000000 0.241796CD 03 1.0004841
28.€000000 0.24181800 03 1.0005627
32.€000000 0.2418380D 03 1.0006455
36.CC000N00 0.2418570D0 03 1.0007241
40.C000000 0.2418770D 03 1.0008068
44,.C000000 0.2418970D0 03 1.00013896
48.C000000 0.24191€0D 03 1.0009682
52.CC00000 0.24193¢€0D 03 1.0010510
56.€000000 0.241955C0 03 1.0011296
60.C000000 0.24197500 03 1.0012123
64.€000000 024199400 03 1.0012910
68.C000000 0.2420140D 03 1.0013737
72.00000)0 0.2420330D 03 1.0014523
76.C000000 0.24205300 03 1.0015351
80.C000000 0.24207200 03 1.0016137
84.CC00000 0.24209200 03 1.0016964
92.CC00000 0.2421310D0 03 1.0018578
$6.C000000 0.24215CCD 03 1.0019364
1€0.C000000 0.24217C0D 03 1.0020192
104.0000000 0.24218S00 03 1.0020978
1C8.CCCQ000 0.242205CD 03 1.0021806
112.0000000 0.2422280D 03 1.0022592
116.€C00000 0.242248CD 03 1.0023419
120.0000000 0.24226170D0 03 1.0024205
SLOPE = 0.,0049
VARIANCE = 0.230-11
STD DEV = 0.00000

INTERCEPT = 241.6818
CORR, COEFF. = 0.,100000 Ol
SLOPE PER KB = 0.0708



SLOPE
VARIANCE
STD DEV
INTERCEPT

CORR. CUEFF.

SLOPE PER KB =

0,0363
0.27D0-11
0.C0CO00

460.8994

0.100000 01
0.5264

PRESSURE CALCULATIONS FOR CRYSTAL #1111
LEAST SQUARES

PRESS
0.C150000
4.CC000020
8.€000000

12.CC00000
16.60¢0000
20.C000000
24.€000000
28,C000000
22.€000000
36.CC00000
40.C000000
44.C000000
48,CCC0000
52.,€000000
56.C000000
60.CC00000
64.C000000
68.€000000
72.C000000
76.€C00000
80.C€C00000
84.0000000
92.6000000
$6.0000000
1€0.C000000
104.C000000
1C8.C000000
112.€000000
116.€000000
120.CCCO0V0

PRESS VS Fl1

Fll
0.46090C0D
0.46104400
0.46119C0D
0.461335CD
0.46148CC0
0.4616250D
0.46177C0D
0.46191¢0D
0.46206100
0.462206CD
0.4623510D
0.4624360D
0.462641CD
0.4627817CD
0.46293200
0.463077CD
0.46322200
0.46336170D
0.46351200D
0.463657CC
0.46380300
0.4639480D
0.4642380D0
0.46438400
0.464525CD
0.46467400D
0.,46481900D
0.464964CD
0.465105CD
0.4652540D
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Y/Y0

" 1.C000000

1.0003124
1.0006292
1.0009438
1.0012584
1.0015730
1.0018876
1.0022044
1.0025190
1.0028336
1.0031482
1.0034628
1.0037774
1.0040942
1.0044088
1.0047234
1.0050380
1.0053526
1.0056672
1.0059818
1.0062985
1.0066131
1.0072424
1.0075591
1.0078737
1.0081883
1.0085029
1.0088175
1.0091321
1.0094467
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PRESSURE CALCULATIONS FCR CRYSTAL #1111
LEAST SQUARES PRESS VS F66

PRESS F66 Y/Y0
0.C150000 0.453534CD 03 1.0000000
4.C000000 0.45373300 03 1.0004388
8.€000000 0.45393200 03 1.0008776
12.€C00090 0.45413200 03 1.0013185
16.CC00000 0.45433200 03 1.0017595
20.C€0C0000 0.45453100 03 1.0021983
24.C000000 0.4547310D0 03 1.0026393
28.CC00000 0.454931C0 03 1.0030803
32.0000000 0.45513000 03 1.0035190
36.CCCO000 0.45533C00 03 1.0039600
40.,CCCO000 0.45553000 03 1.0044010
44.0000000 0.45572900 03 1.0048398
48,CC00000 0.45592S6CD 03 1.0052808
52.CC00000 0.456125CD 03 1.0057217
56.C0000920 0.4563280D0 03 1.0061605
€0.CGCCo000 0.45652€CD 03 1.0066015
64,.,€000000 0.4567280D0 03 1.0070425
68.CC00000 0.456927CD 03 1.0074812
72.€C00000 0.457127¢D 03 1.0079222
16.€C00000 0.45732700 03 1.0083632
80,CC00000 0.457526CD 03 1.0088020
84.CC00000 0.45772¢0D 03 1.0092430
92.C000000 0.458125CD 03 1.0101227
$6.C000000 0.458325C0 03 1.0105637
160.€000000 0.45852400 03 1.0110025
1€4.C000000 0.45872400 03 1.0114435
108.CC00000 0.45892400 03 1.0118844
112.€C00000 0.45912400 03 1.0123254
116.CC00000 0.45932300 03 1.0127642
120.CC00000 0.45952300 03 1.0132052
SLOPE = 0.0499
VARIANCE = 0.210-11
STD DEV = 0.C0000
INTERCEPT = 453.5331

CORR. COEFF.
SLOPE PER KB

0.100000 Q1
0.7240
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Cryc ASTINE OF TEXFETATIT RPN HYPUT AND OUTEUT DATA.

// EXEC FORTCLGyRG=190K
//SYSIN DD =
IMPLICIT REAL*8(A-H,0-1)
DIMENSION T(SO),C(lO,SO)yF(lO,SO)'S(10.50)'Vl(lO.SO),BBl(SO)'BBZ(S
10) yVCOMP(50) » X(50),Y(50)yR(50)4M(25)4V(50,50)yDESC(25+20),YAX(25,2
10) oCP(50) yGAMMA(50), ALPHAV(50) )
JJy=1
1 I=1

INPUT PARAMETFR AND SPECIMEN DESCRIPTION CARDS

OO

READ 3,(DESCUJUJyJ1)3Jd1=1,13) 3 (YAX(JIsJ2)9J2=143)IM
FORMAT(13A4,3A4,15X,111)

IF(IM) 4,4,83

4 JJ=JJ+]

IF(JJ-25)242,5

W N

INPUT INITIAL MEASUREMENT CARD (1)

(g X g N g

5 READ 6y APL,BPL,APD,BPD,ACP,BCP,CCP,yWGT
6 FORMAT(7D10.5,F10.3)

INPUT INITIAL MEASUREMENT CARD (2)

o0

READ T,R{1),(ClJy1),J=1,8)
7 FORMAT(9F8.3)

INPUT EXPERIMENTAL TEMPERATURE-FREQUENCY DATA AND DETERMINE THE
NUMBER OF PIECES OF DATA

(s NaNaNal

8 READ ToT(I)o(F(JyI),yJ=1,8)
IF(F(1,1))9,10,9
9 I=1+1
GO TO 8
10 N=1-1
I=1
PRINT 11,(DESC(25,J1),J1=1,13)

11 FORMAT(1H1¢24X413A4/25X, '"COMPRESSIBILITY AS A FUNCTION OF TEMPERAT
LURE?' /725X, *T(C) = CENTIGRADE TEMPERATURE'/25X,'RHO = DENSITY /25X,
1°'COMP PDTC = COMPRESSIBILITY PERPENDICULAR TO C AXIS'/25X,'COMP PL
17C = COMPRESSIBILITY PARALLEL TO C AXIS'/25X,'VvOL COMP = VOLUMETRI
1C COMPRESSIBILITY'"//7/29X,*'T(C) RHO COMP PDTC COMP PLTC
1 vOoL COMP'/)

COMPUTE C12,C13 AND ALL COMPLIANCE CONSTANTS

(g X e Nyl

12 IF(F(6,1).LT.0.1) GO TO 14
IF{F(7,1).LT.0.1)G0 TO 13
C(9,1)=C(T41)-C(5,1)-Cl6,1)

GO 710 15

13 C(9,1)=C(3,1)-2.0%C(6,1)
C(T,1)=(C(3,1)+C(9,1)+2.0%C(5,1))/2.0
GO T0 15

14 Cl9,1)=2.0%C(741)-2.0%C(5,1)-C(3,1)
Cl6y1)=(C(3,1)-C(9,1))/2.0



(aNeNgl

(s N el al

(s Xalsl

15
16

17

18

19
20

21

22

23
24

25
26

IF(CU2,1))1T916417

J=4

$(2,11=0.0

S{491)=1.0/Cl4,1)

GO 10 20

J=2

S{2,1)=1.0/C(2,1)

IF(C(4,1))19,18,19

S(4,1)=0.0

GO TO 20

S(4,1)=1.0/Cl4,1)
Cl10,1)=DSQRT((4.,0*C(B4I)-C(3,1)-Cl1y1)-2.0%C(JyI))*%2-(C(3,1)-
1C(1,1))%%2)/2.0-C(J,1)

S(5,1)=1.0/C5,1)
XI1=2,0%C(10+1)%*2-C(1,1)%(C(9,1)+C(3,1))
XXI=XI*{C(9,1)-C(3,1))
SU3,01)=(C{3,1)*%C{1,1)-C(10,0)*%2)/XXI
SU9, I)=(Cl10,1)*%2-C{9,1)*C(1s1))/XXI
$(10,1)=C(10,1)/X1 '
SULy1)==(C(3,1)+C(9,1))/XI

COMPUTE THE VELOCITIES FOR THE VARIOUS C(I,J)

DO 21 J=1,10
V0I(J,1)=DSQRT(C(JsI)/(10.0%R(I)))

COMPUTE COMPRESSIBILITIES

BBLI{I)=S{3,1)#S(9,1)+S(10,41)

BB2(I)=5S(1,1)+2.0%5(10,1)
VCOMPII)=(2.0%C(1,1)4C(3,1)4C(951)-4.0%C(10,1))/{C(L141)%C(3,01)+C(1
1o1)%C(9y1)-2.0%C(10,[)%*%2)

PRINT 22,7(I),R(1),8B1(1),BB2(1),VCOMP(I)

FORMAT(25Xy F9e3,41XyF9.5,3(1X,E12.6))

PL=APL+BPL*(T(1)-25.0)

PD=APD+BPD*(T(I)-25.0)

ALPHAV(T)=PL4+2%PD

IF(1.GT.N-1) GO TO 27

COMPUTE ELASTIC CONSTANTS AT HIGHER TEMPERATURES

DO 24 J=1,2

IF(F(Jy1)eLT.0.1) GO TO 23
ClIpyI+1)=ClI,IIR(F(Jy I41)/F(J, 1)) 225 ((1.04+PLA(TI{I+1)-T(I)))/ (1.0
14PD*(T(I+1)-T(I)))%*%*2))

GO 7O 24
ClJyI+1) =0.0
CONT INUE

DO 26 J=3,7

IF(F(JyI)eLT.0.1) GO TO 25

ClJyT+L)=ClIyII*(F(Jy I+1)/F(Jp 1)) %%2 /(1.0+PLX(T(I+1)-T(I)))

GO TO 26

ClJy1#1)=0.0

CONTINUE

J=8

ClUyT+1)=ClI I R(F(JyI4+1)/FUJy D)) %¥2% (1. 04PL*(T(I+1)-T(I)))+(1.0+

122



(2 XaNaNal

IPOX(TULI#1)-TUI))))2%2/((4.0%( L. 0+PLE(T(I+1)=T(I))))*(1.0¢PO*(T(]I+1]
1)=T(1)))*%2)
RUI+1)=RII)/Z({L0+PO*{T(I+1)=TUI)) 1% %251, 04¢PLE(T([+1)=-TLI1))))
I=1+1 .
GO 70 12
27 PRINT 28, (DESCI(25,J1),yJ1=1,13)
28 FORMATI(LHL,14X,13A4/15X, 'FXPERIMENTAL TEMPERATURE-FREQUENCY INPUT

IDATA'///719X%X,'T(C) F33 F44 Fill F44A F66
1FPQ FTU FRS*/)
DO 29 I=1,N

29 PRINT 30y TUI)o(F(Js1)eJ=1,8)

30 FORMATI(15X, 9F9.3)

PRINT 31,(DESC(25,J1),J1=1,13)

31 FORMAT(1H]1,9Xy13A4/10X,"ELASTIC CONSTANTS AS A FUNCTION OF TEMPERA
ITURE®'//10X,'C44 = PROPAGATION PARALLEL TO C AXIS*/10Xy'C44A = PROP
LAGATION PERPENDICULAR TO C AXIS*'/10X,'CPQ = (C11-C12)/2'/10X,y*CRS
I= ((CLl14C3342%C44)+((CL1-C33)*#%2+44(C134C44)*%2)%%]1/2)/4'/10%X,'CTU
1= (CL1#CL1242%C66)/2'//713X,'T(C) c33 C44 cll1 C44
1A C66 cPQ cTu CRS cl2 Ccl13'/)

DO 32 I=1,4N

32 PRINT 33, T(I),(ClJ,y1)4Jd=1,10)

33 FORMATI(9X,11F9,.3)

PRINT 34,(DESCI(254J1),J1=1,13)

34 FORMAT{1HLl, 9X,13A4/10X, *COMPLIANCE CONSTANTS AS A FUNCTION OF TEM
LPERATURE'///13X,*'T(C) $S33%,10X,*'S44" 10X "SLL"y10X,"'S44A",9X,'S6
16'410X,'S12',10X,'S13'/)

DO 35 I=1,N
35 PRINT 36y TUL) o (S(Je0)yd=1y5)3(S(Jy1)pJd=9,10)
36 FORMAT (9X, F9.3,7(1X,E12.6))

PRINT 37,(DESC(25,4J1),J1=1,13)

37 FORMAT({1H149X,13A4/10X,'VELOCITIES OF THE ELASTIC CONSTANTS AS A F
LUNCTION OF TEMPERATURE'///13X,'TI(C) V(C33) VIC44) viCcll)
1V(C44A) VI(C66) v(iCPQ) ViCTU) VICRS) vViCl2) V(Cl3)1'/)

DO 38 I=1,4N

38 PRINT 39, T(I),y(VI(JyI)yJ=1,10)

39 FORMAT(9XyF9.3,10F9.5)

PRINT 40,(DESC(25,J1),J1=1,13)

40 FORMAT(1H1,8X,13A4/9X,'VOIGT,REUSSHILL MODULI AND CORRESPONDING V
LELOCITIES'//9X,'K(V) = VOIGT BULK MODULUS*/9X,'U(V) = VOIGT SHEAR
IMODULUS '/9X, 'K(R) = REUSS BULK MODULUS'/9X,'U(R) = REUSS SHEAR MOD
1ULUS'/9X, *K(H) = HILL BULK MODULUS'/9X,'U(H) = HILL SHEAR MODULUS?
179X, 'VSIV) = VOIGT SHEAR VELOCITY'/9X,'VS(R) = REUSS SHEAR VELOCIT
1Y'/9X, 'VS(VRH) = VOIGT,REUSS,HILL SHEAR VELOCITY'/9X,'VP(V) = VOIG
1T LONGITUDINAL VELOCITY'/9X,'VP(R) = REUSS LONGITUDINAL VELOCITY'/
19X, 'VP{VRH) = VOIGT,REUSS,HILL LONGITUDINAL VELOCITY'//10X,'T(C)

1 K(V) (VIR'A) K(R) U(R) K(H) UlH) vsSiv) v
1S(R) VS(VRH) VP(V) VP(R) VP(VRH)'/)

COMPUTE ELASTIC MODULI AND COMPRESSIONAL- AND SHEAR-WAVE
VELOCITIES BY VOIGT,REUSS AND HILL AVERAGING SCHEMES

DO 44 I=1,N
IF(F(2,1).EQ. 0.0) GO TO 41
L=2
GO TO 42
41 L=4
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(o X e N oyl

(g XaNaKal

42

43

45

46

47

48

50
51

VIToL)=SU3,1)+S(9,1)#+S(10,1)

VI142)=S01,1)42.0%5(10,1)
VII93)=2,0#S(3,1)4S{1,1)142.C*5(9,1)+4.0%5(10,1)
VIIg4)=0(2.0%C(3,1)+4Cl Ly 1)) 42.0%{C(9,1)42.0%Cl10,1)))/9.0
VIE5)1=(2.0%C(3,T1)+CLLyi)-C(Fy1)=2.0*%C(10,1)+6.0%CIL,1)+3,0%C(5,1)
1)/15.0

VIIe61=1.0/12.0%S(3,1)+S(1y01)+2.0%(S(9,1)42.0%S(10,1))) .
VII97)=15.0/14.0%¥(2.0%S(3,1)+S(1,1))-4.0%{S(9,1)42.0%5010e1)1+46.0%
I1S(L,1)#3.0%5(5,1))

VI148)=0.5%(VII,4)¢V(I,6!})

VII99)=05%(VI1,5)4VII,7))

DO 43 K=3,5

VIIyK#T7)=DSQRT(V(I,2%K-1)/(10.0*R(1)))
VII,K+10)=DSQRT(IVII,2%K-2)44.0*V([,2%K-1)/3.0)/(10.0%R(1)))

PRINT 45, T(I)y(VIIyJ)yJ=4,15)

FORMAT(9X ¢yF5.1,6F9.3,6F9.4)

COMPUTE MEAN SOUND VELOCITIES ,DEBYE TEMPERATURE AND ANISOTROPY AS
A FUNCTION OF TEMPERATURE

PRINT 46, (DESC{25,J1),yJ1=1,13)

FORMAT(1H1,13X,13A4/14X,'VOIGT,REUSS AND HILL MEAN VELOCITIES AND
L1CORRESPONDING DEBYE TEMPERATURE'//14X,*'VM(V) = MEAN VELOCITY'/14X,
L*VM(R) = REUSS MEAN VELOCITY'/14X,'VM(VRH) = VOIGT,REUSS,HILL MEAN
1 VELOCITY*/14X,*'SIG(V) = POISSONS RATIO USING VOIGT VELOCITIES'/14
1Xy *SIG(R) = POISSONS RATIO USING REUSS VELOCITIES'/14X,'SIG(VRH) =
1 POISSONS RATIO USING VRH VELOCITIES'/14X,'DT(V) = DEBYE TEMPERATU
LRE USING VM(V)"/14X,*DT(R) = DEBYE TEMPERATURE USING VM(R)'/14X,'D
1T(VRH) = DEBYE TEMPERATURE USING VMIVRH)'/14Xy'A = SHEAR ANISOTROP

LY* /14X, *RHO = DENSITY'///15X%X,'T(C) VMIV) VM(R) VM(VRH) S
1IG(V) SIG(R) SIG(VRH) DTI(V) DT(R) DT(VRH) A RHO
1'/7)

DO 49 I=1,N

DO 47 K=16,18
VELoK)=1(3,0%V (1 )K=3)*¥3%V([,K-6)%%3)/(2.0%V{I,K-3)%%3 +V(],K-6)*%
13))#%%,33333333
VIIyK+3)=05%(((V(IK=3)/VIIK=6))%%2-2,0)/((VII,K=-3)/VII)K=-6))*%%2
l—l.O)) .
VII)K+6)=251.2%(1.0/(WGT*%,33333333))*(R{11%%,33333333)%V(],K)
VIE425) = 2.0%(VII,5)=-VII,9)1/(VI1,5)+4V(],9))

VII,26)=RI(1)

PRINT 48, TUI),(V(I4J)yJ=16,26)

FORMAT(14XsF5.191Xy11F9.4)

CONTINUE

COMPUTE THERMAL EXPANSION,SPECIFIC HEAT AND GRUNEISEN.PARAMETER AS
A FUNCTION OF TEMPERATURE

IF{ACP)50,56,50

PRINT 514 (DESC(254J1)yJ1=1,13)

FORMAT(1H1,24X,13A4/25X, " THERMAL EXPANSION,SPECIFIC HEAT AND GRUNE
1ISEN PARAMETER AS A FUNCTION OF TEMPERATURE'//25X,'ALPHA(V) = VvOLU
IMETRIC EXPANSION'/25X,'CP = SPECIFIC HEAT (CAL/G/DEG)'/25X,"GAMMA
1 = GRUNEISEN PARAMETER'/25X,'RHO = DENSITY'///26Xy'T(C)*,6X,'ALPHA
LIV) 'y TXy*RHO'y TX, 'CP* 4 10Xy "GAMMA' /)

DO 55 I=1,4N
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54
55

56
57

58
59

60
61

62
63
64
65
66
67
68
69
70
71
72
73

74

CPUI)=ACP+BCPX(T(I)+273.0)-CCP*(T(1)4273.0)%%2
GAMMA(T)=V(I,08)*ALPHAV(1)*100.0/(4.186*R(1)*CP(1))
PRINT 54, T(I),ALPHAV(I)R(I),CPLI1),GAMMA(I)

FORMAT (21X42(FLl0.3,D14.6)4F10.5)

CONT INUF

COMPUTE LEAST SQUARES FIT BETWEEN TEMPFRATURE AND THE VARIOUS
PARAMETERS

READ S57,(M(K),K=1,24)
FORMAT(2411)

LL=6

L=59/(N+1)-1

NN 82 K=1,24
IF(L-LL)58,60,60
PRINT 59

FORMAT (LHI1)

LL = 0

IF(M(K)) 61,82,61

LL = LL+1

DO 72 I1=1,N

GO TO (62163,64965,66,66,66466,66,67467,68,68,68968,68,69,69,70,70

1970, 70,70471),4K

YUIT)=RIII)

GO TO 72

y(irr=ssl(In)

GO 10 72

y{iry=ssa2t11I)

GO 1O 72

Y(IT)=VCOMP(IT)

GO TO 72

YOIT)=C(K=-4,11)

GO 10 72

Y(II)=C(K=1,11)

GO T0 72

YOII)=VL(K-11,11)

GO TO 72

YUIT)=V1(K-8,11)

GO 170 72

Y(IT)=F(K-18,11)

GO 10 72

Y(II)=F(B,I1)

GO 70 72

CONTINUE

PRINT 73, (DESC(25,J1),J1=1,13),(DESC(KyJ2)4J2=1413)
FORMAT (30X,13A4/30X, *LEAST SQUARES TEMP VS 'y 13A4/)
PRINT 74, (YAX(KyJ1l),J1=1,3)

FORMAT(33X,"TEMP %,12X,3A4,15X,'Y/Y0"')

SUMX 0.0

SUMY
SUMX2
SUMXY
SUMY?2
Cl=N
DO 75 J=1,N
X(J) = T(J)

wn onu
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SUMX = SUMX+X(J)
SUMY = SUMY+Y(J)
SUMX2 = SUMX2 #X(J)**2
SUMY2 = SUMY2 +Y(J)*%x2
T5 SUMXY = SUMXY+X(J)*Y(J)
IF{SUMXY)T78,76,78
76 PRINT 77
GO T0O 82
77 FORMATI(////7/745X,*NO INPUT VALUES'/)

126

Cc
Cc COMPUTE SLOPE, INTERCEPT,CORRELATION COEFFICIENT,VARIANCE AND
C STANDARD DEVIATION
c
78 SI=(SUMX%®SUMY-CI*SUMXY)/(SUMX**2-C [*®*SUMX2)
Bl= (SUMX2#SUMY-SUMX%®SUMXY)/(CI*SUMX2-SUMX*%*2)
RI=(CI#*SUMXY-SUMX*SUMY)/DSQRT((CT*SUMX2-SUMX**2)*(CI*SUMY2-SUMY*%2
1)) :
SXY = SUMXY-SUMX%*SUMY/CI
SXX = SUMX2-SUMX*SUMX/CI
SYY = SUMY2-SUMY%SUMY/CI
VARS = (SYY-SXY*¥2/SXX)/(SXX*{CI-2.0))
DEVS =DSQRT(VARS)
DO 79 J=1,N
YR = Y(J)/Y(1)
79 PRINT 80, X{J)sY(J),¥YR
80 FORMAT(27X yFl4.T4BXyEL4.T7y8XyFl4.7)
PRINT 81, SI,VARS,DEVS,BI,RI
81 FORMAT(12HOSLOPE =yFlle4/' VARIANCE =',E13.2/' STD DEV =1,
1F12.5/" INTERCEPT =*,Fll.4/* CORR. COEFF. = "43E12.5//)
82 CONTINUE
JJ=25
GO 10 1
83 STOP
END
*
//GO0.SYSIN DD *
DENSITY DENSITY
COMP PERPENDICULAR TO C COMP PDTC
COMP PARALLEL TO C COMP PLTC
VOLUMETRIC COMP VoL COMP
C33 C33
C44 Ca4
cll cl1
C44A C44A
cé66 Cé66
Ccl2 cl2
cl13 Ccl3
C33 VELOCITY C33 VEL
C44 VELOCITY C44 VEL
Cll VELOCITY Cll VEL
C44A VELOCITY C44A VEL
C66 VELOCITY C66 VEL
Cl2 VeELOCITY Cl2 VEL
Cl3 VELOCITY Cl3 VEL
F33 F33
F44 F44
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F11l ; F11
F44A F44A
F66 3
FRS FRS

TEMPERATURE CALCULATIONS FOR CRYSTAL #1111 )
9.20-06 2.8750-09 T7.18D0-06 1.250-09 1.512D0-01 2.450-04 2.220-08 26.63293

4.26 4839.499 2714.3361244.2951947.719 467.3554194.7003980.000
25.000 498.910 460,600 317.460 388.600 163.120 495.150 595.880
30.000 498.800 460.390 317.350 388.150 163.153 494.700 595.610
40.000 498.310 459.950 317.120 387.220 163.220 493.880 595.100
50.000 497.810 459,510 316.900 386.410 163,294 493.000 594.550
60.000 497.300 459.100 316.670 385.500 163.325 492.180 594.040
70.000 496.820 458.690 316.450 384.660 163.425 491.300 593.420
80.000 496.310 458.250 316.220 383.800 163.490 490.500 592.890
90.000 495.810 457.810 316.000 382.900 163.560 489.600 592.310

100.000 495.400 457.300 315.770 382.100 163.620 488.700 591.800
110.000 494.920 456.980 315.550 381.210 163.690 487.800 591.270
120.000 494.450 456.520 315.320 380.340 163.758 486.910 590.720
130.000 493.950 456.120 315.100 379.600 163.825 486.100 590.210
140.000 493.580 455.700 314.890 378.800 163.890 485.240 589.700
150.000 493.200 455,270 314.670 378.010 163.958 484.400 589,200
160.000 492.730 454,880 314.450 377.260 164.019 483.600 588.690
170.000 492.340 454.450 314.240 376.500 164,084 482.800 588.150
180.000 491.900 454,000 314,010 375.700 164.150 481.920 587.600
190.000 490.470 453.610 313.800 374.910 164.215 481.150 587.100
200.000 491.000 453.170 313.670 374.110 164.284 480.390 586.600
210.000 490.550 452.720 313.350 373.350 1644335 479.620 586.090
220.000 490.080 452.310 313.120 372.610 164.400 478.900 585.590
230.000 489.610 451.890 312.900 371.850 164.460 478.150 585.080
240.000 489.120 451.450 312.670 371.100 164.517 477.400 584.5130
250.000 488.680 451,010 312.450 370.450 164.572 476.650 584.000
260.000 488.200 450.600 312.230 369.700 164.630 475.930 583.500
270,000 487.730 450.150 312.000 369.000 164.685 475.170 583.000
280.000 487.280 449.750 311.770 368.250 164.734 474.450 582.500
290.000 486.800 449.320 311.550 367.510 164.790 473.700 582.000
300.000 486.350 448.900 311.320 366.800 164.833 472.950 581.550
310.000 485.850 448.500 311.100 366.100 164.880 472.210 581.100

iirrrrrreearrnnLLLLLLLL
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TEMPERATURE CALCULATIONS FOR CRYSTAL #1111
COMPRESSIBILITY AS A FUNCTION OF TEMPERATURE

Tic) =
RHO = DENSITY
cCoMP PDTC
COMP PLTC
vOoL COoMP =

T(C)

25.000

30.000

40.000

50.000

60.000

70.000

80.000

90.000
100.000
110.000
120.000
130.000
140.000
150.000
160.000
170.000
180.000
190.000
200.000
210.000
220.000
230.000
240,000
250.000
260.000
270.000
280.000
290.000
300.000
310.000

RHO

4.26000
4.25950
4,25849
4.25749
4.25648
4.25547
4,25446
4.25344
4.25242
44,25140
4.,25038
4.,74936
4.24834
4.24731
4.24628
4.24525
4,24422
4.24318
4,24214
4,24110
4.24006
4.23902
4.,23797
4.23693
4.,23588
4.,23483
4,23377
4.,23272
4.23166
4.23060

CENTIGRADE TEMPERATURE

coMp POTC

0.1935710-03
0.1938460-03
0.1943260-03
0.1949190-03
0.1953830-03
0.195934D-03
0.1964370-03
0.1970000-073
0.1976900-03
0.1981940-03
0.198797D-03
0.1993650-03
0.199964D-03
0.200564D-03
0.201116D-03
0.2016860-03
0.2023280-03
0.2028350-03
0.2033600-03
0.2039470-03
0.204462D-03
0.2049990-03
0.2055470-03
0.2061590-03
0.206673D-03
0.207290D-03
0.2078010-03
0.208373D-03
0.2089710-03
0.2095520-03

COMP PLTC

0.869854D-04
0.871443D-04
0.872057D-04
0.872957D-04
0.873633D0-04
0.8767100-04
0.8775390-04
0.879393D-04
0.879206D-04
0.8808400-04
0.881841D-04
0.882205D-04
0.8835350-04
0.8843830-04
0.885167D-04
0.8872560-04
0.8884040-04
0.881301D-04
0.891591D0-04
0.890806D-04
0.8914460-04
0.892319D-04
0.893743D-04
0.8948650-04
0.895611D-04
0.8955420-04
0.896488D-04
0.896839D-04
0.8959270-04
0.894889D-04

COMPRESSIBILITY PERPENDICULAR TO C AXIS
COMPRFSSIBILITY PARALLEL TO C AXIS
VOLUMETRIC COMPRESSIBILITY

voL COMp

0.474127D-03
0.474835D-03
0.475857D-03
0.477134D-03
0.4781290-03
0.4795390-03
0.480628D-03
0.4819400-03
0.4833000-03
0.4844720-03
0.485778D-03
0.4869510-03
0.4882810-03
0.489566D-03
0.4907500-03
0.492098D-03
0.4934960-03
0.493800D0-03
0.4958800-03
0.496975D-03
0.498070D-03
0.499229D0-03
0.500468D-03
0.501805D0-03
0.502908D-03
0.504135D0-03
0.5052500-03
0.506429D-03
0.5075340-03
0.508593D0-03

128



129

TEMPERATURE CALCULATIONS FOR CRYSTAL #1111
EXPERIMENTAL TEMPERATURE-FREQUENCY INPUT DATA

T(C)H F33 F&4 Fl1 F44A Fé66 FPQ FTU FRS

460,600 317.460 388,600 163.120 495.150 595.880
460.390 317.350 388.150 163.153 494.700 595,610
459,950 317.120 387.220 163.220 493.880 595.100
459.510 316.900 386.410 163.294 493.000 594.550
459.100 316.670 385.500 163.325 492.180 594.040
458.690 316.450 384.660 163.425 491.300 593.420
458.250 316.220 383.800 163.490 490.500 592.890
457.810 316,000 382.900 163.560 489.600 592.310
457.300 315.770 382.100 163.620 488.700 591.800
456.980 315.550 381.210 163.690 487.800 591,270
456.520 315.320 380.340 163.758 486.910 590.720
456.120 315.100 379.600 163.825 486.100 590.210
455,700 314.890 378.800 163.890 485.240 589.700
455.270 314.670 378.010 163.958 484.400 589,200
454.880 314.450 377.260 164.019 483.600 588.690
454,450 314.240 376.500 164.084 482.800 588.150
454.000 314.010 375.700 164.150 481.920 587.600
453.610 313.800 374.910 164.215 481.150 587.100
453.170 313.670 374.110 164.284 480.390 586.600
452,720 313.350 373,350 164.335 479.620 586.090
452.310 313.120 372.610 164.400 478.900 585.590
451.890 312.900 371.850 164.460 478.150 585,080
4514450 312.670 371.100 164.517 477.400 584.530
451.010 312.450 370.450 164.572 476.650 584.000
450.600 312.230 369.700 164.630 475.930 583.500
450.150 312.000 369.000 164.685 475.170 583.000
449.750 311.770 368.250 164.734 474.450 582.500
449.320 311.550 367.510 164.790 473.700 582.000
448.900 311.320 366.800 164.833 472,950 581.550
448,500 311.100 366.100 164.880 472.210 58l.100

25.000 498.910
30.000 498.800
40,000 498.310
50,000 497.810
60.000 497.300
70.000 496.820
80.000 496.310
90,000 495.810
100.000 495.400
110.000 494.920
120.000 494.450
130.000 493.950
140.000 493.580
150.000 493.200
160.000 492.730
170.000 492.340
180.000 491.900
190.000 490.470
200.000 491.000
210.000 490,550
220.000 490,080
230.000 489.610
240,000 489.120
250.000 488.680
260.000 488.200
270,000 487.730
280.000 487.280
290.000 486.800
300.000 486.350
310.000 485.850
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OCO0O0O0ODDO0O0O000O0OO0O0OO00COO0OODO0O00O0O0O0O0O0OCOOOO



TEMPFRATUAE CALCULATIONS FUR CRYSTAL #1111
FLASTIC CONSTANTS AS A fUNCIlUN OF TEMPERATURE

C44 = PROPAGATION PARALLFL TO C AXIS

C44A = PRUPAGATION PERPENDICULAR TO C AXIS
CPQ = (C11-C12)/2
CRS = ((CL1+C33¢2%CH4)¢((CL1-C33)#%2+4(CLl3¢Co4)0e2)8*1/2)/4
CTUu = (Cl1+C12+2%C66)/2

Tic)

29.000
30.000
40,000
50,000
60,000
70.000
80.000
10.000
100.000
110.000
120.000
130,000
140.000
150.000
160.000
170.000
180,000
190,000
200,000
210.000
220.000
230.000
240,000
250.000
260,000
270.000
280.000
290.000
300,000
310.000

C33

4339.499
4837.240
4827.492
44317.561
480T.447
4797.925
4187.833
4777.945
4769.802
4760.119
4751.038
4741.191
4733.4849
4726.321
4717.076
4709.371
4700.717
4673.188
4683.054
4674.236
4665.046
4655.865
4646.115
4637.723
4628.382
4619.241
4610.487
4601.175
4592.440
4582.7171

C44

@ e o 2 s s a8 e o @

[*N-Nel-Ne-NoRoNoleNoNoNoNeNeoRo oo N-YoleNoll- NeNo i~ NoleNeolo]
ODCOO0ODOOCOOD0O0OOCODOCCOO0OO0O0O0O0OOO0COOCD

cu

2714.336
200 13T
2706.307
2700.882
2695.814
2690.751
2685.341
2679.936
2613.1717
2669.725
2664.101
2659.1813
2654.036
2648.777
?2643,988
2638.739
2633.262
2628.487
2623.136
2617.675
2612.682
2607.51717
2602.2417
2596.922
2591.947
2586.518
2581.667
251644117
2571.406
2566.569

C44a

12644.295
1243.376
1241.460
1239.623
1237.1710
1235.876
1233.965
1232.133
1230.224
1228.395
1226.489
1224.662
1222.914
1221.090
1219.266
1217.522
1215.623
1213.881
1212.1758
1210.167
1208.274
1206.459
1204.564
1202.755%
1200.9%4
1199.057
1197.171
1195.363
1193.480
1191.6175

Cée6

1947.719
1943.121
1933,643
1925.384
1916.148
1907.629
1898.932
1889.859
1681.794
1872.862
1864.147
1856.724
1848.731
1840.852
1633.379
1825.825
1817.899
1810.087
1802.196
1794.707
1787.426
1779.968
1772.622
1766.244
1758.926
1752.099
1744.811
1737.633
1730.753
1723.981

cPQ

467,355
467.523
467.864
468.245
468.379
468,909
469.238
469.596
469.897
470.255
470,601
470.942
471,271
471,617
471.923
472.252
472.586
472.915
473,267
473.514
473.843
474,143
4T4.425
474,696
474.983
475.254
475.490
475.766
475.967
476.191

Cru

4194.700
4186.386
4172.633
4157.393
4143.190
4128.004
4114.187
4098.720
4083.281
4067.873
4052.659
4038.804
4024.144
4009.841
3996.226
3982.633
3967.747
3954.696
3941.831
3928.824
3916.656
3904.017
3891.398
3878.800
3866.710
3853.990
3841.939
3829.421
3816.925
3804.610

CRS

3980.000
3976.251
3969.160
3961.541
3954.462
3945.927
3938.597
3930.610
3923.559
3916.250
3908.682
3901.651
3894.627
3887.740
3880.728
3873.327
3865.802
3858.941
3852.087
3845.107
3838.265
3831.298
3823.813
3816.598
3809.781
3802.971
3796.166
3789.368
3783.226
3777.089

ci12

1779.626
1776.243
1771.127
1763.764
1758.663
1751.465
1746.017
1739.264
1731.591
1724.756
1717.912
1711.139
1704.143
1697.373
1690.924
1684.557
1677.261
1671.694
1666.368
1660.602
1655.387
1649.906
14§44.351
1637.860
1632.800
1626.637
1621.638
1616.022
1610.205
1604.438

ci3

1495.667
1492.070
1489.805
1486.378
1484.279
1478.458
L475.916
1471.649
1468.555
1464.958
1461.377
1458.955
1454.633
1450.939
1448.067
1443.229
1439.214
1449.829
1432.095
1430.801
1428.469
1425.736
1422.400
1418.774
1416.431
1414.266
1411.631
1409.371
1408.214
1407.508
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TEMPERATURE CALCULATIONS FCR CRYSTAL #1111
COMPLIANCE CONSTANTS AS A FUNCTION OF TEMPERATURE

Tic) s S44 sil S44A S66 si12 s13

25.000

0.2601500-03

0.6750020-03

0.8036680-03 0.513421D-03 -.3948490-03 -.065824D-04

0
30,000 0,2600690-013 0 0.6746310-03 0.804262D-03 0.514636D0-03 -.3943230-03 =-,.864622D-04
40,000 0.260684D-03 0 0.6751890-03 0.8055030-03 0.5171590-03 -,394124D0-03 -.867350D-04
50,000 0.2612420-0) [} 0.6744970-03 0.806697D0-03 0.5193770-03 =-,3926050-03 ~,8697320-04
60,000 0.2618970-03 0 0.674857D-03 0.8079440-03 0,.,5218800-03 -.3922070-03 ~-,8726700-04
70.000 0.2622050-03 0 0.6739200-03 0.8091430-03 0.5242110-03 -.3907190-03 -.8726720-04
80.000 0.262833D0-03 0 0.674286D-03 0.8103960-03 0.5266120-03 -.3903100-03 -.8753980-04
90.000 0,2633110-03 [v] 0.6738780-03 0.8116010-03 0.5291400-03 -.389192D-03 -.87608590-04
100.000 0.2638050-03 0 0.6735300-03 0.8128600-03 0.5314080-03 -.3878990-03 ~.B8794200-04
110.000 0,2642949D-03 0 0.672269D-03 0.814070D0-03 0.533942D-03 -,385967D-03 -.8810750-04%
120.000 0.264808D-01% 0 0.6719900-03 0.8153350-03 0.5364380-03 -.384881D-03 ~-,8831210-04
130,000 0.2654560-03 0 0.671393D0-03 0,8165520-03 0.5385830D-03 -.3834100-03 ~-.8861790-04
140.000 0.2657580-03 0 0.6707080-03 0.8L77190-03 0.5409120-03 -.3820420-03 -,.8870230~-04
150.000 0,2661310-03 [} 0.6702440-03 0.8189410-03 0.5432270-03 -,3808340-03 ~-.888465D-04
160.000 0.2666930-03 0 0.6697260-03 0.8201650-03 0.5454410-03 -,.3795210-03 -.890881D-04
170.000 0.266966D-0% 1] 0.6694120-0% 0.8213410-03.0.547698D-03 -.3786060-03 -.891202D-04
180.000 0.267404D-03 0 0.6688170-03 0,8226230-03 0.5500860-03 -,377207D-03 -.8928190-04
190,000 0.270596D-03 0 0.6696130-03 0.823804D-03 0.552460D-03 -,3755450-03 =.912327D-04
200,000 0.2643260D-03 1] 0.6690650-03 0,8245670-03 0.,5548780-03 -,3761210-03 -,.8958330D-04
210.000 0,2690180-03 0 0.6693840-03 0.8263320-03 0.557194D-03 -.375468D-03 —-.8996890-04
220.000 0.2696240-03 0 0.6696560-03 0.8276270~-03 0.559464D-03 -.3749540-03 -,9023980-04
230.000 0.2701990-03 0 0.6698410-03 0.8248720-03 0.561808D-03 -,3743580-03 -,9048380-04
240,000 0.2707500-03 0 0.670095D0-03 0.8301730-03 0.5641360-03 -,3738600-03 ~.906877D-04
250.000 0.2712190-03 0 0.6698550-03 0.831424D-03 0.566173D-03 ~-,372830D-03 -.908661D-04
260,000 0.2718420-01 0 0.6702030-03 0.8326780-03 0.,5685290-03 -,3723890-03 -.911404D-04
270.000 0.2724970-03 0 0.6702730-03 0.8339890-03 0.5707440-03 -.371517D-03 -.9147150-04
280.000 0.2730500-03 0 0.6705680-03 0.8353030-03 0.5731280-03 -,3710670-03 -,9170080-04
290.000 0.2737020-03 0o 0.670778D-03 0.8365660D-03 0.575495D0-03 -,.370396D-03 -,9200890-04
300.000 0.2744260-03 Q 0.6708760-03 0.837886D-03 0.5777830-03 -.3694880-03 -.924166D-04
0

310.000

0.27526T70-03

0.6709000-03

0.8391550-03

0.580053D0-03 -.3684590-03

~.9288880-04
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TEMPERATURE CALCULATIONS FOR CRYSTAL #1111l
VELOCITIES OF THE ELASTIC CONSTANTS AS A FUNCTION OF TEMPERATURE

T(c) vic33) ViCa4s) vicin) VIC44A) VIC66) vicrPQ) vicTUu) VICRS) vici2) vici3)

25.000 10.65848
30.000 10.65662
40.000 10.64T714
50.000 10.63744
60,000 10.62752
70.000 10.61825
80.000 10.60834%
90.000 10.59865
100.000 10.59088
110.000 10.58161
120.000 10.57256
130.000 10.56287
140.000 10.55596
150.000 10.54884
160.000 10.53979
170.000 10.53246
180.000 10.52406
190.000 10.49448
200.000 10.50683
210.000 10.49822
220.000 10.48919
230.000 10.48015
240.000 10.47069
250.000 10.46229
260.000 10.45305
270.000 10.44401
280.000 10.43541
290.000 10.42617
300.000 10.41757
310.000 10.40790

7.98228 5.40452 6.76174 3.31222 9.92306 9.66578 6.46338 5.92533
T«97893 5.40284 6.75415 3.31300 9.91440 9.66179 6.45761 5.91855
T.97188 5.39931 6.73845 3.31460 9.89868 9.65431 6.44907 5.91476
T.96482 5.39595 6.72484 3.31635 9.88175 9.64618 6.43641 5.90865
7.95829 5.39243 6.70949 3.31721 9.86602 9.63870 6.42786 5.90517
T.95176 5.38907 6.69535 3.31948 9.84910 9.62944 6.41545 5.89428
T+94470 5.38554 6.68087 3.32105 9.83377 9.62163 6.40623 5.88991
T.93765 5.38218 6.66568 3.32271 9.81644 9.61302 6.39459 5.88209
T7.92938 5.37866 6.65224 3,32417 9.79910 9.60554 6.38123 5.87661
T.92441 5.37930 6.63723 3.32583 9.78177 9.59774 6.36939 5.87011
T.91701 5.37177 6.62256 3.32746 9.76463 9.58961 6.35750 5.86364
7.9106% 5.36842 6.61016 3.32906 9.74910 9.58214 6.34572 5.85948
7.90395 5.36523 6.59671 3.33063 9.73257 9.57466 6.33350 5.85150
7.89707 5.36188 6,58343 3.33225 9.71643 9.56735 6.32167 5.84477
7.89088 5.35852 6.57085 3.33374 .9.70109 9.55988 6.31041 5.83969
7.88400 5.35534 6.55810 -3.33530 9.68576 9.55192 6.29928 5.83064
T.B876TT 5.35181 6.54465 3.33689 9.66881 9.54379 6.28639 5.82323
T7.87059 5.34863 6.53137 3.33846 9.65408 9.53649 6.27672 5.84538
7.86353 5.34681 6.51791 3.34011 9.63954 9.52918 6.26748 5.81023
T.85631 5.34175 6.50515 3.34139 9.62480 9.52171 6.25739 5.80832
T.84977 5.33822 6.49274 3.34296 9.61107 9.51440 6.24832 5.80429
T.B4307 5.33487 6.47998 3.34443 9.59673 9.50693 6.23874 5.79945
T.83601 5.33134 6.46739 3.34584 9.58239 9.49881 6.22900 5.79338
T7.82896 5.32799 6.45654 3.34720 9.56804 9.49102 6.21746 5.78670
T.82242 5.32463 6.44395 3.34863 9.55430 9.48371 6.20862 5.78264
7.81520 5.32111 6.43223 3.35000 9.53976 9.47641 6.19766 5.77893
7.80884 5.31758 6.41964 3.35125 9.52602 9.46910 6.18890 5.77427
7.80196 5.31423 6.40722 3.35264 9.51167 9.46180 6.17894 5.77036
7.79525 5.31070 6.39532 3.35377 9.49733 9.45531 6.16858 5.76871
7.78889 5.30735 6.38359 3.35498 9.48318 9.44882 6.15829 5.76799

[=X-E-X-X-N-E-E-N-N-N-N-N-R-N-N-N-N-N-N-N-N-N-N-N-N-N-N-N-N-)
© & ¢ 6 6 0 8 8 & 8 6 4 0 % o 8 6 o 6 8 a4 & 6 s 6 e s s 8 o

COO00COOOO0OODDO0OOOODOODOOCO0OOOOOOOO



TEMPERATURE CALCULATIONS FOR CRYSTAL #1111

voIGTt

K(V)
utv)
K{R)
UIR)
K(H)
UiH)
vsiv)
VS(R)
VS(VR
VPLV)
VP(R)
VP(VR

T

25.0

30.0

40.0

50.0

60.0

70.0

80.0

%0.0
100.0
110.0
120.0
130.0
140.0
150.0
160.0
170.0
180.0
190.0
200.0
210.0
220.C
230.0
240.0
250.0
260.0
270.0
280.0
290.0
300.0
310.0

+REUSS HILL MODULI AND CORRESPONDING VELOCITIES

= VOIGT BULK MODULUS
= VOIGT SHEAR MODULUS
= REUSS BULK MODULUS
= REUSS SHEAR MODULUS
= HILL BULK MODULUS
= HILL SHEAR MODULUS
= VOIGT SHEAR VELOCITY
= REUSS SHEAR VELOCITY
H) = VOIGT,REUSS,HILL SHEAR VELOCITY
= VOIGT LONGITUDINAL VELOCITY
= REUSS LONGITUDINAL VELOCITY
H) = VOIGT,REUSSyHILL LONGITUDINAL VELOCITY

K(v) utvy KI(R) U(R) Ki{H) UtH)

2201.121 1253.743 2109.142 995.029 2155.131 1124.386
2197.942 1252.663 2105.993 994.973 2151.968 1123.818
2193.509 1249.270 2101.471 993.433 2147.490 1121.352
2188.041 1246.446 2095.846 993,018 2141.943 1119.732
2183.724 1243.104 2091.486 991.623 2137.605 1117.363
2177.354 1240.612 2085.334 991.494 2131.344 1116.053
2172.690 1237.417 2080.612 990.139 2126.651 1113.778
2166.993 1234.509 2074.946 989.475 2120.970 1111.992
2161.626 1231.684 2069,108 988.796 2115.367 1110,240
2156.568 1228.937 2064.101 988.773 2110.335 1108.855
21514175 1225.997 2058.556 987.980 2104.865 1106.983
2146.406 1223.244 2053,595 987.452 2100.001 1105.348
2140.971 1220.813 2048.000 987.132 2094.486 1103.973
2135.819 1218.248 2042.624 986.588 2089.222 1102.418
2131.018 1215.582 2037.699 986.019 2084.359 1100.801
2125.431 1213.229 2032.116 985.436 2078.774 1099.333
2119.847 1210.599 2026.357 984.948 2073.102 1097.774
2119.207 1204.824 2025.112 982.220 2072.160 1093.522
2110.049 1205.460 2016.617 983.026 2063.333 1094.243
2105.999 1202.167 2012.172 981.525 2059.086 1091.846
2101.673 1199.334 2007.752 980.287 2054.712 1089.811
2097.086 1196.553 2003,087 979.145 2050.087 1087.849
2092.123 1193.795 1998.131 977.954 2045.127 1085.875
2086.932 1191.428 1992.807 977.260 2039.869 10B4.344
2082.622 1188.604 1988.436 975.970 2035.529 1082.287
2078,068 1185.850 1983.596 974.898 2030.832 1080.374
2073,736 1183.092 1979.219 973.658 2026.477 1078.375
2069.295 1180.296 1974.610 972.475 2021.953 1076.386
2065.391 1177.451 1970.311 971.335 2017.851 1074.393
2061.646 1174.563 1966.208 970.227 2013.927 1072.395

vsitv)

5.4250
5.4230
5.4163
5.4108
5.4042
5.3994
5.3931
5.3874
5.3818
5.3765
5.3707
5.3653
5.3606
5.355%6
5.3504
5.3459
5.3407
5.3286
5.3307
5.3241
5.3184
5.3129
5.3074
5.3028
5.2972
5.2917
5.2862
5.2806
5.2749
5.2691

VS(R)

4.8330
4.83131
4.8299
4.8295
4.8267
4.8269
4.8242
4.8232
4.8221
4.8226
4.8213
4.8205
4.8203
4.8196
4.8188
4.8180
4.8173
4.8113
4.8138
4.8107
4.8083
4.8061
4.8037
4.8026
4.8001
4.7980
4.7956
4.7932
4.7910
4.7889

VS(VRH)

5.1375%
5.1365
5.1315
5.1284
5.1236
5.1212
S5.1166
5.1131
5.1096
5.1071
5.1034
5.1002
5.0976
5.0947
5.0916
5.0888
5.0858
5.0765
5.0788
5.0739
5.0698
5.0658
5.0619
5.0589
5.0547
5.0509
5.0469
5.0428
5.0388
5.0347

VPLVv)

9.5347
9.5296
9.5196
9.5094
9.4997
9.4R88
9.4789
9.4681
9.4579
9.4482
9.4377
9.428)
9.4186
9.4090
9.3977
9.3899
9.3797
9.3703
9.3610
9.3515
93424
9.3331
9.3233
9.3139
9.3048
9.2956
9.2865
9.27713
9.2686
9.2601

VP(R)

8.9807
8.9771

8.9695
8.9625
8.9554
8.9481

8.9406
8.9331
8.9253
8.9197
8.9121

8.9057
8.8988
8.8918
8.8853
8.8780
8.8705
8.8651

8.8563
8.8488
8.8418
8.8347
8.8270
8.8198
B.8127
8.8054
8.7984
8.7912
8.7844
8.7780
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VPIVRH)

9.2619
9.2574
9.2487
9.2400
9.2315
9.2224
9.2137
9.2045
9.1954
9.18717
9.1787
9.1707
9.1624
9.1541
9.1461
9.1375
9.1286
9.1212
9.1122
9.1037
9.0956
9.0873
9.0786
9.0702
9.0621
9.0538
9.0458
9.0375
9.0298
9.0223
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TEMPERATURE CALCULATIONS FOR CRYSTAL #1111l
VOIGV,REUSS AND HILL MEAN VELOCITIES AND CURRESPUNDING DEBYE TEMPERATURE

V.4IV) = MEAN VELOCITY

VM{R) = REUSS MEAN VELOCITY

VMIVRH) = VOIGT,REUSS,HILL MEAM VELOCITY
SIGIV) = POISSONS RATIO USING VOIGT VELOCITIES
SIG(R) = POISSUNS RATIO USING REUSS, VELOCITIES
SIGIVRH) = PNISSONS RATIO USING VRH VELOCITIES
DT(V) = DEBYE TEMPERATURE USING VMIV)

DT(R) = DEBYE TEMPERATURE USING VM(R)

DT (VRH) = DEBYE TEMPERATURE USING VMIVRH)

A = SHEAR ANISOTROPY

RHO = DENSITY

LT VM(V) VM{R) VMIVRH) SIGLV) SIGIR) SIGIVRH) DT(V) OT(R) DT (VRH) A RHO

25.0 6.0304 5.3957 5.7226 0.2606 0.2962 0.2778 822.2915 735.7504 780.3300 0.1088 4.2600
30.0 6.0280 5.3957 5.7214 0.2605 V.2959 0.2776 821.9422 735.7206 780.1309 0.1084 442595
40.0 6.0207 5.3921 5.7158 0.2607 0.2958 0.2776 820.8741 735.1704 779.3071 0.1079 4.2585
50.0 6.0145 5.3913 5.7122 0.2606 0.2954 0.2774 B819.9735 735.0087 778.7542 0.1071 4.25175
60.0 6.0073 5.3881 5.7068 0.2608 0.2953 0.2774 818.9196 734.5103 777.9624 0.1065 4.2565
70.0 6.0018 5.3880 5.7039 0.2606 0.2948 0.2771 818.1131 734.4455 777.5051 0.1057 4.2555
80.0 5.9949 5.3849 5.6988 0.2607 0.2946 0.2771 817.0996 733.9578 176.7400 0.1052 4.,2545
90.0 5.9885 5.3835 5.69417 0.2606 0.2943 0.2769 816.1660 733.7074 776.1286 0.1044 4.2534
100.0 5.9823 5.3820 5.6908 0.2606 0.2939 0.2767 815.2607 733.4497 775.5286 0.1037 4.2524
110.0 5.9764 5.3823 5.6878 0.2606 0.2935 0.2764 814.3813 T733.4311 775.0552 0.1027 4.2514
120.0 5.9699 5.3806 5.6835 0.2605 0.2931 0.2763 B13.4369 733.1354 7T4.41172 0.1020 4.2504
130.0 5.9639 5.3796 5.6799 0.2605 0.2928 0.2761 812.5563 732.9382 773.8593 0.1013 4.2494
140.0 5.9586 5.3790 5.6769 0.2604 0.2924 0.2758 811.7705 732.8096 773.3819 0.1005 4.2483
150.0 5.9531 5.3780 5.6734 0.2604 0.2920 0.2756 810.9441 732.6031 772.8505 0.0998 4.24173
160.0 5.9472 5.3768 5.6698 0.2604 0.2917 0.2755 810.0878 732.3911 772.2990 0.0991 4.2463
170.0 5.9421 5.3756 5.6665 0.2602 0.2913 0.2752 809.3229 732.1688 771.7909 0.0985 4.2452
180.0 5.9363 5.3741 5.6630 0.2601 0.2909 0.2750 B808.4691 T731.9785 771.2510 0.0978 442442

190.0 5.92135 5.3681 5.6532 0.2610 0.2912 0.2756 B806.6576 731.0292 769.8487 0.0969 4.2432
200.0 5.9251 5.3704 5.6551 0.2600 0.2903 0.2747 806.8096 731.2763 770.0455 0.0967 442421
210.0 5.9178 5.3669 5.6496 0.2602 0.2902 0.2747 805.7554 730.7364 769.2354 0.0962 4.2411

220.0 5.9116 5.3640 5.6450 0.2603 0.2900 0.2746 B804.8441 730,2902 768.5448 0.0957 4.2401
230.0 5.9055 5.3614 5.6406 0.2603 0.2898 0.2746 803.9462 729.8754 767.81763 0.0952 4.2390

240.0 5.8994 5.3587 5.6361 0.2603 0.2896 0.2744 803.0510 729.4405 767.1998 0.0947 4.2380
250.0 5.8942 5.3572 5.61326 0.2602 0.2893 0.2742 802.2778 T729.1796 766.66917 0.0941 4.2369
260.0 5.8880 5.3542 5.6280 0.2602 0.2891 0,2742 801.3654 T28.7136 765,9695 0.0936 4.2359
270.0 5.8819 5.3518 5.62136 0.2603 0.2889 0.2741 800.4719 728.3215 765.3142 0.0931 4.2348

280.0 5.8759 5.3489 5.6191 0.2603 0.2887 0.2740 799.5785 727.8730 764.6324 0.0926 4.2338
290.0 5.8697 5.3462 5.6145 0.2604 0.2885 0.2739 798.6T06 127.4424 763.9516 0.0921 4.2327
300.0 5.8634 5.3436 5.6100 0.2605 0.2883 0.2739 797.7506 727.0298 7163.2727 0.0915 4.,2317
310.0 5.8570 5.3411 5.6055 0.26006 0.2881 0.2739 796.8173 726,6297 762.5931 0.0909 4.2306
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TEMPERATURE CALCULATIONS FOR CRYSTAL #1111
THERMAL EXPANSION,SPECIFIC HEAT AND GRUNEISEN PARAMETER AS l FUNCTION OF TEMPERATURE

ALPHA(V) = VOLUMETRIC EXPANSIUN
CP = SPECIFIC HEAT (CAL/G/DEG)
GAMMA = GRUNEISEN PARAMETER

RHO = DENSITY

T(C) ALPHALV) RHO ce GAMMA
25.000 0.235600D-04 4.260 0.222239D 00 1.28121
30.000 0.235869D-04 4.259 0.2233970 00 1.27430
40,000 0.236406D-04 4.258 0,2257100 00 1.26178
50.000 0.236944D-04 4.257 0.228019D 00 1.24891
60.000 0.2374810-04 4.256 0.230323D 00 1.23700
70.000 0.2380190-04 4.255 0.2326230 00 1.22424
80.000 0.2385%6D-04 4.254 0.2349190 00 1.21262
90.000 0.239094D-04 4.253 0.2372100 00 1.20069

100.000 0.2396310-04 4.252 0.2394960 00 1.18904
110.000 0.240169D-04 4.251 0.241779D 00 1+17793
120.000 0.240706D-04 4.250 0.244056D 00 1.16679
130.000 0.241244D-04 4.249 0.2463300 00 1.15621
140.000 0.241781D-04 4.248 0.248598D 00 1.14547
150.000 0.2423190-04 4.247 0.2508630 00 1.13507
160.000 0.2428560-04 4.246 0.253123D 00 1.12508
170.000 0.2433940-04 4.245 0.2553780 00 1.11489
180.000 0.243931D-04 4.244 0.2576290 00 1.10483
190.000 0.244469D-04 4.243 0.2598760 00 1.09746
200.000 0.245006D-04 4.242 0.262118D 00 1.08609
210,000 0.245544D-04 4.241 0.264356D 00 1.07730
220.000 0.246081D-04 4.240 0.2665890 00 1.06860
230.000 0.246619D-04 4.239 0.2688180 00 1.05992
240.000 0.247156D-04 4.238 0.2710430 00 1.05123
250.000 0.247694D-04 4.237 0.273263D 00 1.04253
260,000 0.248231D-04 4,236 0.275478D 00 1.03444
270.000 0.248769D-04 4.235 0.277689D 00 1.02630
280.000 0.249306D-04 4.234 0.279896D 00 1.01848
290.000 0.2498440D-04 4.233 0.2820980 00 1.01070
2100.000 0.250381D-04 4.232 0.284296D 00 1.00325

310.000 0.250919D-04 4,231 0.286489D 00 0.99602
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TEMPERATURE CALCULATIONS FOR CRYSTAL #1111
LEAST SQUARES TEMP VS DENSITY )

TEMP DENSITY Y/Y0

25.0000000 0.42600000 01 1.0000000
30.0000000 0.42594980 01 0.9998822
40.0000000 0.4258494D 01 0.9996464
50.0000000 0.42574870 01 0.9994101
60.0000000 0.42564780 01 0.9991734
70.0000000 0.42554680 01 0.9989361
80.0000000 0.42544550 01 0.9986984
90.0000000 0.42534400 01 0.9984602
100.0000000 0.42524240 01 0.9982215
110.0000000 0.4251405D 01 0.9979823
120.0000000 0.4250384D 01 0.9977427
130.0000000 0.42493610 01 0.9975025
140.0000000 0.4248336D0 01 0.9972619
150.0000000 0.42473090 01 0.9970209
160.0000000 0.42462300 01 0.9967793
170.0000000 0.42452490 01 0.9965373
180.0000000 0.42442160 01 0.9962948
190.0000000 0.42431810 Ol 0.9960518
200.0000000 0.42421430 01 0.99580813
210.0000000 0.42411040 01 0.9955644
220.0000000 0.4240063D 01 0.9953200
230.0000000 0.42390200 01 0.9950751
240.0000000 0.42379750 01 0.9948297
250.0000000 0.42369270 01 0.9945839
260.0000000 0.42358780 01 0.9943376
270.0000000 0.4234827D 01 0.9940908
280.0000000 0.4233773D 01 0.9938435
290.0000000 0.42327180 01 0.9935958
300.0000000 0.4231661D 01 0.9933476
310.0000000 0.42306010 01 0.9930989

SLUPE = -0.0001

VARIANCE = 0.220-13

STD DEV = 0.00000

INTERCEPT = 4.2627

CORR. COEFF. = -0.99997D 00
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TEMPERATURE CALCULATIONS FOR CRYSTAL #1111
LEAST SQUARES TEMP VS COMP PERPENDICULAR TO C

TEMP coMp POTC Y/Y0
25.0000000 0.1935706D-03 ' 1.0000000
30.0000000 0.1938455D0-03 1.0014203
* 40.0000000 0.1943257D-03 1.0039011
50.0000000 0.1949193D-03 1.0069675
60.0000000 0.1953829D-03 1.0093624
70.0000000 © 0.1959342D-03 1.0122106
80.0000000 0.19643700-03 1.0148081
90.0000000 0.19700050-03 1.0177190
100.0000000 0.1976897D-03 1.0212796
110.0000000 0.1981942D0-03 1.0238860
120.0000000 0.1987967D0-03 1.0269986
130.0000000 0.1993653D0-03 1.0299357
140.0000000 0.1999638D-03 1.0330280
150.0000000 0.20056410-03 1.0361289
160.0000000 0.2011164D-03 1.0389823
170.0000000 0.20168610-03 1.0419255
180.0000000 0.20232800-03 1.0452416
190.0000000 0.20283490-03 1.0478600
200.0000000 0.20336050-03 1.0505754
210.0000000 0.20394740-03 1.0536073
220.0000000 0.20446250~03 1.0562683
230.0000000 0.2049988D0-03 1.0590391
240.0000000 0.20554670-03 1.0618693
250.0000000 0.2061591D0-03 1.0650333
260.0000000 0.2066734D-03 1.0676902
270.0000000 0.2072304D-03 1.0708777
280.0000000 0.2078005D-03 1.0735129
290.,0000000 0.2083726D-03 1.0764685
300.0000000 0.20897070-03 1.0795584
310.0000000 0.20955220-03 1.0825621
SLOPE = 0.0000
VARIANCE = 0.17D0-19
STD DEV = 0.00000
INTERCEPT = 0.0002
CORR. COEFF. = 0.99993D 00



SLOPE

VARIANCE
STD DEV
INTERCEPT

CORR.

COEFF. =

0.0000
0.16D-18
0.00000
0.0001
0.97632D 00

TEMPERATURE CALCULATIONS FOR CRYSTAL #1111
TEMP VS COMP PARALLEL TO C

LEAST SQUARES

TEMP
25.0000000
30.0000000

.40,0000000
50.0000000
60.0000000
70.0000000
80.0000000
90.0000000

100.0000000

110.0000000

120.0000000

130.0000000

140.0000000

150.0000000

160.0000000

170.0000000

180.0000000

190.0000000

200.0000000

210.0000000

220.0000000

230.0000000

240.0000000

250.0000000

260.0000000

270.0000000

280.0000000

290.0000000

300.0000000

310.0000000

COMP PLTC
0.86985390-04
0.8714432D-04
0.8720574D-0%
0.8729574D-04
0.8736330D-04
0.87671020-04
0.8775392D-04
0.8793926D-04
0.87920590-04
0.8808396D-04
0.8818411D-04
0.8822046D-04
0.88353510-04
0.8843826D-04
0.8851674D-04
0.88725560-04
0.8884038D-04
0.8813005D-04
0.8915908D-04
0.8908060D-04
0.8914459D-04
0.8923186D-04
0.89374270-04
0.8948647D-04
0.8956108D-04
0.8955416D-04
0.8964883D-04
0.8968392D-04
0.8959270D-04
0.8948893D-04
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Y/Y0
1.0000000
1.0018271
1.0025332
1.0035678
1.0043446
1.0078822
1.0088352
1.0109659
1.0107513
1.0126293
1.0137807
1.0141986
1.0157282
1.0167025
1.0176047
1.0200053
1.0213253
1.0131593
1.0249891
1.0240869
1.0248225
1.0258258
1.0274631
1.0287528
1.0296106
1.0295311
1.0306194
1.0310228
1.0299741
1.0287812



SLOPE

VARTANCE
STD DEV
INTERCEPT

CORR.

COEFF. =

0.0000
0.18D-18
0.00000
0.0005

0.99983D0 00

TEMPERATURE CALCULATIONS FOR CRYSTAL #1111
TEMP VS VOLUMETRIC COMP

LEAST SQUARES

TEMP

25.0000000
30.0000000
+40.0000000
50.0000000
60.0000000
70.0000000
80.0000000
90.0000000
100.0000000
110.0000000
120.0000000
130.0000000
140.0000000
150.0000000
160.0000000
170.0000000
180.0000000
190.0000000
200.0000000
210.0000000
220.0000000
230.0000000
240.0000000
250.0000000
260.0000000
270.0000000
280.0000000
290.0000000
300.0000000
310.0000000

vOL COMP

0.4741265D0-03
0.4748353D0-03
0.4758572D-03
0.4771343D-03
0.4781290D0-03
0.47953940-03
0.4806279D-03
0.4819402D-03
0.48329990-03
0.4844724D-03
0.48577750-03
0.48695100-03
0.4882812D-03
0.48956640-03
0.4907495D0-03
0.4920978D-03
0.4934964D-03
0.4937998D-03
0.49588000-03
0.4969754D-03
0.49806950-03
0.4992295D0-03
0.5004676D-03
0.50180470-03
0.50290790-03
0.5041350D0-03
0.5052499D-03
0.50642920-03
0.5075342D-03
0.5085933D-03
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Y/Y0

-1.0000000

1.0014949
1.0036501
1.0063438
1.0084418
1.0114165
1.0137123
1.0164800
1.0193480
1.0218208
1.0245736
1.0270485
1.0298541
1.0325649
1.0350603
1.0379039
1.0408538
1.0414936
1.0458812
1.0481914
1.0504991
1.0529456
1.0555570
1.0583771
1.0607040
1.0632921
1.0656435
1.0681308
1.0704614
1.0726952



SLOPE
VARIANCE
STO DtV
INTERCEPT

CORR, COEFF.

-0.8970
0.580-04
0.00759

4860.5693

= -0,999000 00

TEMPERATURE CALCULATIONS FOR CRYSTAL #1111
LEAST SQUARES

TEMP
25.0000000
30.0000000

. 40.0000000
50.0000000
60.0000000
70.0000000
80.0000000
90.0000000
100.0000000
110.0000000

120.0000000
130.0000000

140.0000000

150.0000000
160.0000000
170.0000000

180.0000000

190.0000000

200.0000000

210.0000000

220.0000000

230.0000000

240.0000000

250.0000000

260.0000000

270.0000000

280.0000000

290.0000000

300.0000000

310.0000000

TEMP VS C33

c33
0.4839499D
0.48372400
0.48274920
0.4817561D
0.48074470D
0.47979250
0.4787833D
0.47779450
0.4769802D0
0.47603190
0.47510380
0.47411910
0.47338490
0.47263210
0.4717076D
0.47093710
0.47007170
0.46731880
0.4683054D
0.4674236D
0.46650460D
0.46558650
0.4646315D
0.46377230
0.46283820
0.4619241D
0.4610487D
0.4601175D
0.45924400
0.45827710
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Y/Y0
1.0000000
0.9995333
0.9975190
0.9954669
0.9933771
0.9914094
0.9893241
0.9872810
0.9855982
0.9836388
0.9817211
0.9796864
0.9781692
0.9766136
0.9747033
0.9731112
0.9713231
0.9656346
0.9676733
0.9658512
0.9639522
0.9620552
0.9600818
0.9583065
0.9563763
0.9544874
0.9526786
0.9507545
0.9489495
0.9469515
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TEMPERATURE CALCULATIONS FOR CRYSTAL #1111

LEAST SQUARES TEMP VS C11
TEMP c1l Y/Y0
25.0000000 0.2714336D 04 "1.0000000
30.0000000 - 0.27117370 04 0.9990424
*40,0000000 0.2706307D 04 0.9970418
50.0000000 0.2700882D 04 0.9950432
60.0000000 0.2695814D 04 0.9931762
70.0000000 0.2690751D0 04 0.9913109
80.0000000 0.2685341D 04 0.9893177
90. 0000000 0.26799360D 04 0.9873264
100.0000000 0.2673717D0 04 0.9850354
110.0000000 0.2669725D0 04 0.9835647
120.0000000 0.2664101D 04 0.9614928
130.0000000 0.2659183D 04 0.9796808
140.0000000 0.2654036D 04 0.9777846
150.0000000 0.26487770 04 0.9758471
160.0000000 0.2643988D 04 0.9740829
170.0000000 0.2638739D 04 0.9721489
180.0000000 0.2633262D 04 0.9701313
190.0000000 0.26284870 04 0.9683719
200.0000000 0.2623136D 04 0.9664006
210.0000000 0.26176750 04 0.9643887
220.0000000 0.2612682D 04 0.9625491
230.0000000 0.26075770 04 0.9606686
240.0000000 0.2602247D 04 0.9587048
250.0000000 0.2596922D 04 0.9567430
260.0000000 0.2591947D 04 0.9549103
270.0000000 0.2586518D0 04 0.9529099
280.0000000 0.2581667D 04 0.9511229
290.0000000 0.2576477D 04 0.9492108
300.0000000 0.2571406D 04 0.9473427
310.0000000 0.2566569D0 04 0.9455607
SLOPE = -0.5187
VARTANCE = 0.50D0-06
STD DEV = 0.00071
INTERCEPT = 2726.7992
CORR. COEFF. = -0.99997D 00



: _ _ k2

TEMPERATURE CALCULATIONS FOR CRYSTAL #1111
LEAST SQUARES TEMP VS C44A

TEMP C44A Y/Y0
25.0000000 0.12442950 04 '1.0000000
30.0000000 0.12433760 04 0.9992612
*40.0000000 0.12414600 04 0.9977213
50.0000000 0.1239623D 04 0.9962454
60.0000000 0.12377100 04 0.9947076
70.0000000 0.1235876D 04 0.9932336
80.0000000 0.12339650 04 0.9916978
90.0000000 0.1232133D0 04 0.9902257

100.0000000 0.1230224D 04 0.9886920
110.0000000 0.1228395D 04 0.9872218
120.0000000 0.12264890 04 0.9856901
130.0000000 0.1224662D0 04 0.9842219
140.0000000 0.12229140D 04 0.9828171
150.0000000 0.12210900 04 0.9813507
160.0000000 0.1219266D 04 0.9798853
170.0000000 0.1217522D0 04 0.9784831
180.0000000 0.1215623D0 04 0.9769574
190.0000000 0.1213881D 04 0.9755570
200.0000000 0.12127580 04 0.9746546
210.0000000 0.1210167D 04 0.9725726
220.0000000 0.1208274D 04 0.9710508
230.0000000 0.1206459D 04 0.,9695921
240.0000000 0.1204568D 04 0.9680725
250.0000000 0.12027550 04 0.9666158
260.,0000000 0.1200944D 04 0.9651600
270.0000000 0.1199057D 04 0.9636434
280.0000000 0.1197171D 04 0.9621279
290.0000000 0.1195363D 04 0.9606751
. 300.0000000 0.11934800 04 0.9591616
310.0000000 0.1191675D0 04 0.9577108
SLOPE - -0.1840
VARIANCE = 0.130-06
STD DEV = 0.00037

INTERCEPT = 1248.7669

CORR. COEFF., = -0.99994D 00



SLOPE
VARTANCE
STO DEV
INTERCEPT

CORR. CNEFF. = -0.99909D 00

-0.7833
0.400-04
0.00631

1961.5737

TEMPERATURE CALCULATIONS FOR CRYSTAL #1111
LEAST SQUARES

TEMP
25.0000000
30.0000000
40.0000000
$0.0000000
60.0000000
70.0000000
80.0000000
90.0000000

100.0000000
110.0000000
120.0000000
130.0000000
140.0000000
150.0000000
160.0000000
170.0000000
180.0000000
190.0000000
200.0000000
210.0000000
220.0000000
230.0000000
240.0000000
250.0000000
260.0000000
270.0000000
280.0000000
290.0000000
300.0000000
310.0000000

TEMP VS C66

Co66
0.19477190
0.19431210
0.19336430
0.19253840
0.19161480
0.19076290
0.1898932D
0.18898590

. 0.18817940
0.18728620
0.18641470
0.1856724D
0.1848731D
0.18408520
0.18333790
0.18258250D
0.1817899D
0.1810087D
0.18021960
0.17947070
0.17874260
0.1779968D
0.17726220
0.1766244D
.0.17589260
0.17520990
0.17448110
0.17376330
0.17307530
0.1723981D
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Y/Y0
1.0000000
0.9976394
0.9927730
0.9885326
0.9837908
0.9794171
0.9749516
0.9702937
0.9661527
0.9615666
0.9570922
0.9532813
0.9491773
0.9451322
0.9412956
0.9374170
0.9333477
0.9293370
0.9252856
0.9214406
0.9177022
0.9138733
0.9101014%
0.9068270
0.9030699
0.8995645
0.8958228
0.8921374
0.8886052
0.8851284



SLOPE
VARIANCE
STO DEV

CORR. COEF

-
INTERCEPT =
F.

-0.6223
0.24D-04
0.00494

1793.5702

= -0.99912D0 00

TEMPERATURE CALCULATIUNS FOR CRYSTAL #1111
LEAST SQUARES

TEMP
25.0000000
30.0000000
40.0000000
50.0000000
60.0000000
70.0000000
80.0000000
90.0000000

100.0000000

110.0000000

120.0000000

130.0000000

140.0000000

150.0000000

160.0000000

170.0000000

180.0000000

190.0000000

200.0000000

210.0000000

220.0000000

230.0000000

240.0000000

250.0000000

260.0000000

270.0000000

280.0000000

290.0000000

300.0000000

310.0000000

TEMP VS C12

C12
0.17796260D
0.17762430
0.17711270
0.17637640
0.17586630D
0.17514650
0.17460170
0.1739264D
0.17315910
0.1724756D
0.17179120
0.17111390
0.17041430
0.16973730
0.16909240
0.1684557D
0.16772610
0.1671694D
0.1666368D
0.16606020
0.16553870
0.1649906D
0.1644351D
0.16378600
0.16328000
0.16266370
0.16216380D
0.16160220
0.16102050D
0.1604438D

1hh

Y/Y0

- 1.0000000

0.9980988
0.9952242
0.9910871
0.9882206
0.9841761
0.9811147
0.9773199
0.9730081
0.9691678
0.9653217
0.9615160
0.9575848
0.9537805
0.9501568
0.9465791
0.9424797
0.9393512
0.9363587
0.9331185
0.9301879
0.9271080
0.9239869
0.9203395
0.9174961
0.9140330
0.9112240
0.9080686
0.9047995
0.9015589



SLOPE
VARIANCE
STD Dev

CORR. COEF

=
=
=
INTERCEPT =
Fe

~0.3212
0.39D-04
0.00628
1501.0441
= -0,99469D 00

TEMPERATURE CALCULATIONS FOR CRYSTAL #1111
LEAST SQUARES i

TEMP
25.0000000
30.0000000
40.0000000
50.0000000
60.0000000
70.0000000
80.0000000
90.0000000

100.0000000
110.0000000
120.0000000
130.0000000
140.0000000
150.0000000
160.0000000
170.0000000
180.0000000
190.0000000
200.0000000
210.0000000
220.0000000
230.,0000000
240,0000000
250.0000000
260.0000000
270.0000000
280.0000000
290.0000000
300.0000000
310.0000000

TEMP VS C13

c13
0.14956670
0.1492070D
0.1489805D
0.14863780
0.14842790
0.14784580
0.14759160D
0.14716490
0.14685550
0.1464958D
0.14613770
0.1458955D
0.14546330
0.1450939D
0.14480670
0.14432290
0.14392140
0.14498290
0.1432095D0
0.14308010
0.14284690
0.14257360
0.1422400D
0.14187740
0.1416431D
0.1414266D
0.14116310
0.14093710
0.1408214D
0.14075080
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Y/Y0

-1.0000000

0.9975947
0.9960808
0.9937893
0.9923862
0.9884942
0.9867942
0.9839415
0.9818727
0.9794678
0.9770738
0.9754545
0.9725644
0.9700947
0.9681743
0.9649398
0.9622553
09693527
0.9574961
0.9566307
0.9550712
0.9532444
0.9510135
0.9485897
0.9470226
0.9455757
0.9438135
0.9423024
0.9415288
0.9410570



SLOPE = =0.0009
VARIANCE = 0.690-10
STD DEV = 0.00001
INTERCEPT = 10,6794

CORR. COEFF., = -0.99874D 00

TEMPERATURE CALCULATIONS FOR CRYSTAL #1111

LEAST SQUARES TEMP VS C33 VELOCITY

TEMP
25,0000000
30.0000000
40.0000000
50.0000000
60.0000000
70.0000000
80.0000000
90.0000000

100.0000000
110.0000000
120.0000000
130.0000000
140.0000000
150.0000000
160.0000000
170.0000000
180.0000000
190.0000000
200,0000000
210.0000000
220.0000000
230.0000000
240.0000000
250.0000000
260.0000000
270.0000000
280.0000000
290.0000000
300.0000000
310.0000000

C33 VEL
0.10658480D
0.10656620
0.10647140D
0.10637440
0.10627520
0.10618250
0.1060834D
0.10598650
0.1059088D
0.10581610
0.10572560
0.10562870
0.10555960
0.1054884D
0.1053979D
0.10532460
0.10524060
0.10494480
0.10506830
0.10498220
0.10489190
0,1048015D
0.10470690
0.10462290
0.1045305D
0.1044401D
0.10435410
0.10426170
0.1041757D
0.10407900

02
02
02
02
02
02
02
02
02
02
02
02
02
02
02
02
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Y/Y0
1.0000000
0.9998255
0.9989354
0.9980253
0.9970953
0.9962255
0.9952957
0.9943860
0.9936570
0.9927877
0.9919386
0.9910294
0.9903811
0.9897130
0.9888643
0.9881764
0.9873882
0.9846127
0.9857721
0.9849642
0.9841162
0.9832684
0.9823805
0.9815931
0.9807256
0.9798781
0.9790710
0.9782037
0.9773968
0.9764896



SLOPE
VARIANCE
STD DEV
INTERCEPT

CORR, CNEFF. = -0.99998D 00

-0.0007
0.810-12
0.00000
7.9989

TEMPERATURE CALCULATIONS FOR CRYSTAL #1111

LEAST SQUARES TEMP VS C11 VELOCITY

TEMP
25.0000000
30.0000000
40.0000000
50.0000000
60.0000000
70.0000000
80.0000000
90.0000000

100.0000000
110.0000000
120.0000000
130.0000000
140.0000000
150.0000000
160.0000000
170.0000000
180.0000000
190.0000000
200.0000000
210.0000000
220.0000000
230.0000000
240.0000000
250.0000000
260.0000000
270.0000000
280.0000000
290.0000000
300.0000000
310.0000000

Cll VEL
0,79822810
0.79789280
0.79718750
0.79648220
0.7958290D
0.79517570
0.7944704D
0.79376510
0.79293840
0.79244120
0.7917012D
0.79106520
0.79039460
0.7897066D
0.78908800
0.78840000
0.7876773D
0.78705870
0.78635330
0.78563060
0.7849773D
0.7843066D
0.78360120
0.78289580
0.78224240
0.7815196D
0.7808836D
0.7801956D
0.7795248D
0.7788888D

0l
ol
01
01
0l
0l

147

Y/Y0

- 1.0000000

0.9995800
0.9986964
0.9978129

© 0.9969944

0.9961760
0.9952925
0.9944089
0.9933732
0.9927503
0.9918233
0.9910266
0.990186%
0.9893245
0.9885495
0.9876876
0.9867823
0.9860073
0.9851236
0.9842182
0.9833997
0.9825595
0.9816758
0.9807921
0.9799736
0.9790681
0.9782713
0.9774093
0.9765690
0.9757722



SLOPE
VARIANCE
STD LEY
INTERCEPT

CORR, COEFF, = -0.99992D 00

-0.0003
0.680-12
0.00000
5.4129

TEMPERATURE CALCULATIONS FOR CRYSTAL #1111

LEAST SQUARES TEMP VS C44A VELOCITY

TEMP
25.0000000
30.0000000

.40.0000000
50.0000000
60.00.00000
70.0000000
80.0000000
90.0000000

100.0000000

110.0000000

120.0000000

130.0000000

140.0000000

150.0000000

160.0000000

170.0000000

180.0000000

190.0000000

200.0000000
210.0000000
220.0000000
230.0000000
240.0000000
250.,0000000

260.0000000

270.0000000

280.0000000

290.0000000

300.0000000

310.0000000

C44A VEL
0.54045170
0.5402838D
0.53993100
0.53959530
0.53924260
0.5389069D
0.53855410D
0.53821850D
0.53786580
0.5375301D
0.53717750
0.53684190D
0.53652330
0.53618770
0.53585220
0.53553370
0.5351811D
0.5348626D
0.53468050
0.53417460D
0.53382200
0.5334866D
0.5331341D0
0.53279860
0.53246320
0.5321108D
0.53175830
0.53142290
0.5310705D
0.53073510

148

Y/Y0
1.0000000
0.9996894
0.9990366
0.9984154
0.9977628
0.9971416
0.9964890
0.9958679
0.9952153
0.9945943
0.9939417
0.9933208
0.9927313
0.9921104
0.9914895
0.9909002
0.9902478
0.9896585
0.9893216
0.9883854
0.9877331
0.9871124
0.9864602
0.9858395
0.9852189
0.9845667
0.9839146
0.9832940
0.9826419
0.9820214



SLOPE
VARIANCE
STD DEV
INTERCEPT

CORR, COEFF., = =-0.99935D 00

-0.0013
0.82D0-10
0.00001
6.7867

TEMPERATURE CALCULATIONS FOR CRYSTAL #1111

LEAST SQUARES TEMP VS Cé66 VELOCITY

TEMP
25.0000000
30.0000000
40.0000000
50.0000000
60.0000000
70.0000000
80.0000000
90.0000000

100.0000000
110.0000000
120.0000000
130.0000000
140.0000000
150.0000000
160.0000000
170.0000000
180.0000000
190.0000000
200.0000000
210.0000000
220.0000000
230.0000000
240.0000000
250.0000000
260.0000000
270.0000000
280.0000000
290.0000000
300.0000000
310.0000000

C66 VEL
0.67617380D
0.67541510
0.67384520
0.67248400
0.67094870
0.6695351D
0.66808650
0.66656820
0.66522380
0.6637226D
0.66225610
0.66101590D
0.6596710D
0.65834340
0.6570854D
0.65580990D
0.6544646D
0.65313660
0.65179100
0.65051510
0.64927380
0.6479976D
0.64673870
0.64565400
0.64439490
0.64322290
0.6419636D
0.64072160
0.63953180
0.6383594D

0l
01
01
01
ol
0l
ol
01
ol

1Lk9

Y/Y0

- 1.0000000

0.9988779
0.9965562
0.9945431
0.9922725
0.9901819
0.9880396
0.9857941
0.9838059
0.9815858
0.9794170
0.9775827
0.9755938
0.9736305
0.9717700
0.9698836
0.9678940
0.9659300
0.9639401
0.9620530
0.9602173
0.9583300
0.9564682
0.9548640
0.9530019
0.9512686
0.9494062
0.9475694
0.9458098
0.9440758



SLOPE
VARITANCE
STD DEV

CORR. COEF

INTERCEPT =
Fe

6.4888
= -0.99926D 00

TEMPERATURE CALCULATIONS FOR CRYSTAL #1111

LEAST SQUARES TEMP VS Cl2 VELOCITY

TEMP
25.0000000
30.0000000
40.0000000
50.0000000
60.0000000
70.0000000
80.0000000
90.0000000

100.0000000
110.0000000
120.0000000
130.0000000
140.0000000
150.0000000
160.0000000
170.0000000
180.0000000
190.0000000
200.0000000
210.0000000
220.,0000000
230.0000000
240.0000000
250.0000000
260,0000000
270.0000000
280.0000000
290,0000000
300.0000000
310.0000000

Cl2 VEL
0.6463378D
0.64576120
0.6449066D
0.64364090
0.64278550D
0.64154500
0.64062260
0.63945880
0.63812290
0.63693870
0.63575000
0.63457190
0.63334970
0.63216680
0.63104120
0.6299285D
0.62863950
0.62767180
0.6267478D
0.62573910
0.6248324D
0.6238739D
0.62289970D
0.62174590
0.62086150
0.6197656D
0.61888950D
0.6178941D
0.61685790
0.6158293D

o1
ol
ol
01
ol
o1
01
01
ol
0l
ol
ol

150

Y/Y0

" 1.0000000

0.9991078
0.9977857
0.9958273
0.9945040
0.9925846
0.9911576
0.9893569
0.9872901
0.9854579
0.9836187
0.9817960
0.9799050

" 0.9780749

0.9763334
0.9746118
0.9726175
0.9711203
0.9696908
0.9681301
0.9667273
0.9652443
0.9637370
0.9619518
0.9605836
0.9588881
0.9575326
0.9559924
0.9543893
0.9527979



SLOPE
VARIANCE
STO DFV

CORR. COEF

=
=
=
INTERCEPT =
Fo

-0.0006
0.16D-09
0.00001
5.9349

= -0,99354D 00

TEMPERATURE CALCULATIUNS FOR CRYSTAL #1111

LEAST SQUARES VEMP VS C13 VELOCITY

TEMP
25.,0000000
30.0000000
40.0000000
50.0000000
60.0000000
70.0000000
80.0000000
90.0000000

100.0000000
110.0000000
120.0000000
130.0000000
140.0000000
150.0000000
160.0000000
170.0000000
180.0000000
190.0000000
200,0000000
210.0000000
220.0000000
230.,0000000
240.0000000
250.0000000
260.0000000
270,0000000
280.0000000
290.0000000
300.0000000
310.0000000

Cl3 VEL
0.5925332D
0.59185500
0.59147550
0.59086460
0.59051730
0.58942820
0.58899120
0.58820940
0.58766090
0.5870111D
0.5863637D
0.58594810
0.58515000
0.5844773D
0.58396920
0.58306370D
0.58232300
0.58453780
0.58102300
0.58083150D
0.58042910
0.5799451D
0.57933750
0.57867030
0.5782637D
0.57789350D
0.57742660D
0.57703610
0.57687120
0.57679890

01
ol
ol
01
01

bl

Y/YO0

"1.0000000

0.9988555
0.9982150
0.9971840
0.9965978
0.9947597
0.9940223
0.9927028
0.9917772
0.9906806
0.9895880
0.9888866
0.9875397
0.9864043
0.9855468
0.9840187
0.9827685
0.9865065
0.9805746
0.9802514
0.9795723
0.9787555
0.9777301
0.9766040
0.9759178
0.9752930
0.9745050
0.9738460
0.9735678
0.9734457



-152

TEMPERATURE CALCULATIONS FOR CRYSTAL #1111

LEAST SQUARES TEMP VS F33
TEMP F33 Y/Y0
25.0000000 0.49891000 03 1.0000000
+30.0000000 0.49880000 03 0.9997795
40.0000000 0.49831000 03 0.9987974
50.0000000 0.4978100D0 03 0.9977952
60.0000000 0.49730000 03 0.9967730
70.0000000 0.49682000 03 0.9958109
80.0000000 0.49631000 03 0.9947886
90.0000000 0.49581000 03 0.9937865
100.0000000 0.4954000D0 03 0.9929647
110.0000000 0.49492000 03 0.9920026
120.0000000 0.49445000 03 0.9910605
130.0000000 0.49395000 03 0.9900583
140.0000000 0.49358000 03 0.9893167
150.0000000 0.49320000 03 0.9885551
160.0000000 0.4927300D 03 0.9876130
170.0000000 0.49234000 03 0.9868313
180.0000000 0.49190000 03 0.9859494
190.0000000 0.4904700D0 03 0.9830831
200.0000000 0.49100000 03 0.9841454%
210.0000000 0.49055000 03 0.9832435
220.0000000 0.49008000 03 0.9823014
230.0000000 0.48961000 03 0.9813594
240.0000000 0.4891200D0 03 0.9803772
250.0000000 0.48868000 03 0.9794953
260.0000000 0.48820000 03 0.9785332
270.0000000 0.48773000 03 0.9775911
280.0000000 0.48728000 03 0.9766892
290.0000000 0.48680000 03 0.9757271
300.0000000 0.48635000 03 0.9748251
310.0000000 0.48585000 03 0.9738229
SLOPE = -0.0456
VARIANCE = 0.150-06
STD DEV = 0.00039
INTERCEPT = 500.0091

CORR. COEFF. = -0.99899D 00



SLOPE
VARTANCE
STD DEV

CORR. COEF

=
INTERCEPT =
Fe = =-0.999980 00

TEMPERATURE CALCULATIONS FOR CRYSTAL #1111
LEAST SQUARES

TEMP

25.0000000

30.0000000

40.0000000

50.0000000

60.0000000

70.0000000

80.0000000

90.0000000
100.0000000
110.0000000
120.0000000
130.0000000
140.0000000
150.0000000
160.0000000
170.0000000
180.0000000
190.0000000
200.0000000
210.0000000
220.0000000
230.0000000
240.0000000
250.0000000
260.0000000
270.0000000
280.0000000
290.0000000
300.0000000
310.0000000

TEMP VS F11

Fll
0.46060000
0.46039000
0.45995000
0.45951000
0.45910000
0.45869000
0.45825000
0.4578100D
0.45730000
0.45698000
0.45652000
0.45612000
0.45570000
0.45527000
0.45488000
0.45445000
0.45400000
0.45361000
0.4531700D
0.45272000
0.45231000
0.45189000
0.45145000
0.45101000
0.45060000
0.45015000
0.44975000
0.44932000
0.44890000
0.44850000

153

Y/Y0
1.0000000
0.9995441
0.9985888
0.9976335
0.9967434%
0.9958532
0.9948980
0.9939427
0.9928354
0.9921407
0.9911420
0.9902736
0.9893617
0.9884281
0.9875814
0.9866479
0.9856709
0.9848241
0.9838689
0.9828919
0.9820017
0.9810899
0.9801346
0.9791793
0.9782892
0.9773122
0.9764438
0.9755102
0.9745983
0.9737299



SLOPE
VARIANCE
STD DEV

CORR. COEF

=
=
=
INTERCEPT =
Fe

-0.0222
0.23D-08
0.00005

318.0090
= -0,999930 00

TEMPERATURE CALCULATIONS FOR CRYSTAL #1111
LEAST SQUARES

TEMP
25.0000000
30.0000000
40.0000000
50.0000000
60.0000000
70.0000000
80.0000000
90.0000000

100.0000000
110.0000000
120.0000000
130.0000000
140.0000000
150.0000000
160.0000000
170.0000000
180.0000000
190.0000000
200.0000000
210.0000000
220.0000000
230.0000000
240.0000000
250.0000000
260.0000000
270.0000000
280.0000000
290.0000000
300.0000000
310.0000000

TEMP VS F44A

Fa4A
0.31746000
0.31735000
0.31712000
0.31690000
0.3166700D
0.31645000
0.31622000
0.31600000
0.3157700D
0.31555000
0.31532000
0.31510000
0.31489000
0.31467000D
0.31445000
0.31424000
0.31401000

0.31380000.

0.31367000
0.31335000
0.31312000
0.31290000
0.31267000
0.31245000
0.3122300D
0.31200000
0.31177000
0.31155000
0.31132000
0.31110000

154

Y/Y0
1.0000000
0.9996535
0.9989290
0.9982360
0.9975115
0.9968185
0.9960940
0.9954010
0.9946765
0.9939835
0.9932590
0.9925660
0.9919045
0.9912115
0.9905185
0.9898570
0.9891325
0.9884710
0.9880615
0.9870535
0.98613290
0.9856360
0.9849115
0.9842185
0.9835255
0.9828010
0.9820765
0.9813835
0.9806590
0.9799660



SLOPE
VARIANCE
STD OtV

CORR. COEF

E
=
INTERCEPT =
Fs

-0.0788
0.270-06
0.00052

390.0959
= -0.99938D0 00

TEMPERATURE CALCULATIONS FOR CRYSTAL #1111
LEAST SQUARES

TEMP
25.0000000
30.0000000
40,0000000
50.0000000
60.0000000
70.0000000
80.0000000
90.0000000

100.0000000
110.0000000
120.0000000
130.0000000
140.0000000
150.0000000
160.0000000
170.0000000
180.0000000
190.0000000
200.,0000000
210.0000000
220.0000000
230.0000000
240.,0000000
250.0000000
260.0000000
270.0000000
280.0000000
290.0000000
300.0000000
310.0000000

TEMP VS F66

Fob6
0.38860000
0.38815000
0.38722000
0.38641000
0.38550000
0.38466000
0.38380000
0.38290000
0.38210000
0.38121000
0.38034000
0.3796000D
0.37880000
0.3780100D
0.37726000
0.37650000
0.37570000
0.37491000
0.37411000
0.37335000
0.37261000
0.37185000
0.37110000
0.37045000
0.36970000
0.36900000
0.36825000
0.36751000
0.36680000
0.36610000

155

Y/Y0
1.0000000
0.9988420
0.9964488
0.9943644
0.9920226
0.9898610
0.9876480
0.9853320
0.9832733
0.9809830
0.9787442
0.9768399
0.9747813
0.9727483
0.9708183
0.9688626
0.9668039
0.9647710
0.9627123
0.9607566
0.9588523
0.9568966
0.9549665
0.9532939
0.9513639
0.9495625
0.9476325
0.9457283
0.9439012
0.9420998
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