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FOREWORD

Since the production of Cer-vit ceased, we have become increasingly
dependent on Schott's Zerodur and Corning's ULE (type 7971) for use in
applications requiring ultra-low thermal expansivity. There are times
when neither ULE nor Zerodur are acceptable, particularly for laser
gyros. In our search for a replacement for Cer-vit, we have begun by
compiling the data found in the open literature through June 1985 on
expansion coefficlents of oxides and oxide ceramics. This report is the _
result of our gathering of this data. .

This compilation was performed for Andrew Glista under NAVAIR 5
Program Element 637-28-N, Project Number 137-831, Task Number W-1050, -
and Work Unit Number 137-831.

The report was reviewed for technical accuracy by Charlotte K.

Lowe-Ma.

Approved by Under authority of
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Research Department Capt., USN
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Technical Director
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INTRODUCTION

Since the production of the glass ceramic Cer-vit ceased, we have
become increasingly dependent on Schott's Zerodur and Corning's ULE
(type 7971) for applications requiring ultra-low thermal expansivity;
however, there are applications where neither ULE nor Zerodur are
acceptable. For example, ULE has a high helium permeability and cannot
be used for laser gyros. Zerodur cannot be used for all laser gyro
applications because it is unstable on thermal cycling between -23 and
177°C (-9 and 350°F), which is the operational range of laser gyros.
Furthermore, Zerodur is not of a reproducibly acceptable quality nor is
it readily available. Because of these problems, the Navy needs new
oxide glass ceramics with ultra-low expansion coefficlents and low
helium permeability.

This report is a compilation of data on expansion coefficients for
existing oxides and oxide ceramics. Some of these materials may be
suitable for laser gyro applications.

DISCUSSION

In the past 20 years, there has been an enormous growth of
research effort in the measurement of thermal expansion coefficients of
materials. These methods can be classified under the two general
headings of microscopic (lattice) expansion measurements and macro-
scopic methods. The observations on thermal expznsion can be made
using either a static or a dynamic procedure. 1In the static procedure,
the temperature of the material under investigation is maintained con-
stant for a certaln interval of time, and the variation of the length
that takes place from one temperature to the other is measured.

The linear thermal expansion coefficient, a, at temperature T in
kelvin units, can be calculated from the following empirical equation
X c
=y ¥ (1)
XT v

" ' ) ’d. .l- -'. .- . _". ." -‘....--' .-".'C ;-. .a. ¢ .'h -I- . .-.' -'. -..'v'-. '. ~..> --’J ‘o .---.-< .... N -" .1.:.~'- -.. ..->-.- >>'I’-;.c~ »' X

HONES




N

AN A AAX,

AN

!

- )
C:L'l."- (WY

E )

b 7

) L)
At

XX

AN

NWC TP 6663

where
xT = the lsothermal compressibility of the solid
Y = the dimensionless quantity referred to has the GrUneisen
constant (y is about 2 and i{s temperature independent)
Cy = molar specific heat 3
V = volume of the solid, cm

At high temperatures, the empirical equation for a range of
temperatures is given by

ap = A+ B (T-Tg) + C (T-Tg)? (2)
while at very low temperatures
ap = Bt + DT° + ET ++ o » (3)

where

>
]

the linear thermal expansion coefficienEﬁat temperature Tg
(K) and it is a facEngfxpression in 10~ /K,
factor expressed 10 1{ 3
factor expressed 107 /ﬁ’

~i1
factor expressed 10 13/K
factor expressed 10~ /K§, and

temperature in K

Hmo QW

Equations 2 and 3 are purely empirical in that they have been
derived from experimental results and observations. The numerical
values of the quantities, A, B, C, etc., are given to two or three
significant figures after the decimal point. The number of figures
after the decimal point varies in Tables 1 and 2 because some materials
have been studied more precisely than others. The columns entitled
Method and Remarks give some indication of how a was measured. The
details of the methods applied for measuring coefficients of thermal
expansion reported in Tables 1 and 2 can be found in chapter 2 of
R. S. Krishnan's book, Thermal Expangsion of Crystals (Reference 1).

Table 1 presents a compilation of aT for oxides at high tempera-
tures and Table 2 presents some low-temperature data. Much of the
description of structural variation with temperature depends on the use
of thermal expansion coefficients of volume and linear structural
units. Thus, it is important to recognize the limits in the accuracy
of reported coefficients. Unit-cell expansion coefficients may be
determined on single crystals or powders using either X-ray diffraction
or dilatometry. Although the reported precision for many of those
experiments is about 12 of the expansion coefficient, several studies
on the same material commonly differ by #+10Z.
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2. Coefficients of Thermal Expansion at
Very Low Temperatures of Solids.

Lattfce, Temperature
Compound, silica D(10~ l/K.") range, K Reference

Spectrosil 1000 =41 +1 1.5-10 90
Spectrosil 1400 -35+2 1.5-10 90
Vitreosil 1000 -40 + 1 1.5-10 90

Vitreosil 1400 =35 ¢t1 1.5-10 3T-C 90

A variety of factors including material impurities, crystalline
defects, or sample preparation may lead to the disagreement between
thermal expansion studies. However, even in well-crystallized pure
compounds, such as Mg0O or Al;03, a considerable range of published
expansion coefficients exist. It appears that systematic experimental
errors are very common in thermal expansion measurements, therefore,
standardized procedures are needed to increase the accuracy of these
studies. Until standardized procedures are developed, the accuracy of
any glven study must be conservatively accepted as no better than *5%.

In Tables 1 and 2, the column labeled Compound lists the formula
name and composition of both naturally occurring minerals and synthetic
oxides. The second column in Table 1, labeled Crystal systems, lists
the structure type. The temperature at which the measurement was made
(To) {s in kelvin units. The columns labeled A, B, and C are the
values that are needed to solve equations 2 or 3 for the linear thermal
expansion coefficient. The eighth column, Range of temp, K, indicates
the temperature range for which the given data is applicable.

The compounds reported in Tables 1 and 2 have not been classified
in any way. However, most of the compounds are arranged according to
the crystal systems to which they belong. In the case of anisotropic
crystals, the direction of measurement in the crystal is indicated in
the column labeled Axis. Some solids listed have only a at a particu-
lar temperature; this {s a reflection of what appears in the
literature.

In Table 2, coefficlents of thermal expansion at very low tempera-

tures are listed for some commonly used silica glasses. A capacitance
technique was used to make these measurements. In the capacitance

AT .-.'.'_y.,‘-‘,'.,u**...'.)\..-.._-..--.‘_‘. .-.'.s..’\ ) \;”."_-,"u“-.'.\;‘-. '.'_"“ PG

~
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dilatometer, the specimen dilates, thus altering the distance between
the plates of the condenser producing variations in capacity. A
three-terminal capaci&ance method is used to measure detection of move-
ments as small as 107" c¢m and_ 107 cm; this allows measurements of a
to be within an error of =107 0/K. A detailed description of this
method is reported by White (Reference 91).

Table 3 lists thermal expansion of fixed-structure and simple
structure coapounds for which bond thermal expansion is equal to bulk
linear expansion.

In a fixed-structure compound, the specific cations and anions fix
the structure, while a simple structure compound (e.g.,
Mgy .33Feg .670) is one in which there is only one cation and one
anion (e.g., NiO). The first column lists the compound type, followed
by the bond and structure type. Z. is the cation valence, Z, is
the anion valence, and n is the coordination number. The expansion
coefficient a*)g59g9 can be calculated by the following equation.

2 (d1000 -d
do + leOO 980

- 0
“*1000 = ) = ag510 (4)

where
dg = mean cation-anion bond distance at 20°C
djgpg = mean cation-anion bond distance at 1000°C

Table 4 lists polyhedral thermal expansion coefficients, taking
into consideration the variation of isotropic temperature parameters
and bonding parameters from complete three-dimensional, high-
temperature (>400°C) crystal structure refinements.

Attempts have been made to relate thermal expansion to boanding
parameters or other physical properties. Cameron and others related
expansion coefficients of metal-oxygen bonds to bond strengths (Refer-
ence 132) where the expansion coefficient

a = 4vpn2c? (%)
where
a = expansion coefficient
v = M-0 stretching frequency
u = reduced mass
C = speed of light

Although their relationship successfully modeled the bond expansion of
their study, the Cameron equation does not predict many of the features
of Tables 3 and 4. Cameron's equation does not predict that compounds
having the rock salt-type structure such as Ni-0, Mg-0, Fe-0, and Ba-0

16
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