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INSTRUMENTATION FOR STUDIES OF FUNDAMENTAL ISSUES IN
_MICROWAVE PROCESSING OF NANOGRAIN CERAMICS

EXECUTIVE SUMMARY

EALVU IV &

This is a final report for AFOSR instrumentation Grant (DURIP) number
F49629§93919340The program is entitled “Instrumentation for Studies of Fundamental
Issues in Microwave Processing of nanograin Ceramics”.

The equipment purchased is intended to greatly enhance the diagnostics
capabilities, and will be used to investigate several fundamental issues related to the
effects of microwaves on diffusion, grain growth, and energy deposition within porous
polycrystalline and single-crystal ceramic materials, including nanograin ceramics.

The following items were acquired, delivered, installed and are in use in our
laboratories: ’
1) Thermal conductivity system
2) VCCior netwnrk anaiyze”
3) Microhardness testet

4) Stereo microscope

As an example, we enclose a preprint of a very recent manuscript describing the
use of the thermal conductivity system purchased during this grant to characterize the
thermal conductivity of various ceramic powders, including nano powders, during
processing (T hermal Conductivity of ZnO: From Green to Sintered State, by T.
Olorunyolemi. A. Birnboim, Y. Carmel. O. Wilson, Jr:, I Lloyd, University of Maryland.
College Park. MD and S. Smith and R. Campbell Holometrix, Bedford. MA).

As a second example, we enclose a preprint of a manuscript dealing with the
densification characteristics of naﬁopowders (Measurement o Densification of Zinc Oxide
Compacts Using an Optical. Noncontact, Noninvasive Extensometer, by T. Olorunyolemi,
R Tolbert, O. Wilson. Y. Carmel, 1. Lloyd, G. Xu and A. Jaworsky, Univ. of MD, College
Park).
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Measurement of Densification of Zinc Oxide Compacts Using an
Optical, Noncontact, Noninvasive Extensometer

Tayo Olorunyolemi,” Renee Tolbert, Otto Wilson Jr.* Yuval Carmel,” Isabel Lloyd,*

.

Gengfu Xu, and Allen Jaworski

Institute for Plasma Research, University of Maryland, College Park, Maryland 20742

An optical noninvasive, noncontact extensometer was used to
measure the shrinkage of zinc oxide powder compacts during
sintering. Powder compacts were uniaxdally and isostatically
pressed from micrometer, submicrometer, and nano powders
and sintered in 2 thermal oven at temperatures up to 1100°C.
The nunometer-size sample started to density at ~d400°C,
about 200°C below the densification threshold of the
micrometer-size sample. The results are in good agreement
with those obtained using a contact dilatometer.

I. Introduction

ME scarch for ceramic materials with improved properues has
led to the development of novei processing methods. One of
the acuve arcas of rescarch in ceramic processing is the use of
microwave enersy to densify ceramics.!™* While = number of
reports have shown that microwave processing of ceramics can be

used to achieve better mucrostructurai control and enhanced

properues. the mechanism behind these results is sull unclear. One
unique way to better understand microwave prucessing of ceram-
Ics 1s to monitor their dersification 1n a microwave fumace in sifu.

Densification experiments are most comumonly carricd out usiog
converuonal dilatometers,”® which use a pushrod system to
mantin contact with the sample. The expansion or shrinkage of
the sample is then measured as 2 tunction ot emperamre or tme
at 2 knownr heating or ceoling rate. However, it is undesirable to
usc a uaditional dilatometer in a microwave tumace for three
reasons. First at s difficult o accommodate 4 pustrod type of
apparams wittun a nucrowave turnace smnca it requsres ans and
shields that accommodaie moving parts. Second, e dilatometer
COMPOncnts may interact with the microwaves and thus affect the
microwave field and temperature distribution within the oven and
the saruple being processed. Third, the mechanical stresses asso-
crated with contact dilatomcetry could affect the otherwisc pres-
sureless process. The use of & noncontact, noninvasive system
avoids the potenual problems mentoned above. This paper de-
scahes e use of an opucal extensometer 10 remotely measure the
shrinkuge of powder compacts. The results compare favorably
with those obtained using a conventional (conwct) pushrod
dilatometer.

O R. Clarke—contnbuting edstar

Maznusenot No. 189288, Recerved June 16, 1599: approved September 22, 1999,

Presented st the 1016t Aanual Mezong of the Amencan Ceramic Soctery,
Indranapous, IN, April 27. 1999 (D-elecowe Matenalt and Levices, Paper No.
S-E-054-99) .

Suppumted by the Aur Furce Office of Scienufic Research (AFOSR), Smuenral
Cerumucy Division, unaer Grant No F496209710270 and pautally suppored by the
Navul Research Laboratory i

“Member, Amencan Cenamue Society.

II. Experimeatal Procedure

The extensometer is an optical system.” It consists of a light
source and a detsctor. The detector consists of the lens. the gauge
length adapter, and the messuring hcad. The lens on the instrument
is designed for samples that are 75 mm in length. A gauge length
adaprer allows samples from 5 to 30 mm to be measured. A
schematic diagram of the setup for the instrument, showing the
different components, is depicted in Fig. 1.

To meusurc shrinkage, the detector uses the contrast between
the edges of the sample and the cnvironment. Therefore, the
sample must be colored or color modified before shrinkage can be
measured. Usually, the two cdges of the sample are painted or they
may have nags attached to them. At high temperanure, nene of
these methods can be uscd. However. we found that the shrinkage
of our samples could be measured w:thout marking the edges. The
contrast provided by the color of our samples (off-white) was
enough (0 allow the image 1o be formed on the detector.

The distafice between the sample and the detector i« known us
the working distance. The working distance is depandent on the
normunal length of the sample, I,, the lens. and the gauge kength
adapter. Before the start of the expenment, the working distance
must be determined and adjusted in order to obtain a clear and
well-focused image on the detector. However, the sample remuns
“in focus” dunng the enure sintering process. even while under-
going densificavon. The working distance for our particular
equipment 1s shown in Table | for diffarent sample sizas.

For a typical cxperiment, the extensometer is pusitioncd on onc
side of a tube fumace and the light source is posiuoned opposite
the extensomceter, The sample is placed on top of & porous aumuna
holder which is designed zs a serucylinder so that 1t can be moved
in and out of the furnace. The sample is positioned inside the

Collimated Light Tube

Source Furnace
I
’ E / . Sample
- e -~ image
Mullite Tube o i

Sample T i

Alumina

Sample

Holder

Fig. 1. Schematie diagram of the opticat extensometer for measunng
densitication. The extensometer measures sarinkage by opucally identufy-
g the edges of the sample.
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Table L Working
Distance for a Sample

with Nominal Length
(,) between 5 and

30 mm
Worlang distsnee
lo (mum) (mm)
5 3375
10 360
15 362.5
20 363 .
25 3615
30 370

furnace 5o that the distance between the samplc and the extensom.
eter is the previously determincd working distance. The lizht
source is turned on, and the exiensometer is adjusted until the
image of the sample¢ is ccntered on the viewfinders.

Commezcial powders of different panicle size ZnO-—nano
(NanoTek, 20 nm). submicrometer (Zinc Corporanon of Amcrica.
0.17-0.24 pm), and micrometer (Cerac, Inc., 1 wm)—were used
tor the cxperiments. The sample disks werc pressed umaxially in
a die at 30 MPa and then pressed isostatically at 300 MPa. Sarnple
disks were dried in an oven at 120°C for 1 h to ramove chysisorbed
water before the densification experiments. The sintering expen-
ments 1o the standard pushrod dilatometer (Orton, Cincinnan, OH)
were carried out under jdentical conditons.

IIT. Results and Discussion

Results obtained fer sintcring expenments camed out at a
heaung ratc of 3*C/mun are shown in Fig. 2. Expenments carmed
out under the sume conditions in a pushrod dilatometer arc shown
in Fig. 3. Expenments were carried out at other heauns rates (see
Table ID\. and results similar to thosa carried out at 3°C/min (shape

— and magmitude) were obtaned. It should be noted that sumilar

curves were obtuned in the expermments carned out using the
extensometer and the pushrod dilatomcter. Results of the expen-
roents on pano-size samples vsing the dilatorneter und the exten-
somctcr are compared in Fig. 4. The overlad plots show excellent
agreement berween the values obtained using the two sysicrms. The
difrerence n the measured percentage shnnwage was less than 3%
(=3%) of the standard dilaiometer value at all temperatuses. These
results show that the extensometer can be used to mowtor the
densification of ceramics in sifu. :

f ;
0 o= o f
g AR\ !
z Y P
' 2

?:; -5 v B,

= Y OEL

c v--9» Nano i1 -::is

= >—osSubMe | % T4 i

) 10+ =-* Micron ! 1' L ]

52 ! - . “\&.‘OH i

Temperature (°C)

Fig. 2. Shnokage verws temperature curves for ZaO compacts (three.

difezeat paracle sizes) obuaned usiog (e opucal extensometer. Heaning
rate = 3°Chmin. ‘
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Fig. 3. Shrinkage versus tcmperature cugves for ZoO comopacts (three

different parucle sizes) obtained using a dil
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atometer. Heating rate =

Table IL.  Sintering Experiments’ Carried Out in

This Study
Heanng rute .
(*C/mun) Nana Submycromezer Mlieromerer
3 3Jd 0 C
10 X X X
20 X X X

"Uune cinn snueant und SEorad dustamony
tmene with O sign are presenizd,

bva i
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Flg. 4. Co:_npanson between shnnkage of nano-sizeqg 250 carmied out in
3 pushrod dilatoreter and opucal exteasometer. The agreement benveen
the two systems is better than =36, shrinkage over the enure Lmperature
range.

Note the difterences in the sintering behavior of the samples of
different parncle sizes in both Figs. 2 and 3. The nano-size sample
starts to densify at about 200°C before the micrometer-size sample.
Recent work revealed that the thermal conductivity of ZnO is
dependent on the particle size of the sample, with smaller orain
samples having higher thermal conductiviges. * Simulations of the
thermal conductiviry below the sintenng threshold indicate that the
interparucle necks in smaller particle size samples grow faster thun
in the larger particle size sampies. The faster rate of neck growth
in the smaller $ize samples will lead to earlier densification as
obscrved in the present expenment. It is well known that heaung
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ceramics at high temperature for extended periods leads to cxces-
sive grain growth. Therefore, the use shrinkage contolled sinter-
ing cycles could lead to the manutacture of novel materials for
apphications where small grain sizes are dasired.

Our research group is currently working on integrating the
CxiCNSOmeter 1nto our microwave furnace. We have a software,
developed in-house, that is being used to control our microwave
fumace. A section is included in the software that will usc the
shrinkage of ceramics as a feedback loop system to conwol the
sintering process. Therefore, we will he able to do rakt-conuolled,
s well as temperature-congolled, sintering. Rate-controlled sin-
tenng experiments,”* in which materials are sintered at a constant
opumum shrinkage rate, have been shown to lead to improved
marenial properties. However, it has not been possible to do this in
a microwave environment because of the problems enumerated
sarlier. The optical extensometer provides a novel method
introduce rate-controlled sintering into microwave systems. The
combination of the densification cxperiments (rate- and
tamperature-controlled) and the characterization of the microstrue-
turc during different experimental conditions will help in devel-
oping novel materials and in explaining some of the “microwave
effects” in ceramics.

1v. Summary

It is very difficult to use a standard pushrod dilatometar in a
multimode mycrowave cavity. The good agreement between
shninkagc rates observed using an optical cxtcosometer and a
standard dilatometer indicate thar the opucal extensometar can be
used as s dilatometer 1 a mucrowave environment. With appro-
priate feedback loops, such a system can be used for intelligent
control during microwave processing. In addition. cxpcriments

American Ceramic Society
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using both systems showed that ZnO nanopowder started to
densify about 200°C below those of more conventional powders.
This was not unexpected becsuse of the difference in particle size.
It confimed carlier work measuning thcrmal conductivity of
particle compacts during heating.$

Acknowledgments:
We want to thank Evan Pert and David Gershen for useful discostione.
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Thermal Conductivity of ZnO: From Green to Sintered State

T. Olorunyolemi, A. Birnboim, Y. Carmel, O. Wilson, Jr., I. Lloyd
University of Maryland, College Park, MD 20742

S. Smith and R. Campbell
Holometrix, 25 Wiggins Avenue, Bedford, MA 01730

ABSTRACT

The thermal conductivity of 2n0 with different particle sizes (micron, submicron
and nano) was measured Qsing the laser flash technique. As the “green” samples we.re
heated from room temperature to 600 °C (and 1000 °C) and then cooled down to room
temperature, the thermal conductivity was measured in situ. A model for inter-particle
neck growth was developed based on mass transfer to the neck region of a powder as a
result of known temperature gradient. By combining this model with a three-
dimensional numerical code, the thermal conductivity of ZnO was calculated. Excellent

agreement between the theoretical calculation and experimental data was found.

“Presented at the 1017 Annual Mecung of the American Ceramic Society. Indianapolis. IN. April 28. 1999
(Computation. Simulation and Modcling. Paper No. S-B-051-99) ’
“Supported by Air Force Office of Scicntific Research Grant No. F496209710270."




L. INTRODUCTION

“The search for materials with improved thermal, electrical and mechanical
properties has led to increased interest in ceramics, which can be prepared with different
properties. Knowledge of thermal conductivity is essential in applications involving heat
generation or high temperatures. For example, thermal conductivity determines ‘the
reliability of devices where heat dissipation and thermal shock resistance are major
considerations2. In the processing of ceramics, thermal conductivity is importaht in
designing novel sintering techniques, like microwave processing, where high hegting
rates, < 1000 °C/min, may be attained’. Large temperature gradients in these materials
can cause density gra&ients, leading to non-uniformity in grain siée distribution énd
properties, as well as quality degradation and cracking.

Because of its importance in the design and manufacture of a wide range of
ceramic engineéring materials, extensive theoretical and experimental studies have been
carried out on the thermal conductivity of ceramics. However, there is limited number of
studies in the literature that attempt to study the relationship between the thermal
conductivity and the microstructure of materals starting from the “green” state. The
dearth of data can be attributed to the difficulty in measuring thermal conductivity for a
shrinking sample.

On a macroscopic scale, the presence of pores and other defects in the ceramic body
leads to a reduction _in ;hefmal conductivity. A small degree of porosity will strongly .
influence the phonon mean free path and severely limit th;thermal conduction. Apart

from pores the thermal conductivity of ceramic materials is affected by other

macroscopic effects, like microcracking, anisotropy and the presence of mc')isture.



This paper examines the microstructure-thermal conductivity relationship in
ceramic materials. starting with the earliest stages of sintering before densification is
measurable. In this study, two sets of experiments were done using ZnO samples. In the -
first set, “green” samples were heated to 600 °C (below the densification threshold .for
micron and submicron particles). In the second set, nano size green ZnO samples were
heated to 1000 °C (well above the sintering threshold). In situ measurements of the
thermal conductivity were performed for all systems during a cycle of heating and
cooling.

The goal of this work is to compare the experimentally observed thermal
conductivity to a theoretical model to develop an understanding of the microstructure-
thermal conductivity relationship. ~ Section II contains a brief description of the
expertmental setup for in-situ measurement of the thermal conductiviiy, as well as sample
preparation techniques. The results of the measurements and a comparison between the
experimental results and thermal conductivity calculations based on neck growth are

presented in section [II. Conclusions are presented in section [V.

II. EXPERINMENTAL |

Thermal diffusivity and specific heat measurements were carried out using a
Thermatlash 2200 laser ftlash ins.trumentj. Primary components in the measurement
section of the apparatus include a pulsed Nd:glass laser, a tantalum furnace for sample
temperature control, and an infrared (IR) detector. - When the temperature of the small,
disk-shaped sample has stabilized inside the furnace, the laser is fired, depositing a small

pulse of energy on the front surface of the sample. As heat diffuses to the back surface.




the time-temperature response of this back surface is monitored by the IR detector, and
recorded digitally by the data acquisition system. Using literature-based routines®™, the
automation software analyzes rear-face temperature data, making corrections for heat loss
or pulse width effects. if any, to compute the sample’s thermal diffusivity.

For the specific heat measurement, a reference sample (Pyroceram 9606) of
known specific heat was measured under the same conditions and at the same
temperature as the test sample. By comparing the relative thermal response for reference
and test samples, spec.iﬁc heat of the ZnO is calculated.

Thermal conductivity is then determined from the measured thermal difﬁ.lsiv.ity,
specific heat and bulk density ot the sample using the equation |

K=apgc (1
where a is thermal diffusivity, K is thermal conductivity, ¢, is speciﬁc heat and p is bulk -
density.

Commercial ZnO powders, herein referred to as “‘nano” (NanoTek, ~20nm),
“submicron” (Zinc Corporation of America, 0.17 - 0.24um), and “micron” (Cerac, Inc.,
~lum) powders to indicate prédominant particle size, were uniaxially pressed. at room
temperature to 37 MPa. Sample dfsks approximately 12 mm in diameter and 2 mm thick,
were used for thermal diftusivity aﬁd specific heat measurements. Before the
measurements, both test and reference samples were coated on both surfaces with

graphite in order to produce equivalent ‘optical properties—a critically important .

requirement for accurate specific heat determination. The use of graphite also enhances

the signal to noise ratio in diffusivity measurements.




Measurements were carried out on the first set of samples at room temperature.
The temberature was then ramped at 3 °C /min to 200 °C and another measurement was
then taken. Measurements were also taken at 400 and 600 °C. As the samples were
cooled to.room temperature, measurements were made successively at 500, 400, 200 and
25 °C.

For the second set of experiments, a nanometer particle size sample was heated
from room temperature to 1000 °C at 4°C /min. Thermal diffusivity and specific heat

measurements were carried out at regular intervals during heat-up and cool-down.

[Il. RESULTS AND DISCUSSION
A. Samples Heated to 600 °C

Curves of thermal conductivity vs. temperature for the three-sets of ZnO samples
(micron, sub-micron and nano), measured as they were heated to 600 °C and cooled back
to 25 °C, are shown in Figure 1. Note that above 400 °C the thermal conductivity of the
nano particle size increases faster with increasing temperature than that of the sub-micron
and the micron particle size samples. This difference is a result of the lower‘sintering
temperature of nano size ZnO.
Figure 2 shows the thermal conductivity of the micron size ZnO plotted as a function of
time, along with its thermal histqry. The nano and sub-micron size samples have the
same general r’eatureg as the micron size sample shown in Figure 2. The measured
thermal conductivity exhibits complex behavior. [t decrea;éé slightly as temperature is
increased to ~ 200 °C, but beyond this point the trend reverses, and thermal conductivity

is seen to increase with further increases in temperature. On cool down, the thermal




conductivity exhibits a strong hysteresis. and thermal conductivity continues to increase.
even as femperature is reduced. As explained below, this radical change in temperature
dependence suggests a transition from a thermal conductivity characteristic of powders to
one that is increasingly dominated by solid conduction in the continuous phase of the

consolidating ceramic.

i Thermal conductivity

For ceramic powders, the earliest stage of sintering is characterized by smoothing
of particle surfaces, rounding of interconnected pores, and inter-particle bonding. All
these effects are known to result in little or no change of density or volume. Certain
properties of ZnO powders. however, like surface area and sound velocity, are observed
to change at temperatures well below the sintering threshold, someiimes as low as 200
°C'*"  Figure 2 shows that the thermal conductivity also changes well below the
sintering threshold:. the measured values are not constant, but increase with increasing
temperature and time.

We believe that the increase in thermal conductivity observed at temperatﬁres
well below the sintering threshold is driven most strongly by growth of the neck region
surrounding the inter-particle contact points. To test this hypothesis, we used a model
describing the growth of inter-particle necks. The results of the neck growth model,
applvied to the case of spherical particles, were combined with a three-dimensional code to
simulate processes affecting the apparent thermal conducti\}it_yf?'ofa porous ceramic.

Details of the model simulation and calculations have been reported elsewhere ', but a

brief review is given below.




o

The two-sphere model was used to model the growth of inter-particle necks. This
isa popﬁlar model, and it has been used extensively to model the sintering behavior of
ceramics.'*!7 It includes different diffusion mechanisms and paths for the processes
taking place within and between the spheres. The model uses the particle radius, the neck
radius, and the radius of curvature of the neck to develop a relationship for the neck
growth at a given temperature. Incorporating the diffusion mechanism for the initial

stage of heating, the following equation for the neck growth was developed:

g /L |
[Xodx = Bjexp—d Q| ol 2)
. f(:/)[ KgT(ty| —— .

where X is the ncek radius, Q is the activation energy for neck growth, Ky is Boltzmann’s

constant, and T(t) is the temperature at time t. B is defined as

B=16D,wy6 R’ /(7K ,) (3)

where v is surface energy, w is t}'le width of diffusion region, &’ is the vacancy volume, R
is the particle radius, and D, is the vacancy diftusion coefficient prefactor.

The above equation can be solved numerically for any temperatﬁre history using
estimates and literature values for the parameters in the equation. The values used for
these parameters, and thetr literature sources. are given in Talﬂe L.

The simulation code calculates an effective heat flux produced by a particular

temperature gradient imposed on the particles. For the general case of heat flow in a

solid. Fourier’s Law gives .




q=-kVT o)

where k, the thermal conductivity, is the ratio of heat flux, q (W/m?-K) to the temperature

gradient, VT (K/m). Heat trénsport in porous materials can, in general, be a complex
process involving several modes of heat transfer, including conduction through the solid
phase, conduction through the interstitial gas, and radiative exchange between (or
through) particles. For ZnO powders in the neck growth regime. calculations showed |
that conduction in the solid is by far the dominant mechanism. and the negligible
contribution of other modes was not considered.

[n the pre—sinteriﬁg regime. two competing mechanisms inﬂuenée the temperatu‘re
dependence characteristic of the sample’s thermal conductivity: conduction within the
particles decreases with increasing temperature, as the rate of resistive phonon-phonon
interactions incréases; and conduction between particles increases as neck growth reduces
contact thermal resistance.  The relative strength of these two effects determines the
character of the conductivitv/temperature curve.

For the temperature regime modeled in the present work, the predominant effect
on thermal conductivity is producéd by the neck growth mechanism, which, in its early
stage, leads to signiticantly enhanced inter-particle heat conduction. Duﬁng this stage, in
which no densification takes place. (X/R<<I), the model predicts that the increase in

effective thermal conductivity is directly proportional to neck growth.

By combining the two-sphere model of inter-particle neck: formation, the
simulation, and the intrinsic thermal conductivity of dense ZnO as a function of

temperature, one obtains the temperature dependence of the thermal conductivity. This
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dependency is given in equation 5. Using this equation, the thermal conductivity of

. ¢ s
K = 3. (14.2 . R+0.134) (5)
T .

micron size ZnO was calculated for temperatures below the sintering threshold. The
simulated thermal conductivity as well as the expgrimental results are shown in Figure 3.

For the early stage of heating, before significant neck growth occurs, the
simulation shows that the dominant influence on measured thermal conductivity of the
pressed ZnO pellets is the intrinsic thermal conductivity of the ZnO particles. This
explains the initial decrease in the measured thermal conductivity, since therrﬁal

conductivity of fully dense ZnO decreases with increasing temperature. As the

temperature is increased above 350 °C, the simulation predicts a rapid growth of inter- -

particle necks and an associated increase in thermal conductivity, which was indeed
observed. In addition. the model predicts that neck growth continues even after the
temperature ramp is stopped at 600 °C, and continues to grow as the témperature is
decreased to ~500 "C. As temperature is further reduced below 500 °C. the neck radius
remains essentially constant, and the dominant factor affecting thermal conductivity is the
strongly temperature-dependent conductivity of dense ZnO.

Our experimental results and model predictions are in agreement with the work of
Whittemore and \’argla”f. who showed that no shrinkage of ZnO (micron size) occurs
below 600 "C, but also that the surface area of the sample de;éased upon heating through

this temperature range (below sintering). They attributed the decrease in surface area to

neck formation.
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ii. Particle size effects

The particle size of the starting material is i.mportant in determining the features
of the final product. Ouf simulation shows the influence of the particle size on the
growth rate of the neck and the thermal conductivity. The influence of the particle size

on the grain growth is implicitly contained in equation 2, in which the constant B is

proportional to R3. Solving equation 2 for X/R shows that it is directly proportional to

R™*7. This dependence predicts a faster growth in thermal conductivity for smaller
particles. This model also corroborates our experimental results. As seen in Figure 1, the
slope (denivative) of the thermal conductivity vs. temperature curve for the nano-sized

samole is greater than those of the micron and the sub-micron size sample. Because of the

faster neck growth of smaller size particles, the nano size sample is expected to start

densifying at lower temperature. This is obgen'ed in densification experiments carried
out on ZnO of different particle sizes, where the nano size sample starts to densify at ~
400 °C, about 200 °C below the sintering (densification) threshold of the micron size
sample. The densification expériments were carried out using an Orton 1600 dilatometer,
and the results a;e presented in Figure 4.

Note that the thermal conductivity of the nano size sample (~ 9 W/mK) is much

larger than that of the micron and submicron size samples (~ 3W/mK) heated to 600 °C

and cooled back to room temperature. As discussed above and seen in Figure 4. the nano

size sample starts to densify at ~400 "C. The measured thermal conductivity is therefore
not in the region where there is only neck formation but where there is also some

densification. Since our model was originally developed for the initial stage of sintering
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where no densification takes place, it was not able to explain the effect of particle size on
the thermal conductivity of samples when there is densification. Therefore, we modified
the code developed for samples heated below sintering and used it to simulate the thermal
conductivity of the nano-size sample. The modified code took account of the
densification taking place between ~400 and 600 °C. The experimental data and the
simulated results are plotted in Figure 5. The modified simulation correctly predicts the
character of the thermal conductivity curve béfore and during the initial stages of

densification.

B. Nano Samples Heated to fFull Density

With the laser flash method. we were able to measure the thermal conductivity of

ZnO from the “green” sample to the fully sintered material. This work is one of the few .

to measure thermal conductivity from the “green” to the fully dense state. The lack of
literature data is due to the difficulty of measuring the thermal conductivity as the sample
is shrinking. The sample hdlder used in this study was modified to maintain sample
position relative to the measurement axis during shrinkage, and changes in sample
dimensions and density were accounted for when calculating thermal diffusivity. The
correction for dimensional changes was obtained from the dilatometry experiments
presented in Figure 4.

The measured thgrmal conductivity for the green nano sample heated from room
temperature to 1000 ’C (full densification) is shown in Figure'6. Here again, for reasons
discussed above. the thermal conductivity of the porous samples decreases slightly in the

early stage of heating, betore significant neck growth has occurred, due to the inverse
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temperature dependence of the ZnO thermal conductivity. Neck growth results in
increasi.ng conductivity in the next stage, until the inverse temperature dependence once
again comes to dominate above 800 °C, due to the elimination of pores during
densification (which also eliminates radiative heat transfer).

Figure 7 shows thermal conductivity measurements for a fully sintered sample
heated from room temperature to 1000 °C. Note the decrease in the thermal conductivity
from 37 to 4 W/mK as the temperature is increased from room temperature 1000 °C.
This is the thermal conductivity curve for fully dense ZnO previously referred to, which
is similar in character to many ceramics in the temperature range over which resistive
phonon-phonon interactions (umklapp processes) are the dominant scattering mechanis>m;
the high end of the previous plot exhibits the same characteristic temperature

dependence, indicative of the fully sintered state.

Conclusions

In this work, we have shown that thermal conductivity can be modeled and
measured from the green state to the fully sintered state. This has potential applications
in process control and the devélopment of porous materials with tailored thermal
conductivities. We have also shown that neck growth occurs at much lower
temperatures than would be expected based on “traditional” sintering studies. This has

implications with respect to thermal treatment of powders. In addition. we have shown

that thermal conductivity measurements can serve as a sensitive probe of microstructure
in ceramics. especially during the earliest stages of sintering where steady-state methods

cannot be applied.  Finally, we have shown that particle size effects on thermal




conductivity can be accurately simulated allowing prediction of densification behavior in
new materials such as nanopowders.
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Fioure captions

Figure 1: Thermal conductivity of “green” nano, submicron and micron particle size ZnO
heated from room temperature to 600 °C at 3 °C/min.

Figure 2: Thermal conductivity of micron size ZnO plotted as a function of time. The
temperature profile is also shown on the graph.

Figure 3: Measured and calculated thermal conductivity for the “green” micron size ZnO
heated to 600 °C and then cooled to room temperature.

Figure 4: The densification curves for nano, submicron and micron ZnO. The
densification experiments were carried out using an Orton 1600 dilatometer.

Figure 5: Measured and calculated thermal conductivity of “green” nano size ZnO heated
to 600 °C and then cooled down to room temperature.

Figure 6: Thermal conductivity of “green” nano particle size ZnO heated from room
temperature to 1000 °C.

Figure 7: Thermal conductivity of fully sintered ZnO (sample from Figure 3, cooled
down 1o room tzinperature) heated from room temperature to 1000 °C.

Table caption

Table 1: Values of physica! parameters used in the calculation of the thermal conductivity
of micron size (conventional) ZnO
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Table 1; Values of physical parameters used in the calculation of the thermal conductivity

of micron size (conventional) ZnO.

Parameter Value Notes

Grain Size, R 0.65 um Average particle radius

| Width of diffusion region, w 0.4 nm Reference 16 page 345
Surface energy, v 0.1 J/m* Reference 16, page 448
Oxygen vacancy volume.3’ 9.6x 107 Using 1.32 A as the radius

ofoxygen in ZnO molecule

Diffusion coefficient pre factor, D, 0.01 m¥/sec
Activation energy, Q/Ky 19000 K Equivalent to 158 KJ/mole




Figure 1: Thermal conductivity of “green” nano, submicron and micron
particle size ZnO heated from room temperature to 600 °C at 3 “C/min.
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Figure 2: Thermal conductivity of micron size ZnQO plotted as a function
of time. The temperature profile is also shown on the graph.
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Figure 3: Measured and calculated thermal conductivity for the “green”
micron size ZnO heated to 600 °C and then cooled to room temperature.
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Figure 4: The densification curves for nano, submicron and micron
ZnO. . The densification experiments were carried out using an Orton
1600 dilatometer.
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Figure 5: Measured and calculated thermal conductivity of “green”
nano size ZnO heated to 600 °C and then cooled down to room
temperature.
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Figure 6: Thermal conductivity of “green” nano particle size ZnO

heated from room temperature to 1000 °C.
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Figure 7: Thermal conductivity of fully sintered ZnO (sample from
Figure 3, cooled down to room temperature) heated from room
temperature to 1000 °C.
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