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INTRODUCTION

From the advent of the Atomic Age to the present there has been an
increasing demand for materials to withstand high temperatures. Properties
such as corrosion resistance, low thermal stress, compatibility, strength
retention, and fabricability are important considerations in the quest for
such materials.

Thermal stresses are proportional to the coefficient of linear
thermal expansion. The importance of thermal stress and its relation to
thermal expension in the design of nuclear reactors operating at high
temperatures prompted this investigation. Thermal expansion data at tempera-

tures above 1000°C were seldom found, while data which might be extrapolated

were in most cases found to be in disagreement among the various authors
so that extrapolating was unreliable.

One of the methods for measuring thermal expansion uses X-ray diffrac-
tion to give lattice parameters which can be translated to thermal expansion.
One of the appealing features of this method is the small quantity of material
required which is on the order of lO-h cc. This means that the feasibility
of using the material in reactor design from the stendpoint of thermal expan-
sion can be evaluated before expensive production facilities are developed.

The X-ray diffraction method is very precise where the lattice measure-
ments are concerned. However, temperature measurements have not been as

precise, and consequently the thermal expansion coefficients have been

uncertain, and especially so when they have been extrapolated.







It was the purpose of this investigation to determine as precisely
and directly as possible the temperature of the Debye-Scherrer specimen
in the X-ray diffraction measurement of thermal expansion to 1000°%. It
is assumed that the methods developed could be applied in principle at

higher temperatures.

From the outset, the temperature would be measured sO that the only
uncertainties would be those of instrumentation, which with due care are
relatively small. It was also anticipated that mcre than one approach could
be evolved for purposes of cross checking.

During the course of the investigation, an invitation was extended
by the Bureau of Mines at College Park, Maryland, to participate in an inter-
national program of measuring the thermal expansion of a common sample of
MgO. This provided an excellent opportunity for evaluating the quality of

resulte by comparison with other investigators.







LITERATURE

The literature cited covers a comprehensive survey on temperature
measurement methods in thermal expansion determination utilizing X-ray
diffraction from 1921 through 1961 and a compilation of all published data
on the thermal expansion of gold from 1916 through 1960 and maegnesium oxide
from 1906 through 1961. References for comparison of the MgO results with
those of the Bureau of Mines Interlaboratory Program of Thermal Expansion
Measurements on Mg0Q are also presented. The literature on temperature
measurement was limited to those articles featuring camera design or tem-
perature conditions, since to examine publications on all phases of thermal
expansion was found to be beyond the scope of this work. The references
are presented in chronological order under the headings of Temperature
Measurement and Thermal Expansion Measurements on Gold and Magnesium Oxide.

Temperature Measurement in Thermal Expansion by X-ray Diffraction

It appears that the first experiments in high temperature X-ray
diffraction were done by Westgren(l) in 1921 using a Debye-Scherrer camera
with wire specimens heated by passing a current through them. Similar

(2) (3)

methods were used later by Becker and Cohn' “7.
Jay(h) developed a high temperature X-ray camera in which the tempera-
ture calibration consisted of measuring the known lattice parameters of

silver to give temperature which was in turn plotted against furnace power

and was said to be "probably accurate to 3°C." He did not use a thermo-

couple because he claimed (1) it was difficult to place at specimen position,

and (2) conduction of the leads result in thermocouple temperature lower than

the sample.







Dorn and Glocker(s) developed a high temperature camera and made an
effort to eliminate Jay’s objections to thermocouples. They placed the
thermocouple on the furnace core and calibrated by observing the melting
point of standard materials in the sample position. The furnace tempera-
ture at the thermocouple was stated to be held to + 2°C, but there was no
comment on the precision of the sample temperature. The maximum tempera-
ture was SOOOC.

Hume-Rothery and Reynolds(é) described a high temperature camera used
in the study of the lattice spacing of silver. Temperature was measured
with a movable ring thermocouple in the furnace. Specimen temperature was

obtained by (a) measuring the temperature in the mouth of each section of

the furnace, upper and lower; (b) then measuring the temperature at the
center of the gap, giving a "centre-point drop"; (c¢) during the run, the
thermocouple is withdrawn to the edge of the gap out of the X-ray beam, and
is used to control the furnace temperature to + O.BOC by hand; (d) specimen
temperature is assumed to be that of the ring thermocouple when located at
the center of the gap, e.g., the mean temperature recorded during exposure
is corrected for "centre-drop". The only reference to precision of the
neasurement was "it is improbable that the temperature of the specimen and
thermocouple differed by more than e.r

Ellwood(7) maede a study of aluminum-zinc alloys using a new camera
iesign. The camera was 20 cm in diameter, and used an iron-constantan thermo-
couple which was calibrated before and after an experiment ( presumably by
somparision with a standard). The thermocouple was 1 mm from the specimen,
and there was a l/2°C drop to center of gap. It was stated that pictures

vere obtained in from 45 minutes at room temperature to 3 hours at h50°C.

g







(This is surprising because our smaller camera (19 cm) with a silver

specimen required from 10 hours at room temperature to 30 hours at 900°C.)
The accuracy was "estimated” to be + 2°¢ at hSOOC.

A, J, Cs w1lson(8) measured the thermal expansion of aluminum using
a camera patterned after the Jay (1953) and H-R and R (1933) models. The
furnace was operated to 1000°%C using the ring type thermocouple described
in Hume-Rothery’s paper. The furnace temperature varied about 1°c, and it
was "thought" that the temperature measurements were reproducible within
0.5°C and were within 1°C of the International Temperature Scale. He found
the "centre-drop” of temperature in the furnace to disappear with the use
of aluminum foil radiation shields.

Birks and Friedman(9) described a diffractometer used to 1200°C in

vacuum. The sample temperature was maintained to + 5°C. Do details were
given as to the method of measurement or its precision.
Another diffractometer was made by Van Valkenburg and McMurdie(lo)
for use to 1500°C. The furnace temperature was controlled to + 1%, ( There
was no reference to sample temperature, nor to temperature gradients in the
sample which are known to exist.)

Alcock, Peiser, and Swallow(ll) designed a high temperature powder
camera utilizing two sets of coaxial platinum-rhodium hemispheres for radi-
ation shielding to attain better vacuum (ceramic insulation in most furnaces
is ahindrance in high vacuum work due to its outgassing). The maximum

temperature was 900°C. Temperature was derived from (a) the resistance of

the furnace windings, or (b) from the pattern of a fine platinum wire wound

around the sample. No pregision of the temperature measurement was stated.







(12

Gordon' -

) modifed a back-reflection symmetrical focusing type

camera and used a resistance furnace with a platinum winding. Vacuum
was in the range of 5 x 10 ® mm Hg. Temperature was measured with a
thermocouple in the sample holder. The thermocouple was calibrated
against another thermocouple placed on a dummy sample; the difference
found was less than 5°C up to 1000°C.

(13)

Edwards, Speiser, and Johnston designed an induction heated
powder camera using vacuum or inert gas. The sample temperature was oOb-
tained from the average of the upper and lower furnace temperature read-
ings which had previously been calibrated by observing the melting points
of various metals with & pyrometer. It was stated that lattice parameters
calculated from back reflections were obtained with an accuracy of 0.02%
or better.

Goldschmidt and Cunningham(lh) designed a camera to operate to at
least 1400°C in a vacuum or gas. A movable thermocouple was used to measure
the temperature by moving it into the vicinity of the sample before and
af'ter exposure ( similar to Hume-Rothery’s method). No error was discussed.
The camers had exchangeable slits used for increasing exposed specimen
height to overcome the problem of grain growth and to shorten exposureg.

w1lliams(15) developed a high temperature camera for the Debye-
Scherrer examination of flat solid specimens using a side reflection tech-
nique. Sample temperature was measured to over 1000°¢ with a thermocouple
in contact with the specimen. The "accuracy” of Al and Cu lattice para-
meters to 610°C and 9000C, respectively, was 1 in 50,000. It was stated

that the sample thermocouple and temperatures derived from lattice para-

meters agreed with the limits of accuracy of the instrument.

s







Mueller and Zauberis(lé) describe a camera for high temperature

X-ray diffraction using radio frequency for heating. They claim the

sample temperature to be held constant to at least + 0.2% from a thermo-
couple in the eddy current field. It does not say what the + 0.2% refers
to, but probably the temperature at time of reading. The sample tempera-
ture is obtained from a calibration of furnace power against a pyrometer
and materials of known melting point. No figure is given for the precision
of sample temperature.

(17) explored the temperature field in the

Berry, Henry, and Raynor
furnace gap of an early Unicam camera, one with cylindrical cavities in
top and bottom furnace halves. Both furnace sections were separately con-
trolled at the same temperature to + 0.1°C. The temperature gradient
over the gap was found to be + 2.25°C at 200°C and increased to + 5.5°C

around 550°C. An emissivity error of as much as 20°C at 500°C was observed

and increased with temperature. They feel that temperature measurements
in the gap are unreliable unless the thermocouple is attached to the
specimen.

Basinski, Pearson, and Christian(la) modifed the Unicam thermocouple
arrengement by using 5 mm diameter ring type thermocouples around the speci-
men, one in the mouth of the upper furnace half and one in the mouth of the
lower half. Fach half of the furnace, which has been modified to a spherical
cavity, was controlled separately. Results were said to be reproducible but
no precision was stated. With a Ag calibration in the 700-93000 range,
thermocouple readings were said to agree within 2°C vith the H-R silver data.

O
Mauer and Bolz(l/)

measured the thermal expansion of tungsten in a
diffractometer. They used both a chromel-alumel thermocouple on the edge

of the sample and an optical pyrometer, where possible, and found the two

-7~







methods differed by as much as 60°c. (This may be due to emissivity of

sample.)

Birks(eo) made some diffraction studies of metals in which the film
was replaced with a Geiger counter (diffractometer method). Temperature
was obtained from a Pt/Pt -10% Rh thermocouple welded to the sample.

Johnson(21

) designed a high temperature camera in which the sample
was heated with tantalum strips in vacuum. A pyrometer was used for tempera-
ture measurement. Calibration to give sample temperature was obtained from
reading a rod of the sample material larger than the specimen with a hole
drilled to give a black body temperature. This temperature was compared with
the surface temperature as would be read on the specimen to give a true sample
temperature. The maximum temperature was 2200°¢.

Pease(gg) made a theoretical and experimental examination of specimen
temperature in a 19 cm Unicam high temperature camera with cylindrical furnace

halves. The thermocouple was in the mouth of the top half above the specimen.

He found errors of opposite sign which increased to a maximum at about EOOOC

and then decreased with increasing temperature which he attributed to conduction

through the thermocouple leads. The error was zero at about 6OOOC, after which
the error again increased but with opposite sign with the geometrical error
predominating over the conductive error. Obgervations were made to 800°C and
under 5 microns of vacuum.

E. Matuyama(ga) constructed a 20 cm diameter camera for measuring the
thermal expansion of graphite from 1000 to 1800°C. The temperature was
measured with a pyrometer. The specimen temperature was said to be 200

lower than the surface of the graphite heating element at 1000°C and 40°

at 1800°C. Tt is said "the furnace temperature remained sufficiently constant

af







over the entire exposure of eight hours." (No exact figures of "sufficiently
constant" were given. Since measurement was with a pyrometer, it is assumed

the accuracy was probably no better than + 5°¢.)

Mauer and Bolz(eu) measured the thermal expansion of cermet components
to lhOOOC obtaining the temperature with a thermocouple on the edge of the
sample in a diffractometer. This thermocouple was calibrated using the
silver lattice data on Hume-Rothery (1933). "Accuracy” was estimated to be
+ 3°C.

Basinski and Hume-Rothery(zs) measured the lattice spacing of iron.
Temperature was obtained from ring thermocouples mounted in the mouth of
each furnace half. Calibration was made with two melting points, antimony
and silver.

Brand and Goldschmidt(26) produced as uniform temperature as possible
by using two hemispherical furnace halves. This is the basis of design for
the Unicam camera used in this thesis. In the use of this furnace, they
found that "one of the most important (basic problems) is that of accurate
measurement of the powder specimen temperature.” They suggest methods of
calibrating the camera to give a more accurate sample temperature than had
been attained before by measurement of materials of known expansion coefficients
versus thermocouple temperature. Silver was used up to 9OOOC, while platinum
and tungsteh served for the higher temperatures. They cited the following
effects on calibration:

1) difference in emissivity between specimen and thermocouple

?) selective loss of platinum or rhodium from the platinum-

rhodium leg of the thermocouple through vaporization







3) diffusion of rhodium into the platinum leg of the thermocouple

4) contamination of the thermocouple by material from the specimen

5) conduction of heat along the thermocouple wire
Suggested ways of reducing the temperature correction in the calibration
are: (1) increasing diameter of thermocouple weld; (2) reducing diameter
of thermocouple wire; (3) improving emissivity of thermocouple bead; and
(4) various geometrical shapes of the thermocouple.

Other methods of arriving at sample temperature were briefly described
and consisted of the following:

1) calibration by power input

2) calibration by melting points

3) calibration by transition points

4) internal calibration - mixing material of known thermal

expansion with sample

5) optical pyrometer

Expansion equations are given for materials that can be used in calibra-
tion work - Ag, Pt, Au, Cu, Al, and W.

27)

Kuznetsov( studied the thermal expansion of silver and compared

his results with Hume-Rothery (1938). The maximum deviation of the lattice
3 !
parameters from the H-R data was 0.0009 A. He used a semi-ring type thermo-
couple, 3 mm diameter, which was 1 to 1-1/2 mm from the sample. The error
claimed was 1-2°.
‘ (28)

Zimmerman and Allen measured the thermal expansion of refractory
crystals with a back reflection camera. Measurements were made to 1200°C,
and "the specimen temperature could be maintained plus or minus BOC during

an entire exposure." The thermocouple appears to be on the back of the

specimen holder.
kP 5 95







Fridrichsons(29) described an adapter to provide a heat source for

cameras not so equipped. Internal standards of Ag or Pt were used to
obtain temperature indication. Maximum temperature was 1000°C.

Austin, Richard, and Schwartz(ao) designed a camera for temperatures
to 2000°C and a vacuum to 10 € mm Hg. Low temperatures were read from a
thermocouple in the furnace gap next to the specimen while high temperatures
were read with a pyrometer. No calibration procedures were given and
precision of the sample temperature was not stated.

Skinner(il) investigated the thermal expansion of thoria, periclase,
and diamond, using a back reflection camera of 16 cm diameter. Temperature
was read from & moveble thermocouple 1/32" from the specimen and at 60°
(angle) intervals around the sample. It is stated that the temperature,
presumably of the sample, was held to + 1%C at 1400°¢ for 48 hours with a
variac and constant voltage transformer.

Goon, Mason, and Bigg(je) designed a powder camera for X-ray work at
high temperatures and pressures. The sample temperature was "{ndicated" to
be accurate to + 5°C. Description of the calibration method was not clear
but it is believed that the thermocouple in the furnace was calibrated
aginst the lattice parameters of silver.

Gindin and Prokhvatilov(ji) deseribed a device for high temperature
X-ray work in which the specimen was applied onto a 0.2 mm platinum wire
which is heated by passing current through it. The method and accuracy
of temperature measurement was not given. This appears to be similar to
that deseribed by Westgren in 1921.

Hanak(jh) in a study cf rare earth allotropy, calibrated the furnace

of the camera using the silver lattice data of Hume-Rothery.







Aruja, Welch, and Gutt(55) developed a technique in which the sample

was coated on the thermocouple. A unique feature of this system was the
power and thermocouple signal being transmitted on the same wires. The
system was limited to non-conductors, and the accuracy of the temperature
measurement was "guessed" at + 10°c.

Spreadborough and Christian‘is) designed a vacuum furnace which could
be used with a commercial diffractometer. It was operated up to llOOOC,
and it was believed higher temperatures could be achieved. The sample tem-
perature was stated to be "controlled by hand to + 2%" from a thermocouple
in the holder. The true specimen temperature was claimed to be "close" to
the thermocouple reading because of agreement with the gilver lattice data
of Hume-Rothery.

Van Niekerk(57) described a vacuum furnace for a diffractometer in
which temperature measurement was obtained from a furnace thermocouple near
the sample holder calibration against a " standard thermocouple” embedded in
a powdered quartz specimen, giving a plot of furnace thermocouple millivolts
versus sample temperature. Comparison with known values of phase changes
for quartz and iron indicated a precision of *+ 2 to x°¢.

S immons and Ballurfil 27 39 studied the equilibrium concentration of
lattice vecancies in silver and aluminum. The back-reflection rotating-single
crystal technique was used. It is stated "the high thermal conduction of the
specimen and graphite insured that the actual specimen temperature was measured”
where the thermocouple was in the graphite sample holder 3 mm from the sample.

Das(uo) developed a high temperature X-ray diffractometer for use up
to 2000°C in a vacuum of 10 ® mm Hg. Beryllium windows (.010") were used.
Temperature was read directly with a leeds and Northrup pyrometer when
possible and, when the viewing window became fogged, a power calibration was

used.
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1) developed an attachment for the Norelco

Intrater and Hurwitt(u

iiffractometer for high temperature, high vacuum work. They say "a& ceritical
problem of high temperature operation is measurement of specimen temperature.“
The attachment is good to 150000 and stable to * 2°c. The sample is mounted
on & Pt-40% Rh ribbon which also forms the furnace element. Optional methods
are given for finding a sample temperature such as a thermocouple on the
heater element, calibration of pyrometer or furnace current with melting
point standards, Or internal standards mixed with sample. No error or
accuracy is given for sample temperature.
Current Work

At the Tenth Annual Conference on Applications of X-ray Analysis held
in Denver, Colorado, August 1961, which the author attended, geveral papers
recognizing the problem of specimen temperature in high temperature X-ray
diffraction were presented. o current reference, however, has been found
devoted exclusively to temperature determination.

Maver and Bolz described a high temperature mount for the back reflec-

tion region for the aiffractometer. The meximum temperature was 1400°C. With
an optical pyrometer and by mounting the thermocouple in various locations of
the sample, gradients as high as 50°C at 1200° were found, and variations
in the X-ray beam area were about 20°c. From melting point and lattice
parameter " standards", the thermocouple correction was +36°C. These varia-
tions were found to be dependent on the character of the specimen also.
Changes in design are being considered to improve this situation.

Campbell and Grain studied the expansion characteristics of alumina
to 1200°C. Errors were considered less than 3% above 500°C, and about 2%

at 1000°C. This work was previously published (42) and included measurements

on Mg0.
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Vaughan and Schwartz described the temperature measurement and con-

trol in connection with thermal expansion work on uranium, uranium dioxide,
and magnesium oxide.

Corvin et al developed an attachment for high temperature diffracto-
metry to observe chemical reactions with vapors to 900°C. The constancy
and distribution of temperature over the sampling area were determined.

Thermal Expansion of Gold

Muller(uj) used the method of Fizeau ( interferometer). For the range

of 0-520°C, he gave
1-1
(&}

3
o

x 10° = 14.157 ¢ + 0.002150 t°

from which the values were calculated for comparison.

Austin(uh) used an interferometer with the specimen in vacuo to measure
the expansion of gold from 0° to 900°C. The data were converted to 25°C
reference using ratios derived from equations in this thesis for the purpose
of comparison.

Shinoda(hs), using X-ray diffraction, placed the gold sample on the
tungsten filament. Temperature was determined from the change in resistance
of the filament. No precision was given for the temperature.

He found the following value for gold.
o (15-500°C) = 13.2 x 1076 /%
mean i

from which the percent expansion was calculated for comparison. Cu Ko radia-
tion was used. No details of calculation methods were given.

(L46)

Fizeau with an interfercmeter found the expansion coefficient for
gold

o for 0-100°C = 0.0000144/°C

Xk







Esser, Lilender and Bungard(hT) used X-ray diffraction to find the
thermal expansion of gold. The Debye-Scherrer method was used and the
temperature appeared, from translation of the Cerman, to have been measured
from & thermocouple spot welded to the specimen. Details were requested
from the author (Bungard) and he confirmed that this interpretetion was
correct. Data points are taken from an enlargement of the curve given in

(o
the report and, after conversion from kX to A units, used in the comparison.

Nix and Ms.cNa.ir( 48)

made extensive dilatometer measurements on gold
from -187.0°C to 720.8°C at close intervals of from 1° to 13°C. Selected

values from a plot of the data and adjusted to 2500 reference are used in

the comparison.

‘ Fsser and Kusterbroc (h9), using the dilatometer method, measured the
expansion of gold from OOC to 95000. Selected values adjusted to 2500
reference are used for the comparison.

Gott(so) used X-ray diffraction with both a thermocouple and an internal
standard of Al for temperature measurement. Calculation was by the "last
lines"” method. Values were taken from a plot of the data for purposes of
comparison.

Swanson and Tatge(5l) show the following lattice parameters for gold

at 25°C by various authors:

o
ao, A
Sachs and Weerts 4.0785
Owen and Yates 4.0786
Jette and Foote 4,0786
Esser, Eilender, and Bungard 4,078
Swanson and Tatge k, 0786
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Krikorian(52) in a compilation of thermal expansion data from unknown

references gives the following for gold.
Percent Expansion

t, C from 25°C
500° 0.73
1000° 1.65
1063° 1.80

Thermal Expansion of MgO

Eastman‘sB) in a Massachusetts Institute of Technology thesls appears
to have made the first thermal expansion measurement of MgO. He used a
dilatometer. The data are not used here due to the unusual reference tem-
perature (12000) seen in his equation below.

a, = 1073 (1140 + 0.92 (¢ - 120% )

Rieke' ) used the dilatometer method to measure the Mg expansion up
to 700°C.

Bogitch(55) made dilatometer measurements on megnesia (83% Mg0). His
data for comparison were read from & curve in the reference.

Thilenius and Holzmann(56) used the dilatometer method on MgO specimens.
The percent expansion for comparison was calculated from selected values of
their linear expension coefficients and plotted to obtain the values shown.

Kanz(57) determined the expansion of Mg0 with a dilatometer and found
the values used directly in the comparison up to 1000°¢.

Austin(SB) used a modified interference method in which the "accuracy”
of results was "believed" good to + 1% or better. The percent expansion of
MgO for comparison was calculated from the linear coefficients given.

Heindl(59) used the dilatometer to measure periclase which was "mostly
MgO". The results are used directly in the comparison.

Bussem(éo) used X-ray diffraction with a flat plate back reflection

camera geometry. The temperature range was -1750 to l}OOOC from a thermo-
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couple located about 2 mm from the irradiated volume of the MgO preparation.
Lattice parameters were calculated by taking the average of the a values

calculated from the high angle CukKx and B lines. Values of percent

g T
expansion were calculated from the given lattice parameters, and the values
shown corresponding to common temperatures for comparison were obtained from
a plot of original values.

Ebert and Tingwaldt(él) measured the expansion of magnesia in air to
2000°C with a dilatometer. Their data were converted from 0°C to 25°C
reference for the comparison.

(62)

Durand made expansion measurements on magnesium oxide to hBOoK
(207°C) with an interferometer. His data were converted from OOC to 25°C
for the comparison.

White(éj) used a dilatometer to measure the expansion of golumnar
ocrystals of 96% MgO. His data were used directly for comparison.

(6k)

Pole, Beinlich, and Gilbert used a dilatometer to measure the

expansion of 97.5% electrically fused/2.5% sea water MgO. The data have
been used directly in the comparison.
(65)

Gangler and Robards made an interferometer measurement of the

coefficient of expansion on a hot pressed specimen of MgO, obtaining a

6 (12.5 x 10%/%). This

value for & (75-1000°F) = 6.94 (4in/in)/°F x 10~
was the only point and it fell between the temperatures used for comparison
so it was not used.

(66)

Sharma used the interferometer method to measure the expansion of
a crystal of MgO. The percent expansion values for comparison were calcu-
lated from his value for the linear expansion coefficient, and normalized

to lOOoC, BOOOC, etc., from a plot of the data.
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Schwartz(GT) measured the expansion of a 6-inch sample of "pure MgO"
using a telescopic system. Vealues for the comparison were obtained from
his curve of percent expansion versus temperature.

Crandall(68)

desceribed a method of expansion measurement used on MgO
similar to the interferometer method, but using two parallel line gratings
and observing changes in light intensity as one line moves across the other
during sample expansion. The curve provided was too small for use in the
comparison but is said to compare favorably with Austin’s.

Mauer and Bolz(25) used a diffractometer described previously for
expansion measurements on a number of cermets. Their data have been con-
verted to 25OC reference and normalized to temperatures of 2000, hOOO, ete.,
for comparison.

Beals(69) measured the expansion of MgO using a back reflection X-ray
camera with a thermocouple on the sample holder. Temperatures were normal-
ized to EOOOC, hOOoC, etc., from a plot of the data but the data were not
converted from the given reference temperature of 52°C so appear slightly
lower than they should.

Zimmerman and Allen(29) used a back reflection X-ray camera previously
described and measured the expansion of a crystal of Mg0O to 118500. Tempera-
tures were normalized to even values of 200°C, hOOOC, ete., from a plot of
the data for comparison.

Whittemore and Ault(YO)

used a Gaertner dilatometer. The percent
expansion was calculated from the linear expansion ccefficient given for
Mg0 for the comparison.

Skinner(sa) used a back reflection X-ray camera previously described

to measure the expansion of a single crystal of periclase (Mg0) to 703°C.
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The percent expansion was calculated from the lattice parameters given
and then plotted to normalize to even temperatures of QOOOC, hOOOC, ete.,
for comparison.

(51)

Swanson and Tatge give the following room temperature (25°C)

lattice parameters for MgQO by various authors:

o

a ;s A

Bussem, Bluth, and Grochtmann 4.211
Straumanis and Ievins L.2115
Frevel L,214
Swanson and Tatge 4,213

Engberg and Zehms(7l) used a Gaertner dilatometer but the range of
their measurements, 1000°%C to EOOOOC, was above the range of interest for
purposes of comparison.

Klein(72) used a diffractometer for measurements of the thermal
expansion of alumina and beryllia. Mg0O was measured to check the tempera-
ture calibration of the camera. The Mg0O data were admittedly not good
due to discrepancies found in the temperature measurement, but has been
included for comparison. The values were read from the curve given in the
report.

(42)

Campbell and Grain used two different diffractometers in measuring
the thermal expansion of alumina. Measurements on Mg0 were made to demon-
strate the agreement between the two instruments. The data shown for
comparison were read from their curve.

Krikorian()e) in a compilation of thermal expansion data lists the

following for the percent expansion of MgO:
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Percent Expansion

b from 25°C
500 0.61
1000 1.33
1500 2.23
1800 2.82

Since the data are unreferenced, making the method and source unknown,
it has not been used for comparison.

The Norton Company(75)

in a commercial brochure has listed values of
the expansion of Mg0O, but again references and methods are unknown and the
data are not used for comparison.

Percent Expansion

s T above B3F (31°C)
400 0.20
600 0.35
800 0.50
1000 0.65
Fieldhouse and Lang(Yu) in a report on thermal properties measured

the expansion of MgO with a dilatometer. Values were read from their

curve of percent expansion versus temperature for the comparison.
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A general view showing the physical arrangement of the apparatus

i{s shown in Figure 1. The regulated DC power supply for the camera
furnace is at (A). The vacuum protection circuit is at (B). The
Rubicon potentiometer is at (C) which is in the circuit of the Brown
millivolt recorder at (D). The Brown recorder for monitoring the

output voltage of the DC power supply is at (E). The Rubicon high
precision potentiometer and the associated Brown Electronik null indi-
cator for calibration are shown at (G) and (F), respectively. The
programmer for comtrolling the rotation of the sample is shown at (H).

The CEC Philips Gauge for measuring the camera vacuun is shown at (I).
The Brown ( Electronik) controller to adjust for slight drifts in tempera-
ture from excursions in room or cooling water temperatures is shown at
(J). The Unicam camera assembly is shown at (K). The Norelco X-ray
machine is shown at (L). A Sola voltage regulator for the protection

of all the instrumentation is shown at (M). Shown but not marked is

the CEC diffusion pump located at the top front edge of the X-ray machine
and connected to the Unicam camera.

Figure 2 shows a schematic of the apparatus and instrumentation.
Letter designations correspond to those in the general view of Figure 1.
Ttems which do not appear in these figures are the Labline tempered
water circulator and the Welch vacuum pump used as a fore pump on the

camera vacuun system. The Labline water circulator is used to indirectly
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control sample temperatures near room temperature by passing water
through the camera water Jacket, and for this purpose is capable of
maintaining the water temperature to + 0.02°.

Figure 3 is a close-up showing the Unicam camera in position at
the beam port cf the X-ray machine. Figure 4 is a top view of the camera
in operating position aligned with the beam. The cassette holding the
film is at (A) while (B) is the vacuum chamber. Figure 5 is the same
view with the film cassette and lead beam shield removed showing the
top of the camera body (C) with the three locating pads for position-
ing the cassette. When the vacuum chamber is removed, the furnace can
be seen at (D) in Figures 6 and 7 with the leads from the furnace thermo-
couple coming ocut of the top section. The Pt/Au thermocouple specimen
can be seen in the furnace gap of Figure 7. Figures 8 and 9 taken after
the final step in disassembly, raising the furnace up and off the camera
body, show the specimen in position at (F) on the rotating magnetic
holder (E). This happens to be the Pt/Au thermocouple specimen and for
i{llustration the leads are shown connected to the terminals. Actually,
the leads are connected after the furnace is in place.

Two typical specimens are shown in Figure 10 with approximately 2X

magnification. (A) is a mixture of MgO and Au powders in a silica capillary

and (B) is a Pt /Au thermocouple specimen with the junction located in the
path of the X-ray beam. The Mg0O and Au specimen consisted of an approxi-
mate mixture of 60% MgO-40% Au powder ( -325 mesh) sifted into a 0.010"
diameter silica capillary with a wall thickness of about 0.002". This
specimen was used to measure the lattice parameters and thermal expansion

of Mg0. The Pt/Au thermocouple specimen was used to calibrate the Au used
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for the temperature standard in the MgO and Au specimen above. It
consists of a 0.010" diameter Au wire and a 0.003" diameter Pt wire
calibrated by the National Bureau of Standards with a stated accuracy
of loC. The Pt wire is brazed to the Au wire forming a thermocouple
junction in which one leg is also the specimen, i.e. the Au in this
case. The thermocouple junction is in the X-ray beam path so errors
due to conduction and convection are eliminated. There was no inter-
ference from Pt observed in the X-ray diffraction, and when one con-
siders the estimated 1 mil thickness of Au brazing on the junction and

the attenuation by Au in Appendix IV, this would be expected.
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PROCEDURE

When this work was initiated, it was believed from figures obtainable
in the literature that the goal of the temperature determination would
have to be a measurable accuracy of 1°C or less. Most authors claimed to
be within 2 or 5°C of actual specimen temperature, while a few admitted to
an uncertainty of maybe 5 to lOOC. With this in mind, all of the apparatus
and instrumentation was selected to satisfy the 1% specification in the
working range of 25-lOOOOC with the exception of possibly approaching a 2°C
error as the temperature approached lOOOOC.

Before any experimental work could be laynched, certain aspects of
the Unicam camera drew our attention. The arrangement for alignment of
the sample was unsatisfactory. Some of the difficulty was found later to
be in a slight misalignment of the scope furnished for this purpose. The
vertical croes-hair was several degrees from true vertical, and was not
aligned with the sample axis of rotation. An improved magnetic type holder
was designed by the engineering section of N-1 at the Los Alamos Scientific
Laboratory giving both lateral and pivotal movement of the specimen. An
optical system, along with appropriate zinc sulfide screens, was made to
aid in aligning the camera optics with the X-ray beam port of the source.
Since only the back reflection region of the camera is utilized in precise
thermal expansion work, the camera cassette was modified to receive these

reflections on a single strip of film, rather than two strips, for greater

precision in measuring the lattice parameters. This eliminated the cumber-







some shrinkage correction calculations and improved the precision of the

lattice parameter determinations. With this simple film method, the

knife edges could be removed since they were no longer needed, thus exposing
more film in the high Bragg angle region. The cellophane window in the
vacuum chamber is the weakest link in the vacuum system. Ordinarily, its
life is short, due to embrittlement by the X-ray beam but this has been
overcome by cementing thin mica over the cellophane at the beam entrance

port. Thermal radiation from the furnace gap seared the cellophane window

so that protective aluminum radiation shields were required. Beryllium
windows have been ordered to replace the cellophane. Since the thermocouples
were to be used for measurement of specimen temperature, a slip ring signal
could be picked up while the specimen was rotating. This idea was finally
discarded, after a long arduous battle, in favor of direct leads. It was
found that contaminants created by the heat and vacuum condensed on the slip
ring in a film that gave rise initially to a cyclic noise band in tune with
the frequency of sample rotation, and finally serious erratic excursions on
the recorder made it impossible to deduce any kind of temperature measurement.
The direct lead wires, although they eventually broke from the bending by the
sample rotation, usvally lasted long enough for sufficient data to determine
thermal expansion to 1000°C. Thie system of direct lead wires also necessi-
tated replacement of the original motor drive with a reversible unit. The
plug-type thermocouple connections from the vacuum chamber were replaced with
glands so the thermocouple leads could be run directly to an ice bath cold
junction. The connections furnished formed a cold junction of varying tempera-
ture with the Pt/Pt-lO% Rh thermocouples which was inconsistent with the high

precision requirements of the measuring system. This set-up was further
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modified so that two thermocouples in the camera could be read simul-
taneously instead of the furnished mode of manually switching to either
one of two provided. Ghost lines were found on initial runs with silver
which were traced to leakage of the X-ray beam through the thickness of
cellophane window at the entrance port of the vacuum chamber. This was
corrected by imbedding lead strips in the cellophane on either side of
the port to absorb the scattered rays.

To facilitate future operation of the camera furnace, the voltage
applied to the furnace was calibrated against the temperature measurement
from a thermocouple in the sample position. This gave a convenient
reference for setting the furnace power to give the approximete tempera-
ture desired.

Constant temperature was maintained by allowing the system to come to
equilibrium. The voltage of the power source was monitored with a Brown
recorder to detect any voltage variations in case the temperature fluctuated
during a run. Tempered circulating water controlled to + 0.01°C was used
for measurements at 25.0°C, while city (domestic) water, whose temperature
did not vary more than lOC, was used during high temperature measurements
for camera cooling.

Since it was planned first to obtain measurements with a thermocouple
jmbedded in the sample and as near the beam path as possible without serious
interference, a project of febricating a specimen for the purpose was under-
taken. Thermocouples made from wire as small as feasible to reduce conduction
lo8s errors were to be used. These were made both beaded by flame and butt-
welded electrically, the latter with a welding jig fashioned after specifica-

tions by C. M. Stover(7)). One mil and three mil diameter Pt and Pt-10% Rh
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wires were used. Ceveral designs were attempted but all proved impractical
due to the fragility of both the fine thermocouple wires and the slender
silica capillaries containing the sample.

In the meantime, a commercial micro thermocouple was brought to our
attention by D. G. Rose and C. E. Landahl of this Laboratory. Since these
were fairly rugged compared to our products, and easily obtained, they were
adopted for use in the investigation of specimen temperature.

The sample was prepared as shown in Figure 11 and so positioned in the
camers that the X-ray beam barely grazed the tip of the thermocouple assembly.
Beryllium was tried for a specimen holder with the intention of re-
placing the silica because beryllium has a much lower attenuation factor for

X-radistion. Thin wall 0.010" diameter tubing was not on the market and the
wall of the drilled rod that was tried was too thick, giving broad Be lines

on the film. This was dropped for the time being until small sizes of beryllium
tubing become economically available.

The slip ring arrangement for picking up the thermocouple signal caused
extensive difficulty as mentioned earlier. It was concluded that good
temperature readings could not be obtained and it was removed after about
50 runs. Direct leads were then used in conjunction with an oscillating
rotation of the sample. Trouble was initially experienced with leads breaking
from the bending received as a result of the oscillating motion, but this was
remedied by coiling the leads adjacent to the specimen.

In order to obtain precise data for thermal expansion measurement by
X-ray diffraction, it is necessary that (1) the sample be properly located
in relation to the film and centered in the X-ray beam; (2) some means be
provided for movement of the sample during exposure for statistical purposes

in obtaining smooth lines on the film; ( 3) the sample be in the proper con-
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Figure 11.
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dition, for example fine grain, free from strains and, in the case of
powders, of proper particle size range; (4) precise measurement of specimen
temperature be made during exposure; (5) the optics of the camera be such
that clear unobstructed patterns are obtained in a reasonable length of
time. All of these except (3) and (4) are taken care of in the construction
and manipulation of the Unicam Camera and furnace. (U4) is the main object
of this investigation. However, (3) was so closely associated that it also
required close attention to successfully complete the investigation.

Powdered specimens were prepared from -325 mesh sample material. The
MgO was fired at 1400°C by the Bureau of Mines. The gold powder and wire
were annealed by heating in vacuo to 500°C in a matter of a few minutes and
slowly (about 3 hours) cooling to room temperature. The powder was placed
in a sealed or unsealed silica capillary as reguired. This gave a specimen
about .010" in diameter, and a capillary length of 38 mm was needed to allow
positioning of the specimen in the beam.

The desired temperature was attained by allowing the gystem to come
to equilibrium for any given setting of the power supply or of the tempered
circulating water supply which was used for measurements at 25.0°C. The
temperature of the air conditioned laboratory and the city water for cooling
varied less than loc, giving very stable specimen temperatures at equilibrium.
The range of temperatures extended from room temperature to IOOOOC. Measure-
ments were made while going up in temperature as well as coming down in
order tc observe any hysteresis effects in the sample. An exception was
in the case of measurements of the gold lattice using the Pt-Au thermocouple;
no hysteresis effects were observed on gold so to obtain quality films of

the lattice parameter before grain growth interfered, exposures were made
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at the high temperatures in as short a time as possible and the tempera-
ture then decreased for the exposures at lower temperatures.

Films were developed for 5 to 7 minutes depending on temperature,
washed for 30 seconds, fixed for 15 minutes, and washed for 30 minutes.
I1lford "Industrial G" X-ray film was used in all tests to reduce required
exposure time.

The time for exposure depended somewhat on sample temperature, being
longer at elevated temperature. Exposure time for Mg0O was 3-10 hours;
for the Mg0 + Au mixture, it was 10-12 hours; for Au, it wa; L4-7 hours.

Films were measured on a viewer which could be read to the nearest
.005 em. TEach film was read by three persons. All lattice parameters and
their standard deviations were determined on an IBM TO4 computer by the
method of Vogel and Kempter(Yé) discussed under Calculations. Briefly,

the systematic errors such as film shrinkage and specimen eecentricity

are accounted for by the code which is based on Bragg’s law, €

ASE Gy B g ¢
where: A = wavelength of the radiation, A
d = interplanar spacing, X
@ = Bragg angle
h,k,1 = Miller indices

@ is measured indirectly on the viewer; the segment of film circumference
intercepted is determined from the viewer measurement and knowing the

camera diameter this is translated into values of ©. X\ is known from the
characteristic wavelengthsof the target, and the d spacing can be calculated
from the above equation. The lattice parameter is obtained by extrapolating
the curve of a versus ¢ tan § (where § = 90° - ©) to § = 0, with each point

being statistically weighted. A more detailed account of the method is
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given under Calculations. It can be seen from this that the more points
produced, as in any curve, and the nearer the values of ¢ approach zero

(i.e., © = 900), the more precise final values of & will be.

Several runs were always made in the region of room temperature to
obtain & feel for the sensitivity of the sample materials to our measure-
ments of a versus temperature in answer to the question "what is the minimum
temperature change in which the lattice movement can be observed by viewing
the respective films?" This was about 2° in the case of gold and 50 for
MgO.

In& typical test, say of MgO, with an internal standerd of Au which
has been calibrated using the Pt/Au thermocouple specimen described under
Apparatus, the sample mixture is prepared as described above and mounted
inside the camera furnace and vacuum chamber. The film cassette with Ilford
" Industrial C" film is placed in position. After the temperature of the
furnace has come to equilibrium, as indicated by the furnace thermocouple,
at say about SOOOC, the X-ray beam is turned on. After 10 hours exposure,
the film is removed, developed, and dried. The lattice patterms obtained
on the film are then measured on the viewer by three persons to obtain good
statistics. These values, along with the camere diameter and the wavelengths
of the X-ray radiation, are submitted to the IBM 704 computer for translation
into values of the lattice parameter of MgC and Au. The temperature is
obtained by reference to the lattice parameter versus temperature for Au

in the Appendix.







CALCULATIONS

1.

Temperature Difference Between Sample and Thermocouple

The orientation of the sample and thermocouple in the furnace is
shown in Figure 12. The top of the sample is "looking at" the cold
opening in the top of the furnace. In order to simplify calculations,
the furnace was considered to be a spherical enclosure with no gap. No
data on the thermal conductivity of Mg0 powder was found, so it was
assumed that the properties of silica would show similar temperature
variations since the MgO sample is enclosed in a silica capillary.

Referring to the mathematical model of the sample and thermocouple
lying along the x-axis in Figure 13, the heat balance for a dx section
is that,

Heat loss by conduction = heat gain by radiation

d ar
or -/ =ig LIk dx = (C dx) o € (T‘;-T‘)

where k thermal conductivity

A = cross-section area at x
T = temperature at x

C = circumference at x

o = Stefan-Boltzmann constant

€ = emissivity

T, = furnace temperature
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This simplifies to

a@r Coe¢
v gty S g bl
2 2
If we let 7-1-%—,H=-Tfi—l,and-g-=1_'r
SR ax® f
Substituting,

a®y Coe .
- P - s T?.[(l-T) « 1)

Expanding (1 -7 )* by the Taylor’s series and dropping powers of T since

they are small,

(1 -7y =3 » U7

Then
a®r  Coe s L Coe
. < C%€m3[(1-47 -1)) = - o2 TY
ax? kR L kA 1
ol Bl ane
Let A= o Tp X and then dx® e
4
Substituting,
2
a2
The general solution of this equation is,
Y=Det+E g (1)

At the radiating end below the cold hole in the top of the furnace, using

a heat balance as above,

e Age Ao e
x G- Py

where f is the shape factor for the furnace seen by the end.







Using the same substitutions as above for Equation (1), the

following is obtained for the radiating end,

h’t‘-a%%:l-f whereozas——h—-pi— (2)
ACETS
f
For the sample (x £ 0) from Equation (1),
A -rA
oty & L Ll 5 Ay (3)

where hs = the value of M in the sample (x ¢ 0), and r is the
ratio of thermal conductivities relating A for the sample to A for the
thermocouple.

For the thermocouple (x > 0) from Equation (1),

Oy oy

T:Dte +1Lt (h)

where A, = the value of A in the thermocouple (x > 0).

At the junction (x = 0),

aT
s A & -k AE (5)

Boundary conditions for determining the constants Dt’ Et’ Ds and Es:

a) At the holder on the cold end of the thermocouple from

Equation (1)
ht -ht
T, = D,e "+ E, e (6)

b) At the radiating end from Equation (2)

N -rA
D, e (4 - q) + B, e C{hra) =)ot (7







c) At the junction (x = 0) from Equation (1)

Y «Dy +E =D 4 E (8)

oth"'Et'Ds'ES:O

d) On either side of x = O from Equation (5)

a L an (EP.,,,R)
an . 500 ks da .y W ks

and with the values of %{ from equations (3) and (4),

(9)

D =~=rE =r2(D, -E
s s

Since the main interest is in the temperature difference of the sample,

and thermocouple tip at x = 0, the following relation is derived from

Equation (1),

rA -rks
s»f*ﬁ:se e ( 10)

= T£ . Ds » s s

8

and, M= T, -T =T, (v, - Ty (11)

To solve for AT, the values of the constants Ds and Es can be found

from the determinant of the coefficients of Equations (6), (7), (8), and

(9).







Letting A = determinant of coefficients of Dt’ Et’ Ds and Es,

A ™ -1\
A= e>\h {[Eer C(h-a)] + (1L +71) [-e € (4-q) + e bk & +<x)ﬁ

2 A A =T\
vigiih {[Eere(h-a) (o) [ ® (hea)ve  © L)l

let A (Es) denote the determinant A with the E_ column replaced by

the column of coefficients on the right of the equation. Evaluate

obtaining,
b ns
a(E) =(1-1) [ekh(1+r) -e)"h(l-r)]-'Th[e € (4 - a) or]

By the same procedure, A (DB) is obtained,

0 rx ->‘\

A (Ds) = 2 'Th re (W) -~ (1~ 1) [ekh (r -1) +e

8 N

The constants Ds and Es for Equation (10) are then calculated from

the relations,

et ¥ A (Es)
8 A

i A (Ds)
$ s

AT at a furnace temperature of 700°K was calculated as follows

using properties and constants from references (T, (78), and (79).

(12)

(13)

(1k)

(15)

(16)







0.113 em

A = 0,0008 em®

o= 1.36 x Y3 o cal/em® ©° K* sec
f =0.2
€ = agsumed equal to 1 for an enclosure

k ( platinum) 0.19 cal/cm sec’K

k (silica) 0.0033 cal/em sec’K

_ [k (pt) 0.19
r= \gtsiy = Vo.00ms = T-6

Calculating the values of A and Qs

§ (.213)(1.%6 x 10719)
(.19) (.0008)

(700)®

hh (for Pt at sample holder, x = 3. cm) = 3. \/

= 3.5

Ke = A_(for Pt at radiating end, x = - 0.6 cm)

= (-0.6) M/;('lla)(l'BG x 107 (700)2 = - 0.7
(.19)(.00083)

a (for Pt) = \/ b (.113)(.19) - &k
(.0008)(1.36 x 10"12)(700)3

Assuming the temperature of the water cooled holder to be near room

temperature, say BOOOK,

then ’rh =1 - %gg = 0.57

Substituting the values of A, O, and r in Equations (12), (13), and
(14), and using the relations in (15) and (16),
E, =59 x 1072

Ds = 0.03
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From Equations (10) and (11),

7, - T, = (0.03)(0.005) +(5.95 x 1072 x 200.) - (0.03) - (5.95 x 107°)

T - o. 018
AT = 700 (- 0.018) =-12.6°K or °C

which means that the thermocouple is 12.6° cooler than the sample when the
furnace is at 700°C. Values of AT were similarly calculated for other
temperatures to give the "calculated" curve in Figure 14.

For comparison, corresponding AT’s were found for the "experimental”
curve by measuring in Figure 19 the difference between the "thermocouple”
and "Au standard” curves at any given lattice parameter and taking the value
of the temperature for the Au standard to be the true sample temperature.
For example, at a temperature of 400°C the Au standard method indicates that

the thermocouple is about 80°C colder than the sample.
2.

Measurement of Lattice Parameters by the Vogel and Kempter Method

All calculations of lattice parameters were performed on an IBM 704
computer using the method of Vogel and Kbmpter(76). A grephical illustra-
tion of the IBM 704 method as used in the calculation of the room temperature
lattice parameter of gold is shown below.

The diffraction pattern is produced on the film as shown in principle
in Figure 15, illustrating how the diffraction cones from the sample intercept
the film producing a pattern similar to the sketch in Figure 16 for Au at

25°C. The raw data for an actual run of gold at 25°C was as follows:
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b R e K 8, cm.
3 3 % 1 18. 380
3 5 1 2 13.218
i 2 (] 1 16.390
L 2 0 2 16.200
b 2 2 1 3.550
where h, k, and 1 are the Miller indices designating the particular

diffraction lines.

K indicates the line produced from Kl or ke wavelengths

(NiKo radistion was used for all X-ray diffraction studies
in this thesis)

S = ring diameter (in cm.) as measured on film.

The raw data for the 331 mzl line will be used for the sample calculations
and the calculated values for all lines obteined in the same manner are tabu-

lated bhelow:

% = § (radians) for the Debye-Scherrer camera
where
D = diameter of the Debye-Scherrer camera, 19.00 cm
i 7
§=¢=§~6
where

6 is the Bragg angle in the Bragg equation A = 2 d,,, sin thl
where
A = the X-ray wavelength in Angstrom units

d = the interplanar spacing in Angstrom units

then







a, the lattice parameter = d ., \/h2 + K2 +

(uncorrected for systematic errors)

For the 331 Ko iline,

18. 380
@ = T—g-.—(-)-(-)—- = .967,4' radians

.
L]
ok

= ,483%7 radians
A% g - ¢ = 1.5708 - 4837 = 1.0871 radians

sin 6 = .8852

o

A for NiKo, radiation = 1.65784 A

1
R i "
4= 5o " X .8 " 224

and

a«-d\/hg+k"’+12‘---.93&L \/32+52+12

Tabulation of values for all lines.

12

o}
= .9%64 x 4.3589 = 4,08176 A

O o)

h k 1 Ko §, radians @, radians sin 0 ‘nki’® P A

C TS, e 1 . 96Tk L4837 8852  .93642  L4,08176

3 3 1 2 . 9588 <479k .8873 . 93636 4,08150

| SR e 1 .8626 L4313 .9084  .91250  4.08082

, Ko Bw 2 .8526 L4263 J9107  .91230  L4.07993

: b 2 2 1 . 1868 . 093) . 9957 .83249 4.07835
|

| are directly proportional to @ tan @ in the back reflection region, and approach

(80)

zero as 0 approaches = radians s i.e. ¢ tan @ approaches zero.

2

of a is obtained.
_0

The systematic errors in Aao/ao ( where & is the "true" lattice parameter)

Therefore,

by plotting & versus ¢ tan @ and extrapolating to § tan ¢§ = O, a precise value







Calculating @ tan ¢ for the 311 Koy 1line:
@ from above calculation is .4837 radians,then tan § = .5255 and,
g tan @ = 4837 x .5255 = .254 radians.

Tabulation of values for all lines,

h k 1 Ka ¢ tan @, radians
3 3 1 1 254
a b) 1 2 . 249
4 2 0 1 .198
L 2 0 2 .193
4 2 2 1 .009

Plotting a versus @ tan @ in Figure 17, and extrapolating to ¢ tan § = O,

o

the "true" lattice parameter (ao) of 4.0782 A is obtained. A more precise
o

value of 4.07852 + 0.00006 A was obtained for this run on the IBM 704 com-

puter using the method of Vogel and Kbmpter(76). However, S values by three
readers ( in order to obtain better statistics) were used in the calculation,

and in addition the method gives a statistical weight (approximately equal to

cse® 2 ¢) to every point. This weighting is most important since the weight-
ing factor approaches infinity as ¢ approaches zero (i.e., 6 approaches 90°).
It was for this reason that a nickel target-which gives a very high Bragg
angle 422 line for the gold standard-was chosen. The systematic errors(go)
considered are:

1) Camera radius error

2) Film shrinkage

3) Specimen eccentricity

L) Specimen absorption

5) Horizontal beam divergence

6) Vertical beam divergence
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13

Lattice Parameter versus Temperature from the Au Internal Standard

The determination of the lattice parameters of MgO versus temperature
using the internal standard method is illustrated in the following example.
The raw data obtained from measuring the diffraction lines of Mg0O and

Au produced on the film, shown in Figure 18, are tabulated as follows:

Mgo Au

h k j Ko S, cm. h k 13 Ka S, cm.
N 2 0 1 19. 335 3 3 1 1K 18.955
4 2 0 2 19.165 3 4 1 2 18.785
k 2 2 p 8 1110 L 2 0 1 17.025
L 2 2 2 10.825 i 2 0 2 16.850
4 2 0 1 19. 330 L 2 2 1 5.870
L 2 0 2 19.165 4 2 2 2 5.265
L 2 2 1 31,110 3 3 1 - 18.950
L 2 2 2 10.820 3 ) 1 2 18.780
4 2 0 b 8 19. 330 L 2 0 i 17.025
i 2 0 2 19.160 4 2 0 2 16.825
b 2 2 1 11.120 i 2 1 5.875
4 2 2 2 10.810 N 2 2 2 5.270
b) 3 1 1 18.955

3 5 1 4 18. 775

Note: Three sets of measurements are 4 2 0 1 17.025
presented for better statistics. 4 2 0 2 16.835

L 2 2 1 5.870

L 2 2 2 5.265

hl (N1 xnl) = 1.65784
A, (ML Ko) = 1.66169

Camera diameter = 19.00 cm.
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This data is coded for the IBM TO4 computer using the Vogel and
Kempter method as described in Part 2 above, and the following values

for the lattice parameters were obtained:
o
4.23953 + 0.00013 A
0
4.10939 + 0.0005 A

Lattice parameter, a, for MgO

Lattice parameter, a, for Au

Using the lattice parameter for Au and referring to the table of
lattice parameter versus temperature for Au in the Appendix, we find this
lattice parameter for Au corresponds to a temperature of 5lh°C.

Therefore, the lattice parameter of MgO at 5lh°C is equal to 4.23953 +
0.00013 2.
L.

Percent Linear Thermal Expansion

at = 8'o
% = w————— x 100
a
o
where
% = percent expansion from reference temperature, t , to
temperature, t, OC
Wy lattice parameter at temperature, t, %
I lattice parameter at reference temperature, to, °%

Calculating the expansion of MgO from 25-10000, using the curve of

Figure 22 for values of a,

]

a

(o]
, = 4.2128 A at 25%

O
4.2163 A at 100°C

 4.2163 - b.2128
o 4,212

L}

8¢

x 100 = 0.083
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Se

Coefficients of Linear Thermal Expansion

The coefficients of linear thermal expansion were calculated from
the lattice parameters corrected for refraction and using quadratic equa-
tions derived from least squares analysis of the data.

The mean linear coefficient, O, which is generally used in thermal

stress work, was calculated from the relationm,

= £y a-a,
a ' te %
(o) (o]
vhere
to = reference to temperature
& = lattice parameter at the reference temperature
= temperature
a = lattice parameter at temperature, t

The instantaneous linear coefficient, @, , and the true linear coeffi-

i’

cient, &, are of theoretical interest only and were calculated from the

t’

following relations,

1l da
o a8 3

(o}

: da
% =3 a

The coefficients for Au at 112.8°C were calculated in the following
manner.

From the equation for & (corrected for refractionm),

a = b.OTTLL + 5.46458 x 10~ ¢ + 1.55048 x 1070 ¢2

=B =~







and

%% = 5.46458 x 1072 + 3.10097 x 10'8 t
o -5 -8 " 1
a = a [5.46458 x 1077 + 1.55048 x 10" (t + t )] %.07555

[5.46458 x 1072 + 1.55048 x 10'8 (112.8 + 25)] = 13.92 x 10'6/°c
8 g 1

Ko k. 07855

o, = éL (5.46458 x 1072 + 3.10097 x 10"
(o]

(5.46458 x 1077 + 3.10097 x 10'8 x 112.8) = 14.26 x 10'6/°c
8 3
t) = ——
) 4.0837T
(5.46458 x 1072 + 3.10097 x 5004 112,8) = 1h.2k x 10‘6/°c

(5.46458 x 1072 + 3.10097 x 10~

o |

at =

Values for Mg0O were calculated in the same manner from the equation,

a = 4.21287 + h.66676 x 1070 (¢ - 25) + 1.24358 x 10™° (t2 - 625)
( corrected for refraction).

6.

Estimation of Error

In the following calculations, accumulative values are found from the
square root of the sum of the squares of independent errors, and the standard
deviation,0 , is taken to be equal to one-third of the maximum error, E,
unless otherwise stated.

The standard deviations of the lattice parameters due to systematic
errors are routinely calculated in the method of Vogel and Kbmpter(76) and

average values for gold and magnesiun oxide were as follows:

..50
O ( Au) 515210 %A

1}

i (]
o (Mg0) = 12. x 1077 A

The standard deviation of temperature for the tables of lattice para-

meter versus temperature in Appendix I was found as follows:
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Standard deviation in temperature measurement

for the Pt/Au thermocouple shown below = - = - - - = = p S+

Standard deviation from the least squares P

enalysis of 11 data polntg- = = = = « = = = = = = = « - Pl o
Accumulative standard deviation, ¢ - - = - - - - - 1.4°%

The standard deviation of temperature for the tables of emf versus
temperature in Appendix II was found as follows:

Standard deviation of Pg/Au thermocouple ( from

NBS calibration, E = 1.9C)- = = = = = = = = = = = = = - 0.3%

Standard deviation from the least squares analysis L

of 14 data points - = = = = = = = = = = = - = = - - = = 0 1C
Accumilative standard deviation, o - = = = = - = - 0.4%

The standard deviation in the temperature measurement for the various
phases of the program were estimated as follows:
a. For the thermocouple (Pt/Pt - 10% Rh) method of measuring
the thermal expansion of Mg0, excluding effects of radia-

tion and conduction which has been treated separately

above:
Estimated maximum error of thermocouple - - - - =~ 3.°C
Maximum error of potentiometer ( from X
specificationg)- = « = = = = = = « ¢ = = = - ~ - - 0D €
Recorded maximm variation of temperature P
during rung - = = = = * - = - « = ® = = = - ~ & - s
Accurulative meximum error, E - = = = = = = - 6.°c
Accumilative standerd deviation, ¢ - - - ~ - 2.%

b. For the Pt/Au thermocouple method of measuring the lattice pare-

meters of Au for the internal standard:
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Standard deviation of tables in Appendix II - - - - - - 0.4°¢

Estimated maximum temperature error duve to
the sensitivity of the Au lattice parameter - - - - - - 2.

Maximum error of potentiometer ( from
specifications) » + % & & e sieis /s Wipieie & e 4 e 0.3 ¢C

Recorded maximum variation of temperature
Auring PUS = v ~ ¥ = s e o sl e Bee e e .- 2,

Accumilative maximum error, E - = = « = = « = = = 5. C
Accumilative standard deviation, g - - = = = - - - L C
¢. For the internal standard method of measuring temperature:
Standard deviation of tables in Appendix I =~ - - - - = 1.5°C
Standard deviation of sample temperature during
run is estimated from the furnace temperature
since there was no thermocouple in the sample
during the runs, vith E = 2°C = = = = = =« = = = = = =« = 0.TC
Accumulative standard deviation, g - - = = = - - - 14520
The following quadratic equations for the lattice parameters of Au and
MgO were derived from a least squares analysis of the data:
o (Au) = b.OTTHL + 5.46458 x 1072 ¢ + 1.55048 x 107 ¢
o (Mg0)= 421287 + h.66676 x 107 (¢ - 25) + 1.28358 x 1070 (2 - 625)
The estimated standard deviation in & due to deviations in temperature measure-

ment is found by differentiating & with respect to t, and calculating at the

mean of the temperature range or about 5000Cz

8

sa (Au) = (5.46458 x 107 + 3.10097 x 1070 T) AT = (5.46458 x 107

-8 o -5 v
+ 3,10097 x 10 x 500)(1.C) = 7. x 107 A

ba (MgC) = (4.66676 x 1072 + 2.48716 x 10"8 T) At = (4.66676 x 1077
-8 o g
+ 2.48716 x 10~ x 500)(1.5C) = 10. x 10 ~ A

Accumulative standard deviation in lattice parameters
due to systematic and temperature deviations,

g 4"







dav) ¢ 1355107

n

o
A
i
o Mg0) 15.% x-10 S \

The error in the linear expansion coefficient, o, may be estimated

from the following relation at the mean of the temperature range of about

525°C:
a - &
- 1 o
R
(o] O
(D)2 = (392 (10)% + (3P ? (80
2 a - a 2
(o]
v / 1 2 2
& = ( 8a) +Q 2> ( at)
\ao(t-t6)> ao(t-to)
-5 - N 2
-<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>