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This report sun,narizes the results of a one-year research program

devoted to an investigation of the effec t of compositiona l and micro-

structu’ral variables on the therma l conductivity/diffusiv ity of en-

gineering ceramics. Particular emphasis was placed on studies of

therma l transport phenomena in composite materials. A total of six

completed studies have resulted during this program , with another four

In progress, as follows :

(i~ Effect of Crystalhzation on the Therma l Diffus ivity of a
Cordierite Glass -Ceramic.

Thermal Diffu sivity ‘of Ba-Mica/Alum i na Composites.

3. Therma l Di ffu siv ity of Al~0~ with Dispersed Monoclinic and
Tetragona l Zr0~ partic les.

4 Effec t o~ Therma l Expans it ; Mi~ ” a t ~ h on the Therma l Diffusiv —
ity of Gla ss-ui Composi tes.

(s. S imple Laser Pulse Calorimeter .

~6. Therma l Diffusivity/Conductiv ity of Dense Magnesia/Magnesia -
Alum ina Spine) Ceramic.

(7. Therma l Diffu sivity of Al~O~!SlC Composites .

( ~~~, Therma l Diffusivity of MgO/SIC Composites.

(94 Therma l fli f ’:~’~ivity of A )~O /TlC C~~.~~sites.

(‘104 Therma l Di ffu sivity of a Partially Hectronic Conducting Ceramic
Yttrium Chromites.
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TITLE: Thermal Conductivity and Diffusiv ity of Engineering Ceramics

I. INTRODUCTION

The general objective of this program is to develop a quantitative under-

stand ing of the thermal conductivity and diffusivity of engineering cere.mics

In terms of phase composItion, stoichlometry , purity, and microstructural

features such as porosity , grain si ze, texture , phase distribution and geo-

metry, and interphase bondinj. Particular emphasis Is placed on studies

of thermal transport phenomena In composite materials. Depending upon the

fabrication techniques utilized , physical properties of composite materials

such as mechanical strength and elastic properties , thermal shock/fatigue

resistance , erosion/corrosion resIstance , resistance to creep deformation

at hiqh temperatures and electrical conductance as wel l as thermal conduc-

t ivity /d iffus iv ity may be adjusted over a wide range of values for optimized

end uses. Correlation of these properties together with analysis of thermal

transport properties aid in understanding some of the unique properties ob-

served in composite materials.

To promote maximum productivIty , the program is being carried out

through a number of cooperative efforts with scientists at other organiza-

tions who supply appropriate specimens and other technical data . The

effort at NERDI Is concentrated on the measurement and interpretation of

thermal diffusivity data . The program thus benefits from a combination of

expertise. In addition, the cooperating scientists obtain data and char-

acterization for their materials without a large investment In time and

equipment. The cooperating organizations and the materials which they

have supplied are listed in Table I.

The ceramic ma ter i als listed in Table I have current or future p0-

tentia l structural application at low , moderate , or high temperatures .

I i• 
__

_ _
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TABLE I.--Cooperatlng organizations and ceramic ma terials for therma l
diffusivity studies.

Organizations Materials

1. Naval Research Laboratory Al 203/BN composites
84C/C composites

2. Max Planck Institute Al 203/Zr02 composites
Si 3N4/Zr02 composites
Al 203/Zr02 textured composites
Al 203/T IC composites

3. AP4IRC A1 203/Ba-m lca composites

4. UniversIty of California Glass/Ni composites (bonded and

non-bonded)

5. Ceradyne , Inc . A 1 203/SIC composites
Al 203/T 1C composites
MgO/S1C compos ites
BeO/S IC composites
MgO

6. Trans-Tec h, Inc . MgO/MgAl 2O4 composites
MgAl 2O4
YCaCrO3 (with NBS )

7. Karwell (England) NI/Al203 composites

8. Fansteel Al 203/TIC

9. CornIng Glass Works Glass-ceramics

0
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Many of the composites are intended for electronic or optical purposes

in industrial and/or defense-related applications; some of the other ma-

terIals included are used to investigate fundamental heat conduction

phenomena in heterogeneous or textured systems.

This report presents the results of the past year ’ s research activ-

ities. Section II review s the experimental procedure emp loyed including

several modifications adopted to upgrade or expand analytic capability ;

Section III si.nnarizes the results for the six studies completed during

the past year; Section IV contains the preliminary results and ana lyses

for four s tudies which are in progress; and Section V contains complete

reprints or drafts of papers describing the six studies si.minarized in

Section III.

For reference , a list of 17 technical articles which have resulted

from this program during a previous three year contract (5/15/74 to

7/ 1/ 77) is given in Appendix A. Also listed are two articles for which

the work was In progress during the previous contract and was completed

during the current contract year (8/ 15/78 to 8/ 14/79) and four articles

for which the experimental work has been completed and the articles are

in revIew .

II. EXPERIMENTAL PROCEDURE

The laser-flash diffusivity technique1 was selected as the primary

method of determ i nation of thermal transport properties. This method has

been demonstrated to be rapid , conven ient, and to give reproducible re- -
:

sults. Furthermore, this technique uses a very small and simple specimen

J. Parker, R. J. Jenkins, C. P. Butler and G. L. Abbot, “Flash Method
of Determining Thermal Diffusivity , Heat Capacity, and Thermal Conduc-
tivit~,~,” Journal of Applied Physics, 32 (9), 1679-81 (1961).

I - 
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geometry. Emphasis has been to obtain well-characterized samples from

cooperating researchers so that the major effort could be devoted prin-

cipally to the measurement and analysis of thermal properties. Since

inicrostructure plays such an important role in determining the physical

properties of ceramics, in-house facilities for optical and scanning elec-

tron microscopy anal ysis have been added during this past year.

The laser used for this program Is of the glass-neod ymium type

(Korad 1K-i) which fires a si ngle pulse (pulse width of ~8OO nsec) of

1.06 ~rn radiation. The laser flash is directed at one face of a disc-

shaped specimen, measuring 1/2 Inch diameter by <0.1 inch thick and

mounted in a suitable specimen holder within a cylindrical graphite

chamber. In turn , the graphite chamber is conta i ned in a high-temperature

furnace (Astro Industries #1000) capable of attaining a temperature in

excess of 2500°C. Specimens are coated with a thin layer of carbon In or-

der to make them opaque to the laser radiat ion and to make the emittance/

absorptance characteristics of all specimens the same.

During the past year the transient temperature detection system has

been upgraded to extend the temperature range for thermal diffusivity

measurements. An Infrared (InSb) detector (Barnes Engineering #11-78) is
0

capable of measurements in the 200- 1200°C temperature range. A thenno-

couple detector to cover the RT-400°C range and a photodiode detector to

cover the 1000-2000°C range were designed and built. For low temperature
0 

work the laser beam is deflected onto a sample held In a machined brass

sample holder inside a spl it-tube wire-wound furnace. The thermocouple is a 
-;

I r spring-loaded intrinsic type which has a fast response time. This arrangement

facilitates rapid sample placement and removal . Thermal diffusivity values

_ _ _ _  

_  
-



can be quickl y surveyed over a limited temperature range, at one ten-

perature for a large nLanber of samples in one day, or even simul taneously

with another sample mounted in the high temperature rig. For measure-

ments at very high temperatures (1000-2000°C), a silicon-diffused pin

photodiode with associated electronics was mounted in a holder that swings

into aiigrwnent using the same aligrunent pins as used for the Infrared

detector. In this manner thermal diffusivity measurements can be made

over a 200°C overlap region to ensure all three detector systems are in

coincidence. The transient signal from any of the detectors is recorded

on a storage oscilloscope (Tektronix #511 with appropriate plug-ins).

All high temperature measurements (T>200°C) were made In an Inert atmo-

sphere of dry nitrogen and measurements in the low temperature rig were

made In air.

The therma l diffusivity ( .
~) Is calculated from the time (t , ) re-

)

qulred for the temperature rise (~ T)  of the back-face of the specimen to

reach half of its maxinun va l ue (also the steady-state value ) from

-t * A~~/t~ ( 1)

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

value depends on the rate of heat loss f.om the specimen during the time

of measurement. Glass plates were used to attenuate the laser pul se so

that t~T was kept below ~ 3°C. Assuming linear heat flow normal to the

face of the heated disc and no heat losses, A has a value of 0.1388. Heat

loss corrections , estimated to be less than 5% for all measurements below

1400°C, made in a manner described by Hec kman.2 The normal procedure for

2R C. HecI~an, ~Finite Pul se-Time and Heat-Loss Effects in Pulse Thermal
Diffusivity Measurements,TM Journal of Applied Physics, 44 (4), 1455-60
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determining ci(T) consists of firing the laser at least three times at each

O temperature (T) in order to get an average value for ci.

The thermal diffusivity of reference samples of a glass-ceramic

(Corning #C9606), Armco iron , or high-purity MgO Is periodically re-
- determined for calibration purposes. Values of thermal diffusivity from

RI to 1000°C determined for Armco i ron are compared to reference values3

In Figure 1. It is noted that the Curie point at 769°C and the ci-y tran-

sition at 910°C are well-defined by the experimental data in both temper-

ature and magnitude of the thermal diffus lvity . As pointed out by Shanks,

et jj.,3 values of thermal diffusivity , specific heat, and thermal conduc-

tivity can vary by as much as ~1O% above the ci-y transition depending on

thermal history thus explaining the discrepancy In this temperature range.

At lower temperatures, where radiation effects can be neglected, the

thermal dfffus vlty depends only on the elastic wave velocity [v (E/~)
¼)

and phonon mean free path (L) by Cl ~ 1/3 vL and is the more fundamental

thermal transport property . Generally the temperature dependence of ci

can be explained In terms of various scattering mechanisms which affect 1.

For purposes of engineering design requiring steady-state heat flow or

temperature distribution calculations in components, the thermal conductivity

(A ~ must be obtained . For “homogeneousTM materials A can be calculated from

ci, the density (p), and the specific heat capacity at constant pressure (C
u
)

using the equation

o A (T) ci(T) . p(T) . C~(T) (2)

~H. R. Shanks, A. H. Klein , and G. C. Danielson, “Thermal Properties of
Armco Iron,’ Journal of Applied Physics, 38 (7), 2885-92 (1967).

0
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Figure 1. --Measured thermal diffusivity of Armco iron by the laser
f lash di ffuslvity technique compared to reference values.
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In the case of composites, homogeneou~ means ci , p. A , and C are

equivalent bulk properties that yield correct heat flux and boundary

temperatures in materials when inserted Into the standard thermal trans-

port equations.

Calculated values of ACT) for composites then are analyzed by com-

parIson to appropriate models and deviations are explained in terms of

microstructural or compositiona l variables. Corroboration is generally

obtained by analyzing other physical properties such as mechanical strength

or toughness, thermal expansion ,elasticmoduli , and electrical conductance.

III. SU~V4~RY OF RESULTS

The following are brief s~.ai,nar1es of the six technical articles re-

suiting from this research; these articles are presented in their entirety

in Section V. Complete reprints of the other 17 articles are appended in

previous final reports for 1975-77.

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

This research relates the amount of thermal diffusiv ity increase to

the relative amount and type of crystallization obtaIned in a coninercial

glass-ceramic after different heat treatments. The Increases in the thermal

diffus ivity obta i ned for the cordierite glass-ceramic were far greater

than for the mica glass-ceramic studied previously (see Appendix A , No. 15).

This study was carried out In cooperation with researchers at Corning Glass

Works; the technical article appeared in the Journa l of the ~inerican Ceramic

Society.

B. “Thermal Diffusivity of Ba-Mica/Alumina Composites.”

The research analyzes the temperature dependence of the thermal diffu-

sivity of several hot-pressed Ba-mica/alumina composites . The Ba-mica

8
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phase consisted of flakes dispersed In an alumina matrix with prefer-

ential orientation of their basal planes perpendicular to the hot-

— pressing and heat flow directions . With this geometry, the Ba-mica

flakes acted as effective thermal barriers ; the thermal diffusivity

was reduced dramatically parallel to the hot-pressing direction .

This study was carried out In cooperation with researchers at

mIRC; the technical article appeared in the American Ceramic Society

Bulletin.

C. “Thermal Diffusivity of A1 203 with Dispersed Monoclinic and Tetra-gonal Zr02 Particles .”

In this study the variation in the magnitude of the thermal diffu-

sivity values and hysteresis effects were related to the microcracking

characteristics for two types of hot-pressed alumina/zirconia composites

with a range of zirconia content from 0 to 24 vol. 5. In one type

many of the 1r02 part icles exceed the critical size (~ 3 ~an) for tetra-

gonal to monoclinic transformation and in the other most of the Zr02
particles are subcritical. A high density of microcracks , induced in the

alumina matrix during fabrication only in the former type, is responsible

for a large reduction in values of thermal diffus ivity (conductivity) at

temperatures below the zirconia phase transformation (in the 900-1000°C

temperature range in these materials). For successive cycles to temper-

atures above the phase transformation, reproducible hysteresis occurs

in the thermal diffusivity values. This indicates that the microcracks

themselves close and partially heal on heating; on cooling below the

transformation temperature (which Is lower than on the heating part of the

cycle ) , the m ic roc rac ks reopen, restoring their origina l morphology.

This study was carried out In cooperation with researchers at Piax Planck

LI k~ 
9
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Institute ; the results were presented at the 80th annual meeting of the

American Ceramic Society in Cincinnati . A technical paper has been pre-
‘ pared and is in the review stage.

D. “Effect of Thermal Expansion Mismatch on the Thermal Diffusivity of
Glass-NI Composites.”

In this study the effect of interfacial dc-cohesion on the thermal

diffusivity of a hot-pressed glass matrix with a dispersed phase of

nickel (due to thermal expansion mismatch) was investigated by the laser-

flash technique over the temperature range of 25 to 600°C. The inter-

facial gap formed upon cooling acts as a barrier to heat flow and lowers

the thermal diffusivity to values below those predicted from composite

theory. However, the temperature dependence of the thermal diffusivity

is strongly positive. Preoxidation of the Ni spheres promotes inter-

facial bonding to yield values of thermal diffusivity higher than those

for non-oxidized spheres, and a thermal diffusivity which is relatively

temperature i ndependent. The concept of an effective thermal diffusivity

for composites is demonstrated at temperatures near the fabrication tem-

perature, where effects due to thermal expansion mismatch are negligible.

This study was carried out in cooperation with researchers at the

University of California (Berkeley) and Virginia Polytechnic Institute.

A technical paper has been prepared and is In the review stage.

E. “Simple Laser Pulse Calorimeter.”

A technical paper has been prepared which describes a simple and

sensitive relative energy calorimeter. The design incorporates the use

of a silicon diode thermometer on the back face of a graphite disc Infra-

red ibsorber which increases the calorimeter’s sensitivity from about

100 ~V/J, which is typical for a standard calorimeter based on thennoplle

thermometry, to 10 mV/J . This instr~anent allows the simultaneous
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determination of the energy of a short laser pulse and, In this appl i-

cation, the operation of a laser-flash diffusivlty experiment.

This paper has been submitted to the Review of Scientific Instru-.

meptt for publication.

F. “Thermal Diffustvlty/Conductfvity of Dense Magnesia/Magnesia-
Alumina Spinel Ceramics.”

The thermal diffusivity values for a series of dense, poicrystal-

line MgO/MgAl204 compositions ranging 
in NgO concentration from 0 to 100%

were determined during heating and cooling from RI to 1400°C. Binary

mixtures were expected to microcrack due to thermal expansion mismatch be-

tween phases. No hysteresis effects (evidence of microcracking) were ob-

served in the thermal diffusivity for any of these compositions; however,

calculated thermal conductivity values for the intermediate compositions

were lower than could be explained by thermal transport models based on

rule of mixtures , especially below 600°C. These results indicate that

1) microcracks are present which do not thermally heal or extend during

subsequent heating-cooling cycles, thus not causing hysteresis effects,

or 2) solid-solution alloy ing of the MgA l2O4 phase is responsible 
for the

overall lowering of the effective thermal conductivity .

This study was carried out in cooperation with researchers at Trans-

Tec h, Inc . A technical paper has been prepared and is in the review stage.

IV. WORK IN PROGRESS

In addition to the previously described research, thermal diffusivity

data were obtained for other systems including MO/SIC composites, A1203/TIC

composites, and yttrium chromite ceramics. At the end of the contractural

period, further microstructural analysis was needed in most cases before

a final interpretation could be reported and technical publications

_ _ _ _ _ _  

_ _
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prepared. However, some conclusions based on available date are reported

for these partially completed studies.

A. “Thermal Diffusivity of MO/SIC (MO - BEO, A1203, MgO) Composites.”

In cooperation with researchers at Naval Research Laboratory (NRL) and

Ceradyne, Inc ., a systematic study of the thermal transport properties of

hot—pressed composites of A1203, BeO and MgO/SiC was initiated . The corn-

ponents in this series exhibit a range of mismatch of the coefficients of

thermal expansion (8.0, 9.0, 13.6 and 4.5 x lO_6 
~~~~ respectively). Upon

cool ing from fabrication temperatures, residual stresses due to the thermal

expansion mismatch may cause microcracking between phase (grain) boundaries

or in the phase with the larger coefficient of thermal expansion . Reported-

ly microcracking in these materials also may be responsible for enhanced

frac ture toughness (or frac ture sur face energy ) of var ious compos iti ons .

In Figure 2 typical microstructures are depicted for (A) Al 203/S1C,

(B) 14g0/S1C, and (C) Al 203/TiC (See Subsection IV-B) where 
the carbide com-

ponent, represented by the lighter phase in each optical micrograph, is

30 wgt. S for each case. The carbide phase was observed to be well-dispersed

In the metal oxide matrix for all of these composites. When the composites

are cooled from fabrication temperature (or from the minimum temperature

where stress-relaxation can occur), the carbide particles will be in corn-

pression and the oxide matrix in tension ininediately surrounding the par-

ticles. The magnitude of the stress at any location wi ll depend on the

degree of cooling below the stress-relaxation temperature as well as the

difference In thermal expansion coefficients and respective Young’s moduli.

According to theory the stress does not depend upon particle s ize . Micro-

cracki ng occurs , however , when the strain energy density integrated over

the strained volume exceeds the energy required to create new crack sur face
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area. Thus there is a critical particle size (modified by stress in-

tensity factors dependent on particle shape) and concentration dependence

for the onset of microcracking.4’5

It also is noted that SiC is a semi-conductor with a significant

electronic as well as phonon contribution to thermal transport. In fact,

it is the moderately high electrical conductance of the SiC composites

that leads to one of their coninercial application s as microwave absorbing

ceramics. Similarly, the overall thermal conductivity of composites with

SIC will reflect the high conductivity of the SIC component , especially at

higher temperatures. Unfortunatel y, enhanced thermal conductivity due to

SIC add ition may be offset by microcrack ing in some of the compositions.

The trade-off between the degree of these effects will have important bear-

ing on the therma l shock resistance of MO/SiC composites .

This study examines the microstructure and compositiona l variables

affecti ng the degree of microcracking and the resulting effect on thermal

diffus iv ity/conducti v ity . Special attention will be given in this study

to effects of temperature cycling and atmosphere.

At this time no results have been obta i ned for the BeO/SIC system .

However, some thermal dl ffusivity data have been analyzed for the Al203/

SIC and MgO/S1C system s and are presented below.

1 . A 1 203/S1C

In Table II the compositions, measured densities, calculated poros-

ities , and some pertinent microstructural information are given for this

F. F. Lange, “Cri teria for Crack Extension and Arrest in Residual
Localized Stress Fields Associated wi th Second Phase Particles , ”

o pp 599-609 in Fracture Mechanics of Ceramics , Vol . 2 edited by R. C.
Bradt , o. P. H. Hasse lma n , and F. F. Lange, Plenum Press , New York (1973 ).
A. G. Evans, “M icro fracture from Thermal Expansion An lsot ropy- I, Single
Phase Systems ,” Acta Meta ll urg ica, 26 , 1545-53 (1978) .
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TABLE Ij.---Compositions, densities , calculated porosities, and micro-

structural information for A1203/S1C system.

Composition Density Calc. Porosity Microstructure
(Wgt S SIC) (gm/cm 3) S

0.0 3.981 < 0.5 2.5 ~un grains, mixed fracture

0.5 3.977 < 0.5 n.c.

1.0 3.914 1.4 n.c.

1.5 3.952 0.5 n.c.

2.0 3.897 1.4 textured , transgranular fracture

3.0 3.899 1.4 n.c.

5.0 3.953 - n . C .

30 3.636 2.9 5-10 ~m grains , mixed fracture

40 3.41 7.1 n.c.

60 3.380 4.0 2-5 ~n g ra ins , lntergranular fracture

— * Calculated using 3.986 and 3.210 gm/an3 for the zero porosi ty densities
of A 1 203 and SiC , respectively.

fl.C. not completed

L



system. The densities were determined by liquid ininersion. Assuming

no interaction between Al203 and SIC , the calculated porosity represents
S the density deviation from the rule of mixtures density for each compo-

sition .

Prel imina ry microstructural examination was carried out by SEN on

fracture surfaces for a few representative compositions. The porosity

exceeded 5% only for the 40% SIC samples, therefore , no porosity correc-

tions were made in any of the measured thermal diffusivity values . The

porosity and phase distributions appeared very homogeneous with the ex-

ception of the 2% SiC sample which retained a definite texture not noticed

in any of the other samples examined ; this may in part be responsible for

the difference in appearance of the fracture surface.

The room temperature therma l diffusivity values for each composition

are shown In Figure 3. The data points represent the average and the bar

represents the range of values measured for the number of samples (shown

In parenthesis). No significant dependence of thermal diffusivity on

composition is observed for SiC compositions of ~3%. For compositions of

~30% SIC, the thermal diffusivity (at RT) rapidl y increases with an approx-

imate linear dependence on SIC addition.

Figure 4 shows the temperature dependence of the thermal diffusivity

for the 30%, 40%, and 60% SiC composites compared to that of j.wre A1203 from
RI to 1400°C. The thermal diffusivity values of the IS, 2%, and 3% SiC

compositions were only a few percent higher than the values for pure alumina

over this temperature range, and are omitted for clarity . In the higher

temperature range (1>400°C) the extremely high thermal conductivity of

C SIC Is responsible for the high overall thermal diffusivity values for the

composites with at least 30% SiC. For instance , the thermal diffusivity

16
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of the 60% SIC sample at RI is slightly more than twice that of pure

c alumina; at T 1000°C it is more than three times that of pure alumina .

The thermal diffusivity values , measured during heating and cooling,

were reproducible; i.e., no hysteresis effects were observed. Unfortu-

I ~ nately data were taken only during cooling to ~500°C. Since the degree

of microcracking depends on (~T)~~, It is possible tha t measurements were

discontinued before a low enough temperature for the onset of microcrack-

ing was reached. The fact that hysteresis In the thermal diffusivity was

not observed In the A1 203/S1C composites must be qualified at this time.

Figure 5 shows thermal conductivi ty calculated from measured thermal

- diffusivity and density , and calculated heat capacity using Eq. (2) for
4 

the 0%, 3O~. 4O~, and 60% SiC compositions. These values are compared

to the therma l conductivity of Norton Crystar SIC (81% dense). It is

obvious that the magnitude and temperature dependence of the thermal

conductivity of the composites are strongl y Influenced by the SIC phase.

The high values of thermal diffus iv lty/conductivity , especially at high

temperatures, should significantly enhance the thermal shock resistance

for these composites. It is noted that the thermal conductivity of high-

purity i ron decreases from 80 to 30 watts/mK from RT to 1400°C. Over this

o same temperature range, the thermal conductivity of the Al 203/60% SIC com-

~os1te ranges from 40 to 16 watts/mk .

Figure 6 shows the calculated room temperature thermal conductivity

values for several Al 203/SIC composites compared to values predicted by

* See referenc e 4 .
$
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the Maxwell-Eucken dispersed phase composite theory.* Both A1203 and SIC

were considered to be the dispersed phase for SIC greater than 20 wgt. S.

thus the spread between the two dashed lines representing theory.

A literature study revealed that the thermal conductivity of fairly

dense SIC Is extremely sensitive to Impurity content. For Instance,

values from 50 to 490 watts/mK at RI were quoted. The lower value

— (50 watts/mK) for SIC was arbitrarily picked for modeling purposes,

therefore the agreement between experimental and predicted values could

be fortuitous. Nevertheless, It is interesting to note the apparent

cross-over between the 4Q% and 60% composltiQns , Agreement with pre-

dicted A depends upon exchang ing the roles of SIC and A1203 as the

dispersed or continuous phase.

Preliminary examination by SEll and optical microscope IndIcated homog-

eneous distr ibution of the SIC particles and the porosity. The SIC par-

ticles were ~ 1-5 ~m and the 1-3 ~ pores were located primarily at grain
- 

S boundary triple points. It Is noted that It is very difficul t to differ-

entiate between SIC and A1203 phases by secondary electron imaging . There

Is sufficient contrast between these phases when using reflected light op-

tical microscopy , but resolution is magnification limited . However , en-
hanced a tomic number contrast obtainable by use of back-scatter electron

imaging should reveal details of the SIC /A1203 morphology at higher magnI-
ficat ions than possible with optical mic roscopy. This ana lysis will be

* See, for Instance , A. E. Powers, “Conductivity in Aggregates,” knolls
Atomic Power Report KAPL 2145, General Electric Co. (March 6, 1961)
for a review of several composite transport models. A computer pro-

• gram was developed to routinely compare calculated thermal conduc-
tivity values to values predicted by Bruggenan variable dispersion
and mixture models as well as the simpler Maxwell-Eucken dispersed

~ I 
phase model .
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carried out in a newly acquired Robinson back-scatter electron detector

SEN attactwnent. Final analysis of the thermal transport data awaits

completion of the microstructural analysis.

In general , the thermal transport data for this Al 203/S1C system
are well-explained by simple composite theory. No evidence for pre-

existing microcracks which would effectively lower the thermal conduc-

tivity ) was observed, although the presence of hysteresis effects still

needs to be checked at lower temperatures. The SIC particles , in com-

pression at most temperatures, are well-bonded or at least minimum ther-

mal resistance occurs at the A1
203-S1C interface. The SIC particles

contribute significantly to the relatively high thermal conductivity of

these composites .

The only unusual effec t observed Is the rather abrupt change in

sh pe that occurs at ~. 1000°C In the thermal diffusivity versus temper-

ature curve for the 60% SiC sample. This effect was observed In two

different samples, thus appearing to be reproducible.

For eng ineering use the reciprocal thermal diffusivity and con-

ductivity values were fitted by least squares approximation to the tem-

perature dependent forms -

~~
1 o r A 1 — A + B T  (3)

The coefficients A and B and vms deviations are listed in Table III

for a f i t over the temp erature range RT-1400°C.

2. MgO/SiC

Room temperature thermal diffus ivity values for severa l compo-

sitions In the 14g0/S1C system are shown in Figure 7. For com parison ,

the RI thermal diff us iv ity values for the Al 203/SIC system from Figure 3

are reproduced. The compositions , densities , est ima ted poros lt ies ,

23 
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TABLE I I I . --Coefficients A and B and vms deviations for least squares f it
to or A~ • A + BT for A1203/SIC compositions .

Composition A 2 B 2 ° 2(wqt S SIC) (sec/cm j  (sec/cm K) (sec/ cm )
cz 1 (sec/cm

2)

0.0 0.0453 7.78 4.22

1.0 0.0546 2.84 2.79

1.5 0.0566 - 1.18 1.84

2.0 0.0541 3.28 2.03

30 0.0319 2.59 1.14

40 0.0228 3.07 0.75

60 0.0143 4.06 0.97

X 1 (mK/watt}

(mK/watt ) (m/we-tt) (mK/watt~

00 0.729 x l0~~ 0.0353 0.0110

1.0 0.915 ‘ “ 0.0270 0.0081

1.5 0.956 “ 0.0175 0.0055

— - 2.0 0.904 “ 0.0283 0.0066

30 0.558 0.0217 0.0032

40 0.413 “ 0.0212 0.0021

60 0.242 “ 0.0212 0.0022
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and some pertinent microstructural information are listed in Table IV

for the samples tested. An optical micrograph (Figure 28) of the com-

posite with 30% SiC shows that the SIC particles are dispersed in a

MgO matrix.

Even though the therma l diffusi vity of the PigO/S1C composi tes with

~5S SIC is ~ 50% hIgher than that of the A1203/SiC composites with

similar SIC concentration, there is a dramatic decrease (by ~ 1/2) in

the thermal diffusivlty when compared to the value for the high-purity PigO

sample. As the concentration of SIC in PigO increases, thermal diffusivity

decreases until a minimum Is reached at 30% SiC. Above 30% SiC addition

the thermal diffusivity increases proportionately with SiC content.

Temperature dependent thermal diffusivity values for MgO and 1490/30%

SIC determined during heating and coolIng to 1400°C are shown in Figure 8.

At the end of the first heating-cooling cycle , the 30% SIC was remounted

and thermal diffusivity measurements were made on reheating to 500°C. Two

observations were made. First, it was observed that the thermal diffusivity

values for the 30% SiC composite are lower than those for pure MgO for all

temperatures up to 1400°C. In fact, they are much lower than values pre-

dicted by simple composite theory which would be above those for pure MgO

due to the contribution of the high thermal diffusivity SiC. Second, dur-

log temperature cycling non-reproducible hysteresis in thermal diffusivity

values Is observed. Both observations indicate the existence of micro-
C cracks In the MgO/30% SIC composite.

After the thermal diffus ivity runs the 1490/SiC samples and billets

from which the semples were cut were stored in conta iners open to the at-r.
mosphere. About one month later inspection of the billets revealed that

a network of macrocracks vis ible to the unaided eye had formed, especially

-

. 
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TABLE IV . --Composltlons, densities, calculated .porosltles, and
microstructural information for 1490/SIC system.

*Composition Densit~y Calc. Porosity Microstructure
(Wgt S SIC) (~ t/an3) S

0.0 3.580 0.0 30-60 pm grains, intergranular fracture

0.5 3.576 0.1 n.c.

1.0 3.557 0.6 2-5 pin grains , mixed fracture

2.0 3.544 0.8 n.c.

3.0 3.570 0.1 n.c.

5.0 3.544 0,5 1-3 pin grains , m ixed fracture

10 3.502 1 .3 n.c.

15 3.459 1.9 n.c.

20 3.408 2 .9 n.c.

30 3.399 2.1 n,c.

40 3.352 2.5 n.c.

60 3.306 1.7 n.c.

* Calculated using 3.580 and 3.210 gin/cm3 for the zero porosity densities
of 1490 and SIC, respectively.

n.c. not completed
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for samples with �15% SIC content. Apparently, the combination of re-

sidual stresses in the 1490/SIC composites and the affinity for 1490 to

react with water vapor leads to stress-corrosion cracklng .* Although

the cracks were not visible in the smaller dlffusivity discs, It cannot

be determined whether or not the measured thermal dlffusivity values

were influenced by nonvisible stress-corrosion macrocracks as well as

microcracks. Perhaps the microcracks serve as nuc leation sites for

further stress-corrosion cracking when the MgO/S1C composites are stored

in air.

Additiona l samples in the 1490/SIC system have recently been obtained

and are being stored In a desicator prior to testing . At this time it is

unclear whether the minimum in thermal diffusivity values ‘
~~ 30% SiC is

caused by microcracking due to thermal expansion mismatch between the

MgO and SIC or by stress-corrosion macrocracking.

Obviously careful sample preparation and storage procedures must be

followed to avoid similar problems with other consubstantial composites.

B. “Thermal Diffusivity of Al 203/T1C Composi tes.”

The thermal conductivity of solids is controlled in part by the

specific carriers responsible for heat transfer such as phonons and

0 photons. In some ceramics the electronic contribution to the thermal

-
• conductivity also may be significant. In the case of A1203/T1C composites

scattering mechanisms such as phonon-phonon, phonon-electron, phonon-

defect, and electron-defect may be used to describe the overall conductivity.

* An SEN examination of a MgO/l% SIC fracture surface that had hydro-
l ized (stored In the ooen atmosphere for about a month) revealed

C severe macrocrecking. Courtesy of Paul lecher, Naval Research
Laboratory. 
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TIC is normally carbon-defIcient with the primary defects being

carbon-atom vacancies. The vacancIes effectively scatter phonons which

leads to a rather low, temperature independent lattice thermal conduc-

tivity contribution (A 1) rather than a A 1 that var ies as in normal
• crystalline solids. On the other hand, the electronic contribution (Ae)i

which is quite large in TIC , Increases proportionately with I. Since the

overall conductivity (A) Is basically the sum of A
1 

and A ’it also in—

• creases proportionately with T and becomes quite large. For instance,

when 1 1400°C, A ~5O watts/mk.
6 At RI, however, TIC has a relatively

lo~. thermal conductivity for a carbide , e.g. at RI A ~30 watts/ink for TIC

while A ~450 watts/mk for pure and dense SIC.
7

The unusual thermal transport properties of TIC make It possible to

• fabricate a composite material with a high , approximately temperature in-

dependent thermal conductivity , at least at higher temperatures. As shown

by Ganguly, ~t 
~J
8, temperature dependent thermal conductivity can lead to

large tensile stresses in a ceramic with a temperature gradient. In a

high-purity oxide ceramic such as A1203 or MgO the thermal conductivity Is

extremely temperature dependent, decreasing by a factor of S or 6 between

100 and 1000°C. Normally the only way to attain a temperature Independent

A for high-purity , high conductivity ceramics Is to induce a large amount of

• porosity or solid-solution alloying elements. Unfortunately, both of these

techniques also reduce the overall thermal conductivity, perhaps by an order

6 James Bethin and Wendell S. Williams , “Ainbipolar Diffusion Contribution to
High—Temperature Thermal Conductivity of Titanium Carbide,” Jour. Amer.
Ceram. Soc., 60 (9-10), 424-427 (197?).

G. A. Slack, “Normetallic Crystals with High Thermal Conductivity.”
J. Phys. Chemical Solids, 34, 321-35 (1973).

8 
s• K. Ganguly, K. R. PicKinney , and 0. P. H. Hasselman, “Thermal-Stress

• • Analysis of Flat Plate with Temperature-Dependent Therma.l Conductivity,”
Jour. Amer. Ceram. Soc. 58, (9-10), 455-567 (1975).
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of magnitude.

In an effort to design a ceramic material with high ,.temperature

Independent thermal conductivity , a systematic study of the thermal dlffu-

sivity properties of the A1203/T1C system was initiated . In addition to

the characteristic hardness of TiC , i t  may be that the unusual thermal

transport properties of this composite contribute to making it an out-

standing material for ceramic tool bits. This research effort is being

carried out in cooperation with researchers at Fansteel and Ceradyne.

In Table V the compositions, densities, calculated porosltles, and

the thermal diffus lvity at RI are given for samples tested in the Al 203/

TIC system. The samples , prepared by hot-pressing , all have generally

theoretica l densities . A typical optica l micrograph (Figure 2C) indicates

homogeneous distribution of TIC particles in an alumina matrix. It is

observed that the TIC particles are somewhat smaller than the SIC particles

In the A1203 or 1490 composites.

None of the RI thermal diffusiv ity values for the composites fel l

between pure Al 203 or TIC values. However, low temperature thermal con-

ductivity (diffusivity) of TIC is particularly sensitive to the defect

structure (deviation from stoichicinetry) and may vary over an order of

magnItude depending on fabrication conditions. At this time there is no

explanation for the lower than expected values of RI thermal diffusivity ob-

served for the composites other than suspectIng that the values depend on

the specific properties of TIC in each composite. Therefore modeling ther-
-

• mal transport properties using component values is difficult and probably

meaningless for this system. However, microcracking Is not expected In

these composItes since the degree of thermal expansion mismatch is rather

S small, I.e., the thermal expansion coefficients for A1203 and TIC between

20 and 1000°C are 8.0 and 7.2 x lO_6 
°C 1, respectively.
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TABLE V .—-CompositIons, densities, calcula ted porosities, and thermal
• diffusivity at RI for Al 203/TiC system.

* RI
• Composition Density Caic. Porosity Thermal ~1f~us1vIty

~Wgt. S Tic) (~n/ cm ) (5) (x lO in /sec )

0.0 3.947 1.0 7.75

1.0 4.014 ~.0 6.00

3.0 4.025 “ .. 0 5.60

5.0 4.030 ~ 0 5.85

15 4.141 ~ 0 5.20

30 4.310 ‘~0 5.60

40 4.485 ~ 0 6.55

50 4.462 ~ 0 6. 35

100 4.782 2.8 9.45

* Calculated using 3.986 and 4.920 gIn/cm 3 for the zero porosity densities 
-

of Al203 and TIC , respectively.

0
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Correlation of thermal with electrical transport properties of TIC

should be possible. A simple otiulneter check of the composites indicated

that those with ~ ‘15% TiC had essentially infinite resistance which would

• Indicate a very low amount of TIC to TIC contact. The resistance dropped

abruptly for ~ 30% TIC, indicating a significant amount of continuity

through the TIC phase.

In Figure 9 the thermal diffusivity values from RI to 1400°C for the

1 , 30 , and 40% TiC composites are compared to values for pure Al 203 and

TIC. The influence of the TIC phase is obvious at the higher temper-

atures for the 30% and 40% TIC samples. For example, at 1400°C the

thermal dlffusivity of the Al 203/40% TIC sample Is twice that for pure

A 1
2
Q3. Values of therma l diffus lvity for the 1% TIC composite are

similar to that of Al 203. Preliminary measurements to 300°C (not shown

here) for the 3 . 5 , and 15% TIC samples also have a temperature de-
pendence that is similar to that of alumina. Not unti l the TIC concentra-

tion reaches 30% is the influence of the TIC phase on the temperature de-

pendence of the thermal diffusivity noticed above ~30O°C. Apparently

partial continuIty of the TIC phase in the A1 203/TIC compo~ites is nec-

• essary before the contrIbution of the TiC to thermal transport in the

composite becomes significant. It also is noted that there is no hysteresis

for any of the composites; values of thermal diffusivity determined on heat-

ing to 1400°C and cooling to 350°C are reproducible.

The therma l conductivity values calculated from measured thermal diffu-

sivltles , densities , and reference values of heat capacities for TIC, 30%

and 40% 1~C/A 1~03 
composite, and Al203 are given In Figure 10. The Influence

o of TiC , which has a thermal conductivity that Is both high in magnitude and

• 

- .1’ 33
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positive temperature dependence, Is even more dramaticall y shown by these

curves. In fact, for 1 >400°C, the thermal conductivity of the 40% TiC

composite is approximately temperature independent while at the same time

the magnitude is twice the value for dense, pure Al 203.

Work is continuing for this system. Samples wi th similar concentra-

• tions but different TIC particle sizes have been obtained .

C. Thermal Diffusivity of Yttrium Chromite Ceramics.”

Perovskltes, because of their refractoriness and unusual electrical

and cata lytic properties, are beIng considered as candidate materials for

use as electrodes in magnetohydrodynamic (Nib ) power generation , as oxide

‘l eadouts for high temperature fuel cells, and as catalysts for high tem-

perature cata lytic combajstion. Yttria-based perovskites are particularly

promising as they are not as susceptible as lanthanum-based perovskites to

destructive hydration (even at room temperature) or critical compositional

problems.

This study seeks to examine the thermal transport properties for a

series of yttrium chroinlte ceramics in the families Y1..~
M
~
Cr03 

(N~CaJ1g)

and YCr 1 Mg O
3 
prepared by thermal sintering and hot pressing methods.

The materials are fabricated to nearly full density in the reduced condi-

tion . Reduced mate rIals , as prepared, are highly resistive (electricall y)

until oxidized at elevated temperatures. Under oxidIzing conditions,

YCrO3 incorporates Ca
2’ to X” 0.10, but Mg solubility appears very low .

Phase changes and mlcrocracking occur depending on thermal and atmospheric

I. Negas, Id. R. Hc~1er, and 1. P. DomIngues, TMPreparatlofl and Proper-
ties of Yttrium Chromite Ceramics,” Proceedings of the 4th InternatIonal
Meeting on Modern Ceramics Technologies, Saint Vincent, Italy, May 28-31

• 
(l979s. 
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treatment. Cor~elat ions will be made among processing parameters and
S 

the resulting electrical , thermal, and microstructural properties. ThIs

work Is being carried out in cooperation wi th researchers at Trans-Tech,

Inc. and the Nationa l Bureau of Standards.

Table VI lists the compositions, bulk densities, and room temper-

ature thermal diffusivity values for selected hot-pressed and thermal
sintered yttria-chromites . The room temperature thermal diffusivity was

remeasured for the two thermal sintered samples with X(Ca) 0.02 and 0.05

after each had been given an oxidation treatment consisting of air heat

and held at 1200°C for 6 hours. A slight decrease (~10%) In the RT ther-

mal diffu sivity was observed after this treatment.

The thermal diffusivity values were then determined for the hot-

pressed X(Ca ) - 0.05 sample as a function of temperature during a single

heating-cooling cycle to 1400°C. These data are presented In Figure 11

where they are compared to equivalent data for a lanthanum-based perovsklte

of similar compositIon)0 On heating the thermal diffusivity values of the

yttrla-based perovskite are lower than those for the lanthanum-based pero-

vsk lte , but on cooling the reverse is true. The hysteresis in the thermal

diffuslvity for the lanthanum material probably indicates severe micro-

cracking , while the reproducibility in thermal dlffusIvity values on

- 
heating and coolIng for the yttria material Indicates a mechanically stable

microstructure for the same conditions.

Further testing will examine the effects of high temperatures and of

changing atmospheres (P0 ) on the thermal diffusivity values for various
2

compositions .
$

‘10 
~ Lambert Bates “Development and Characterization of Materials for
Open Cycl e MHD, ~aarter ly Report , April-June , 1976 ,” BNWL-2004-3 (1976).
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TABLE V I. ---Compositlons, bulk densities, and room temperature thermal
diffusivittes for selected yttrla-chromltes.

PT
• Composition Bulk density Thermal Diffusivity

(Y1 M Cr03) (gm/cm3) (xl0 6m2/sec)

(Sintered) -

• • Ca , X • 0.02 + 
5.666 1.93 ± 0.07 (2)

(after oxidation ) - 1.80

N — Ca , X 0.05 + 5.571 1.77 ~ 0.10 (2)
(after oxidation) 5.510 1.58

N — Mg, X 0.05 5.61 • 2.39

H • Ca , X a 0.10 5.55 - 
1.73

(Hot-.pressedj
N — Ca , X 0.02 5.272 1.67 ± 0.01 (3)

H - Ca , X- 0.05 5.532 1.61 ~ 0.01 (2)

+ oxidation treatment - 1200°C in air for 6 hours

~ number of samples tested when more than one

H 
c

C

1$
~I ~

:
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V. TECHNICAL ARTICLES

The following are the six technical reports which set forth the

— results of research conducted during 1979. The reader Is directed

to the fina l reports for years 1975, 1976 , and 1977 for complete

copies of the other 11 technical articles listed In Appendix A.
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ARTICLE IV-A

EFFECT OF CRYSIAI.LIZATION ON THERMAL DIFFUSIVITY
OF A CORDIERITE GLASS-CERAMIC

• 
by

K. Chyung

G. E. Youngblood0

D. P. H. Hassel ma n5

Corning Glass Works. Corning, N.Y. 14830

Montana Energy and MHD Research and Development
Institute, Inc., Butte, MT 59701

~ Virginia Polytechnic Institute and State University ,
Blacksburg , VA 24061

1
F

- - -

* Reprinted by permission from the P~erican Ceramic Society
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ABSTRACT

Thermal dlffusivity values are reported for two types of hot-

- pressed A1 203/Zr02 composites one where many of the Zr02 particles

exceed the crit ical size (~ t 3 i4n ) for tetragonal to monoclinic trans-

formation and the other where mos t of the Zr02 particles are sub-
- crit ical. A high density of microcrac ks , induced in the alumina matrix

- 
during fabrication only In the former type . is responsible for a large

reduction In values of thermal dif f usiv ity (conductivity ) at temper-
- 

atures below the zirconia phase transformation . For successive tern-
- 

~serature cycles to temperatures above the phase transfo rmation, repro-
- duc ible hysteresis occurs in the therma l diffus ivity va lues. This m di-

cates tha t the microcrack s t hemselves close and partiall y heal on heating

- above the transformation temperature; on coo hng bel ow the transformation
- temperature (which Is lower than  on the heating part of the cycle), the

m icrocracks reopen restoring their origina l morphology.

For this study the thermal d if fusiv - f ty values and hysteresis effects

- are correlated to the microcracking characteristics of both types of coin-

- posites for a range of 0 to 24 vol . ~ Zr02 content, Detailed analysis

Is carried out for the 16 vol . 5 case which has shown near optimum me-
‘-“ chanica l toughness and strength.

CL a  - 
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THERMAL DIFFUSIVITY OF A1
2
0
3 

WITH DISPERSED
MON OCLIN IC AND TETRAGONAI. Zr02 PARTICLES -

Larry 0. Bentsen, fills Claussen , and S. E. Youngblood

I. INTRODUCTION

It is well known that the fracture toughness of a ceramic may be

Increased by the addition of a second phase dispersion. The Increase in

frac ture energy can be attributed to the Interaction of the crack front

with the second phase producing crack blunting or crack deviat ion ,1 or

the strain energy may be released by m icrofracture In a process zone

through nucleation and extension of mlcrocracks. 2 ’3 ’4 Another mech-

anism which can improve the fracture toughness under certain conditions

is the Interaction of the crack front with pre-exist ing microcracks ,5

Microcracks may be formed due to a phase formation w ith an
— 

accompanying volume change 3 ’6 In a composi te of unstabillzed Zr02
dispersed in  an A1 203 matrix , microcracks can be formed in the alumina

m a t r i x  when the composite Is cooled from the fabrication temperature and

the zirconia particles transform from the tetragona l to monoci-inic phase

with an increase in vo lume.2 T he frac ture toug hness and strength of

such composites containing unstabilized zirconia particles of various

- - 
sizes and concentrations has already been reported.7 These materials

had been prepared by ball-milling followed by hot pressing . An optimum

effec t , where the fracture toughness doubled compared to that of pure

alum ina while the strength was unchanged, was obtained for 15 yb un-

stabilized Zr02 of particle size 1.25 ~nn. However, microcracking as a

toughening mechanism where the microcracks pre-exist has usually been

accompanied by a decrease in strength. The problem has been to derive
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conditions for the inclusion of particles so that toughness is increased

wi th little or no loss of strength.

By using attritor mill ing rather than ball milling it Is possible

to produce an alumina—z irconia composi te where the zirconia particle

size is much less than In the ball-milled materials.8 In this case the

zirconia particles are small enough so that even at room temperature

nearly 100% of the zirconla remains in the tetragonal phase. Since

transformation to the monoc linic phase has not taken place , microcracks

do not pre-exist in the material as in the ball -mill ed materials ;

rather, microcracking occurs under an externally applied stress, such as

in front of a major crack. This condition of stress-induced transfor-

mat ion can be even more energy absorbing (due to a higher density of

microcracks) than in the ba ll-milled specimens.

Init iall y the presence of mlcrocracks in the ball -milled alumina-

zirconla composites was confirmed by measuring the thermal diffusivlty .9

For an Al 203 / 16 
yb unstab ilized Zr02 composi te, the thermal diffu-

sivity was lowered approximately by a factor of two be low that  of

— single phase Al 203 - Similarly, an effective thermal conductivity A ,
ca lculated from the thermal dif fus iv ity ~~, heat capac i ty c , and density

~
-‘ by the relation A c~pc. was decreased by a factor of two since

microcracks have little effect on heat capacity or density . Rule of

mixtures could not account for such a large dec rease in thermal con-

duct ivity ; therefore, the decrease was attributed to the presence of

inicrocracks . Significantly, the thermal diffusivity values determined

during heating and cooling cycles between 100 and 800°C were repro-

0 ducible. However , the maximum temperature attained (800°C) was
below the zirconia phase trans~onnation. The degree of microcracking

50
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would be expected to be unaffected by subsequen t temperature cycling as

long as the temperature never exceeds the zirconla phase transformation

temperature in these composites.

In contrast, considerable hysteresis was observed in the thermal

diffusivity of Fe2TIO5,’° MgT i2O51~ and AlNbO4
12 on temperature cycl ing

below 800°C. For these single-phase polycrystalline ceramics wi th

anisotropic thermal expansion , the degree of microcracking (number,

size , and separation width of cracks) is a function of the amount of

cooling from the specimen preparation temperature as well as previous

thermal history .13 Crack closure and healing, reopening, and in some

cases extension during temperature cycling give rise to the hysteresis

effect which i tself Is typical ly non-reproducible with subsequent tem-

perature cycling. In these materials hysteresis has been reported in

strength 14 ’15 and elastic properties14’15 as well as in therma l prop-

erti es.

The degree of microc racking In these non-cubic materials also was

shown to be dependent on grain size. 11 ’’2 For instance , values of

thermal dif fus iv ity for microcracked A1NbO4 of 3 ~im average grain size

were decreased by about 30% when compared to values for non-microcracked

A1NbO4. At the other extreme thermal diffusivity values for severely

microcracked Fe2TiO5 of roughly 50 Urn grain size were lowered by about

65% .

It is obv i ous from these results that microcracks are very effec-

tive therma l barriers . Even though fracture toughness is enhanced in

a material wi th pre -existing microcracks , the l owering of the therma l

diffusiv ity may offset this benefit in a thermal shock situation. On

the other hand, very high strains-at-fracture in combination wi th a

stable (non-catastrophic) mode of crack propagation may be expected to

0 outweigh the requirement for a high thermal conductivity. As pointed
51

_ _ _ _  ~~--—-
• — - -—-~ —-

r - —



out by Siebeneck et al,13 the lower thermal conductivity of microcracked

materials is an advantage in applications requiring high therma l shock

resistance in combination with good therma l insulating properties .

It is also obvious that the measurement of thermal diffusivity is a

convenient method to study the degree and character of microcracking.

It provides necessary engineering data characterizing microcracked

materials for thermal shock or thermal fatigue studies as well ; there-

fore, this method was used to extend the study of the effect of micro-

cracking on the therma l diffus ivity of alumina wi th a zirconia dispersed

phase during temperature cycling to temperatures above the zircon-ia
- - phase transformation . in addit ion , these results will be compared to

therma l di ffusivity measurements on a series of alumina-zircon-ia corn-

— pos -
~tes where the zirconla particles are less than critical size so that

microcr~icks are not expected to pre-exist.

ii. EXPERIMENTAL

A . Ma terlals and Preparation

Following procedures described elsewhere,2’8sançles of pure A1203
an d Al 203 with 4. 12. and 16 yb unstab ilized Zr02

4 were ball mil led

(material BM) and with 4, 8, 12, 16. 20, and 24 yb unstabilized Zr02

were attritor -mi lled (material AM). A single sample with 10 Yb of

Y203—stabhhiz ed Zr02 also was prepared by ball mill ing . All specimens -

were hot-pressed In graph i te dies under vacuum at a pressure of 40 MN/rn2

99 5% pure, Alcoa Al6 , Aluminum Co. of America , Pittsburgh, PA
4No. 8914. E.  Merck , Dtanstadt, West Germany

_ _  
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for periods of 30 minutes to 1 hour at 1500°C. For both types of corn-

posi tes , the densities increased linearly with Zr02 content and were

close C> 98%) to theoretically expected mixture values.

Al though the zirconia used in the BM material was class ifi ed as
1.25 urn particle size , It was determined that agglomeration took place

during milling and the actual average Zr02 particle size was roughly a

factor of three larger. 2 X-ray diffraction revealed that 70 to 95% of

the Zr02 particles were monocl inic at room temperature wi th the higher

Zr02 concentration BM material haying the higher concentration of

monoclinic phase. 8

Most of the Zr02 particles contained in the All material were

slightly less than 1 ~:m size. X-ray diffraction revealed that almost

100% of the Zr02 particles were tetragonal at room temperature.
8 The

Zr02 particle size and distribu tion were examined in flat-polished

samples by SEll using a solid-state backscatter electron detector
4 
to

enhance the atomic number contrast between alumina and zirconia.

The major portion of the anal ysis reported here applies to the

composition with near optimum fracture toughness (K
1C

) and strength

(MOR ) pr operties. Unless specified othen~ise , this composition is

16 y b Zr02. For the BM material and MOR were 7 MN/rn3”2 and

500 MN/rn2, respectively; while for the All material Klc and MOR were

about 10 MN/rn3”2 and 700 MP4/rn2, respectively.16

Robinson Independent Backscatter Electro n Detector System , International
Scientific Inst ruments , Inc . Santa Clara , CA

C
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B. Measurement of Thermal Diffuslvity

$ The thermal diffus-Ivity was measured by the laser-flash diffusivity

technique over the temperature range 25°C to 1400°C.17 In this exper-

Irnent a single flash (‘s.. 1 msec) from a glass-Nd laser’ irradlates the

front face of the specimen (1/2-inch diameter by ‘s.. 2.0 nm thick disc)

and either an Intrinsic thermocouple18 
(25°C - 400°C range), an infrared

* **detector (250 °C - 1000°C range), or a photodiode detector (900°C -
l4005C range) was used to moni tor the temperature transient from the

back face. Glass plates were used to attenuate the laser pulse so that

the typical steady-state temperature rise was kept below 3°C.

For low temperature measurements the specimen disc was held by

three minimum contact alIgnment pins in air inside a wire-wound , tern—

perature controlled , split -tube furnace . The specimen front face was

coated wit h carbon to ensure uniform absorptivity properties . A 1/4-

inc h diameter Ag-print spot was painted onto the specimen back face to

average local heating effects and to provide electrical continuity for an

intrins ic lype E thermocouple. It was spring-loaded to press up firmly

against the back face to monitor the chamber temperature as well as the

temperature transient.

,- , For higher temperature measurements (250°C-l400°C) the specimens

with each face carbon coated were held in a split-tube graphite holder

in a carbon resistance furnace~ with nitrogen atmosphere. Since the

o experimen t required the transfer of the specimen from one holder to

Korad 1(1 , 70 Joules maximu m per flash , San ta Moni ca , CA
** Barnes E’yineerlng IT-lB (InSb ) Stamford, CT

Silicon-diffused PIN Photodio~e (GIG SQO-100AMi racle DGF spray, Miracle Power Products Co., Cleveland , OH
Astro Model 1000A , Santa Barbara , CA
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another , a helium-neon laser mounted on the optical rail directly

behind the glass-Nd laser rod was used to visually check alignment. In
*addition , Footprint paper, cut and taped to the face of a d~rvny sample

dlsc,was inserted to check beam uniformity and alignment. These are

critica l steps since simple analysis of the transient heating curve

requires strict adherence to boundary conditions , in particular uniform

heatin,j of the front face of the sample.

The transient temperature response from either the thermocouple,

infrared , or photodiode detector was fed into an osc i llosco pet equipped

wi th signal storage. The effective thermal diffusivity (ci) of the com-

posi te sample was calculated from the expression

ci = 0.1388 L2/t½ 
(1)

where I is the specimen thickness and t,,~ is the time required for the

temperature of the back surface of the specimen to reach one half of its

final value . The concept of an effective thermal diffusivity as a

characteristic property of the composite is expected to be valid for the

range of compositions examined here according to criteria recently re-

viewed by lee and Taylor.19

Measured a’s were corrected for heat loss in a manner described by

Heckrnan.2° These corrections amounted to only a few percent at low

temperature and increased to about 13 % by 1400°C. No corrections

for finite pulse width were necessary .

~
Korad 920 Footprint paper, Santa Monica , CA
Tektronix 5111 with plug-ins , Beaverton, OR

•  _ _
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The response time of the thermocouple or the infrared detector and

associated electronics was less than 50 msec for the present samples.

With this experimental apparatus corrrelation wi th reference values of

thermal diffusivity of Armco Iron and a glass_cerainlc* were obtained to

better than ± 5% over a 25 to 1200°C temperature range.

C. Results

The distribution and relative size of the Zr02 particles in both

the AM and BM materials with 16 yb Zr02 can be seen in the SEN micro-

graphs in Figures l(A-B). The backscattered electron detector used to

obtain these micrographs samples the surface layer to a depth of 2—3

microns , but sacrifices resolution . It is obvious from these photos

that the zircon-Ia particles in the AM material are numerous and mostly

submicron with only a few particles in the 2-3 mIcron range. In corn-

parison , the number of zirconia particles in the BM material are fewer

than in the AM material , but many of the agglomerates are in the 3-5

micron range.

In Figure 2 the therma l diffusivity values determined during a

sing le heating -cooling cycle to 1400°C (above the 1r02 tetragonal to

monoclinic phase transition) for both BM and AM materials are compared

with values similarly determined for pure Al 203. The alumina was hot-

pressed from the same high-purity powder as used for the composites

and should show similar impurity effects, if any.

To study the reproducibility of the hysteresis loop observed in

the thermal diffusivity values for the BN material , five successive

heating -coolin g cycles to 1400°C were run and the data are shown In

0

* Code C9606, Corning Glass Works, Corning, NY
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Figure 2.--Comparison of thermal cycling effect on the thermal diffusivity
- 

- of attr itor- mi l Ied (AM ) and ball-milled (BPI) A1203/ 16 yb Zr02
as well as nominally pure Al 203. Open (closed) symbols i ndicate

S data taken on heating (cooling).
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Figure 3. LIkewise, thermal diffusivity data were taken for the P11
mater ial during five successive cycles to 1400°C and also ore shown
in this Figure; the lines were transcribed from the date po ints shown

for the first heating-cooling cycle In FIgure 2. For clarity only

the data points for cycles 2 and 5 are shown in Figure 3. Also for

cla rity, the vertical scales for the AM and SN data are shown offset;

the thermal diffusivity values In the 900-1400°C range actually overlap

for both materials.
Thermal diffusivity values at 200°C for both SM and AM materials as

a func t ion  of Zr02 content are shown in Figure 4. In order to compare

the thermal diffusivity values at a comon temperature (200°C) for all

compositions some of the data points were extrapolated from measurements

at 250°C. In addition , ci of an “ideal ” alumina-zircon-Ia composite was

derived from the relation ci ~ A / iC where the effective thermal con-

ductivity was estimated from the Maxwe ll-Eucken 21 rela ti on. The

effective volume heat capacity pC, in turn , was estimated by rule of

m ixtures using literature values of heat capacity22 and density for

alumina and zircon-Ia.
In Figure 4 a single data point for an A1 203 / 10 yb Zr02 com-

posi te, where the Zr02 was stabilized in the cubic phase with 12 mb

~2~3 prior to mixing wi th the alumina, also is shown. For this par-

ticular materia l , thermal diffus iv ity data taken during a single heating

and cooling cycle to l400~C were reproduc ible and agreed almos t identically

0

* c d d c 
- d where A — 15.2 and A 1.5 watts /mK,A

~~~
A c~~~A + A d + V d (A c

_
~~d )J 

c d 
- -

thermal conductivities of alumina and zirconia at 200°C, respectively,
• and pC PcCc Vc + Pd~~

Vd wi th QcCc 4.09 and PdCd 
a 2.96 NJ/rn K, volume

heat capacities of alumina and zirconia at 200°C, respective ly. V~ and
V are volume fractions of the continuous or dispersed phases,

— v 4s pectiv ely.
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Figure 3. --Effect of five successive thermal cycles to 1400°C on the thermaldiffusivity of attritor-mllled (AM) and ball—milled (811) A12O3/16 yb Zr02 compos ites .
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) curves for

0 *14 and 8$ composites.
øIv. •,$I ,,4 •-OSS — OS?—*

________________ - ~~~~~~~~~~~~~~~~~~~~ 61
- - — - 

- - - /~~:-~~~~~~ -

—---- —--—--—-- —~-- i——-- - -—--
-~~~~~ -- - - - 2  ~~~~~~~~~ —



- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
:~~~~~

- -—-
~~~

-
~~~~ * --~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ -~ -~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -

I

with similar data taken for AN material with 12 yb Zr02. The therma l

diffus ivity values for both materials (not shown) were only about 3-4%

higher than values for the 16 yb Zr02 AM material in the 200-1400°C

temperature range and indicated no hysteresis.

III. DISCUSSION

Using Lange t s criterion 23 the critical zirconla particle size nec-

essary for Inducing microcracks in an alumina matrix was estima ted by

Claussen 2 to be “~
. 3 ;~m. As observed ii ~igures l(A-B ) most of the

zirconia part icles In the AM material are sub-critical , whereas many of

the zirconia partich’s in the 8$ n a t e n i a l  exceed 3 i~m. Upon cooling

from fabrica tion temperature a mino r amount of microcracking , if any ,

would be expected in the AM material , while a hi;h density of micro -

cracks wou ld be e~pected in the SM material.

The effect of pre -exist in ; microcracks in the SM material on the

thermal d i ffu si v it- ,- Is readily observed in Figure 2. At temperatures

above 20O~C and below the zircon -Ia phase transformation (
~ 900°C for the

16 ~~ Zr02 composition ) the therm al diffu sivI ty values are about 5S~ of

‘he values of nom inall y pure and dense alum ina , and about 67t of the

values of t hi non-microcrack ’d” AM materia l of the same zirconia con-

tent. Prev~ous r ’m lts,
4 
where the temperature never exceeded 800°C,

also indicated a~ average reduction about 55 -- of the ci for alumina for

the same composition SM material.

The hysteresis loop depicted in Figure 2 for the SM material is

reproduced in Figure 5 where it is compared to a similar hysteresis

* In reference 7, measurements of linear expansion Indicate that the
transformation temperature depends on the zirconia content as well
as whether the temperature is attained during the heating or cooling
part of the cycle.
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Figure 5.--Thennal diffusiv ity (bottom loop) and linear expansion (top loop)
of ball-milled A1203/ 16 yb Zr02 compos ite durino a sinale
thermal cycle to 1400°C.
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loop in the thermal expansion reproduced from reference 7. Between

points 0—1 the thermal diffusivity follows its usual ‘
~~ 

1 /T dependence

while the thermal expansion is linear with a coefficient that matches

that of alumina. A rather abrupt change in both the expansion and

diffusiv ity curves occurs between points 1-2 (
~~ 

900 to 1150°C), the

temperature range over which the zirconia transforms from monoc linic to

tetragonal and the microcracks close. Between points 2-3 (i~. 1150

to 1400°C) the diffusivity and expansion curves gradually approach their

normal temperature dependence. Over this temperature range the micro -

cracks may partially heal and actual values of therma l diffusivity or

expansion would be expected to depend on the heating rates. On cooling

~ron 1400 C (range 3-4) the therma l diffus iv ity resumes its normal l I T

dependence, the values now be i ng higher and described approximately by

the mixture of alumina and zirconia phases. Over approximately the same

temperature range the therma l expansion is again linear with a coefficient

matching that of alumina .

On further cool inq between points 4-~ (7~ 0 to 600°C for expansion

and 950 to SSOAC for diffusivity) the pressure of the surrounding alumina

matrix prevents the comple ion of the :irconia phase transformation

until l ower temperatures are reached. The zirconia particles then

p
~~~arci reinducing microcrack formation . This process continues until

all the ztrconia has been transformed and the diffusiv ity and expansion

values approximatel y match those of the heating curve on further cool-

ing . Exact temperature correspondence between expansion and diffusivity

hysteresis l oops probably depends on details of the heating/cooling

rates and slight differences In the Zr02 particle size and distribution
0

between individua l s~np1es,
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The hysteresis loop was Itself approximately reproduced five

successive times In the SM material as depicted in Figure 3. The micro-

crack structure appears to retain its original morphology on repeated

thermal cycling to 1400°C. In contrast, the microcrack morphology

changes considerably during temperature cycling of several single-phase

materials with an- Isotropic thermal expansion and over a much lower tem-

perature range, i .e., 25-800°C (see Section I). Slight microcrack

healing over the 1100-1400°C range could account for a genera l upward

shift In the diffus -iv ity hysteresis loop. Annealing of residual

stresses also may cause sli ght shifts in the zi rconia transformation

temp eratures and the degree of microcracki.tg. Nevertheless , the pre-

existing microcracks apparently close and then reform reproducibly on

repeated temperature cycling . As previously noted,as l ong as the
temperature never exceeds the zircon -Ia transformation at Point 1 , the

thermal diffus ivity values would be expected to be reproducible and

exhibit no hysteresis wi th repeated therma l cycling in the B$-type

materia l .

As depicted in Fi gures 2 and 3, the thermal diffusivity of the AM

material was reproducible and no significant hysteresis was observed

during temperature cycling for five cycles up to 1400°C . Furthermore,

the therma l dfffus ivity values were about 85% of the values for nomi-

nal ly pure alumina. These values also are only about 10% lower than

values predicted for a non-microcracked alumina-zircon -Ia composi te by

the MaxwelI-Eucken Rule of Mixtures Finally, there is overlap between

the thermal diffusivity values over the 950-1400°C range during the

$
A sixth t emperature cycle to 600°C was attem pted to try to enhance a
microcrack healing effect. Instead, serious sample bloati ng occurred
and the therma l diffus iv ity decreased ~ - 20%.

L.
1 

____  ____  _____  
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t cooling part of the cycle for both the non-microcracked AM material

and the microcracked but healed SM material of the same Zr02 content.

There Is a small change In slope in the 950-1000°C rang e of the

AM diffusivity curves . This effect was hardly noticeable except that

it was reproducible over all five cycles; it is probably due to the few

larger zirconia agglomerates that exceed the critical size for phase

transformation which remain after attritor-milling . In fact, X-ray

ana l ysis shows some monoclinic zirconia fraction with increasing zir-

conla content. In addition , slight hysteresis was observed in the

therma l diffus ivity values for a 24 yb Zr02 414 material , where more

larger size agglomerates occurred.

The maximum relative effect of the microcrack ing should be ob-

served in the therma l diffusivity at lower temperatures where the

phonon therma l conductivity is hi gh . As observed in Figure 4, the

thermal diffusiv ity values at 200°C of pure alumina, a series of 411

ma ter ia l s  wi th increas i ng Zr02 ccntent, and a sample of alumina w i t h

Y 203-stab l l ized Zr02 decreases approximatel y linearl y with increasing

Zr02 content. The thermal diffu sivity values of SM materials decrease

at 200°C with added Zr02 content up to 12 yb Zr02 but a large change

in slope occurs between 12 and 16 yb Zr02. For all concentrations

of Zr0 2, the thermal diffusivity values of both AM and BM materials fall

below the mixture theory curve and the deviation Increases with increas-

log 2r02 content. Qualitative fracture toughness (K 1~
) curves that show

dependence on Zr02 concentration have been reproduced from work by

Claussen ,7 ’16 and are shown in Figure 4. The stee pl y Increasing slope

of the frac ture toughness In the 12-16 yb range for a SM mate rial

f correlates well with the more abrupt change in the thermal diffusivity

66
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in the same compos~ition range and for the same Zr02 particle size.

Obviously, the onset of microcrack generation occurs primarily over

t h i s  range of Zr02 content for the BM material as described in more

detail in Reference 7. Since there are some Zr02 particles that cx-
-~ 

- 
ceed critical size in the AM material , some microcrack generation may

account for the slight decrease in slope with increasing 2r02 content

observed for the AM material .

It also was observed that below ~ 200°C the measured thermal diffu-

sivity values for the AM material were much lower than predicted by simple

composite mixture theory; i.e., where the effective dlffusivity (con-

ductivity ) depends only on the component d .ffusivity values and volume

fraction of dispersed phase. For instance , the thermal diffusivity of

the non-microcracked Al 203 / 16 yb 2r02 AM material was 57% of the

value for pure A1 203 at 50°C compared to 85 above 200°C.

At this time it is thought that a significant amount of phoaon

scattering occurs at temperatures below ~ 200°C in the AM material. Ex-

amination of a typi cal AM material microstructure (as in Figure 1) indicates

a mean spacing between the small Zr02 particles of about one-half micron .

Although this Is sti ll much larger than the estimated phonon mean free

path at this temperature (‘~ io
_2 

micron), it Is plausible that strain

fields surrounding the particles increase the phonon scattering effec-

tiveness at lower temperatures. Analysis of low temperature (RT to

— 200°C) therma l diffusiv ity data for composites with dispersed phases of

sub-micron particles will be the subject of a subseq uent paper.

IV. SUMMARY

— In alumina with a dispersed phase of unstabil-ized zironla , micro-

cracking in the alumina matrix is induced during cool-down from fabrica-

4 tion temperatures by the tetragonal to monoclinic phase transformation

I1L~
-± i±±1. ::: :~::

-
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with attendant volume expansion of the zirconia particles if the

zircon-ia particles exceed a critical size of approximately three microns.

In thi s manner ex tens ive microcrack ing was induced In hot-pressed alumina-
zirconia composites where the raw powders were ball -milled prior to press-

ing. The thermal diffu sivity (conductivity) values of a composite with

16 yb Zr02 were reduced to about 67% of the values for a non-microcracked

alumina -zircon-ia composite of the same composition as long as the temper-

ature remai ned below the zircon-ia phase transformation temperature. For

temperatures that exceed this point , hysteresis occurs in the thermal

diffusivity values on heating and cooling wi h one-to-one correspon-

dence with hysteresis in therma l expansion . Reproducibi lity of the

therma l diffusivity values below the zirconia phase transformation or

of the hysteresis loops themselves for successive heating-cooling cy-

cles to 1400°C indicate tha t the microcrack morphology is retained

through severa l heating /cooling cycles . At temperatures near i. 1400°C,

where the microcracks close and partia lly heal , the thermal diffusivity

values match those of non—microcracked material of the same composition .

It is possible to prepare non-microcracked alumina -zirconia com-

posites where the dispersed zirconla particles are sub-critical in

size and remain tetr~gona l throughout successive temperature cycling

from RT to 1400°C. From 200 to 1400°C the measured thermal diffusivity

values of these materials are only slightl y lower than those expected

by simple mixture theory . Below “.. 200°C the smaller sized Zr02 par-

ticles begin to scatter phonons effectively and the thermal diffusivity

values are again lowered below values predicted by mixture theories

* that only consider volume fractions of the dispersed and matrix phases.
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The thermal transport properties presented herein are expected
- I_.
I to be combined with mechanical properties in order to assess overall

thermal shock or fatigue resistance in either type of altaujna...zlrconla

composite. The combination of high toughness and good thermal diffu-

sivity (conductivity) should produce excellent thermal shock resistance

in AM-type material.
- 
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ABSTRACT

The effect of interfacial de-cohes ion, due to thermal expansion

mismatch , on the thermal diffu sivity of a hot-pressed glass matrix wi th

a dispersed phase of nickel was investigated by the laser- f lash techn i-

que over the temperature range of 25 to 600°C. The ‘Interfacial gap

formed on cooling acts as a barrier to heat flow and lowers the thermal

diffusiv ity to values below those predicted from composite theory. How-

ever , the temperature dependence of the thermal diffusivity is strongly

positive. Preox i dation of the NI spheres promotes interfacial bonding

to yield values of thermal diffusi vity higher than those for non-oxidized

spheres and a thermal diffusi vity which is relatively temperature inde-

pendent. At temperatures near the fabrication temperature where effects

due to thermal expansion mismatch are negligible , the concept of an effec-

tive thermal diffusivity for composites is demonstrated .
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0 EFFECT OF THERMAL EXPANSION MISMATCH ON THE
THERMAL DIFFUSIVITY OF GLASS-NI COMPOSITES

G. E. Youngblood, Larry 0. Bentsen, R. R. Powell , Jr., and
D. P. H. Hasselman

C I. INTRODUCTION

Numerous composite materials have been developed to meet special re-

qu irements for many engineering applications . Such composites frequently

exhibit favorable properties not found in the individual components . The

science of “composite theory” for the calculation of the properties of

composites from the properties of the components represents a very active

field .

Many expressions for the calculation of the therma l conductivity of

composites for a wide variety of phase composites and distributions are

availab le from the literature .1 ’2’3 These theories, however, generally

assume that perfec t bonding exists between the components; the inter-

facial boundaries are assumed to offer no resistance to the transport of

heat through the composite. In practice, however, many composites will

exhibit less than perfect bonding between the components as the direct

result of poor wettability or the absence of good mechanical adhesion.

-
- This problem is expected to be especially severe for composites with a

large mismatc h in the coefficients of thermal expansion of the components.

Changes in temperature of such composites can lead to the formation of

C “internal” stress of high magnitude. Such stresses can lead to “micro-

cracking ” in the composites, normally by interfacial separation, de-

pending on the direction of the misma tch. Such microcracking also can

IS
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occur in single phase po’1ycrystaliine materials which exhibit a high

degree of therma l expansion an-isotropy of the individual grains . In

these latter materials m1~rocrack1ng has been shown to lead to major de-

creases in the thermal diffus ivity 5,6 in accordance with analytical re-

suits for the effect of cracks on thermal conductivity .7 Similar effects

would be expected for composites with a large mismatch in thermal expan-

sion between components as was observed by Kingery7 in magnesia-spinel

and aluml na-mu llite composites and recently by Buykx9 i n U02-U409.
The purpose of the present study was to investigate the effect of

the mismatch in therma l expansion on the thermal diffusivity of a bonded

and non-bonded composite cons isting of a low therma l expansion , low

therma l conduct ivity matrix containi ng a high thermal expansion , high

therma l conductivity dispersed phase. On cooling of such a composite.

de-cohes - ion between the phases results In the formation of an interfacial

gap which , in analogy to micro cracks, is expected to have a large effect

on the transport of heat through the composite. The choice of low —

therma l conduct ivity matrix and high thermal conductivity dispersed phase

increases the relative magnitude of the effect of de-cohesion or cohesion —

between the phases on the overall thermal transport.

II. E XPERIMENTAL

A . Ma ter i a l s , Preparation and Characterization

0-glass of the same composition ( ‘ 16% Na20 , 14% B203 and 70% Sb 2) as

used ~n previous invest1gat1ons 10’
~~’12 was chosen as a suitable matrix

phase. The dispersed phase consisted of near spherical particles of Ni with

a diameter 45 < D < 53 urn. Composites conta i ned nickel In the “ raw ” (non-

oxi dized ) form or nickel pa rticles with an oxide coating produced by
0

oxidation In air to a weight gain of one percent. As found in an earlier

0 75
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study ,12 the presence of an oxide coating promoted the adherence of the

glass and nickel phases. The composites were prepared by vacuum hot-

pressing mixtures of the NI and glass in powder form in graphite dies at

a pressure of 14 MPa at 700°C for 10 m m .  The initial heating rate was

~ 9°C/mm . After hot-pressing the specimens were permitted to cool

naturally within the hot-pressing chanter maintained at vacuum.

The densities of the composites were determined for the individua l

therma l di ffusi v -i ty specimens using the Archimedes method with 1420 as the fluid

medium . The experimen tal and theoretical densities are compared in Table I.

The sample nominally containing 45 vol . S Ni (raw) exhibits a density greater

than theoretica l . This may be attributable to a NI concentration somewhat

hiqh er than 45~ or to uncertainties In the density of the glass . For the

sampl es with oxidized Ni a densit , somewhat less than theoretical is attri-

butable to the ~‘i~istence of a pore phase created during cooling from the

hot-pressii-~q temperature as the direct result of the expansion mismatch.

Figure 1 showc optical micrographs of the glass with 15 , 30 and 45’~
NI. Direct ?~i particle-to -particle contact is evident ~spec1ally
it 45t NI . Althoug h most particles are very close to -being spherical ,

some are tear-shaped or ell ipsoidal in shape . As indicated by the theo-

retical results of Bruggeman 13 and Niesel , 14 a deviation from perfectly

spherical shape should have no effect on the thermal conductivity and

thermal diffus -ivity as l ong as the dispersed particles are oriented

$ randomly.

Figures 2 (A-B) and 3 (A-B) show scanning electron fractographs at

two magnifications for the glass containing raw and oxidized NI dispersions ,

• respectively. It is evident in Figure 2A that the raw Ni particles were

easily pulled from the glass matrix during fracture which Is indicative

76
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Table I . --Composition and density of glass-nickel composites .

Sample Bulk % Theoretical

0-glass ?.476 2 .48 100

+ ‘15 yb Ni ( raw) 3. 44 3. 44 100

+ 30 v / o  Ni (raw) 4.’9 4.4 1 97.3

+ 45 v - o  Ni (r~iw) %•45 5.37 101.5

+ 15 yb Ni (ox.) 3.?4 3.43 94.5

+ 30 v o Ni (ox.)  ~~~ 4.38 96.8

+ 45 yb NI (ox.) 5.21 5.32 97.9

:. ns~ty determined in H..,O
Estiri-a te made using 8.9’and 8.8 ~n/cc for raw and oxidized Ni , respectively.

I
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of a lack of adhesion . The detailed view of the glass-Ni Interface

(Fig. 2B) indicates a subinicron gap with no evidence of induced porosity.

For the oxidized Ni-glass composites the fractographs (Figs. 3A-B) indi-

cate that the Ni and giass show good adherence through the NiO coating .

In these composites the thermal expansion mismatch appears to be acconino-

dated by visco-elastic deformation of the glass , which resulted in the for-

mation of a hi ghly porous fibrous glass phase In the ininediate vicinity of

the Ni-glass interface as depicted in Figure 3B. Such a fibrous glass

phase most likely occurred at temperatures invnediately bel ow the hot-

pressinq temperatures where such visco-e lastic deformation is expected to

occur .

B. Measurement of Therma l Diffusi vi ty

The therma l diffus ivity was measured over the temperature range 25°C

to 60O~C by the laser-f lash technique . 15 A single flash (“. 1 msec) from a

glass-Nd laser~ irrad iates the front face of the disc-shaped specimen (1/2—

inch diameter by 2.0 nm thick). An intrinsic thermocouple ’16 (low temper—

ature) ~-r an infrared detector (high temperature ) was used to monitor the

temperature tran sient at the back face. The typical steady-state temper-

ature rise o ’ the specimen was keot below 3~C.

For low temperature measurements (25~C-40O~C) a specimen was held

by three alignment pins inside a wire-wound temperature controlled split-

tube furnace with air atmosphere. The specimen front face was coated with

carbon to ensure uniform absorptivity. A 1/4-inch diameter Ag-print

korad k-l. 70 Joules maxlmtan per flash, Santa MonIca , CA
Ba rnes Engineering IT-lB (InSb) Stamford , CT
Miracle DGF spray , Mirac le  Power Products Co. , Cleve land , OH



spot was painted onto the specimen backface to average local heating

effects and to provide electrical continuity for a chromel-alumel intrin-

sic thermocouple. The thermocouple was spring-loaded to press up firmly

against the backface to monitor the chamber temperature as well as the

transient temperature of the sample.

For higher temperature measurements (200°C-600°C), where the Infra-

red detector was used for monitoring specimen temperature , a specI-

men wi th each face coated with carbon was held in a split-tube graphite

holder in a carbon resistance furnace’’ with nitrogen atmosphere.

The transient temperature response from either the thermocouple or
*infrared detector was fed into an oscilloscope equipped wi th signa l

storage. The thermal diffus ivlty (~~~) of the composite sample was cal-

culated using the expression

* 0.1388 L2/t1/2 (1)

where I is the specimen thickness and t112 Is the time required for the

temperature of the back surface of the specimen to reach one-half of its

final value . The measured values of the thermal diffusivity were corrected

for heat losses in a manner described by Heckman. 17 These correc tions

amounted to only a few percent at low temperature and increased to about

five percent by 1000°C. No correct ions for finite pulse width were neces-

sary . The equipment was calibrated against Annco Iron which resulted in

agreement to within three percent with standard values 18 for the infrared

detector and with i n 11% for the thermocouple measurements. This latter

discrnoancy could be due to less than perfect thermal contact between the

sample and/or non-uniformity In the laser pulse.

‘ Astro Model l000A , Santa Barbara , CA
Tektronix 5111 with plug-ins , Beaverton , OR —

[ ; .  
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in order to establish whether the va lue of thermal diffusivity ob-

tained by the laser-flash method represents the effective thermal diffu-

siv ity , the ratios of thermal properties and micro-structura l parameters

of the present composites were compared with the limi ts of non-homogeneity

extablished by Lee and Taylor.19 Briefly, Lee and Taylor showed that the

concept of an effective or “homogeneous thermal diffusivity of a compo-

site is valid for ratios of 0.48-1137 for cld/%; 0.02—1.16 for

3.8-2857 for L/D; 0.23-0.88 for nD/L and 0.012-0.34

for Vd~ 
where -i is the thermal dilfusivlty , p is the dens ity , C is the

specific heat , V is the volume fraction , L is the sample thickness , D is

the particle diameter , n — tV dL /1.33h7(t)/2) ) is the total number of

particles in the sample th ickness direction , and the subscripts d and m

refer  to dispersed and continuous (matrix) phases, respectively. Table II

lists the room temperature thermal properties of the Ni and glass , re-

-

- 
spectiv&y. Table i l l  lists the va lues of the above ratios for the compo-

sites studied .

- 
~~

- It is noted that all of the various ratios fall wi thin the experimental
C-

— bounds established by Lee and Taylor except nD/L for the 45 vol .5 Ni sample.

Thus, for all practical purposes the measured values of thermal diffusivity

would represent homogeneous thermal diffusivity of the composi tes except
a

— possibly for the effects of the interfacial separations between the glass

and NI phases .

I ll. RESULTS AND DISCUSSION

The experimentally determined values of the effective thermal diffu-

sivity for 0-glass and 1)-glass with 15, 30, and 45 vol. % dispersed Ni

spheres are shown in Figures 

J _ _ _
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Table I I . --Thennophysical properties of glass and nickel at 27°C.

~~p!r~~ Nickel D-glass

Density (Kg/rn3) 8900 2476

Specific Heat (J/K9K) 450 840 *

Thermal Diffusivity (xlO 6m2/sec) 22.9 0.52

Therma l Conductiv ity (W/m K) 91 1.1

1lherma l Expansion (xlO IC ) 13. 4 7.0

Literature values
~Data for Cornin q 8370 (7O~ Si02, ll .5~ B203, 

3% BaO, 9% Na20, and 7% K20)

0

0
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Table III. --Ra tios of various properties considered for glass-Ni
composi te diffusivity samples.

Vd (vol. 5 Ni)

td/t rn (27 C ) 44 44 44

~d~”~m 
(358°C) 21 21 21

A d/A (27°C) 83 83 83

-: ~
‘d Cd Vd) / ~

‘m Cm Vrn) 0.37 1.02 164

L/D 41 41 41

nO / 1 0.66 0.83 0.95

4-

C’

a

=
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oxidized Ni spheres , respective ly. The dashed cup*ves in each figure show
the thermal d iff usivity value s (cz

~
) calculated from the Bruggeman13 variab le-

dispersion (BVD) relation for the conductivity of a composit e 
~~

):
A A ’  1/3

c~~ d l  Xm l  u l  
~

Vd (2)
Am _ A d ]

the volumetric heat capacity:

~
)
cCc * 

~
)mCm~m + 

~dCdV d (3)

& and the relation :

R A~ / ~
)cCc (4)

The implicit assumption in the derivation of Eq. (2) is that the

components are perfectly bonded wi th no thermal resistance at the inter-

face.

Referring to Figure 4, the a-values for the 15 and 30 vol . 5 raw

HI-glass composi tes match the a-values of D-glass alone from room tem-

perature to s. 300°C. Above 300°C, the a-values have positive temperature

dependence. Values of a for the 15 and 30 vol . 5 raw Ni composites

increase with increasing temperature until they show excellent agreement

wi th values calculated by the BVD relation at 600°C, near the fabrication

temperature of 700°C. For the 45 vol. 5 raw Ni composite, the thermal
C diffusivity increases to values above that predicted by the BVD theory

for temperatures above 500°C. The effect of the Curie point transition

(at 358°C in nickel) on thermal diffusivity is readily observable In the
o NI-glass composites, although the mini~ im In a appears displaced to

slightly lower temperatures.

For the oxidized NI/glass composites measured a va lues are lower
I thu. those calculated by the BYD relation for all temperatures, as shown in

r
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Figure 4 --Measured effective thermal diffusivity of 0-glass wi th 15,
30, and 45 vol . 1 raw nickel spheres coaq~ared to calculated

t thermal diffuslvity for Ni/glass compos ite . Closed (open)
f 

symbols indicate data taken by thermocouple (Infrared) de-
tector.
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Figure 5. However, at room temperature a-values for the composi tes with

oxidized nickel spheres are higher than a-values for composites wi th raw

nickel spheres of corresponding concentration. The positive temper-

ature dependence of a for these composi tes Is much less than those wi th

non-oxidized spheres. Again , the effect on thermal diffusivity of the

Curie transi tion in the Ni is observable at temperatures slightly below

358°C for all three nickel concentrations.

At least qualitatively the deviations of ~ from uC can be expla i ned

on the basis of the mismatch in the coefficients of thermal expansion of

the glass and Ni phases and the result ing differences in the interfacia l

bonding.

For the glass with raw Ni spheres , the lack of bonding is clearly

ev ident from the SEM fractographs shown in Fig. 2. The lack of adhesion

at the interface between the glass and Ni also can be justified from the

magn i tude of the interna l stress which would have arisen for perfect

bonding. After Selsing,7 the magnitude of the radial stress

perpendicular to the Interface of a single spherical particle contained

in an infinite matrix is:

AMTE~
- - 

r 
~~~~~~~~~~~~~~~~~~ 

(5)

where 148 is the mismatch in the coefficients of linear thermal expansion,

14T is the temperature difference over which the composite is cooled and

over which no stress relaxation can occur, £ i s Youn g’s modulus, v is

Poisson ’s ratio and , as before , subscripts d and m refer to the dispersed

and matrix phases, respectively. With ~ — 6.7xlO 6K 1 , 141 • 600°C,

r
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a 210 GPa MPa, Em 

= 70 6
~a 

PIPa , V
m 

0.3, and Vd • 0.18, Eq. (5)

yields

G L
~r 

326 MPa(46600 psi).

This magnitude of stress qu i te likel y exceeds the strength of the inter-

facial bond of a non-wetting metal-glass system such as the present case

for raw Ni-glass. Separation of the glass-Ni interface probably occurs

during the cooling phase ininediately following hot-pressing . It is

calculated that for a 50 ~in spherical inclusion and 600°C temperatu-e

range of cooling , an Interfacial gap of ~0.2 ~n will result due to

thermal expansion mismatch. Such a gap is expected to act as a signif-

1’~ant barrier to the flow of heat. It is for this reason that over the

temperature range from RT to about 300°C the i-va lues for the composites

with 15 dnd 30 vol. ~ raw Ni approach the values for the 0-glass. In the

glass in whi ch at the l ower temperatures heat conduction occurs primaril y

by phonon transport , the therma l diffus ivity is dir ectl y proportiona l to the

product of the phonon veloc i ty and mean free path in the direction of the

temperature gradient. The presence of the gaps increases the total distance

required for phonon transport and according l y decreases the therma l diffu-

sivity below values predicted by BVD compos i te theory.

Despite the presence of the gaps , the nicke l meta l still makes a

contribution to the therma l diffus ivity as indicated by the unique

temperature dependence which reflects the presence of the Curie point

In the nickel . Also , the i-values of the glass-raw Ni composites do

not fall below the i-values of the 0-glass, which would have been cx-

pected if the NI-phase made no contribution to the conduction of heat.

Furthermore, If the Ni did not contribute to the conduction of heat

the therma l diffusivity would be expected to decrease with increasing

I t
go
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Ni content s i.e., 1~icreas~n~ number of i ntt~rf~~ja1 gaps . Th~ contr i-

bution of the ‘n to ~~ conduct~~n heat ~~n occur by means of Ni

part ic~ e — ~ - : .~rt t c 1e nt~ c t . especially expected for the glass with 45

v ’ 1 . t Ni. ~v~~r ~so1ated ~~rti cles . ht wt~ve r , can contribute to the

thermal t~ ns ~ c rt since contact w:t the glass can occur at multiple

points , :~~~ t ~cularl~ for t~ n n~~~~
--
~~ :~~~n ’  i1 p d rt i cles.

t~ in . ~~~~~ in t e’~~ r~iture back to -
~~ r’~”in~ temper~t !re

the ~~~~~~ ~~~~~~~ - Y glass dnd ~i inclus ;r- s will Improve . At higher

t e n  ~ ~t t ure ~ • t~ ;e r ~~~ • Ni part ic les ~~n make a greater contribution

t~ ~~~~~~ t ’~~ ~l ~~~~~~~~~ than a~ the lowe r ‘~~~~~ r~~~~~ re s .  This resul-

in ~ pos~ t iv c  ~~~~~~~~~~~ :~ !~~~ncn of !. nt ~ ‘herma l d~ 4 ’ 4 i v i t~ , in

ag ree -~~’~ w~ t h observations. For the highest ¶ nr~.erature s (hC ~ ex—

ceP.”~! agreen~ nt e~ is~~ betwcnn the ex~-~r~nen a1 •~- ,-d l j e , and ~~~~~~

c a l c u l  ~~~~
- by ‘ ‘

~~~ f~~ composite theor~ ~r the glass ~~th 15 and 30%

• ~h1s is indicative of the abse r ~ e of an fn ’ ’~~ic1al barrier to

r~’~ t ~~~~~~~~ a &OO°C. T h i s  ~~~~~~~~~~~~~ reconfi r ’ ~~. ~~ val idi ty of the

c rit ~ r~a r ~~~~ therma l d If~u ,i vjt~ ~‘~tab1lsne~ by 1.ee and aylor 18

when n~’ si qni f~cant interf acial ‘
~~ t~~~~ S are • -

~~ ‘~~nt . For the compo-

c it e  w i -  ~~ ~i . — n observed ~-v ~~ues e~ceed those predicted tiv the

0 
‘ . . ~r~L~bly as t~n rn~ uit  of ~~rall e1 hi gh conductivity paths

through nickel -1~ c to r~a’~ dirt~~t ;d ’t ’H -~~~~art1cle contacts

which is “~~ taken ~ r t - ac~~- unt in the ~~t theor .

ç o Th e magnitude ~‘ d  t~”r~~e r a t u p o  dependence of the thermal diffu-

sivity va~ues o~ the gl ass w i t h  the ox id iz ed Ni dispersion is expec ted

- show d if ’ d~rt~nt behavior . Since the fibrous glass phase at the inter-

face provides phys i ca l ce ’~t~ ct t’ c~~~e~’~ the glass r na t r i~ and the nickel ,

• 
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at least at the lower temperatures. the nickel can make a much larger

contribution to the thermal d i f fusi~~ity than the non-ox idized (raw) Ni

d ispersions. Th is should result in relatively hi gher •i- values , in

~~re e - t ~~t ~ - y  observat ions (depicted in FIgure 5). Because of the

( 
presence of a thermally insulat ing poros i ty layer at the interface , the

measured cs-val~~ s are expected to fall below those predicted by composit e

t~~ e~~ r . - over ~~~~~~ entire temperature range , as is observ ed.

The f i~ - rcLi s ~~i~~se at t~n~ ~nte rt ~~~~e Wil l  f orm no l ,  at those tempera —

j tu ‘ - - at which v isco — el a s t i~. un ’ . •
~~~~~~ on ~~n ~ place . Below t t ~ ’-~-

• - ~ • • on ‘ cool ng t hn ~~t ~
-r

~~ 1 expansion ri’ ‘~~~ t ~ h will

place ~~‘ -
~~~ fibrous phase in tension w itJ-o:~t further - n~ r ;ec in fiber and

pore morpho logy “:~ si : n i # i c ~~ t a l terat ion “ the q las s—N i inter facia l

~ - n d i n q .  or t~ ~s r~- n - ~cn t~~ t ’ t V : c - r  ~~~~~~~ • dependence of the i-values

f~~r the glass ~ith ox id i ze d ~i part ic les is expected to be less ~har for

glass wit h raw Ni d is per s ion c , a-:~a in  in agreement w ith observations .

thermal d i ’ f n s i v i~~ ~~l•~e -  determined during thermal cycling,

i .e. neati~ ll~~:n~ by coo l ing . —
~~ h t b  types of ~ ioni tes (g lass

wi~~ riw or ox id ized  Ni dispersed phase) a - V  ~hown in Fi gure 6. For

t b ~p iilass w i th  o * id~ zed Ni s iier~ e the k-v a l ues  ‘t termined during

•- .~~. i r ~ and cooling ~~~~~~~~~ one cycle were observed to be reproducible.

Thi; suggest s ~ the inter facial bond is ~erDanent , at least over

‘~~~
- . t •~~~•nr~~ ~re ranqe e~ a-~~

,

- n the g lass ~‘t h raw Ni d ispersi~ r o .  however , the i-values de-

terniinei ri t i e  coo l- p - : ~art of the cycle lie well above the Q-values

~btai ried - n  heating . Thi; suggests that near 600°C the g lass and nickel

form a bond of some sort which requires some degree of cooling before rup-

ture occu rs. This results in a discontinuity in the slope of the thermal
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Figu re 6.--Measured effective thermal di ffusivity of 45 yb raw NI/glass
and 45 yb oxide-coated NI/glass composi tes on heating (open
sym bols) and cooling (closed syntols).
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diffusivity as a function of temperature at ~4OO°C. It is of intevest

to note that a sim ilar hysteresis was observed by ~iebeneck et. a1~

— 
for the ~.,ffect of microcrac i- ing on the thermal diffu sivity of i ron

titanate . The genera l reproducibi lity of the shape of the hysteresis

loop for the glass-raw Ni composites in repeated thermal cycling is ex-

pected to be characteristic of a compos i te of dissimilar materials , i .e.,

a me tal and a glass , where the disper sed phase forms only a weak i ter-

facial bond with the matri x phase.

In sumary , the results of the present study indicate that the

nature of the interfacia l bond between the individual components of

a composi te can have a profound effect on the therma l transport pm-

perties ii the components o t — .e a th e rma l expansion mismatch.

a composite with non-bonded phases and a therma l expansion

> •
~~~~~

, ~i can t ie reduced that of the continuous phase

alon e at temperatures sv’ic1ently far bel ow fabricati on temperatures .

For a composite with 
~d 

> 

~m 
as we ll , this combination of physical

properties offers the uni que poss ibilit , of making a material that is a

oo-’d therma l insu la to r  at low temperatures while being a good thermal

conductor i higher ter-pt’ r~~~r - .

0 Even though there is a therma l expansion mismatch 
~d ~~~~~~ ~n a

compositri with sufficientl y strong bonds between phases or with an Inter-

venin g ~h~~- .e to neutralize residual stresses due to thermal expansion

r. misma tch , contributions t~ the overall thermal diffusivity (or conductivity )

from both phases can be retained. The additional effects of the Intro-

duct-Ion of enhanced porosity regions or of secondary phases during fabri-

$ cation must be considered , however.
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ARST PACT
I

A simple dnd sensitive relative energy calorimeter

thdt will al luw the simultaneous determination of the energy

a short laser pilse and , in this applicati on , the operation

a laser- lash di~fusi. tv experiment is described . The use

of a silicon diode t ht-’rmc ’~ ter on the back face of a graphite

disc infrared absorber incrc~ ’~’ the calorimeter sensit ivity

from about 100 ~~~~ which i -s t yp ical for a standard calorimeter

based on thermopile th~’rr oretr ,- , to 10 mV/J .

C

C

* 
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C SIMPLE LASER PULSE CALORIMETER

P . S. Pa.’ker and G. E. Youngblood

C
In pu l sed laser therma l analysis experiments It is frequently dc-

sirable to have available a measurement of the energy of an individual

laser pulse .1 Such laser calorimeters are conmiercially available but

typically are costly, slow to use and relativel y insensitive . Addi-

tiona ll y, co.miercial calorimeters are built with sufficient thermal

inertia to prevent ~~v e r  qual i ta t ive indicat ion of beam homogeneity.
0

A simple infrared absorber is described which allows the determina-

tion of laser pulse e n e r - : - ~- . In r h i 5 design standard thennopile thermo—

is r~’p1aced with d si l icon di — i~- thermometer.2 This change in-

creases the calo r imete r s e n s i t I v i t y  t rnr~ about 100 ;V/J to nearly 10 mV/J .

A beam splitter is used to divert ‘ r i  5~ of the laser energy to the

calorimeter so this sensi t iv i ty in red is of great importance . The
4--

remai nder of the hra~ e if” :.- i~ thus available to simultaneously carry

— . t an experiment.

The device consi;~s of a 5/8” d’ameter hir i h~purity graphite disc
— 0

(mass ‘~~ 0.5g) absorber w i th  a s i l i t o n  diode thermometer on its rear face.

(See Figure 1). This disc is slightly larger than the beam diameter in

order to intercept the entire nulse. The silicon diode used~1s an un-C
encapsulated zener diode chip approximately 0.5 m on a side wi th a mass

of 0.3 mg. It is ‘~perated with a constant forward bias current of about

100 ua and exhibits a linear voltage versus T shape of about a 3 mV/k.

Motorola MCZ 2.4 AlO , Motorola Semiconductor Products, Inc. Phoenix, AZ

t
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Figure 1 --~hotograph of back face of the graphite disc

absorber showing diode thermometer and lead
attac4w’ients.
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- The diode chip i~ bonded to the back surface of the graphite disc using
C

a conductive epoxy . A ribbon of tht s conducting epoxy is used to provide

electrical contact to the chip block (cathode) and to bond a copper lead

wire t, the 4r~p~’te. The anode side of the chip Is ultrasonically bonded

to a gold wire and masked by a small drop of opaque epoxy to avoid li ght

sensit ivit y effects. The gold lead is, in turn , joined to an internal

oope r lead by an epo*y bond on an a1~ nina standoff (0.05” x 0.02”).

The ‘~ tal mass added to the absorber back face Is ~ 5 mg . which ‘is about

It ur the total absorber mass. An alternative arrangement Is available

usiu~ ny ~u~-rur ia 1 diode of suitabl y small mass. One in particular is 

r r cialli and is designed as a silicon diode thermometer.
4

~~~~~~ ,jlt rrr ;t i~~’s both use sensors which are more massive than ours and

ç ,~r,’ must be ta rn to ~void calibration errors because of this mass.

T r ~’ C i r u r t r y  associated with the absorber is shown in Figure 2.

l~ consists o~ r ~-~n tant current qenerator and op-amp interface wh i ch

ull ows tnt ’ in d.’~rndent :rroing 3nd scale adjustment of the thermometer.

Overal l t’wrmometer sensitivity is set at 4.75 mV/K which y iel ds a lOm Y

sign al tu r an i - u  pul e ot about 1 J. This is 10 to 100 times the sen—

s i t ~ v i t~ o r- a ll y ~uots’d for thennopile-based calorimeters and allows the
F

~se ~ a meter (-r oscilloscope ) wi th millivolt rather than microvolt

sensitivit y .

11: ultimately , this device w ill be used to measure the relative amount
o

of energy deposi ted on the front face of a disc-shaped sample used for

hp dpter-~,nat1on of therma l diffusiv ity by the laser—flash diffusivity

a
~Mode l ()T-520FP-HRC Silicon Diode , La ke Shore Cryotronics-, Inc
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- technique 3 Zn this ex pen ir ent the goa l is to simu ltaneousl y determine
- ‘ the hea t capac lt-.-- and therma l diffusivity , and by back-calculation to de-

- termine the t’ l crra l conductivity as well . Th i s will requ i re calibration

- with a reference sample -~~~ known heat capacity .

In ope ration the transient heating signals front both the calori-

meter and the diffu si vit y test sample are displayed simu l taneously
*

— 

- on a dual -trace rtm t; , ’ oscil~~~ ope A photograph of such a display

— is shown i’ - Fnp u rt 3. the ca lon ioc te r  temperature transient (Curve a)

rist ’ , to a maxi mum and the! decreases to a plateau in a time of 350 ms .,

- : wh~th is somewha t longer tha ’ the character ist ic rise time of the test

= ca ’~~le .~~~:e r ~ un t ’ a n s  I ‘ n~ ( r ~~A rvt ’  b) .  The ca lorimeter temperature

— 1 change r r p m - e s e n t e d  by the diHeren~t. n the pla teau and equilibrium

s ignals (Curve a - ; - ur y r  d ) is proportiona l V the fraction of the
- C’

puke energy diverted :‘ the - a)or?r~ ter .

Tee overshoot (Cur. ’- a) is due to  the fact tha t the disc is larger

han h, k diameter m l  t h 4  depends on the ratio of diameter to thick-

n e -  of ‘~ absorber . In ~e~
- cou rse - -t test in~ the ca lorimeter it was

discovered em cha nges In beam ni for” m ’i and ali qe~nent resulted in ob-

servabl~ ~banues in ~~~~
- r— C - m ’ -t and shape of the overshoot. It is antic-

0 
ipated ha ‘‘ir feature can be quanti fied to allow simultaneous confir-

uati on of acceptable beam homogenei ty and ali gv~nent requ irements for

laser-flash l I f  ~~ , ~
-- t  -~

-
~~~~t ions .

o

Tektronix 5111 with two 5A22N vertical amplifier and a SB1ON time
base plug- in . Tektronix , inc . Beaverton , OR
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Figure 3.--Photograph showing oscilloscope presentation
of (a) the calorimeter temperature transient ,
(b) the therma l dif fusivity test sample tem-
perature transien t . (c) the test sample
equilibrium temperature , and (d) the calorimeter
equil ibrium temperature
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THERMAL DIFFUS!VITY/CONO (JCTIVITY OF DENSE
MAGNESIA/MAGNESIA-ALUMINA SPINEL CERAMIC

Louis P . Dorn ingues , Larry 0. Bentsen , and G . E. Youngb lood

In many cases the properties of a compo site material can be estimated
from the properties of the ind 1m.~idu a1 com ponen ts . For instance , methods and

equations for calculatin g the thermal conductivity of composites wi th spe-

c ci f i c  geom etries have been reviewed In deta~ by Powers .1 Unfortunately,

the microstructur es of real eng ineerin g comp osite materials rarel y satisfy

the Idealized models necessary for mathematical treatment, so it is necessary

to determine the therma l conductivity directly In order to estimate heat flow

and temperature distributions for these materials.

The present note reports effective therma l diffus ivity va lues over a

temperature range 25 to 1400°C for a series of dense , po lyc rystal l ine

~g0/MgAl 2O4 sp ine ’I com posites where th e content of the relatively high-

conductivity MgO phas e varies from 0 to 100% . These ma terials have com-

mercial app lication as extremely low loss die lectrics with a therma l expa n-

sion adjustable by composition control . They are mechanically stable and

generally corrosion resistant to high temperatures .

o The materials were prepar ed by conventiona l mixi ng of high-purity

MgO and MgA12O4
t powders , isost atic pressing , and s inter ing In air at

1600°C. Table I li sts resulti ng densities and pertinent microstructura l

o characteristics for the compo sitions studied.

Mel ler 99 .98% pure , Providence , Rhode Island
Trans-Tec h, Inc. , Galthersb urg , Maryland
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TABLE I . --Com posit lon , density , and grain-size of MgO/MgA12O4 ceramic.

MgO Content Dens ity c Grain _size d Coninents
bole %) a (wg t. %) b 

~~v o l~~)b (grn/~~
3 ) (~an) 

_______

50.0 0.0 0.0 3.51 10-25 bImodal

56.6 7 .9 7.8 3.48 5-15 bImodal

72.0 30.8 30.4 3.51 5-20 bimodal

84 .3 55. 3 54.8 3.52 5-12 equ laxed grains

92 .5 76.3 75.9 3.52 5-10 equlaxed grains

100.0 100.0 100.0 3.50 30-60 equ laxed grains

a ) Balance in Al 03 by difference from 100%.
- 

b) Balance In Mg~l,O~ by difference from 100% .
- c) Determined by w $t~r disp lacement .

d) Estimated from optical micrographs and SEN fracto graphs.

0
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The theoretica l densities for MgO and MgAl 204 are 3.576 and 3.59

gm/on3, respectively. Al l of the sintered products were 98 ± 1% of theo-

retical density and had similar low amounts of porosity. The fact that

both MgO and MgA 12O4 have almost the same densities means that wgt. S and

vol . S are essentially equivalent for the composites.

Since the original compact was formed from stable oxide powders , the

final product consisted of a two-phase mixture of 1490 and MgA12O4 except

for the end members. Of course, some solid solution alloy ing Is expected

during sintering, but the amount was kept below a few percent by sintering

at 1600°C , as ascertained by reference to the MgO-NgA1204 phase diagram.2

Figure 1 is a micrograph of a polished and thermally etched sample of

the 55.4 vol. ~ 1490 material . This structure is typical of the other two-

phase materials. The larger grains are primarily the spinel phase sur-

rounded by the smaller grained MgO phase as confirmed by SEM/EDX analysis

(not shown here). Although the single-phase MgO and MgA 12O4 materials ex-

hibited a larger grain-size than the mixed-phase materials, no direc t grain-

size effec t on thermal transport properties is expected.

The laser-flash technique3 was used to measure therma l diffuslv ity

as a function of temperature during heating and cooling for one cycle from

25 to 1400°C. The details are described elsewhere .4
C

FIgure 2 shows measured therma l diffus lv ity va lues as a func tion of

temperature for sintered single-phase 1490 and I4gAl204 and severa l two-

phase mixtures . Although only values measured on heating are indicated ,
0

It is significant that reproducib le values were measured during cooling,

i.e. , no hysteresis effects were observed .

The thermal dif fusiv ity values were determined for a large-gra lned

- . 
(
~ 100 ~zm), dense (99.9% theoretical), hot-pressed MgO sample and also are

shown in Figure 1 for comparison . The slightly lower values of thermal
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diffusivity are probably caused by the small amount of porosity for the

‘-
~ 

sintered MgO. The porosity effects are expected to be small for the other

materials as wel l so no corrections for porosity were made .

Because of the inherent difficulty in making steady-state thermal con-

ductivity measurements over a large temperature range, it i s easier to de-

rive the thermal conductivity (A) from the experimenta ll y determined values

of thermal diffusiv-i ty (
~), density (p), and specific heat at constant

pressure (c ) by the relation

A ~ c ( 1)

For the case of a composite materia l each of the terms are understood to

represent effective or 4 homogeneous ” values .

Using heat capacity values calculated by use of the Kopp-Neuman Mix-

ture Law ,5 measured room temperature densities corrected for thermal ex-

pansion at higher temperatures, and measured thermal diffusivit y values ,

thermal conductiv ity values were calculated by Equation (1) for the

— 
I magnesia-spinel system. Isotherma l values are shown in Figure 3 for four

different temperatures--27, 200, 600, and 1400°C.

Also shown In Figure 3 are values predicted by variou s mixture rules

for the l ower three temperatures. In an Idea l binary system with no inter-

- 
. 

- 

vening , high therma l resistance phasc s (or microcracks), limiting values

of thermal conductivity are represented by the parallel (upper curve) and

ser ies cases ( lower curve) . 6 The Bruggeman Mixture Equation 1 ,7

v - A + - 
A~~ ~ (2)

+ 2AJ 
~~2 

+ 2Aj

where V and V are volisne fractions and A and A are thermal conduc- I
1 2 1 2

tivity values of the respective phases and A Is the effective thermal

- —~
-
~~~~~~~ -
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conductivity , was used to ca lcula te the values represented by the middle

curves. Since m1cro~tructural examination indicated both phases more or

less continuous except for V,90 • 7.8%, EquatIon (2) should be the most

representative of the various mixture rules for the materials examined

here .

For a ll compositions the calculated thermal conductivity values are

equal to or lower than the series case limit and the values are much lower

than the Bruggenan mixture prediction up to 600°C.

There are two possible explanations - for these results. One, micro-

cracking at grain boundaries between the two phases with thermal expansion

mismatch was used prev iousl y by ? - i ngery8 to explain simi lar results for

tr~e MgO-MgA 1 2O . syste m . As in ~-1ngery s results, the deviations from pre-

dicted mixture val ue~ are larger for smal ler concentrations of MgO and are

more noticeab le at lower ~~~~ ~r~ tUreS. This would indicate that the micro-

crack dens~t-~ or the crack sizes are larger when the MgO phase Is more or

less disconti~~~us as expected for lower MgO concentrations and when the

degree of coolinç from fabricat~on temperatures is larger . However, hys-

t~res~S r ’fects were not observed for these MgO-MgAl 2O4 mix tures. Large

hys i resis e~’~- - ts. attributed to n~ crocrack i~ig In si ngle-phase ceramics

with dnisotropic therma l expansIon , have been observed In thermal diffu-

sivity ,~
’1° tPvsenna l expansion .

11 ’12 and elastic moduli)3 In analyzing the

mi croc r- a~~~ng dependence on grain s ize In 14911205, Fe2TI O 5, and Al 21105, ..

Cleveland and Bradt 14 &how that’ a cr it ica l gra in size for microcracking

is related to the Inverse square of the maximum difference In single-

crystal therma l expansion coeff ic Ients , &l
mâX • A similar relation was

derived by Evans for single-phase materials,
15 and when modif led for differ-

ences In e last ic properties between components , should a l so  apply for

-

~ 
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— composites. Therma l expansion hysteresis, attributed to microcracking

In an a hanina mull-t te composite where &lmax is about 3.3 x l0 •6°C~~, has

been reported by Kingery. For the MgO-MgAl 2O4 system, &Zmax Is 5.2 x lO _6

certainly large enough to cause microcracking If grain-size and

elastic property effects are disregarded.
C

Whe n consideri ng the degree of therma l expansi on mismatch and the

observed degree of thermal conductivity , microcracks are expected to be

present in MgO-MgA l2O4 mixtures. Once introduced , however , these micro-

cracks may not thermally heal or extend during subsequent heating-cooling

cyc les.  In contrast to hysteresis effects observed In the microcracked

- 
single-phase materials , no hysteresis in the thermal dlffuslvlty would

U
occur In these mixtures.

The other possible explanation is that there are no microcracks

~n these MgO-M9AJ 2O4 samples wi th  moderate grain-size. The lower diffu-

sivity values are due, instead , to a combination of solid solution alloy-

— ing and a resulting nonstoichiometry . This is particularly possible In

M9A12O4 which has a wide phase field.
2 In a study of the effec t on ther-

mal dif fusiv ity of nonstoichiometrlc 1102,
16 It was shown that oxygen

vacancies lowered thermal diffusi vity far more effectively than solid-
- - - -4

solution atoms . For Instance , for T i0~ w i t h  one percent deviation from
o L

stolchiometry, the thermal diffusiv ity was lowered about 30% at 200°C

and 20% at 800°C. A similarly large decrease In the thermal conductivity

of a nonstoichiometric MgAl 0 phase would substantially lower thermal
0 24

-

~ 
- - 

conductivity values in the Mg0/M9A12O4 mixtures (by any of the mixture

rc)~lelS ). In fact , lower limit values predicted by a series model with the

thermal conductivity of M9A1204 reduced by 30% would be below the thermal
S

conductivity values calculated from experimental therma l diffus ivities

¶ reported here.
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Although the second explanation is plausible, the first exp la-

nat ion Is favored . That Is, microcracks probably are present in these

MgO-MgA12O4 mixtures but are not subject to crack heali ng or extension

on temperature cycli ng, thus prec l uding hysteresi s effects. From

Figure 3 it Is observed that the deviation from predicted therma l con-

ductivity values has nearly vanished by 600°C and is totally absent by

1400°C. Althoug h the relative effect of the presence of point defect&

on thermal conductivity (diffusivity ) decreases with increasing temper-

ature, It does not vanish as would the effect of microcracks induced by

thermal expansion mismatch.

The fina l proof for the presence or lack of microcracks in the

MgO-MgA 1204 system awaits corroboration with other microcrack sensitive

properti es such as thermal expansion or elastic moduli. Careful analysis

of such bulk properties (including examination for hysteresis effects)

for other composites also should be carried out when the presence of

microcracks is suspected .
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