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HIGH-TEMPERATURE X-RAY

DIFFRACTION

Uel S Clanton

ABSTRACT

A high-temperature x-ray diffraction furnace for use with the

General Electric Model XRD-3 x-ray diffraction unit has been developed.

The furnace, which was designed and constructed by the author, has an

angular range of 0-165 29. A constant temperature or continuously

increasing temperature may be programmed through the temperature

range of 20C to 1000C.

Data on the high-temperature modifications of illite obtained

with the high- temperature x-ray diffraction furnace indicate a contraction

of the (110) spacing at 300C and expansions at 725C and 880C which

were not identifiable using the quench method. The existence of inter-

layer water in the illite structure to temperatures over 800C is indi

cated, based upon the continuous decrease of the (002) basal periodicity

with increasing temperature. A skeleton illite structure or a high-

temperature illite phase with a d-spacing of 9.87A survives the third

endothermic reaction observed by differential thermal analysis and

forms a phase which is stable at 900C.
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FRONTISPIECE

A front view of the high- temperature x-ray furnace (with shell removed)
at a temperature of 1000C. Photographed using a Nikon S with a 50mm

f/2 Nikkor lens and exposed at f/2 and 1/4 sec. on Kodak Panatomic film

using only the light from the furnace for exposure.
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INTRODUCTION

Temperature plays an important role in many geologic pro

cesses. The effects of temperature on such processes as magmatic

crystallization, the formation of metamorphic minerals and the

reaction of the sedimentary minerals as they are heated still pose

many unsolved problems. Unfortunately the geologist has been rather

limited in direct observation and experimental techniques to investi

gate these phenomena. The investigator is faced with the problem

of making observations at high temperatures or extrapolating low-

temperature observations to the temperature in question.

Purpose

The purpose of this thesis was to design and build a high-

temperature x-ray diffraction furnace for use with the General

Electric Model XRD-3 x-ray diffraction unit and to obtain data on the

high- temperature phases of the clay mineral illite.

Acknowledgements

The author is especially grateful to Dr. Edward C. Jonas for

suggesting this problem and for his helpful advice and guidance in

supervising this thesis. Dr. Robert L. Stone provided many stimulating
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discussions and Mr. M. L. Begeman kindly made available the facilities

of the Mechanical Engineering Shop so that the author might construct

this furnace. Appreciation is also expressed to Dr. W. F. Bradley for

his assistance in the interpretation of the x-ray diffraction data and to

Dr. R. L. Folk, Dr. W. L, Mclntire and Dr. E. J. Weiss who read

and criticized this thesis. No discussion of clay would be complete

without the acknowledgement of the classic work by Grim (1953), Clay

Mineralogy , a book that has profoundly influenced the thinking of all

workers in the field of clay mineralogy. Finally, I would like to ex

press my thanks to the many people who contributed much unsolicited

advice that in some instances improved the final product.



METHODS OF HIGH-TEMPERATURE INVESTIGATION

Differential Thermal Analysis

Several methods have been used to study the effects of temper

ature on minerals. The technique of differential thermal analysis

(D. T.A.), which has been well reviewed and summarized by Smothers

and Chiang (1958), is limited in its applicability to the study of endo-

thermic and exothermic reactions which occur in minerals as they are

heated rapidly. Although the temperature at which these effects occur

and the intensity of the reaction are characteristic of the material

being tested, the technique relies on optical and x-ray techniques for

the identification o the phases produced by the heating process.

Optical

High-temperature microscopy as discussed by Baumann (1948,

1956) has been used to study chemical reactions and physical proper

ties at temperatures up to 2400C. Many of the usual petrographic

measurements cannot be made but the devices do allow direct obser

vation or motion-picture photography at elevated temperatures. High-

temperature microscopy is adequate for identifying the new phase if it

is well developed and relatively abundant. However, if the phase
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forms slowly, the initially formed material may not be sufficiently

abundant or in large enough units for identification optically.

Quench

The method most commonly used to investigate high-temperature

structural modifications is the quenching technique. This method con

sists of heating a small sample at the desired temperature until equi

librium conditions are established. The sample is then cooled rapidly

to a low temperature. The supposition which is the basis of this

technique is that the phases present at the high temperature retain

their structure me tastably for investigation at room temperature by

optical or x-ray diffraction methods. Some high-temperature struc

tural modifications revert on quenching to room temperature to a more

stable intermediate form or to the original low-temperature form.

Therefore it is desirable to have equipment for studying these modi

fications at elevated temperatures.

X-ray

X-ray diffraction techniques may be adapted for high-

temperature studies and are the most versatile and accurate methods

of high- temperature investigation of crystalline material. Two high-

temperature x-ray techniques have been used: (1) high- temperature
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x-ray diffraction cameras and (2) high- temperature x-ray diffraction

furnaces designed for use with a counter-diffractometer.

Camera. - The cooling of the photographic film when the camera

furnace is at an elevated temperature presents the most serious tech

nological difficulty in high- temperature camera design. The photographic

technique requires long exposure times which necessitate prolonged

heating at high temperatures. Because of the long exposure time, only

equilibrium phases can be studied. Transient phases may not diffract

sufficient x- radiation to be recorded by film.

Diffraction Furnace. - With the development of a suitable

Geiger-tube by Friedman (1945) for recording and measuring x-ray

diffraction intensity and its subsequent commercialization by the

North American Philips Company in 1947, the exposure and cooling

problems of high- temperature x-ray diffraction cameras could be

eliminated. The counter-diffractometer method of x-ray identification

is particularly well suited for high- temperature work. Short exposure

times with direct and automatic recording of both diffraction angles

and intensities eliminates the prolonged exposure times and film pro

cessing of the camera technique. Rapid recording of x-ray diffraction

data at high temperatures allows transient nonequilibrium phases to be
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studied as well as the equilibrium phases.

The counter-diffractometer method also offers the advantage

of the oscillating-heating x-ray powder diffraction technique which

was developed by Weiss, Rowland (1956) and Rowland, Weiss and

Bradley (1956). This technique is a method for continuously scanning

a single diffraction maximum as the sample temperature increases

at a regular rate. Observations of the dynamic changes in intensity

and d-spacing of a diffraction maximum as temperature increases

continuously give considerable information on the dehydration

phenomena of the clays and related minerals.



PREVIOUS HIGH-TEMPERATURE DIFFRACTION FURNACES

Goldschmidt (1955) and Schossberger (1956) have presented

extensive reviews on high- temperature x-ray diffraction equipment

and studies prior to 1954. Since 1954 several new furnace designs

have appeared and some of the older designs have been modified.

McKeown (1954) discussed the problem of high-temperature measure

ments in small furnaces and described a platinum -wound furnace used

for investigating the thermal transitions of single crystals at tem

peratures up to 700C. Chiotti (1954) developed an unusual furnace

which utilized a heating element consisting of a 0. 025 inch tantalum

tube surrounded by three 0.050 inch tantalum radiation shields to

attain temperatures of 1600C. Donley (1955) designed a high-

temperature, controlled-humidity furnace with a platinum- 13% rhodium

wire heating element for furnace temperatures up to 1000C.

McKeand (1955) reported a diffraction furnace capable of temperatures

of 2000C using tungsten as a heating element. Rowland, Weiss and

others (1956, 1959) describe an apparatus for the oscillating-heating

method of x-ray powder diffraction with maximum temperatures of

1000C. Williamson and Moore (1956) designed a high-temperature

7
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specimen chamber which heated the specimen by forced-hot-air-heating.

Although maximum operational temperature was 600C, the design

featured a low thermal gradient in samples and very accurate temper

ature control. Bassett and Lapham (1957) described a "thermal increment

diffTactometer" utilizing a platinum- 13% rhodium heating element for

temperature studies up to 1000C. Kennedy and Calvert (1958) designed

an oxidizing atmosphere furnace for diffraction studies of the oxida

tion properties of ferrous alloys. The heating element was platinum -

10% rhodium wire wrapped on a hemi-cylinder of alundum with oper

ational temperatures up to 950C. Kulbicki (1958) designed a high-

temperature furnace with a platinum- rhodium wire heating element to

study the high- temperature phases of montmorillonites at temperatures

up to 1500C. Spreadborough and Christian (1959) described a furnace

which was designed to use thin (0.002 inch) tantalum "foil" as a heat

source with operational temperatures up to 1100C. Clanton (I960)

described a prototype furnace which was used successfully for dehy-

drational studies of clays at temperatures up to 450C.



PRINCIPLES OF FURNACE DESIGN

Heating Methods

Heat is transferred by one or a combination of three processes:

(1) conduction, (2) convection and (3) radiation. Heating by conduction

has the advantage of placing the sample close to the heating element.

This advantage is offset, however, by the high- temperature gradient

from the heating element to the sample surface. Radiation heating, on

the other hand, has a relatively low-temperature gradient through the

specimen but maximum temperatures are reduced by excessive heat

loss. Convection heating in the furnace described in this report is of

secondary importance although it contributes to the stability of the

sample temperature.

Conduction. - Conduction is the transfer of heat from one point

to another as a result of direct contact between two particles of the

conducting medium. When the surface of a substance is in contact

with a material of higher temperature, the activity of the molecules

at the surface is increased and the activity transmitted to the less

active molecules of the cooler interior. The fundamental law of heat

conduction by a solid body is given by the equation

9



10

dx

where Q - heat transfer rate

K - thermal conductivity of the material

A =
area perpendicular to the direction of heat flow

t s

temperature of the substance at a particular point

x - dimension of the material parallel to the heat flow

-j
= thermal gradient

Convection. - Convection transfer of heat is a process similar

to the conduction process except that the transferring substance as a

whole is in motion. The particles of a fluid which have come in contact

with a "hot" surface transfer their heat energy to a "cold" surface or

to another particle of the fluid. A particle may move an appreciable

distance before transferring its energy to another particle of the fluid

or a surface contact point of a second substance. The heat transferred

by convection from a surface to a fluid or from a fluid to a surface is

given by the equation

Q =

h^ttg
-

tf)

where Q = heat transfer rate

hr s fluid conductance
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A = surface area

ts
"

temperature of surface

tf temperature of fluid

Radiation. - Radiation is the transfer of heat energy by electro

magnetic phenomena. This mechanism, which is usually considered

to be a wave motion in a mathematical sense, allows energy to pass

from the radiating body to the receiving body without physical contact.

The radiant energy emitted by a surface is given by the equation

dQ = i cos 0 dA dw

where dQ - differential heat transfer rate

i s

intensity of radiant energy

dA = differential area

dw - differential solid angle of the receiving surface

0 the angle between the direction of radiation and the normal

of the emitting surface

Factors Limiting Furnace Temperature

Heat Loss. - The rate at which heat is lost by a body to its

surroundings is proportional to the fourth power of the difference in

absolute temperature between the two surfaces. The empirical formula

is
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H = cA (t4 - t4)
2 1

where H
"

heat lost

c
~

proportionality constant

A - surface area

ty
-

temperature of the hot body

t -

temperature of the surroundings

It is obvious from the above equation that the temperature of

the surroundings (t ) is the controlling factor in heat loss. If the

surroundings temperature (t.) is maintained very near the hot body

temperature (t~), heat loss will be reduced to a minimum. Many

furnace designs use a flat plate for a heat source. A furnace de

signed with an open-triangular-shaped heating element could main

tain the temperature of the surroundings at a high level and still

leave an opening for the incident and diffracted x-ray beam. The

vertical conduction portion of the furnace where the sample would

be located would be at temperature (t ). The inclined sides of the

triangle would be at temperature (t.), the surrounding body. If the

triangular core contained heating elements in the inclined sides as

well as the vertical back, the inclined sides would be at the same

temperature as the vertical back. Only the opening for x-ray beam
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passage would allow heat loss by radiation from the sample. This de

sign would feature a combination of heating methods -=conduction from

the vertical back and radiation from the inclined sides of the open tri

angle.

Heating elements. - Although the maximum temperature

attainable by a furnace is limited primarily by the melting point of the

heating element, the vapor pressure and rate of evaporation of metal

from the heating element at high temperatures must be considered.

Recovery, recrystallization and grain growth at high temperature

affect such mechanical-physical properties of the heating element as

tensile strength and ductility.

The various suppliers of resistance heating elements recom

mend temperatures from 300 to 800C below the melting point of the

Wilbur B. Drive Company, Newark, New Jersey

Driver-Harris Company, Harrison, New Jersey

Hoskins Manufacturing Company, Detroit, Michigan

C. O. Jelliff Manufacturing Company, Southport, Connecticut
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heating element depending upon the metal and the specified atmosphere.

Because of thermal losses due to furnace design, specimen temper

atures will be even lower. Furnace temperatures then will depend on

which is the most desirable, longevity or maximum temperature.

Measurements of heating element temperature in relation to

sample temperature indicate that the open triangular design has a

linear temperature heat loss with increasing temperature. At the

lower temperatures the sample temperature is almost the same as

that of the heating element. At a temperature of 1000C there is a

100C difference in heating element temperature and sample temper

ature.
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X-RAY FURNACE DESIGN

Basic Operational Features

The wide variety of furnace designs that have appeared re

flects the varied natures of the problems that have been studied

using this technique. Each furnace was designed to accommodate

the needs of the specific experimental problem that was to be inves

tigated. Because the area of interest for this investigation was

primarily the reaction of clays at high temperatures, specifically

dehydration and dehydroxylization, this furnace was designed with

features which would make it most suitable for clay-diffraction

studies at these reaction temperatures. The following seven basic

operational features were considered to be essential:

1) Set-up and programming should be rapid and simple.

2) The furnace should be capable of attaining and main

taining a high temperature without damaging the furnace,

3) A precise method should be provided to measure specimen

temperature.

4) Specimen temperature should be maintained uniformly at

any temperature.
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5) Temperatures must be constant throughout a prolonged

heating period,

6) The furnace should have a low heat capacity for rapid

heating and cooling.

7) Sample holders should be provided for both oriented

slides and random powders.

Construction and Design

A schemetic drawing of the major components of the furnace

is shown in Figure 1, The open triangular shape of the furnace core

(A) contains about 15 feet of Nichrome V wire 0. 025 inch in diameter

which is formed into 17 coils 1-1/2 inches long. These heating coils

are mounted on 1/16 inch diameter alumina rods which are imbedded

in a refractory cement. The furnace core is fired to 1300C to

sinter the alumina cement. A sample plate (B) of stainless steel

0.050 inch thickness is provided for oriented slides or random pow

ders. The furnace core is held in position by four mullite supports

(C) which are adjustable by stainless steel screws for centering the

furnace. A mullite vertical support (D) positions the furnace core

and forms an effective insulator between the furnace core and the

base and shell. Vertical adjustment (E) and a rotational horizontal
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Figure 1. Schematic drawing of the high- temperature x-ray diffraction

furnace.
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adjustment (F) permit centering of the furnace core in the x-ray beam.

The furnace stage (G) is separated from the furnace base plate (I)

by three transite blocks (H) which form effective insulators (and an

insulating space) between the furnace and the SPG spectrogoniometer.

The furnace core is surrounded by the cylindrical furnace shell (J)

which has a 190 window (K) allowing passage of the x-ray beam over

the entire range of the goniometer. The window is covered with 0.001

inch aluminum foil to prevent heat radiation loss and minimize air

currents within the furnace. The furnace shell is capped by the top

(L) which completes the heat radiation shield.

Radiation Shields

Contrary to the usual design in which the heating element is

surrounded with a conduction insulating material, in this furnace

the temperature is maintained by radiation barriers. This is done

by placing a cylinder of aluminum foil on the inside of the cylindrical

furnace shell. The aluminum foil absorbs a negligent amount of x-

radiation and is nearly opaque to heat radiation.

Since the efficiency of the radiation heat barrier is dependent

only on surface and not on volume or thickness as in conduction in

sulation, the radiation barrier occupies almost no space. Because
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of the low heat capacity of the radiation shield, the temperature of the

furnace can be rapidly changed to a new temperature. The highly

efficient radiation shielding permits high temperatures with a modest

power input. Only 300 watts are required to attain a temperature of

1000C with this furnace design.

Power Supply and Control Unit

The temperature of the furnace is measured and controlled

by a chromel-alumel thermocouple connected to a Leeds and Northrup

10864 Electric Control System which is coupled with a Leeds and

Northrup Speedomax recorder. This control unit programs a 0-12

amp, 0-135 volt variac and is capable of variable heating rates and/or

maintaining a constant temperature for prolonged periods of time.

The control unit has an adjustable temperature rate rise from 0C to

10C per minute. Experience has shown that for most studies a tem

perature rate rise of 4C or 5C per minute during oscillation is

adequate. The position of the reflection is so temperature sensitive

that it is difficult to position the reflection when a faster temperature

rate rise is programmed. A slower rate would be desirable when the

exact transition temperature is to be determined.
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Installation

To install the x-ray furnace on the SPG spectrogoniometer of

the General Electric XRD-3, the flat sample holder and the radiation

shield must be removed. After these items are removed the furnace

is placed in the position previously occupied by the flat sample holder.

The tapered pins and thumb screws which attach the furnace base

plate to the SPG spectrogoniometer stage insure correct alignment.

The installation of the high- temperature x-ray diffraction furnace on

the SPG spectrogoniometer of the General Electric Model XRD-3

x-ray diffraction unit is shown in plates 1, 2, and 3.

Alignment

At this stage of assembly, the furnace is ready for align

ment with the x-ray beam. The furnace should be positioned to pro

vide support for the flat sample in a vertical plane containing the

principal axis of the spectrogoniometer. The sample must be held

in the x-ray beam in a favorable position for recording powder

analysis data according to the Brentano parafocusing technique.

Powdered calcite is placed on the sample holder and inserted

in the furnace. The spectrogoniometer is set for the most intense

diffraction peak of calcite. The vertical and horizontal adjustments
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Plate 1. Front view of the high- temperature x-ray diffrac

tion furnace (without aluminum foil window) mounted on the

GE XRD-3 SPG spectrogoniometer.
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Plate 2. Front view of the high- temperature x-ray diffrac

tion furnace (with shell removed) mounted on the GE XRD-3

SPG spectrogoniometer.
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Plate 3. Side view of the high- temperature x-ray diffrac

tion furnace (with shell removed) mounted on the GE XRD-3

SPG spectrogoniometer showing the open-triangular- shaped
furnace core.



and the four furnace support screws are then adjusted to give the

most intense diffraction peak of calcite. Once the assembly is

aligned with the x-ray beam, no further adjustment is required and

it is necessary only to remove the sample-holder plate to change

specimens.
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REACTION OF MINERALS AT HIGH TEMPERATURES

Although many of the following comments regarding the reactions

of minerals to temperature are applicable in many ways to other miner

als, the discussion intentionally emphasizes the reactions of clay miner

als. Structurally the clay minerals are hydrous silicates which have a

crystal structure made up of tetrahedrally coordinated and octahedrally

coordinated ions. Silicon and aluminum ions have tetrahedral coordi

nation with respect to oxygen and form one layer of the two-layer- type

clays and two layers of the three -layer- type clays. Aluminum, iron,

magnesium, chromium, lithium and manganese are the more common

ions occupying a position having octahedral coordination with respect

to oxygen and hydroxyl ions. Exchangeable cations may be present on

the surfaces of the silicate layers. The abundance of the cations is

determined by the excess negative charge on the layer. Exchangeable

cations commonly occurring in this interlayer position include calcium,

sodium, potassium, magnesium and aluminum. Water may also occur

with the exchangeable cations separating the silicate layers. This film

of water is best developed and reaches its greatest thickness in the

clay minerals when exchangeable cations with a high hydration level



are present in the interlayer position.

All minerals exhibit some structural change when heated.

Various high- temperature structural modifications of the original

crystalline structure are characteristic of a given temperature

range. These high- temperature structural modifications can be

divided into three general categories: (1) phase transformations,

(2) compositional changes and (3) thermal expansion of the crystal

structure.

Phase Transformation

Phase transformation as used here refers to the polymor

phism of some minerals. Polymorphs are solid phases which

exist in two or more crystalline modifications which have identical

chemical compositions but differ in physical and/or chemical

properties. Two general types of polymorphism are recognized:

(1) enantiotropic polymorphism in which the change is reversible

and takes place at a definite temperature and pressure and (2)

monotropic polymorphism in which the change is irreversible and

takes place over an extended temperature and pressure range.

Buerger (1948, 1951) suggests that the speed of polymorphic

transition is dependent on the mineral structure and the structural
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bonds which must be rearranged to complete the transition, Dis-

placive transitions are characterized by the bending of structural

bonds to form the polymorph. The transition occurs almost in

stantaneously at the transition temperature and cannot be preserved

for study at a lower temperature. The reconstructive transformation

is characterized by a complete or partial disruption of the unstable

structure. The transition is sluggish and involves a temporary

breakage of bonds as the structure is broken and then relinked to

form a new bonding network. Some polymorphs of this type are meta-

stable at room temperature and pressure for extended periods of

time.

Compositional Changes

Although many minerals undergo a compositional change at

high temperatures (e.g. , the decomposition of the carbonate group,

the reduction of the oxides, etc.), a more common compositional

change for the clay minerals is dehydration.

Dehydration is the loss of water from a mineral. Mineral-

water combinations may be classed in three categories: ( 1) water

adsorbed on the crystal particles, (2) water between the unit layers

of the crystal structure and (3) hydroxyl (OH)= water held in the
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crystal structure. Dehydration is usually accompanied by significant

changes in the crystal structure, usually a structural collapse as the

interlayer water is removed, Although all three types of water occur

in a variety of minerals, they are particularly characteristic of the

clay or micaceous minerals.

Low-Temperature Water Loss. - In clay minerals, water lost

at temperatures below 300C is of two types: (1) the interstitial

water adsorbed on the aggregates of the clay particles and (2) the

interlayer water between the unit silicate layers of the clay mineral.

In the second type the water has a crystalline or regular configuration

that is determined by its bond to the clay-mineral surface. The

water of type (1) requires a very small energy expenditure for its

complete removal. Drying at room temperatures is usually adequate

to eliminate most of it from its interstitial position. The type (2)

water is bound more strongly to the silicate layer and requires a

definite energy expenditure for its removal. The amount of energy

expended is indicated by the temperature at which the water is driven

off, and this in turn suggests the strength of the water bond to the

silicate layer.

High-temperature Water Loss. - Water lost at temperatures
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above 300C is primarily hydroxyl water. This "water" differs from

the water of types (1) and (2) in that it occurs as hydroxyl ions in the

octahedrally coordinated layer of the clay structure. When the

mineral is heated to an elevated temperature, the hydroxyl ion be

comes unstable. At these high temperatures the cation-OH bonds

break and reform as cation-O bonds and H-OH bonds. Two hydroxyl

ions combine to form one water molecule with a residual^ oxygen ion

remaining in the structure in a position midway between the original

positions of the hydroxyl ions. Dehydroxylization usually occurs

over a temperature range which is different for the various minerals

depending on the strength of the cation -hydroxyl bonding and the

complexity of the ion substitution in the tetrahedral and octahedral

layers. If the structure is dehydroxylized completely, many sub

stances will not rehydrate. However, if the removal of the hydroxyl

ion is incomplete, rehydration usually occurs rather rapidly (Grim,

1953).

Thermal Expansion

Thermal expansion measurements are common for metals.

However, one of the classic examples in mineralogy is the measure

ment by Jay (1933) of the thermal expansion of quartz. Keith and



30

Tuttle (1952) and Bassett and Lapham (1957) are among the more

recent workers to study the structure of quartz and its inversion

temperatures. High- temperature x-ray measurements indicate

that the dimension of the unit cell increases as a function of the

temperature. If no phase transformation occurs, the expansion of

the specimen is characterized by a steady shift of the diffraction

maxima toward higher d-spacings as the temperature increases.



X-RAY DIFFRACTION

Description of Apparatus

Diffraction data were obtained on a General Electric Model

XRD-3 x-ray diffraction unit equipped with a spectrogoniometer and

a proportional counter. The copper-target x-ray tube which was

utilized to produce Ni filtered Cu K< radiation was operated on a

filament current of 23 M.A. and a voltage of 35 K.V. throughout

the investigation. X-ray diffraction patterns of illite were run using

the linear intensity scale having a full deflection value of 200 counts

per second and an integration time constant of four seconds.

Operation of Apparatus

Although 1.50A (060) diffraction peaks could be recorded from

the randomly-oriented powder slides using the linear scale of 200 and

the four second integrated time constant, only the first four basal

orders (001) were of sufficient quality for the interpretation required.

Therefore, with the exception of the oscillating-heating diffraction

patterns, all diffraction patterns covered the range 4 to 36 20. The

oscillating-heating diffraction patterns were usually programmed to

cover a 320 range. If a shorter oscillation range was used, the
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shape of the reflection could not be observed very well. On the other

hand, if the oscillation range was too large, there was a large tem

perature difference between adjacent reflections which did not supply

the required information.

Because of the small difference in 20 angle between the low-

temperature form and the high-temperature modification, the 20

value for each diffraction maxima was read directly from the spec

trogoniometer vernier when the reflection was at maximum intensity.

Relative intensity was recorded as diffraction maxima height above

background scatter.



SAMPLE COMPOSITION AND DIFFRACTION

This high- temperature x-ray diffraction furnace was first

used by the author to study the structure of illite at elevated temper

atures, Illite is the term proposed by Grim, Bray and Bradley

(1937) for a group of clay minerals with a mica-type structure.

Illite clay minerals, like others, generally occur in combination with

small amounts of mineral impurity, notably chlorite and quartz. An

ideal formula for the illite clay minerals is given as (OH) .K (Si
4 y* 8-y

Aly)(Al4*Fe4'Mg
. Mg )0 where y is less than 2 and commonly

1 or 1,5, The formula provides for the possibility of both triocta-

hedral and dioctahedral types of coordination but investigations have

shown the dioctahedral type to be the most common.

Figure 2-A is an x-ray diffraction pattern of the < ly"

fraction of Fithian illite (API sample no. 35). Illite s usually do not

show well-resolved diffraction maxima but instead rather broad

maxima at 10A, 5A, 3. 3A and 2.5A. The characteristic 10A diffrac

tion maximum is usually modified by an asymmetrical slope towards

the low angle region. This slope suggests a variation in the interlayer

cation and/or an occasional slight hydration of some of the clay
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Figure 2. X-ray diffraction powder patterns of illite

at the indicated temperature.
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particles which could be considered as a hydrobiotite accessory

occurring with the illite. The unusually high background radiation in

the lower angles suggests other unresolved low-angle maxima. Most

of the diffraction patterns show a diffuse, low-intensity maximum in

the 14A range. The maximum is poorly resolved and difficult to

measure exactly. Other low-intensity poorly resolved maxima at

7A and 3. 5A and the asymmetrical 5A illite maximum indicate that

this diffraction is caused by a chlorite mineral. The low intensity

of the first and third-order reflections and stronger second and

fourth-order reflections implies that this is an iron=rich chlorite.

Although not readily apparent, the asymmetrical 3, 3A and 4. 5A

maxima of the 20 C x-ray diffraction pattern indicate that there is

also a small quantity of quartz in the <C \M fraction of the Fithian

illite. The increased intensity and greater d-spacing of the 3. 3A

maximum at a temperature of 800C (Figure 2-B) is characteristic

of beta quartz. This polymorph of quartz occurs only at temperatures

above 573C and cannot be preserved for study at room temperature.



PREVIOUS HIGH-TEMPERATURE STUDIES OF ILLITE

The reaction of illite at elevated temperatures has been discussed

by many investigators; the results of these investigations have been

well summarized by Grim (1953). There is a general agreement on

the temperatures of endothermic and exothermic reactions of the

differential thermal analysis (DTA) method but considerable question

has arisen regarding the meaning of the reaction and the product

produced by heating, A differential thermal curve for illite (Figure 3)

shows an initial endothermic reaction beginning at room temperature

and having a maximum at about 125C. This initial endothermic

reaction corresponds to the loss of adsorbed and/or interlayer water.

A second endothermic reaction begins at about 450C with the peak

occurring at approximately 550C. This reaction correlates with the

most rapid water loss of the dehydration curve (Figure 4) and is

usually considered to be the dehydroxylization reaction. The third

endothermic peak which occurs at a temperature of about 850C has

been the subject of much controversy. Grim and Bradley (1940)

correlate the reaction with the destruction of the crystal structure.

Page (1943) attributes a similar reaction in the montmorillonites to
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Figure 3. Differential thermal curve of illite, Fithian, Illinois,
after Grim, Bray and Bradley (1937).
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Bray and Bradley (1937).
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the breaking of the Mg-OH bonds in the octahedral layer. McConnell

(1950) considers this reaction to be the result of loss of hydroxyl water

which was in the silica layer in tetrahedral coordination. The exis-

tance of hydroxyl water in the structure at this temperature is well

established by dehydration measurements, but diffraction data are

insufficient to prove its exact location in the structure.

Grim and Bradley (1948) produced what they considered to

be an anhydrous illite structure by heating an illite clay to 800C and

quenching the dehydroxylated material. A rehydrated form was pro

duced by allowing the sample to stand for long periods of time (up to

278 days) in contact with air. On the basis of differential thermal

curves taken during this 278 day period, they observed that during

initial cooling a considerable amount of both hydroxyl and adsorbed

water is regained quickly and that further amounts were taken up

gradually at a much slower rate. Because differential thermal

curves showed the endothermic dehydroxylization peak of the rehy

drated form occurring at a temperature about 75C lower than the

similar peak of the original sample, they concluded that the structure

of the rehydrated material was different from that of the original clay.

Grim and Bradley (1948) also suggest that the removal of the
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hydroxyl water from the illite structure involves an expulsion of about

one-sixth of the oxygens from the octahedrally-coordinated position.

The&e oxygens which occur in the structure as hydroxyl (OHfions are

lost at the higher temperatures as the Al-OH bonds break and reform

as H-OH. Dehydroxylization is accompanied by an increase of 0. 1A

in the c-axis periodicity. This increase in periodicity is a reflection

of the movement of the adjacent oxygen layers out of a close-packed

arrangement into a more open arrangement.

Jonas (1955), using the controlled atmosphere technique of

differential thermal analysis, observed an exothermic reaction at a

temperature of about 500C as the dehydroxylized illite was cooled in

the presence of water vapor. He considered this reaction to indicate

that, there had been a re constitution of the hydroxyl ions and the con

sequent formation of the rehydrate form. After rehydroxylization,

Jonas suggests that there is a spontaneous reversal of the rehydrated

structure to the original clay structure. The material developed by

Grim and Bradley (1948) by the slow rehydroxylization procedures at

room temperatures and humidities was considered by Jonas to be a

mixture of forms, the anhydride, the rehydrate and some of the origi

nal clay which had reverted from the rehydrate form.
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Nelson (1956) in his study of the illite shales from Ohio, made

one-dimensional Fourier syntheses to determine the effects of heat

on the clay structure. Structure factors for these natural shale illites

differed from those calculated for the ideal muscovite composition and

indicated that there was a deficiency of one-half of the potassium in

the interlayer position and that over one -fourth of the octahedral

aluminum was replaced by iron. These one-dimensional Fourier

syntheses show a marked redistribution of electron density in the

octahedral layer which fully support Bradley and GrimTs high-

temperature anhydride structure. One-dimensional Fourier syntheses

made before and after thermal treatment indicate that the intensity

changes of the basal reflections are related to electron density changes

confined to the octahedral layer. Nelson therefore considers the

interlayer positions to be essentially anhydrous.



DIFFRACTION-FURNACE STUDIES OF ILLITE

Illite from Fithian, Illinois, which had been fractionated to

obtain the <. 1// fraction was programmed in the high- temperature

x-ray diffraction furnace in an effort to secure additional information

regarding the structural changes that should accompany the endothermic

reactions. Since a complete oscillating-heating x-ray diffraction pat

tern is 10 to 12 feet long, the data have been condensed into two diagrams

showing the change in intensity and d-spacing with changing temperature

for the IOA (002) and 4. 5A (110) spacing.

Results

IOA (002) Reflection. - Figure 5 is a graph of intensity and d-

s pacing of the 10A (002) spacing with increasing temperature. The

basal periodicity was selected because of its high intensity and because

most of the other peaks in the 4 to 3620 range are composite peaks

of illite and one or more minor accessory minerals such as quartz,

chlorite and hydrobiotite. In order to explain better the observed

reactions, the data have been divided into what appear to be signifi

cant reaction intervals.

In the 20C to 120C temperature range there is a gradual
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intensity of the IOA reflection in relation to

temperature.
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collapse of the (002) spacing from 9. 98A to 9. 95A. The intensity in

creases continuously accompanied by a sharpening and narrowing of

the diffraction maximum.

From 120C to 160C the (002) spacing expands by 0. 03A to

the same periodicity as was observed at 20C. The intensity of the

x-ray diffraction maxima continues to increase.

The diffraction intensity increases gradually through the

temperature range of 160C to 250C. The d-spacing of the (002)

reflection slowly collapses from 9. 98A to 9. 95A.

From 250C to 485C the intensity of the (002) reflection re

mains constant. There is an additional but gradual collapse of 0. 07A

in basal periodicity. The position of the maxima indicates a period

icity of 9.87A, 0. 11A less than the d-spacing observed at 20C.

In the 485C to 580C temperature range the (002) reflection

shows an initial decrease and then increase in intensity. Reflections

are broad and have two maxima with a d-spacing of 9. 98A and 9. 87A.

Above 580C the broad multiple reflections combine and

sharpen to give a single diffraction maximum. The basal periodicity

expands to a d-spacing of 9. 98A but slowly collapses with increasing

temperature to 9. 97A at 700 C. The diffraction intensity decreases
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slightly over the entire range.

In the 700C to 725^C temperature range there is a slight 0.01A

expansion to 9. 98A of the (002) spacing without any change in intensity.

From 725C to 840C there is a slight loss of intensity and col

lapse from 9.98A to 9.96A in basal periodicity.

The furnace was maintained at 800C on one run for 25 minutes

while the spectrogoniometer was oscillated over the IOA reflection.

During this period there was no change in intensity or d-spacing. A

complete x-ray diffraction pattern is shown in figure 2-B. The pattern

is similar to the pattern taken at 20C (Figure 2 -A) except for the

difference in intensities, the sharpness of the maxima and the notice

able shift in the 3. 3A spacing caused by the combined beta quartz-

illite maxima,

In the 840C to 860C temperature range the (002) spacing

expands again to 9.98A; above 860C the intensity decreases rapidly.

At 860C the (002) spacing suddenly collapses by 0. HA to

9.87A as the intensity decreases rapidly. At 900C the diffraction

intensity of the (002) reflection has decreased to about one-tenth of

the intensity observed at 20C. Continuous scanning for over one

hour at 900C failed to show any major change in intensity or
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d-spacing. An x-ray diffraction pattern of illite at 900C is shown in

figure 2-D.

4-5A <110) Reflection. - The changes in d-spacing and relative

intensity- of the 4. 5A (110) reflection with increasing temperature are

shown in Figure 6. This reflection was selected because of the in

crease in intensity reported by previous investigators working with

the quenched form (Grim and Bradley, 1940, 1948; Jonas, 1953;

Nelson, 1956) and because any change in diffraction intensity indicates

a rearrangement of packing in the adjacent oxygen layers of the tetra-

hedral and octahedral layers.

In the 20C to 270<>C temperature range the intensity increases

slightly with the d-spacing remaining constant at 4. 47A for the (110)

reflection.

From 270C to 300C there is an abrupt collapse of the (110)

spacing from 4. 47A to 4. 46A. No change in intensity is observed.

The collapse to 4. 46A of the (110) spacing occurs in the 300C

to 725C temperature range. Toward the higher temperature a slight

thermal expansion is indicated. The intensity increases to a maxi

mum around 600. C and then remains constant to 700C where it

decreases abruptly. A 110 percent increase in intensity over that
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observed at 20C is recorded in the 600C to 700C temperature range.

From 725C to 880QC the (110) reflection spacing is 4. 477A.

The intensity remains constant to 825C and at 880C it begins to de

crease sharply.

In the 880C to 900C temperature range the (110) spacing

expands to 4, 50A as the intensity continues to decrease to about one-

fourth of its original intensity at room temperature.

Interpretation

IOA (002) Reflection. - Many of the observed changes in d-

spacing ajid intensity of the IOA (002) reflection may be correlated

with the reactions observed by differential thermal analysis.

The increase in intensity and sharpening of the diffraction

maxima in the 20C to 120QC temperature range is related to a slight

loss of adsorbed and/or interlayer water from the hydrated layers.

This increase in intensity and sharpening of the (002) reflection

occurs at the same temperature as the beginning of the first endo

thermic peak on the differential thermal curve (Figure 3). The slight

collapse of the structure in this temperature range is thought to be

caused by the loss of adsorbed and/or interlayer water from the more

hydrated particles.
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In the 120C to 160C temperature range which corresponds to

the first endothermic peak of the differential thermal curve, the illite

structure regains its original d-spacing. The intensity of the maximum

continues to increase indicating an increasing order of arrangement of

the silicate layers.

From 160C to 240C the intensity increases slightly as the

structure begins to collapse because of increasing loss of water. The

slight loss of diffraction intensity at 240C occurs at the same tem

perature as the temperature of completion of the first endothermic

reaction and/or the return of the differential thermal curve to the

base line.

After the decrease at 250C the intensity remains constant to

485C accompanied by an additional collapse of 0. 07A in d-spacing of

the basal periodicity. A comparison of x-ray diffraction data and

differential thermal curves indicates that the greatest structural

collapse (9. 87A) occurs just before the second endothermic peak of

the differential thermal curve.

The 485C to 580C temperature interval is a transition range

which is indicated by the broad multiple diffraction maxima and the

decrease-increase in intensity. Evidently some of the hydroxyl water



can maintain its position in the structure to a temperature of almost

600 C. Some, however, is lost at temperatures as low as 485C with

the resulting formation of the anhydride structure. The broad multi

ple maxima and decrease-increase in intensity correlate with the

second endothermic reaction of the differential thermal curve which

is usually attributed to the dehydroxylization of the clay structure.

The single sharp diffraction maximum above 580C and the

expansion of the structure to 9. 98A (a 0. 11A increase) in this tem

perature range would indicate the complete development of the anhy

dride form. This form remains stable with only a slight collapse

of 0.01A near the temperature of 700C. The intensity remains

constant after the slight initial decrease at 580C.

The expansion of the structure at a temperature of 725C

occurs at the same temperature as the return of the endothermic

rehydroxylization peak to the base line.

The slight loss of intensity and collapse of d-spacing con

tinues to 840 C with a sudden expansion of the structure to 9. 98A

near 860C.

Above 860C the structure again collapses to 9.87A as the

intensity continues to decrease rapidly.
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At 900C the diffraction intensity of the (002) reflection has

decreased to about one-tenth of the intensity observed at room tem

perature. At least during the time interval of observation (one hour

at 900C), a skeletal illite structure remains as a stable phase.

4. 5A (110) Reflection. - The first change in d-spacing occurs

in the 270C to 300C temperature range, a temperature that corre

lates with the return of the first endothermic curve to the base line.

The decrease in d- spacing by 0. 006A indicates that there is a partial

collapse of the structure due to closer packing of the adjacent oxy

gen ions of the tetrahedral-octahedral layers.

This close -packed form maintains its identity to 725C with

a slight thermal expansion at the higher temperatures. The inter

val of high intensity observed in the 600C to 700C range indicates

that the packing rearrangement is completely developed.

Near 740C the structure expands abruptly from 4. 466A to

4.477A and maintains this d-spacing to a temperature of 880C. The

slight loss in diffraction intensity indicates a minor change in the

adjacent tetrahedral-octahedral oxygen positions to obtain this expanded

form. The rapid loss of intensity in the 850C to 880C temperature

range suggests a second rearrangement of the adjacent
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tetrahedral-octahedral oxygen positions to form the expanded (4. 50A)

spacing of the high-temperature phase observed at 900,



CONCLUSIONS

Although there is no provision for interlayer water in the ideal

illite structure, data obtained with the high- temperature x-ray diffrac

tion furnace show that the < \ju fraction of the Fithian illite is com

posed of partially hydrated clay particles. The overall trend is a

decrease in basal periodicity to a temperature of 840C modified by

expansions at 125C, in the 500C to 600C range and at 725C. This

continuous collapse o the basal periodicity can only be explained by a

loss of interlayer water or possibly a volatilization of the interlayer

potassium.

Observations using the high- temperature x-ray diffraction

furnace indicate that the first reaction observed is a decrease in

basal periodicity together with an increase in intensity. This loss

of spacing is attributed to the loss of some adsorbed and interlayer

water. A reorientation of the remaining water in the 125C to 160C

temperature range reexpands the structure to its original spacing.

The structure continues to collapse through the 160C to 485C

temperature range as additional interlayer water is expelled. This

collapse is augmented at 300 C by an adjustment to the maximum

52
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packed position of the adjacent octahedral and tetrahedral oxygen ions.

The continued loss of interlayer water which collapses the

basal periodicity to 9.87A is partially obscured by the dehydroxyliza

tion reaction in the 500C to 600C range which forms an expanded

structure as the adjacent octahedral- tetrahedral layers are lifted out

of the close -packed position.

The dehydroxyla ted form continues to collapse through a tem

perature range of 840C as additional interlayer water is lost and/or

as some of the interlayer potassium is volatilized. The increase in

d-spacing in the 725C range for both (002) and (110) peaks suggests

an additional expansion of the oxygen ions in the adjacent octahedral-

tetrahedral layers.

The expansion of the basal periodicity in the 840C to 860C

temperature range is interpreted as a transitional phase which pre

cedes the high- temperature phase formed above 870C. The abrupt

collapse to 9.87A of the basal periodicity which occurs with an ex

pansion to 4. 5A of the (110) reflection implies an additional structural

rearrangement which is stable over a limited period of time even at a

temperature of 900 C. The data obtained at this temperature are in

sufficient to determine the nature of the change in bonding and structure.



An evaluation of the d-spacings and intensity of the rehydrated

form (Figure 2-C) which was produced by the quench method and

rehydrated in a 100 percent relative humidity atmosphere for 45 days

supports the views of Grim and Bradley (1948) that the quenched-

rehydrated form retains the high- temperature structure at room tem

perature. The increase in d-spacing of the rehydrated form is a

combination of open-packing of the tetrahedral-octahedral oxygens

and an expansion by water in the interlayer position.

Nelson (1956) considered the interlayer region of the illites

from Ohio to be anhydrous; however, the possibility remains that

the quenched material had rehydrated the interlayer region before

a diffraction pattern could be obtained.

Although Jonas (1955) observed that the rehydrate produced

by the controlled atmosphere DTA method reverted to the original

clay structure, data obtained with the diffraction furnace and by the

quenching method fail to show a reversal to the original structure

using these techniques.

The existence of- an illite -like structure at 900C indicates that

a skeletal illite structure survives the third endothermic reaction of

the differential thermal curves.
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