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This report summarizes the results of a one-year extension of a

research program devoted to an investigation of the effect of compo-

sitional and microstructura l variables on the therma l conductivity/

diffusivity and thermal stress resistance of engineering ceramics.

A total of. six completed studies have resulted during this extension ,

with a seventh in preparation , as follows :

1. Therma l Diffusivity of Microcracked Ceramic Materials.

2. Thermal Diffusivity and Thermal Conductivity of a Fibrous
Alumina .

3. Thermal Diffusivity/Conductivity of Alumina with a Zirconia
Dispersed Phase.

4. Effect of Crystallization on the Thermal Diffusivity of a Mica
Glass-Ceramic.

5. Effect of Microcracking on the Therma l Diffusivity of Poly-
crystalline Al uminum Niobate .

6. Enhanced Therma l Stress Resistance of Structural Ceramics with
Thermal Conductivity Gradient.

7. Effect of Crystallization on the Thermal Diffusivity of a
Cordierite Glass-Ceramic.
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TITLE: Thermal Conductivity and Diffusivity of Engineering Ceramics

I. INTRODUCTION

Ceramics , because of their high chemical inertness , high melting

point , hig h hardness , excellent mechanical stability at high temperature

and other unique properties , represent a class of materials which is

eminently suited for many critical engineering applications.

The reliable engineering design and satisfactory performance of

ceramic materials depend strongly on a detailed quantitative understanding

of the pertinent physical properties which control their performance .

The properties may inc l ude tensile and compressive strength , optical

transparency and emissiv ity , hardness , therma l expansion and resistance

to impact , mechanical and therma l fatigue and deformation by creep at

high temperature . In particular , therma l conductivity and diffusiv ity

can effect vitally the suitability of ceramics for many design applications.

Probably the best example of the importance of thermal conductivity

in the performance of ceramics is in the area of therma l stress fracture

under conditions of severe transient or steady-heat transfer (as encoun-

tered by turbine blades , radomes , nozzles , spark-plugs , crucibles , elec-

trodes and numerous industrial and consumer products).~~
4

Under these conditions , the magnitude of the temperature gradients

and resulting values of therma l stress are dictated by values of thermal

conductivity and/or thermal diffusivity of the particular ceramic. It is

obvious that engineering calculations of the magnitudes of thermal stresses

require reliable engineering data for the thermal conductivity and diffu-

sivity of the cerami c being considered . Al so, since therma l stress re-

sistance requires ceramics wi th values of thermal conductivity as hi qh as

possible , an understanding of the underlying factors which control

_ _ _  
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conductivity is importdnt. This understanding should indicate methods

to improve therma l conductivity through microstructura l control , composite

development, purity control and other techni ques.

High therma l conductivity is also a desirable feature of ceramic

materials used in electronic applications such as substrates , as well

as ceramic materials subjected to wear and abrasion. In contrast , ceram-

ics used in manufacturing and research equipment , which require high tem-

perature insulation properties , should have low values of therma l con-

ductivity , primarily for the purpose of keeping energy requirements to a

minimum.

Thermal conductivity also plays a major role in governing the design

of nuclear reactors , super- and hypersonic aircraft , wind tunnels , heat

exchangers , space-craft such as re-entry vehicles , power generation devices

and numerous other engineering structures operating at temperatures above

or below ambient. Thermal diffusivity directly plays a major role when

components must operate in a rapidl y changing (transient) temperature en-

vironment. Even from the few examples given above , it is clear that

thermal conductivity and therma l diffusivity are of major importance in

the engineering performance of ceramics in a wide variety of industrial

and scientific applications.

In general , thermal transport properties of a solid are controlled

by inter-atomic 1 ,5,6 as well as microstructural , compositional and other

variables. Heat conduction can occur via phonon or electron transport

as well as by internal radiation at higher temperatures. Ceramic materials

with high therma l conductivities gen~ra1ly involve simple compounds be-

tween elements of low atomic weight with high heats of formation , high

hardness and high elastic modulus. Examples include beryllium oxide ,

boron nitride , magnesium oA ide , aluminum oxide , silicon carbide ,

—2- 
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titanium carbide and others. However , apart from the choice of a given

compound , the materiah engineer has little or no control of the therma l

transport properties determined by atomic variables. Therma l conductivity ,

fortunately, is controlled also by microstructura l variables such as grain

size , porosity , texture and impurity content. In addition , the presence of

microcracks can profoundly affect the thermal conductivity as well as the

fracture toughness and resistance to thermal shock damage . These variables

are within the control of the materi als engineer , especially in view of the

many new ceramic processing techniques developed over the last few years in

combination with the availability of markedly improved materials. As a re-

sult , much greater control over thermal conductivity can be exerted than was

the case as little as a decade ago. However , to exercise such control it is

important that the degree of the effect of microstructura l , compositional

and other variables on thermal conductivity be understood .

Therefore , the emphasis in this research program , carried out under

the guidance of the principal investigator over the last three years , was

to relate therma l transport properties through the measurement of the

thermal diffusivity and its temperature dependence with controllable van-

ables such as composition , microstructure , porosity , degree of crystal linity

and impurity levels for a wide range of ceramic materials. A number of ana-

lytical studies were carried out as well. The purpose of this report is to

present the results obtained during the past year.

II. EXPERIMENTAL PROCEDURE

The laser-flash diffusivity technique was selected as the primary

method of determination of thermal transport properties. This method has

been demonstrated to be rapid , convenient and to give reproducible

results. 7~~
6 Furthermore , this technique uses a very small and simple

specimen geometry . The major effort of the program then can be devoted

-3- 
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principally to the measurements of therma l properties , rather than to

the time-consuming (and oft highly expensive) preparation of specimens.

Specifica lly, for this program the laser used was of the glass-

neodymium type (Korad #K-l) which fires a single pulse (pulse width of

~80O nsec) of 1.06 mm radiation. The laser flash is directed at one

face of a disc-shaped specimen , measuring 1/2 inch diameter by ~,O .l inch

thick and mounted on a suitable specimen holder within a cylindrical

graphite chamber. In turn , the graphite chamber is contai ned in a high -

temperature furnace (Astro Industries #1000) capabl e of attaining a

temperature in excess of 2500°C. Specimens are coated with a thin layer

of carbon in order to make them opaque to the laser radiation and

to make the enimitarice/absorptance characteristics of all specimens the

same. The transient temperature response of the opposite face of the

n is monitored either with art infrared (InSb) detector (Barnes

~ng #IT-7B) or with an chromel constantan thermocouple attached to

Uie specimen with a small dab of ceramic cement. The transient signal

from either detector is recorded on a storage oscilloscope (Tektronix #5111).

All measurements were made in an inert atmosphere of dry nitrogen .

The thermal diffusivity (a) is calculated from the time (t1 ) re-

quired for the temperature of the back-face of the specimen to reach

half of its maximum value (also the steady—state value) from

a = A~
2/t1 (1)

where ~ is the specimen thickness and A is a dimensionless constant whose

value depends on the rate of heat loss from the specimen during the time

of measurement. Heat loss corrections were estimated to be less than 5~
for all measurements. Since emphasis in this report is on relative changes

in a due to controlled fabrication variables , heat loss corrections were

-4- 
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not made.

In order to promote researc h efficiency , the program was conducted

in cooperation with scientists at other organizations. This cooperation

took the form of the exchange of specimens so that this program could

concentrate fully on the measurement and analysis of thermal transport

properties without having to devote a major fraction of the program

effort to specimen fabrication. At the same time , cooperating organiza-

tions obtained data and analysis of thermal transport properties for their

materials. As a result both cooperating parties benefitted . Table I

lists the cooperating organizations and the materials studied as part of

this program .

III. SUMMARY OF RESULTS

Table II lists a total of 18 technical articles which have resulted

from this program during the last three year period .17 ’18 Complete re-

prints of six technical articles* covering experimental work completed

within the past year appear as appendices. Additional data were obtain-

ed for the effect of microcracking on thermal diffusivity of polycrystal-

line aluminum -niobate . The technical article reporting the original data

was rewritten to incorporate the new data . Brief summaries of the corn-

pleted technical articles , including the rewritten aluminum niobate work ,

follow:

A. “Thermal Diffusivity of Microcracked Ceramic Materials .t’

This study reviews the effect of microcracki ng on the thermal dif-

fusivity of iron titanate and magnesium dititanate reported previously

together with new data for aluminum titanate . Data for these three

materials together are compared and interpreted in terms of the effect

*
Compl ete reprints of the other 12 technical articles appear as
appendices in References 17 and 18.

—5-
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of grain size on microcrack formation . All three materials exhibited

different degrees of a pronounced hysteresis of the thermal diffusivity

values depending on whether measurements were made during sample heat-

ing or cooling. This hysteresis was attributed to irrever sible crack-

healing and closure at the higher temperatures on heating followed by

crack-reopening or new crack formation on cooling. This study will

appear in the Proceedings of the Symposium on Ceramic Microstructures

held in Berkeley , California , August , 1976.

B. “Therma l Diffusiv ity and Conductivity of a Fibrous Alumina. ”

This study concentrated on the measurement and interpretation of

the heat transfer properties of fibrous alumina of various densities.

The principle conclusion was that at a given density the pores in a fi-

brous microstructure are more effective in l owering the thermal diffu-

sivity and conductivity of a ceramic material than the isolated isometric

pores found in sintered or hot-pressed materials. This study was pub-

lished in the American Ceramic Society Bulletin.

C. “Thermal Diffusivity/Conductivity of Alumina with a Zirconia
Dispersed Phase. ”

This study investigated the effects of microcracking on the therma l

diffus ivity and conductivity of an alumina matrix containing a dispersed

phase of non-stabilized zirconia. The microcracks are introduced into

the alumina matrix on cooling after hot-pressing when the zirconia par-

ticles expand during the tetragonal to monoclinic phase-transformation.

The experimental data indicated that the microcracking caused a sig-

nificant decrease in the thermal conductivity and diffusivity over the

total temperature range (R.T. to 800°C) with a complete absence of any

hysteresis effect. This is in sharp contrast to the polycrystalline

titanates which , as reported earlier , exhibit a pronounced therma l

-6-
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diffusivity hysteresis on heating and cooling. The reason for this dif-

ference is that the microc racking in the polycrystalline titanates is

due to the anisotropy in therma l expansion between grains which in turn

leads to unavcidab le crack-closure on reheating. For the alumina-

zirconia , however , the microcracked structure is supported by the expand-

ed monoclinic zirconia particles (below the phase transformation temper-

ature). Once formed , the size and density of these microcracks apparently

are independent of the degree of cooling such that a hysteresis in the

thermal diffusivity /conductivity is not observed . The results from

this study were presented at the 79th annual meeting of the American

Ceramic Society in Chicago and were published in the American Ceramic So-

ciety Bulletin.

D. “Effect of Microcracking on the Thermal Diffusivity of Polycrystal-
line Aluminum Niobate .”

This study presents experiment al data illustrating the effect of

microcracking on the thermal diffusi vity of aluminum niobate from room

temperature to about 750°C. In this study , the transient temperature

change of the specimens was monitored with a thermocouple. These data

agreed with previously reported data obtained with the use of the IR-

detector from approximately 200°C to 1000°C. The new data were obtained

prim arily to investigate in detail the thermal diffusivity near room tem-

perature . Data taken during successive temperature cycles suggest that

the effect of microcracking on thermal diffusivity is maximum after the

very first cooling from the fabrication temperature . Some permanent crack-

healing persisted during subsequent heating and cooling. An explanation

for this behavior is given in terms of the nature of unstable crack prop-

agation in therma l strain fields . This study will be published in the

Journal of the American Ceramic Society .

— 7— 
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E. “Enhanced Thermal Stress Resistance of Brittle Ceramics with Thermal
Conductivity Gradient. ”

The analytical study was based on the fact that the magnitude of

thermal stress in a brittle material depends not only on the magnitude

of the temperature difference involved but also on the temperature dis-

tribution . In principle then , it should be possible to reduce the mag-

nitude of thermal stress by modification of the distribution of temper-

ature . This can be accomplished by the formulation of material s with a

therma l conductivity gradient. The validity of this hypothesis was demon-

strated analytically for a hollow cylinder with a thermal conductivity

gradient through the wall subjected to steady-state radially inward or

outward heat plow. The numerical results obtained show that thermal con-

ductivity gradients can result in significant reductions in thermal stress.

This study has been accepted for publ ication in the Journal of the Amer-

ican Ceramic Society.

F. “Effect of Crystallization on the Thermal Diffusivity of a
Mica Glass-Ceramic. ”

This study reports experimental data for the thermal diffusivity of

mica glass-ceramics with increasing degrees of crystallization achieved

as the result of heat-treatment over a range of temperatures . As ex-

pected,the crystallization resulted in an increase in the therma l dif-

fusivity from the original value of the glass. This increase was max-

imum at room temperature and decreased with increasing temperature . An

explanation for these observations is given in terms of the mean free

paths for phonon and photon conduction. This study will be published in

the American Ceramic Society Bulletin.

In addition to these completed works , experimental therma l dif-

fusivity and density data were obtained for another glass-ceramic. The

-8-
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analysis is complete enough so that a preliminary technical article has

been prepared and is included in the”Work in Progress” section. A

brief sumary of the article follows .

G. “Effect of Crystallization on the Therma l Diffusivity of a
Cordierite Glass-Ceramic.

This study is a follow-up on the study of the mica glass-ceramic re-

ported in Appendix F. Its purpose was to investigate the effect of crystal-

lization on the thermal diffusivity of a glass-ceramic whose crystalline

phase is a form other than the mica-structure . The thermal conductivity

of mica in a direction per~pendicu lar to the basal planes , which are held

together by Van der Waals bonding, is exoected to be relatively low. For

this reason the thermal diffusivity in a mica glass—ceramic will be af-

fected little by those mica crystals whose basal planes are perpendicular

to the direction of heat flow. Other glass-ceramics containing crystals

with ionic or covalent bonding where no such orientation effect should

exist are expected to show a much greater change in the therma l diffusiv-

ity than the glass-ceramics containin g mica crystals. The validity of this

hypothesis was confirmed by the thermal diffusivity data obtained for a cor-

dierite glass-ceramic , whose crystalline phase is primarily ionic. The re-

sults will be submitted to the Journal of the American Ceramic Society.

IV . WORK IN PROGRESS

Additional thermal diffusivity data were obta i ned for other materials

during the program extension period . At the end of the contractural period ,

further microstructura l analysis was needed in most cases before a final

interpretation could be reported and technical publications (in addition to

the ones listed in Table II) prepared . However , some conclusions based on

thermal diffusivity data alone can be reported . In order to present those

conclusions at this time , the partially completed studies are described in

this “Work in Progress” section .

-9-



A. “Effect of Crystallization on the Thermal Diffusivity of a
Cordierite Glass-Ceramic. ”

The thermal conductivity of solids is controlled by the specific

heat, density and the mean free path of the specific carriers such as

phonons and photons responsible for the heat transfer. Glassy (non-

crystalline) materials are expected to have a very short phonon mean

free path in comparison to crystalline materials. As a result , at

low and moderate temperatures at which phonon transport is the prima ry

mechanism for heat transport , glassy materials exhibit generally much

lower thermal conductivity and diffusivity than crystalline materials.

For this reason, crystallization of glass to form a glass-ceramic is

expected to cause a significant increase in the thermal conductivity and

diffusivity . In a previous investigation , the effect of crystallization

on the thermal diffusivity of a mica glass-ceramic demonstrated this.

In general , the relative effect of partial crystallization in an

amorphous material on the heat transfer properties is expected to be a

function of the degree of crystallization , the crystalline structure , the

nature of the atomic bonding and other relevant properties of the specif-

ic crystalline phase(s) formed . The phonon mean free path and veloc i ty are

expected to be much smaller in a mica crystalline phase (especially across

basal planes wi th Van der Waals bonding) than in a crystalline phase with

primarily ionic and covalent bonds. The presence of the latter type of

crystalline phase is expected to cause a greater relative increase of the

thermal diffusivity of a glass-ceramic than a mica crystalline phase . In

the present note this hypothesis is verified by comparing experimental data

for the thermal diffus ivity of a cordierite glass-ceramic with correspond-

ing data for a mica glass-ceramic reported previously.

-10-



Cylindrical samples (1” high by 1/2” in diameter) of the original
*glass with the same composition as a commercial glass-ceramic were

heated in approximately 45 minutes to 820°C and held for 2 hours for cry-

stallite nucleation . Different samples then were heated rapidly to a

series of high temperatures where they were held for 8 hours in order to

promote crystallite growth. The crystallite morphology resulting from

each of these heat treatments will be studied by replication transmission

electron microscopy and correlated with thermal diffusivity results . The

thermal diffusivity was measured over the temperature range of room tem-

perature to approximately 750°C by the laser-flash technique using the same

equipment and procedures as used for the mica glass-ceramic experiment.

The experimental data for the thermal diffusivity of the orig inal

glass and the series of heat-treated glass-ceramics are presented in

Figure 1. At the lower temperatures the partial crystallization has

caused increases in the thermal diffusivity (primarily the phonon com-

ponent) of up to a factor in excess of three . At the higher temperatures ,

where the photon contribution to the therma l diffusivity becomes notice-

able in a glass , the relative effect of the crystallization decreases due

to the increased photon scattering at the numerous glass-crystal inter-

faces. It should be noted that the data for the thermal diffusivity of

the most fully crystallized glass-ceramic (1260°C) lie somewhat below the

data for a commercial cordierite glass-ceramic. In part , this difference

can be attributed to the difference in the heat schedule used for the

crystallization process.

Comparison of the present data with those reported for the mica

*Corning Glass Works , C9606
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‘1
glass-cerami c shows that the original glasses for both studies have about

the same value for the thermal diffusivity . On crystallization , however ,

the increases in the thermal diffusivity obtained for the cordierite glass-

ceramic are far greater than those for the mica glass-ceramic. This obser-

vation is in qualitative agreement with the ori ginal hypothesis that for

a glass-ceramic a crystalline phase with ionic or covalent bonding is ex-

pected to be far more effective in increasing the thermal diffusivity of

the glass-ceramic than a crystalline phase in part held together by

Van der Waals bonding . Exact quantitative estimates of this phenomenon

in terms of lattice-dynamical theory are beyond the scope of the present

study. In general , however , the present data and those obtained for the

mica glass-ceramic suggest that the thermal diffusivity of glass-ceramics

can be tailored to specific values by careful control over composition

and heat treatment.

B. “Silicon Nitride ”

The effect of the amount of sintering aid (MgO) and density on the

thermal diffu sivity of hot-pressed silicon nitride , a potential cerami c

turbine material , is being studied . In Table III are shown room tem-

perature thermal diffusivity data for Si 3N4 prepared with similar den-

sities by researchers at Annawerk. The samples were all hot-pressed

at 1720°C for 80 minutes except for two samples with 3~ MgO additive .

In this case, one sample was held at temperature for 20 minutes and the

other for 120 minutes. The samples with 3% MgO have the highest therma l

diffusiv ity (and thermal conductivity). Apparent ly, the relative amount

of glassy or crystalline second-phase at the grain boundaries , which

in turn depends on the details of the time-temperature fabrication

history as well as on composition , play~ an important role in affecting

-12- 



therma l support. Microstructur a l examination of these materials is in

progress. It is clear , however , that both a wide range and quite high

values of thermal diffusivity are possible for S13N4 depend i ng on fabri-

cation processes.

C. “Barium mica / Alumina Composites.”

The physical properties of a composite material can be quite sus-

ceptible to texture as well as composition effects. For instance , in-

clusions of barium mica in the form of flakes (roughly 30 mm in diameter

by 5 to 10 urn thick) enhance the mechanical properties of an alumina/

mica composite. The addition of mica to alumina has a considerable effect

on lowering the thermal diffu sivity which makes them doubly useful for ap-

plication where more thermal resistive properties are necessary . This is

particularly the case when the mica additions are aligned so that all the

flakes are nearly parallel.

Figure 2 shows the typical type of texture achieved in two dense

alumi nas with 5 and 30 vol % Ba mica additions. The lower magnifications

reveal a homogeneous distribution of separated and aligned mica flakes.

The hi gher magnifications show that the flakes are discrete and have not

reacted with the alumina matrix. Figure 3 illustrates the thermal diffu-~
sivity and its temperature dependence for various compositions where the

mica flakes lie preferentially perpendi cular to the thermal conduction

direction . As discussed in A. above , the thermal conductivity of mica

in a direction perpendicular to its basal planes is expected to be lower

than in a direction parallel to the basal planes. This would account

somewhat for the effectiveness of the mica flakes in l owering the therma l

diffusivity in Ba mica/alumina composites with texture when the therma l

pulse is predomi nently norma l to the mica flakes. Further analysis of the

temperature dependence of the thermal diffusivity is in progress.
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TABLE I

Cooperating organizations and ceramic materials for thermal

diffusivity studies.

Organizations Materials

1. Pennsylvania State University Microcracked materials
Glassy carbons
Non-stoichiometric Ti02Silicon carbides
Aluminum oxides

*2. Westinghouse Corporation Sialons , SiYONs

3. Fiber-Materials Inc . Fibrous aluminas
*4. Corning Glass Glass-ceramics

5. Champion Spark Plug Microcracked aluminum niobate

6. Naval Research Labs Glasses
Silicon nitride/silica composites
Aluminu W oxide/boron nitride com-
posites

7. General Electric Corp. Glass-ceramics
Sialons

8 *
Max Planck Institute Alumina /zirconia

Alumina/titanium carbide and
Al umina/silicon carbide composites

9. Rockwel l International Si3N4-Y2O3-S102
*10. Aerospace Research Institute Si 3N4-MgO(DEVLR) Cologne , Germany Reduction-sintered silicon nitride

*11. AMMRC Ba-mica/A 1 203 compositesSilica

12. Anna-Werk Si 3N4
_MgO*

13. Philips Polycrystall ine aluminas
(Eindhoven , Netherlands)

*14. Union Carbide Textured BN composites

15. University of Utah Doped alumina 
*

Ta-doped rutile
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TABLE I
(Continued )

Organizations Materials
*

16. University of California Metal/glass composites
(bonded and non-bonded )

17. United Technologies Glass/Al umina fiber composites

18. Feidmuhie Corporation Polycrystalline aluminas
(Germany)

19. Lehigh University Polycrystalline aluminas

20. Battelle Laboratories Glass-ceramics

21. McMaster University Partially stabilized zirconia
(Canada)

*Work in progress on these materials.

_________________ 
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TABLE III

Room temperature thermal diffusivity of Si 3N4 with

MgO additive. t

W/0 MgO densjty(9m/cc) thermal diffusivit y (cm /sec)

0 3.12 0.137 ± 0.010

1 3.17 0.1l~
3 3.21 0.166
* 

3.20 0.157
** 3.21 0.142

5 3.20 0.126

7 3.19 o.l3o

Hot-pressed at 1720°C for 80 minutes.

* Hot-pressed at 1720°C for 120 minutes.

** Hot-pressed at 1720°C for 20 minutes .
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FIg. 1 Effect of crystallization on the thermal diffusivity of a Cordierite
Glass-Ceramic. (open (solid) symbols indicate measurements made
during heating (cooling).
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Fig. 2a Fig. 2b

Fig. 2 Photomicrographs of Ba mica / Alumina
Composites. Multiple relief polishing.
Fig. 2a is 5 vol % 30 pm Ba mica in
alumina at two magnifications .
Fig. 2b is 30 vol % 30 pm Ba mica in
alumina at two magnifications.
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I. Introduction

The range of cerami c materials available today includes good thermal

conductors as well as excellent therma l insulators . It is well known

that therma l conductivity and therma l diffusivity of ceramics depend

strongly on such microstructural variables as porosity (including total

pore content , pore size , and shape), amount of glassy phase at grain

boundari es, or the degree of crystallinity in such materials as glass-

cerami cs. Grain boundaries , as well as impurities or second—phase add-

itions , can act as scattering centers for heat transfer by electron or

phonon transport cr by thermal radiation . The relative contributions of

these latter mechanisms to the thermal conductivity (diffusivity ) is a

function of temperature and affects the absolute value of the thermal

conductivity (diffusivity ) as well as its temperature dependence .

Microcracking is an additional microstructural feature commonly

observed for many ceramic materials. Such microcrack ing is expected to

have a significant effect on thermal conductivity (diffusivity). Micro-

cracked cerami cs are of current and potential technical interest in view

of their very low or even negati ve coefficient of thermal expansion. 1,2,3

Also , because of their high strains-at-fracture (ratio of tensile strength

to Young ’s modulus) and their stable nature of crack propagation , micro-

cracked cerami cs exhibit exceptiona l thermal shock resistance. This has

been demonstra ted both experimentally ~~~~ and analytically. 6’7 The ben-

eficial effect of microcracking on fracture toughness 2 also should con-

tribute to an improvement in thermal shock resistance and possibly impact

resistance as well. Furthermore, microcracked ceramics exhibit elastic

modu li which are unusually low compared to non-microcracked materials.

Microcracking in ceramic materials can be induced by a variety of
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mechanisms . In non-cubic polycrystal line cerami cs , microcracking can

arise from a high degre ’ of therma l expansion anisotropy . 8,9,10

Differences in the coefficient of the individual components in com-

posites also can leau to the formation of microcracks , 4,11,12,13 as

can volume changes during crystallographic transformations .

The physica l properties of many microcracked materials often exhibit

an unusual temperature dependence. The strength and elastic moduli often

increase strongly with increasing temperature . 1,2 On cooling , a very

pronounced hysteresis effect often is found. Such hysteresis effects are

though t to be related to frictiona l effects during crack opening and clo-

sure on therma l cycling or to crack healing at sufficiently high temper-

atures. Of particular interest is that the degree of microcracking and

the resulting change to the phys i ca l properties appears to be a function

of grain size. The magnitude of the interna l stress responsible for the

microcracking, however , is i ndependent of the grain size. This suggests

that rnicrocracking is controlled not only by the level of stress but also

by the strain-energy 2 or other variables .

An understanding of the effect that microcracking has on the heat trans-

fer properties is required for purposes of material selection. The purpose

of this paper is to present a summary and interpretation of recent ex-

perimental results for the thermal diffu sivi ty of selected microcracked

cerami cs.

-2-



II. Experimental

A. Materials and Prepar .tion

The three materials selected for the study were magnesium diti t-

anate , i ron ti tanate, and aluminum titanate . Polycrystal line samples for

these materials exhibit microcracking due to the therma l expansion aniso-

tropy of the ind i .~’idua1 grains .

Powders for these three titanates were prepa red by the soild

state reactions between the appropriate oxide powders . These powders

were mixed by wet -milling in tol uene-methanol media for 24 hours, then

dried and fired in air at appropriate temperatures and times unti l the

X-ray patterns agreed with literature data and no evidence of the original

powders could be found . The powders then were screened to -25 mesh , dried ,

and hot-pressed in graphite dies at appropriate temperatures to wi thin a

few percent of the theoretical densities . Samples were cut from the hot-

pressed billet and annealed for various times and temperatures (which are

reported later) to promote grain—growth and to vary the degree of micro -

cracking. The microstructure and evidence for rnicrocracking were studied

by scanning electron micrography of fracture surfaces .

B. Measurement of Therma l Diffusivity

The therma l diffusivity was measured by the laser-flash tech-

nique. 16 Specimens cut from the hot—pressed billet in the form of 1/2-

inch diameter discs approximately 0.1 inch thick were held within a suit-

able graphite specimen holder inside a vertical carbon resistance furnace*

wi th nitrogen atmosphere. The specimen faces were coated wi th carbon s to

* Model 1000A Astr. Industries , Santa Barbara , California
§ Mi racle DFG Spray, Mi racle Power Products , Cleveland , Ohio
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prevent direct transmission of the 1.O6pm radiation from the glass—Nd laser.+

Therma l diffusivity measurement consisted of subjecting one face of

the specimen to a single laser-flash through a quartz window at the top of

the furnace . The transient temperature response of the oppos i te face of the

specimen was monitored by either of two methods. The first method , used for

the iron titanate specime n , employed an infrared detector** focused on the

specimen surface through a second quartz window at the other end of the

furnace . For the magnesium dititanate and the aluminum titanate , the

transient temperature of the back surface was measured with a thermocouple

attached to the specimen surface with a small amount of ceramic cement.~~
The output signal of the IR-detector or the thermocouple was displayed on

the screen of an oscilloscope equipped wi th signal storage.+4~ Therma l

diffusivity (a) was calculated from the specimen thickness (L) and the time

(4/2) for the back-surface temperature of the specimen to reach one-half

the value of the fina l unifo rm specimen temperature from

a = 1.38L2/r12t1/2. (1)

The ambient temperature of the specimen was changed by adjusting

the temperature of the carbon resistance furnace . The sensitivity of the

IR-detector was such that measurements could be obtai ned at specimen temper-

atures of 200°C or higher. The thermocouple permitted measurements down to

room temperature. The laser-flash method is particularly suitable for meas-

urements of the thermal diffusivity for two reasons. Firs t, the technique

requires a small specimen of convenient shape. Secondly, the measurement of

+ Model K— i , Korad Co., Santa Monica , California
** Barnes Model IT—7B , Barnes Engineering, Stamford , Connecticut
§~ CC-Cement, Omega, Engineering, Stamford , Connecticut
++ Model 12O1A , Hewlett-Packard , Palo Alto , California
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the therma l diffusivity nvolves a small temperature increase of the

specimen (only 1°C) wh i ch is important for materials exhibiting heat

transfer properties strongly dependent on temperature. In the manner

described above , the thermal diffusivity was measured as a function of

temperature duri ng heating and cooling of the specimen to establish the

existence of any hysteresis effect. For some specimens , these exper-

iments were repeated on subsequent days to determine the reproducibility

of the hysteresis curves and the existence of a fatigue effect. Initial

experiments showed that the laser radiation introduced mi crocracking at

specimen temperatures in excess of about 850°C. As a result , the upper

specimen temperature was limited to the range of 750°C to 800°C.

-- 
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III. Results and Discussion

For the iron titanate , the microstructures and da ta for thermal

diffusivity are shown in Figures 1 and 2. Information on the various

annealing treatments and the resulting average grain sizes are included

in Figure 2. The hot-pressed material without any annealing had a un-

iform grain size distribution with an average grain size of approximate-

ly one ~m. Figure 2 clearly shows that annealing encouraged consider-

able grain growth, which appears to be of the discontinuous type in view

of the clearly evident bi—modal grain size distribution. Grain growth

appeared to occur by decreasing the fraction of small grains with in-

creasing time of anneal. Particularly in the large—grained annealed

specimens , microcracks are clearly evident. Mi crocracking appeared to

have occurred primarily in an intergranular mode. Unfortunately, a

quantitative measure of the number of cracks per unit volume , the crack

size , and the geometry could not be obtained .

The thermal diffus ivity of the hot-pressed material , shown in

Figure 2a, exhibits a temperature dependence typica l of a dielectric

material in which heat transport occurs primarily by lattice conduction ,

i.e., phonon transport . On heating and cooling , no evidence of a hys-

teresis effect is found , which implies that in this fine—grained material

little, if any,mi crocracking occurred .

In contrast, the thermal diffusivity of the annea led microcracked

specimens shown in Figures 2a to 2c shows a markedly different behavior.

A comparison of the numerical values for the hot-pressed and annealed

specimens suggests that microcracking can lower the thermal diffusiv ity

by as much as a factor of three. Since microcracking is expected to have

only a mi nor effect, if any , on the density and the specific hea t, the

-6-
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large decrease in therma l diff isivity must be attributed primarily to the

effect of microcrackin g on therma l conductivity . As a result , micro-

cracking appears to be a very effective method of improving the therma l

insulating properties of ceramic materials. Even if a gas phase were

present within the microcracks , little or no increase in thermal conductivity

or diffu sivity is expected since the therma l conductivity of gases 17

such as air nitrogen is some three orders of magnitude bel ow the va l ue of

the non-microcracked material.

A strong hysteresis effect is observed in the temperature dependence

of the annealed samples as indicated in Figures 2a, 2b, and 2c. This

evidence for hysteresis is in genera l agreement with similar observations

for strength and elastic behavior referred to earlier. On the heating

portion of the hysteresis curve , the thermal diffusivity shows an in-

creasewith increasing temperature . This positive temperature dependence

is the result of a combination of effects. Clearly, a decrease in the

iron titanate ’s therma l diffusivity is expected , as shown in Figure 2a.

Since the degree of microcracking (in terms of crack size , crack density ,

etc.) is expected to be proportional to the degree of cooling below the

annealing temperature , crack closure is expected on reheating . This will

lead to a strong positive temperature dependence of the thermal diffusivity .

A further positive temperature dependence is expected from an increased con-

tribution of heat transfer by radiation across the cracks. The negative

temperature dependence of the therma l diffusivity at the initial part of

the heating curve suggests that , over this temperature range , the con-

tribution to the temperature dependence due to crack closure or radiative

heat transfer is smaller than the effect of phonon -collision. The con-

verse is true at the higher temperatures of the heating part of the hysteresis

-7-



curve. However, in comparison to radiation over the total temperature

range involved , crack closure is expected to be the most impo i’ tant

factor in view of the hysteresis in mechanical behavior for these types

of materials. Of course this hysteresis is independent of any radiation

heat transfer across the cracks. A final mechanism for the positive

temperature dependencI~ of the thermal diffusivity is crack healing by

diffusional processes at the higher temperatures . Due to crack healing ,

at least in part , during cooling, the thermal diffusivity does not return

along the original heating curve . However , this observation also may be

related to frictional effects, particularly for microcracks formed in

shear so that the displacement between the opposing crack surfaces cannot

occur in a linear manner with the degree of cooling .

The increasing time of anneal leads to no major change in the thermal

diffusivity after the first 4-’iour anneal. Nevertheless , a slight further

decrease in thermal diffusivi ty with annealing time may be noted . This is

to be expected when the effect of grain size on the degree of microcraking

is considered. A further grain size effect may be noted on the cooling

part of the hysteresis curve , which shows that the therma l diffusivity (to

a first approximation) remains independent of temperature . Then a rather

sharp change in temperature dependence occurs at a given temperature. This

temperature for the 32-and 16-hour anneals corresponds to approximately

550°C and 400°C, respectively. For the 4-hour anneal , this temperature

appears to be below 200°C. This effect is in accordance with the previously

noted relationships between degree of microcracking and grain size. For

the larger grain sizes and after crack healing has occurred , the degree of

cooling required to cause new microcracking is observed to be less than for

fine-grained specimens .
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As shown in Figures 2b and 2d, the hysteresis curves during succesive

cycles do not follow the same path. This suggests that the thermal cycl-

ing introduces a permanent change in the microcrack morphology . Such a

change in the hysteresis curves is particularly noticeable for the sample

annea l ed for a 4—hour period . The area wi thin the hysteresis curve for this

sample becomes smaller on successive cycles so that cracks tend to partiall y

heal or close during successive thermal cycling, thereby increasing the

total amount of phonon transport. Since the data reported in Figure 2

were obtained with the IR- detector, no genera l statement can be made about

the nature of hysteresis curve closure at temperatures below 200°C. A

simple experiment using a thermocouple, however , indicated that hysteresis

curves take on the shape of a flat figure eight similar to the one observed

for magnesium diti tanate with the cross—over point near 100°C and a therma l

diffusiv ity value at the end of the cycle nea r the value at the beginning

of the cycle.

Figure 3 shows the scanning electron micrographs of the hot-pressed

and annealed magnes ium di ti tanate specimen s. Grain growth in the magnesi um

dititana te (as with iron titana te) appeared to be of the discontinuous

type, resulting in a bimodal grain size distribution for the immediate

annealing times . Microcracking appeared to occur primarily in an inter-

granular mode , although occasionally intragranular microcracking also

could be observed. Microcrack ing was very apparent in the coarse-grained

rnaterial ,but it was not observed with any degree of certainity in the fine-

gra i ned material. Average grain size after 0, 3, 27, and 60 hours of

annealing at 1200°C were approxima tely 1.0, 4.5, 25, and 7Oprn , respectively.

Experimenta l data for the therma l diffusivity , measured using the

thermocouple , are shown in Figure 4. Again , comparing data for the therma l

-9-
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diffusivity followi ng various annealing treatments , microcracking can

cause a significant decrease in therma l diffusivity . This is in agree-

ment wi th data obtained for iron ti tanate . Again , these observations

must be attributed primarily to the effect of the microcracking on

the thermal conductivity . However , the therma l diffusivity of mag-

nesium dititanate shows some fundamental differences in comparison to

that of i ron titanate . For the hot-pressed material , the temperature

dependence of therma l diffusivity on the heating part of the curve is

as expected for a non-microcracked material. It is similar to that of

the non-microcracked , fine-grain iron titana te shown in Figure 2a.

However, data for the cooling part of the thermal cycle fall below the

correspondi ng values for the heati ng part of the curve. This results

in a clockwise hysteresis curve which contrasts with the counter-

clockwise hysteresis observed for microcracked iron titana te. it also

should be noted that on return to room temperature, the hysteresis curve

is not closed. This suggests a permanent change in the material. This

behavior is consistent with the effect expected if new microcracks were

formed as the result of therma l cycling, or if existing microcracks grew

in size under the influence of the thermal stresses as the result of

fatigue. For hot-pressed magnesium dititanate , the formation of new

cracks during the cooling part of the thermal cycle appears to be the

most likely mechanism. If this explanation is correct, it must be con-

cluded that a given mi crocrack confi guration (in terms of the crack

density , geometry or orientation and degree of cooling) is not necessar-

ily an equilibrium configuration. As a result , the properties of micro-

cracked materials are expected to be a function of past therma l history .

The validity of this conclusion is demonstrated also by literatur e

-10- 
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data covering thermal cycling ’s on strength and Young ’ s modu lus for

magnesium dititanate and other microcracked materials.

New crack formation during thermal cycling is thought co be re-

sponsible for the figure—eight type of hysteresis curves exhibited

by the annealed magnesium dititanate specimens (as shown in Figures

4b and 4d). At higher temperatures , hysteresis curves are counter-

clockwise as would be expected from the effect of crack healing and

closure . On cooling, however , the therma l diffusivity curve crosses

the heating curve because of additiona l crack formation. This results

in a value of therma l diffusivity lower than the ori ginal value at the

beginning of the cycle. In this manner , the figure eight type of

hysteresis curve is determi ned by the competing effects of crack healing

and/or clo-ure and the formation oF new microcracks . As Figures 4b

and 4c show, repeated cycling results in a decrease in the area within

the hysteresis curves in a qualitatively similar manner as that observed

for iron ti tanate.

The microstructure of aluminum titana te was quite similar in nature

to the microstructures of iron titanate and magnesium dititanate. In

Figure 5, the thermal diffusivity for two gran sizes is shown. Again ,

the figure—eight type of hysteresis curve is similar to the ones observed

for magnesium dititanat e and is attributable to the competing effects of

crack healing and closure at the high temperature and the formation of

new microcracks during cooling to the l ower temperatures .

The thermal diffusivity of aluminum titanate was observed to recover

duri ng an 18-hour period between two success 4ve thermal cycles. This

suggests that some readjustment of crack morphology is possible even at

relatively low temperatures in microcracked materials. This mechanism

— 1 1—



responsible for this rec very iay be identical to (or at least related to)

the mechanism of creep nd ela~tic recovery .

It is unfortunate that no quantitative measure of the crack density ,

crack size , and other variables describing the niicrocracks morphology are

obtai nable. Such data could have been used to predict the effect of micro -

cracking on the therma l conductivity from theoretica l solutions for the

heat transfer properties of composite materials and to compare these pre-

dictions with observed results . However , even l ower values of therma l

diffusivity should be obtainable for more extensive microcracking in the

present materials.

A final remark is in orde r wi th regard to the potential of micro-

cracked materials fo~’ application s involving severe therma l shock. Pre-

sent theory of the therma l stress fracture of ceramic materials 6,19,20

states that high thermal shock resistance requires high values of therma l

conductivity . In this respect , m~crocracking, which causes a significant

lowering of the thermal conductivity , would not appear to be beneficial

in improving therma l shock resistance . However , very high strains —at-

fracture in combination with a stable (non—catastrophic) mode of crack

propagation far outweigh the requirement for a high therma l conductivity .

This is especially so for large structures subjected to high heat flux

in which thermal conductivity only play s a mi nor role. 6 In fact , the

lower therma l conductivity of mi crocracked materials can be used to con-

siderable advantage for those applicati ons where material requirements

of high therma l shock resistance in combination with good therma l in-

sulating properties are desired .

—12-
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THERMA L 1 !FIUSIVITY AND THERMAL CONDUCTIVITY

OF A FIBROUS ALUMINA

by
* +

H. J. Siebeneck , R. A . Penty , B. P. H. Hasselman ,~ an d G. E. Youngblood

Porous ma te r i a l s , generally, are very effective therma l insulators.

The relat i ve effect of poro s i ty on the thermal con duc ti v i ty and therma l

di f fus i v i ty of ceram i c ma ter i a l s  has been the su bject of a number of in-

vestigations. 1-6 The p resen t note reports data for the therma l con-

ductivity and diffusivity of a fibrous alumina.

Samples with a range of low densities produced by hot-pressing a fi-

**brous alum ina were obtained from a commercial source . The alumina con-

tai ned approximately 10 wt. percent SiO 2. Scannin g electron micrographs of

samples with densiti es of 3.50, 2.53, 1.41 , and 0.60 gm/cc are shown in

F ig ure s la , lb. ic , and id , respectively. Figure la represents the micro -

structure of the fully dense material. Figure lb shows areas of open-

porosity , low dens i ty fib rous mater i al san dw i che d between dense p la tes or i-

ented pernendicular to the hot-pressing direction. Figure ic and id show the

preferred a l i gnmen t of f ibers  per pen di c u l a r  to the press ing  di rec ti on i n the

l ower density materials.

The therma l diffusivity of the four materials was measured by the laser-

flash techn iq ue ~
‘ 

i n a n it rogen atmos phere u s i n g equ ip men t descri bed i n

deta i l elsewhere . ‘ The direction of heat flow was parallel to the hot-

p ress 4ng direction during these measurements . Because of difficulties en-

coun tered in specimen fabr ica t ion , measurement of the therma l diffus iv ity

* University of Maryland , University Park , MD
+ Fibe r Materials Inc., Biddefo rd , ME
§ The Montana Energy and MHD Research and Development Ins t itute , Inc., Butte , ~1T
** F iber Mater ials Inc., E3iddeford , ME
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of samples wi th l ower dvnsity was prec l ded. Assuming that the S~ ( :ific

heat capacity of the fllrous alumina was s imi la r to that reported ~ for
pure a l u m i na , the therma l conductivity (K) was calculated from

K = ~(T). P(T).C~ (T) ( 1 )

where t (T) is the therma l diffus ivity , p (T) is the density , an d C~ (T) i s the

specific hea t capacity at constant pressure and all the terms are functions

of tempera ture .

Figure 2 shows the experimental data for the therma l diffusivity of the

fou r sam p les of fib rous alum i na over the tempera ture range of app rox i ma tel y

2000(. to 1000°C. The calc u late d behav ior of the therma l con duc tiv i ty i s

shown in Figure 3. The negative slope of the temperature dependence of the

hot-pressed sample is typical for high -density d i electr i c mater i a l s  i n wh i ch

heat transfer occurs primarily by lattice conductivity. The positive temper-

ature dependence of the therma l conducti vity of the most porous samples

suggests that radiation and gas conducti on across the pores between the fibers

provide a significant contribution to the hea t transfer in these samples. 10

Exact quantitative calculations of the relative contribution of conduction

throu gh the sol id , radiation , and gas conduction across the pores to the total

therma l conductivity are expected to be diffi cult due to the complexity of the

fib rous structure . However , as i n di cate d by the r e su l t s  of Sparrow an d Cu r ,

the contribution of gas conduction would be expected to exceed that of radia-

tion in this temperature range.

The present results can be compared wi th those obtained for other non-

fibrous porous material s. Taking the thermal conductivity of t~~ non- porous ,

hot— pressed material as unity , Fiqure 4 shows the relative therma l conductivit y

at 200 , 400 , 600, and 800°C as a function rf pore volume traction. IhI pr& ~ & rlt

-2-
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data gives a reasonable fit to the seIl- e lil p iri ca l equati u r base J oi expressions

of Maxwell - Eucken , ~ Frick e , 13 and Bi anche ’- i ~ ond which can be

written in the genera l form

K = 1 - (2)
1 + 1 3 P

where K and K0 are the therma l conduct iv i t ies of the porous and non-porous

ma ter i al , respectively, P is the fracti on-~l porosity , and - . i s a parameter

which depends upon pore shape as well as the fractional porosity .

Equation (2) is included in Figure 4 for various values of 3. The

best fit is obtained for the data at 200°C with 13 4. With increasing

temperature 13 decreases as expected from the increased heat transfer by

radiation and gaseous conduction across the pores. Such a decrease of P

with temperature would require a theoretical analysis similar to i3~r~no ’s

analysis for elliptical pores where it is shown that 13 is a genera l function

of temperature as well as pore fraction and shape. Also ,as indicated by

F ig ure 4 , p. increases with increasing pore content , which in this case is

probably attributable to the decrease in content of solid -plate material

with increasing porosity . ~s can be determined from the data for therma l

conductivity for some of the ceramic materials at temperatures comparable
*to 200 C rev i ewe d by Rhee , 13 0.4 for the porous uranium dioxide data

of Ross , 17 13 = 0 for the isometric pores in alumina data of Francl and

Kingery , 2 and p - - 2 fortheanisome tric pores in hot-pressed alumina data

of McClelland and Petersen. In addition , theory 18 shows that for

isolated spherical pores of zeio conductivity ~ . . Comparison of these

* The express ion of A ivazov and DoII~~’ hr ’v (re t - 151 , ‘ mnd ~~ Phee ( - e f .  16)
to apply to a wide va r i ct y of cer~m ic r i at c r i a l s  w i t H  nor - 4 iH . us re
structures , does not g ive an ac e p t .oble expl an a t ion fo r the 1 & I I ~~t ’ n t :c
of the relative rood uct i ’ i i t y  on po ros i t y  f r~~ t ion for 0 data.
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values wi th  the value of p z~ for the present stud y suggests that poro Sity

found in a fibrous ma terial is mo re efft~ tive in l~~ieri ri g t i e  t he l 11 con-

ductivity than more isometric pO ICs found in sintered ‘nate Hals.
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Fig . 1 Scann i ng elec tron micro gra phs of fib rou s alumin a:
(a) hot-pressed , 3.50 gm/cc. (b) 2.53 gm/cc ,
(c )  1. 41 gm/cc , and (d) 0.60 gm/cc
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Fig. 2 Thermal diffusivity of fibrous alumina as a function of temperature and density .
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APPENDIX C

THERMAL DIF FUSIVITY / CONDUCTIVITY OF

ALUMINA WITH A ZIRCONIA DISPERSED PHASE
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THE! MAL D FFUS IV ITY/CONDUCTIV IT ( OF
ALUMIt A W ITH A ZIRCONIA DISPERSED PHASE

D. Greve,* N. Clau s;en ,+ D. P. H. Hassel ma n,~ and G. E. Youngb lood~

Microcracking in brittle ceramic materials can have a pronounced effect

on physical properties . Microcracking , through an enhancement of the strain-

at-fracture , can lead to a major Increase in thermal stress resistance. 1,2

Increases in the fracture toughness , ~ work-of-fracture, and a generally

stable mode of crack propagation in microcracked materials also promote

therma l stress damage resistance 6 in combi nation with excellent thermal

insulating properties . ‘

In non-cubic polycrysta lline materials microcracking can result from the

therma l expansion anisotropy of the individual grains during thermal cycling.

This class of materials will generally exhibit considerable hysteresis in

strength , 1,2 elastic properties , 1,2 and as reported recently in therma l

diffusivity 7 ,8 as wel l .  This hysteresis is thought to be due to crack

closure and healing at higher temperatures and/or frictional effects in micro-

cracks formed by shear deformation. Microcracking also can occur in composites

wi th differences in the thermal expansion coefficients of the individual com-

ponents , or as the result of crystalline phase transformation accompanied by

a volume change. 9,10

* Lehigh University , Bethlehem , PA
+ Max-Planck -Institut Für Metallforschung , Inst i tut Für Werksto ffw i ssen-

schaften , Stuttgart 80, West Germany
§ The Montana Energy and MIlD Research and Development Institute , Inc.,

Butte , MT
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The present note reports the effect of mnicrocrack ing, resulting from

such a phase transformation , on the therma l diffusivity and its hysteresis

r a compos ite system consist ing of a dispersed phase of unstabilized

zircon ia in an alumi na matrix. On cooling from the sintering temperature ,

the zirconia particles expand during the tetragonal to monoclinic phase

transformation , tensile stresses are produced in the surrounding alumina

matrix , and a high density of microcracks are formed in the alumi na.

Follow i ng procedures described previously, ~ samples of pure alumina l

and a lumina with 16 volume percent unst abilized zirconia ** were fabricated by

hot-pressing. For these samples the fracture toughness Ki~ 
was found to be

5.06 ± 0.32 and 7.14 ± 0.19 MN/rn312, respect ively. The significant increase

in fracture toughness is indicative of the presence of microcracks in the

alumi na with 16 percent zirconia. TEN micrographs , presented previous ly, 3,11

also revealed the existence of microcracks. Dilatometry showed that the phase

transformation, presumably the formation stage for most of the microcracks ,

occurs in the 600 to 800°C temperature range for this composite ma terial.

The therma l diffusivit y was measured on discs (~~~ 
0.5 inches in diame ter

and 0.1 inches thick) by the laser-flash technique 12 using equ i pment des-

cribed in detail earlier . The transient temperature was monitored with

a chromel-alumel thermocouple attached to the back face of the specimen with

ceramic cement.X Measurements were made on l~eating and cooling between room

~ 99.5% pure, Alcoa A16,Aluminum Co. of America , Pittsbur gh, PA
** 1.25im Fisher subsieve size, No. 8914, E. Merck , Darmstadt , West Germany
X CC-cement , Omega Engineering , Stamford , CT
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temperature and 800°C. Dens ities were measured by the liquid immersion tech-

nique. The pure alum na and the alumina/ 16 percent zirconia composite had

densiti es of 3.93 and 4.17 grn/cc~respect ively.

The experimental therma l diffusivity data are shown in Figure 1. It

is clearly evident that the presence of the zirconia particles in the alumina

matrix lowers the therma l diffus’ivity approximately by a factor of two.

The thermal conductivity (K) was calculated from K = apc where ~ is the

experimentally determined thermal diffusivity , p is the measured density , and

c is the specific heat capacity . The hea t capacities for pure alumina and

zirconia were obtained from Touloukian , et al 14 and used to compute the

heat capacity for the alumina/zirconia composite . Since the densities of

the samples were near theoretical , the calculate d values of therma l conduct-

ivity were not corrected for porosity .

In Figure 2,the calculated thermal conduct iv ity as a function of temper-

ature is shown for each materi al . Since the relative decrease in specific

heat approximately equals the relative increase in density when zirconia is

mixed with alumi na , the factor of about two decrease in the therma l dif fusivity

of the composite corresponds to a similar decrease in the thermal conduct ivity

as shown by the difference between the upper and lower curves in Figure 2.

The decrease in the composite ’s thermal conductivity is the result of

two simultaneous effects. Since the thermal conductivity of the zirconia

dispersed phase is less* than the thermal conductivity of the alumina matrix ,

* No va l ues of thermal conductivity for “pure ” monoc linic zirconia are
available. Therefore a temperatyre i ndependent value of 0.01 cal/gm cm~tsec for 91.6% Zr0

2 - 8.4% Al 203 
15 was used in the calculation.

..3.
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a lecrease is expected. Assuming that the zirconia particles consist of

spherical inclusions ,+ the temperature dependence of the composite therma l

conductivi ty (K~1) can be calculate d from the well-known Maxwel l-Eucken 16

relationship
/ 

r (1 
- K /K

d
)

- 

1. + 2V~~
Km — Kc 

(2Y c/Kd + 1)

r(1 - Kc /Kd)
l - V d I

L K c1~
<d + 1  

—

where Kc is the conductivity of the continuous matrix phase and Kd is the

conducti v i ty and V d is the volume fraction of the spherical dispersed phase.

Using our experimentall y determine d K
c 

values for alumina an d handbook Kd

values for z ircon i a’~ Km was calculated for Vd = 0.16 and a lso is shown for

comparison in Figure 2. It is clear that the contribution of the lower

thermal conductivity of the zircon ia addition would decrease the therma l con-

ductivity of the composite a relatively small amount compared to the total

observed reduction. Most of the large decrease in the therma l conductivity

must be attributed to the presence of microcracks.

Of s ignificant importance is the observation that there was no hysteresis

in the therma l diffusivity of the alumi na/zirconia composite on heating and

cooling be low 800°C. This contrasts sharply with the observation of con-

siderable hysteresis in Fe2TiO 5 and MgTi 2O5. 
7,8 This difference in hysteresis

behavior must be attributed to the difference in mechanisms responsible for the

microcracking . For the titanates , in which microcracking results from therma l

+ Isolated and approxima tely spherical particles of zirconi~ in the alumina
matrix are revealed in the TEM micrographs of reference. (3, 11) 
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expi- nsion anisotropy, the d2gree qf microcracking (number , size , and

separation wi dth of the cr cks) is a function of the amount of cooling

from the specimen preparation temperature (strictly the temperature

below which any internal stresses can no longe r relax due to creep) . On

heating , the degree of microcracking is reduced by crack healing due to

diffusio nal processes or other mechanisms . Crack closure or reopeni ng

during temperature cycling then gives rise to the hysteresis effect. In

contrast ,microcracking in the alurnina /zi rconia composite system occurs as

the result of the phase transformation in the temperature range near the

upper limit of the present observations . Below the transformation tern-

perature,the degree of rnicrocracking is unaffected by temperature cycling

to a first approximati on and crack closure is avoided. Once formed , the

microcrack s t ruc tu re  is m a i n t a ined by the ex panded zirconia part ic les.

Therefore, the thermal diffus ivi ty, which has been considerably reduced

by the formation of the niicrocracks , no longer changes with temperature

cycling.

The lack of hysteresis in the thermal diffusivity of the alumina !

zirconia composite on temperature cycling below the zirconia transformation

temperature also should be observed for mechanical properties , such as

fracture toughness or thermal expansion. This conclusion is particularly

applicable for the development of high temperature ma terials which per-

manently combine high therma l shock resistance wi th good therma l insulating

properties during temperature cycling . 
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APPENDIX D

EFFECT OF MICROCRACKING ON THE THERMAL DIFFUSIVITY

OF POLYCRYSTALLINE ALUMINUM NIOBA T E
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Microcracks in brittle ceramic materials can have a profound effect on

physical properties such as mechanical behavior and thermal properties. ’’6

In addition , on heating and cooling a significant hysteresis effect also is fre-

quently observed . In two previous studies the effect of micro -cracking and

corresponding hysteresis behavior was reported for the thermal diffusivity of

i ron titanate5 and magnesium dititanate. 6 The present note reports results

for the effect of micro-crackin g on the thermal diffusivity of polycrystalline

aluminum niobate .

Aluminum niobate (A1NbO 4) was prepared by the solid state reaction

between powders of A1 203* and Nb205**. The materials were mixed by dry-ball-

millin g for five hours followed by firing in air for 4 hours at 1200°C . The

result i ng MNbO4 powder was then dry-ba llmilled an additional 5 hours and screen-

granu lated with 4 w/o paraffin. Two billets were prepared by cold pressing at

1.4 X 108 N.m 2 
fol lowed by firing in air at 1350 °C for periods of two hours.

One of these billets was fired for an additional 24 hours at 1400°C to promote

grain growth. The density for both these billets was 4.20 gm. cc~~. A third

billet was prepared by hot-pressing in a graphite die at 1300°C and a p ressure

of 2.5 X 1O~ N.m 2 for 2 hours , in order to obtain a fine-grained sample with

a minimum degree of micro-crack ing. The density for this piece was found to be

4.31 gm. cc~~.

Figure 1 shows typical SEM micrographs of fracture surfaces of the three

billets. The grain size of the hot-pressed billet , determined from micrographs

by the linear intercept method,was of the order of 2 tim. The bi ll et ,fired for

two hours at 1350°C, had an average grain size of about 3 ~im which increased

* Alcoa A— 16, 99.5% purity

** Kennametal , 99 .5~ purity 
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to about 7 ~im during the subsequent firing at 14000C for 24 hours . No evidence

of microcracking could be found for the hot-pressed billet . Numerous SEM

micrographs indicated the presence of microcracks in the sintered samples.

Unfortunately, no quantitative measure of the micro-crack density and the

crack size distribution was possible. The grain size dependence of the degree

of microcracking is in agreement with observation reported previously. 3’5’6

The thermal diffusivity of the alumin um niobate was measured from room

temperature to about 850°C by the laser-flash technique ‘ using a specimen

geometry and equipment described in detail elsewhere .5’6 The transient

temperature response of the specimen was monitored by a thermocouple attached

to the specimen with ceramic cement. A total heating and cooling cycle was

completed within a single day , taking approximately 12 hours.

The experimental data for the the,rnE diffusivity are shown in figure 2.

For the fine-grained hot—pressed sample the data for heating and cooling coin-

cide , indicative of the absence of micro_cracking .* In contrast , the two coarser-

grained samples exhibit significant hysteresis, as expected from the dependence

of micro-cracking on grain size.3’5’6 The maximum decrease in thermal diffu-

sivity of the present samples due to the micro-cracking is of the order of 40’ .

This decrease is somewhat less than observed for i ron-titanate or magnesium

dititanate , which may be attributed to the smaller range of grain size of the

present samples combined with differences in the thermal expansion anisotropy .

Since the specific density of the present samples is hardly, if any , affected

by the micro- -cracking , the observed changes in diffusivity can be attributed pri-

marily to changes in thermal conductivity , since the micro-cracks are significant

barriers to heat flow .

* A duplicate experiment , using an IR-detector for monitoring the transient

specimen temperature , also indicated a complete absence of hysteresis for

the hot-pressed specimen to temperatures as high as 1000°C.

— 2—
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Of interest to note is that f ‘r the coarser grained samples the therma l

diffusivity on cooling exceeds the values on the heating part of the cycle.

This is indicative of a permanent crack healing and/or closure at the higher

temperatures without new crack formation or opening on subsequent cooling.

This behavior is in contrast to the observations for i ron titanate 5 and mag-

nesium dititanate 6 which show evidence of extensive new crack formation or

crack opening . For the present samples no such new crack formation exists

wh ich suggests that the crack healing/closure is permanent. In fact, a repeat

heating and cooling of the two coarse-grained samples show no hysteresis; the

data for thermal -diffusivity coincides with the cooling curves of the first

cycle in Fig. 2. This indicates that the effect of micro -crackin g on physical

properties appears to be a maximum after the first cooling from the firing

temperature . Previously 5’6 it was suggested that such a recovery in therma l

diffus -fvity was due to crack healing or closure or to a change in crack morpho-

l ogy which permitted increased heat transfer by radiation along the crack.

However , a more plausible and more fundamental explanation can be given .

This explanation , as discussed by Hasselman8 in detail , is based on the fact

that crack propagation under therma l stress can occur in a stable or unstable

- . (catastrophic) manner. For stable crack propagation the driving force for ad-

ditional crack propagation equals the surface energy required for fracture sur-

face formation. Under these cond itior the crack length is always directly

dependent on the degree of cooling . During unstable crack propagation , however ,

the elastic energy released exceeds the surface fracture energy ; the excess

energy is converted into kinetic energy of the propagating crack. The crack

will continue to gain kinetic energy until the elastic energy released equals

the fracture surface energy which is the condition at which a stable crack would

be arrested . The unstable crack , however , will continue to propagate until all

-3-
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the kinetic energy is transformed into fracture surface energy (neglecting

other forms of energy dissipation . As a result the final crack length which

results from unstable propagation is “subcritical” with a length in excess of

the length which woul d have been formed under the same cooling conditions for

sta ble crack propagation . For such a ‘~subcr itica 1” crack , closure or healing

of the excess length will reduce the sum of the elastic and surface energy

until the length of the stable crack configura tion is reached . At the higher

temperatures at which the cracks are expected to be c losed or nearly so , such

crack healing should occur with little , if any , material transport. Stable

cracks should also heal at the hi gher temperatures; but these should re-open

on subsequent cooling. Subcritical cracks which healed over their range of

“subcritica lity ,” however , will not re-open or re-form , resulting in a per-

manent recovery of the thermal diffusivity . The experimental data for the

present aluminum niobate samples are consistent with the behavior expected

if the ori g inal micro-cracks when formed propagated in an unstable manner. The

excess length of the sub-critical crack heals or closes permanently during the

subsequent re-heat for the measurement of the thermal diffusivity.

In genera l, the length for stable or unsta ble crack arrest is expected

to be a function of environmental factors. If after crac k healing in an in-

ert env ironment the samples were held in a stress-corrosive environment , new

micro crack growth by a fatigue process may occur . Under these conditions a

time-dependent change in physical properties is expected . For instance ,

Manning 9 observed a nearly 5C~ decrease in Young ’s modulus of Nb2O5 over a

24- : our period following a prior heating to high temperature .
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ABSTRACT

The hypothesis is presented that the maximum tensile therma l stresses

in br ttle ceramics can be reduced significantly by a redistribution of

the temperature profile by means of a spatially varying therma l conduc-

tivity. On the basis of a hollow circular cylinder subjected to radially

i nward or outward steady-state heat flow , it is shown that indeed such a

spatially varying thermal conductivity can lead to significant decreases

in magnitude of the maximum tensile thermal stress. Possible techniques

of creating such therma l conductivity variations are discussed briefly.
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I
I. INTRODUCTION

Brittle structura l c ‘ramic~ for high-temperature app lications are highly

susceptible to therma l stress fracture. 1 The incidence of therma l stress

fracture can be reduce d by the select ion of mater ials w i th values as low as

possible of the coefficient of therma l expansion , Young ’s modulus of elas-

ticity , Poisson ’s ratio and emissivity in combination with high values of

tensile strength , therma l conductivity and therma l diffu sivity. 1 Rapid

crack arrest after therma l stress fracture can be promoted by selecting

materials with moderate strength, high Young ’s modulus  an d hig h va l ues of

fracture energy and which exhibit stable crack propagation. 2 From the

po int of v i ew of engi neer i ng desi gn, therma l stresses can be reduced by

decreasing the structure size and developing highly compliant structures

L 

with a minimum of external mechanical constraints.

In genera l the magnitude of therma l stress is governed by both the

tota l temperature difference within the structure and the temperature dis-

tribution. 1nder steady-state or transient heat transfer the temperatur e

distribution is governed by the therma l conductivity and/or therma l dif-

fusivity. This suggests that therma l stress levels can be reduced by alter-

ing the temperature distribution simp l y by developing structures with a

spatial variation in therma l conductivity or diffusiv ity. As far as the

present authors are aware , this technique has not bee suggested previ ousl y.

Such spatial variation of therma l conductivity is easily accounted for in

therma l stress calculations by numerical methods. It is the purpose of

this paper to demonstra te the validity of the proposed method by analytical

derivations of therma l stresses under conditions of steady—state heat trans-

fer i n s truc tures of s i mp le geome t ry in wh i ch the therma l co nd uc t i v i ty ha s

a spatial dependence and all other relevant properties are held invariant.

— - 5 
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Major changes in therma l conductivity can be accomplished by introducing

lattice defects such as mpurit ies , vacanc ies or solid-solution alloy-

ing additions. (5,6) For any specific material system ,i f such la t t ice de-

fects were to cause minor or major changes in properties other than therma l

conduc ti v i ty and the i r dependence on tempera ture , such changes can also be

i ncor pora ted eas i ly i n therma l stress ca l cu l a ti ons us ing  numer ical tech-

niques.

In order to quantitatively assess the effect of this single variable ,

this study will focus on the spatial variation of therma l conductivity only.

Specifically, the anal ys i s w i ll be base d on a hollow c i rcular cyli nder w ith

radially outwa rd and i nward steady-state flow .

II. ANAL YSIS —

A. Hollow cylinder with radially outward heat flow .

An infinitely long hollow circular cylinder with a ~- r < b , w here

i and b are the inner and outer radius , resp. , is considered . The sur-

face temperature Tb (at r = b) is arbitrarily selected as Tb = 0.

the remperature AT at the inner surface (at r = a) is the result of

a uniform heat flux Q per unit length. Heat flow occurs in the radial

direction only. Under steady-state conditions the genera l expression for

hea t conduction is

Q = - 2nrK (dT/dr) (1)

where K is the therma l conductivity and (dT/dr) is the temperature

gradient at radius r.

The dependence of the therma l conductivity on a structural or

compositional variable arbitrarily is assumed to be of the form

= K 0 
(1 + f )  

1 0 (2)

-2-



where f is a function of the d fect concentration and its effect on the

thermal conductivity . A an e ample consider the effect of 30% chromia

alloy ing on the thermal conductivity of alumina at 200°C. From the

data of Matta and Hasselman , 5 can be deduced to be approximately

equal to unity . This corresponds to a decrease in thermal conductivity

value from that of a pure alumina of approximately a factor of 2.

By allow ing f in Eq. (2) to be a function of r, the spatial dependence

of the therma l conductivit y can be introduced. Setting f = f0 at r = a,

f was chosen arbitrari ly as

f = f (a/r)n (3)

where n is referred to as the thermal conductivity distribution constant .

Equations (2) and (3) together give the spatial dependence of the thermal

conductivity . Upon substitution into Eq. (1) and integrating, wi th the

boundary condition that when r = b , T = 0 , Eq . (1) yields the temperature

distribution

~~~~~~~~~~~~ {~~n(~~) + (4)

Considering that I = AT when r = a, Eq. (4) can be re-expressed as

r~~ Tf 
(
~~
)

l~i(- ;)~~ -
~~

[l  _ ( —
~
) ]

The therma l stresses in a hollow cylinder consist of radial ,

tangential and longitudina l stresses. The tangential and longitudinal

stresses have their extremum values and are equal at the ins ide

55 -3- - ‘ - -- 5 -- , -



or outside surface (r = a,b). For the present study the magnitude of

the maximum tensile str~ss is of interest. For simplicity then, only

the longitudinal stress 
~ 

need be examined .

The general expression for the longitudinal stress(s) in a hollow

cylinder is

~~~~~~ ~ J
~~~~r~~ r - T(r)] (6)

Substi tution of Eq. (5) into Eq. (6) yields

i b i  tt~ 1b~ 
1.( ~ ’~” ~~~~ [(~~~\ f l_ [~~~~~ j~~~

- tn~ ~1 ~~~ j .L ’h I~’~i) — 
~~~~ \TJ .~(n..2) (b~aT) L~bI ~~~ ~ (7)2 

‘

~~~~~~

‘ L tn (.~.) .

~~ ~~ (.il )~J J
In order to examine the effect of extreme thermal conductivity

gradients on the magnitude of thermal stress, in addition to the above

analysis , the spatial dependence of the thermal conductivity was chosen

- 
- 

as

f = f0(b/r)’~ 
(8)

such that f = f0 at b = r. Equation (8) implies that for high values of n,

the thermal conducti vi ty at r = a will reach very low values .

Substitution of Eq. (8) and Eq. (2) into Eq. (1), followed by

integration of Eq. (1), and again using the boundary condition that T =0

when r = b , yields the temperature distribution

I Ln (
~
) + 

~ 
(~

) 
n 

- }
(9)
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Follow in i the procedure sed I ) obtain Eq. (5), Eq. (9) can be expressed

in terms of Al as
( (b\ ~~~~~~

~T - ~ i 

~[ ( b )  + f~~(
b)fl]~~~~ (10)

Substitution of Eq. (10) into Eq. (6) yields the longi tudinal stress

1 b \  ~~~~ Ib\ -ç /br 2 4,,cL1~ _..1f~~~ (b_\ ’ll
~ E~T J~~ 

— m n ~~~) ~~~FJ ~~~~~~~~~~~~~~~~~~~ 
- 

~~~~~~ (11)Z 1-i) ln(k) ~~~~.& 1(.k ~V~~~~ .1a

B. Hollow cylinder with radially inward heat flow.

An infinitely long hollow cylinder wi th a < r < b is again considered .

The inside surface temperature Ta (at r = a) is taken as T = 0. The temper-

ature AT at the outer surface (at r = b) is the result of a uniform heat flux

Q per length of cylinder. Under conditions of steady-state heat flow , the

general expression for inward radial heat flow is

Q 
= 2irrK (dT/dr) (12)

The spatial dependence of thermal conductivity is again established

by taking f ir Eq. (2) arbitrarily as

f f0(r/b)
n (13)

Substitution of Eq. (13) into Eq. (2) and then into Eq. (12) followed

by integration , with the boundary condition that I = 0 at r =a , yields the

temperature distribution

T= 
2rr k~ 

{ ( h(~~~~ ) 

~~ 

(14)
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which can be ex p ressed i I ten ~ of AT by

A7 : ( -
~~~ I } (15)

As for the previous case of radially outward heat flow , the extremum

values of thermal stress can be obtained by considering the longitudina l

stress only. Substitution of Eq. (15) into Eq. (6) yields

r 
~~~ f~

,\ 
- ~~ 

f ( ~~~~~~ 2 C~ — ~~~~~~~ 
]

~~~~~~~~ Ln (a)~~~~~~~~~
n)
~~~ --

~; \ /~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (16)
~ 

.

~~~
[i (

~Y’] j
III . RESULTS AND DISCUSSION

Figure 1 shows the calculated values of maximum tensile thermal stress

(occuring at r b) for the hollow cylinder wi th outward radial heat flow

and a thermal conductivity with a spatial distribution described by Eqs.

(2) and (3). The curves are drawn for a range of f 0 values and three cases

of relative wall  thickness ( i .e., b/a ratio). The maximum therma l stress

va l ues for a uniform therma l conductivity distribution (i.e. , for f0 = 0)

are also in dicated by a dashed line for each case.

I t is clearly evident from these calculated data that a thermal

conduc ti vity grad ient can lea d to s ig nifi can t decreases in the magn i-

tude of tensile thermal stresses . The effect is most pronounced for

the thick-walled cylinder , where the reduction in therma l stress level is

of the order of three for the range of f0 and n values considered. The

amount of reduction in therma l stress levels which can be obtained decreases

wi th decreasing b/a ratio. Nevertheless , even for b/a = 1.1 the reduction

is sufficient to be of practical engin eerinu si rni fi cance .

— 1 - —
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In Fig, 1 for b/a = 10 , it may be noted that the r inimum in tensile

therma l stress occurs a~ inte ediate values f n. This effect genera l-

ly would bcS expected fr I the specific t r - r ’ ,i conductivity distributi on

resulting from Eqs. (2) nd (3). At very low value s of n the therma l

conducti vit~ throughout the thickness is approximately equal to the therma l

conductivity at r a. This results in a relatively uniform thermal con-

ductivity and little change in therma l stress levels. At very high values

of n the therma l conductivity approaches the ori ginal conductivity K0

throughout the thickness, with the exception at r = a. Again , there is

little effect on the magnitude of the tensile therma l stress. Only at

intermediate values of n,for which the relative change in therma l con-

ductivity exhibits the greatest degree of non -uniformit y,will a large

reduction in the magnitude of the maximum tensile thermal stress occur.

Although this effect is clearly evident for b/a = JO , a similar minimum

also is expected for b/a = 1.1 and 2 at va l ues of n higher than those

indicated in Fi g. 1 .

The minimum value of the therma l conductivity distribution for the

data shown in Fig. 1 , K = K0 / (1 + f0), occurs at r = a. With increas-

ing r , K approaches K0 more or less rapidly depending on the value of n.

In contrast for the thermal conductivity distr ibut ion given by Eqs. (2)

and (8), K = I(~ / (1 + f0) is now the maximum therma l conductivity and

occurs at r = b. Again depending on the value of n chosen , the rel-

ative therma l conductivity decreases more and more rapidly as r de-

creases. This results in sharply contrasting therma l stress levels as

indicated in Fig. 2. In this figure the data show that with increasing

n values (i.e., l ower therr’ ;il conductivity at r = a), the therma l stress

levels can be reduced by up to an order of magnitude .

t i
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In Fig. 2 the curves for the various b/a values were extended to

inclu de a va l ue of therma l conductivity at r = a which is 0.001 of the

value at r = b and which may represent an exaggerated case. However ,

of interest to note is that at these thermal conductivity ratios , the com-

pressive thermal stress at r = a equals — aELsT/(l-v); whereas the maximum

tensile therma l stress at r = b approaches zero. This automatically

suggests for the specific heat transfer conditions selected for this anal-

ysis that the application of a thin coating of a low thermal conductivity

material at the hot surface can be very effective in increasing the thermal

stress resistance of the coated ceramic. The physica l reason for this is

that for a given value of AT across the cylinder wall most of the temper-

ature difference occurs in the low therma l conductivity coating. This causes

a very low temperature gradient and low tensile therma l stresses in the

outer cooler regions of the body .

Figure 3 indicates values of the maximum tensile therma l stress at

r = a for the hollow cylinder subjected to inwa rd radial heat flow and

the thermal conductivity distribution resulting from Eqs. (2) and (13).

With the exception that the magnitude of stress reduction obtainable with

a therma l conductivity gradient appears to be somewhat less , effects

qualitatively similar to the results for the radial outward heat flow

shown in Fig. 1 are noted .

The results shown in Figs. 1 , 2, and 3 offer firm evidence for the

validity of the hypothesis that thermal conductivity gradients can be

used to advantage in improving therma l stress resistance. Although the

results presented were derived for a specific geometry under conditions

of steady—state heat flow , they should hav ’ genera l appli ca b ilit y for

-8-
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other geometries and perhaps transient heat flow as well.

TI- .~ present analysis , for convenience reasons , was based on a spatial

decrease in therma l conductivity . Whether a decrease or increase in con-

ductivity was employed is immaterial ,since the magnitude of thermal stress

for the heat flow conditions chosen (i.e., fixed ~T) is a function only of

the relative therma l conductivity distribution. The choice of selective-

ly increasing or decreasing therma l conductivity will depend on whether

the specific geometry under consideration should function as a good thermal

insulator or a good thermal conductor.

In principle the concept of using a therma l conductivity gradient for

reducing therma l stress levels can also be used to decrease therma l stress-

es which arise from the temperature dependence of the thermal conductivity .

Such a situation can arise, for instance, under conditions of a steady-state

heat flow across a flat plate. In this case for a therma l conductivity

independent of temperature , the temperature distribution will be linear and

zero thermal stress results. However, as shown by Ganguly and Hasselmar 6

for aluminum oxide , the temperature dependence of the therma l conductivity

causes deviations in linearity of the temperature distribution which re-

suits in appreciable levels of therma l stress. By means of a suitable

therma l conductivity gradient the temperature dependence of the thermal

conductivity can be offset to result in zero thermal stress. For the

flat plate of alumina considered by Ganguly and Hasselman 6 where the

therma l conductivity has a reciprocal temperature dependence , the tem-

perature distribution can be linearized by decreasing the thermal con-

ductivity at the cooler parts of the plate or increasing the therma l

conductivity in the hotter sections of the plate.

The specific technique for modifying the therma l conductivity

-9-
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distribution will depend on the material system under consideration . For

crystalline materials the thermal conductivity gradient can be established

by solid—solution or impuri ty gradients . By means of selective phase

additions a thermal conductivity gradient also can be easily established

in a similar way. A spatially varying degree of crystallization in glass—

cerami cs should prove to be very effective in producing the required thermal

conductivi ty gradients in view of the large relative difference in thermal

conductivity of glassy and crystalline materials. The use of second phases ,

which alter properties in addition to thermal conductivi ty, can be used to

even greater advantage. Alloying cerami cs wi th metals in many cases can

improve thermal conductivity and decrease such properties as Young ’s

modulus of elasticity and the coefficient of thermal expansion. Graded

structures of such cermets may have exceptional thermi~ ‘‘ess resistance.

Very large thermal conductivity gradients can result inging the heat

conduction mechanism within a material from phonon transport with relative-

ly low thermal conductivity to electron transport wi th a much higher thermal

conductivity . Graded porous structures also may be used to considerable

advantage. Clearly each thermal stress situation should be exami ned in-

dividually to determine the most appropriate technique of producing a thermal

conductivity gradient.

In sumary, the present study demonstrates that modification of the

temperature distribution within a cerami c structure subjected to steady-

state heat flow by means of a therma l conductivity gradient can lead to

substantial decreases in tensile thermal stress levels.

-10-
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EFFECT OF CRYSTALLIZATION OF THE THERMAL
DIFF vSIVIT Y OF A MICA GLASS-CERAMIC

H.J. Siebeneck, K. Chyung, D.P.H. Hasselman , and G. E. Youngblood

The conduction of heat in dense dielectric materials occurs primarily

by phonon and photon transport. For a given material , phonon heat transfer

is strongly controlled by the perfection of the crystal structure , such as

the degree of crystallinity 1 or the number of foreign atoms , 2 vacan-

cies , 3 and other phonons. ~ Photon transport is strongly affected by

the emission and absorption characteristics ~ of the material itself as

well as by the scattering 6 at optical discontinuities such as pores or

grain boundaries 7 -in optically inhomogeneous materials and at inclusion s

wi th refraction and transmission properti es other than those of the host

matrix. 6 The thermal conductivities due to phonon and photon transport

generall y show a negative and positive temperature dependence, respectively.

The temperature dependence for a given material will depend on the relative

contributions of the phonon and photon heat transfer to the total thermal

conductivity .

Many of the structural and compositional features which affect phonon

and photon heat transfer are a function of the fabrication history of the

material. As a result , for a given material a degree of contro l exists over

the thermal conductivity and its temperature dependence. Ihts hypothesis

is illustrated by experimenta l data for the thermal diffusivity and con-

ductivity of a glass-ceramic subjected to a series of heat treatments.

The glass -ceramic chosen for this study was a f luorophlogopite mica

glass_cerami c* described in detail elsewhere . 8 The high degree of

machinability of this glass-ceramic assisted in the prepa ration of specimens .

* Code 9658, Corning Glass Works , Corning , NY 
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The gl iss—c eramic , origi lally in a two-phase glassy state was partially

crystallized by heat traatment for 4 hours at 800°C, 850°C, 900°C, and 950°C

followed by replication electron microscopy and density measurements . The

therma l diffu sivity over the temperature range of 25°C to 800°C was measured

by the laser-flash diffusiv ity technique ~ using equipment described in

detail elsewhere. 2 In this measurement the transient te:perature of the

specimen was monitored by a thermocouple attached with a cerami c cement to

a 0.1 inch thick disc— shaped specimen.

Figure la shows the microstructure of the original as-cooled glass which

shows evidence for liquid -l iquid phase separation essential for the~ crystal

nuclea tion. Figures lb . ic , and id show the structure of the gla : .~ crystal-

lized at 800°C, 900°C, and 950°C. As reported in detail by Chyung ~~ 
8

the glass undergoes a complex three-stage crystallization sequence on heating

tha t even tually leads to fluorophlogopite mica formation. Briefly the stages

are (a) heterogeneous nuclea tion of chondrodite -like crystals and their growth

into the matrix above 650°C fol l owed by, (b) the recrystallization of the chon-

drodite to norbergite above 750°C, and finall y (c) epitaxi al growth of phiogopite

crystals on norbergite above 850°C. Ta b le I gives the densities and fractional

crystall i za t ion content which were est i mate d from the electron mi crographs .

Fi gure 2 i l lustrates the temperature dependence of the therma l diffus ivity

on crystallization temperature . These results clearly indicate that the crystal-

lization causes an appreciable increase in the therma l diffusivity and a large

chan ge in its temperature dependence as well. These observations can be ex-

plained qualitative ly in terms of mechanisms of heat transfer in solids .

In general , the therma l conductivity (k) of a solid ma terial controlled

by a given mechanism can be expressed

k = 1/3 sv-e (1)

-2-
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where s is the contribution of the heat transfer mechanism to the specifi c

heat per unit volume , v is the velocity of the carrier for the particular

mechanism of heat transfer and ~ is the corresponding mean free path of

the carrier .

The thermal diffusivit y (a) is defined by

a k/pc (2)

where p is the density and c is the specific heat per unit mass with pc = s.

Substitution of Equation (1) for k in Equation (2) yields

a = 1/3 v-e (3)

Equation (3) indicates that the thermal diffusivit y can be expressed

in terms of carrier mean free path and velocity only.

In the present mica glass-ceramics heat conduction occurs primarily by

phonon and photon transport processes. Phonon transport will predominate at

the lower temperatures ~nd will exhibit a negative temperature dependence;

photon heat transfer wi th its positive temperature dependence will make an

i ncreased contribution to the therma l diffusivity at the higher temperatures .

The two contributing mechanisms and their temperature dependence will result

in a U-shaped form of the a vs. temperature (1) curves , indeed as observed

for the p resent data .

The major part of the increase in the thermal diffusivity at the lower

temperatures most likely can be attributed to an increase in the mean free

path and velocity within the crystalline phase , which results in an increase

in the overall therma l diffusivity of the glass-crystal composite . The amount

of increase in thermal diffusivity due to the crystallization diminishes with

increasing temperature. This can be attributed to a reduction of the relative

contribution of photon heat transfer to the tota l thermal conductivity . This

is the result of increased photon scattering (i.e., reduction in photon mean

-3- 
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free path ) at the crystallite —glass phase boundaries . The shift in the Cinima

of the a vs. I curves with increased crystallization temperature also is indic-

ative of this effect. The near coincidence of a vs. T at 800°C for the three

highes t crystallization temperatures suggests that the presence of the crystal-

line phase in fact has caused a reduction in the absolute amount of photon

heat transfer approxima tely equal to the increase due to phonon heat transfer.

A quantitative theoretica l estimate of the present data in terms of phonon and

photon transport contributions and scatteri .ig processes is expected to be of

conside rable complexity due particularly to the irregular crystalline particle

shape and the expected anisotropic behavior of the mica-phase.

Nevertheless , the present data illustrate that the heat conduction pro-

perties of dielectric materials can be controlled , at least within some limi ts,

by microstructura l and/or compositional modifi cations . This in particular is

the case for glass-cerami cs in view of their wide range of possible modifica-

tions as well as the general ease of process control for these materials. For

instance , the thermal diffusivity of the present fluorophlogopite mica glass-

cerami cs are about a factor of three lower than the corresponding values for
* 10Pyroceram C-9606 or C-9608.

* Corning Glass Works , Corning, NY
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Table I. Density and Crystal linity of Mi ca Glass-Cerami c

Vol. ¼
Heat Treatment Density (gr/cm 3) Crystallinity

1) Glass (as-cooled) 2.486 0

2) 800°C-4 hrs . 2.505 40

3) 850°C-4 hrs. 2.511 40-45

4) 900°C-4 hrs. 2.543 40-50

5) 95O°C-4 hrs. 2.542 45-50

-6-
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Figure 1. Electron replication microgr aphs of crystallized mi ca glass-ceramics.
(a) as-cooled glass and glass crystallized at (b) 800°C, (c) 900°C,
and (d) 950°C. 3ar indica tes one micron .
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