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Abstract

Thermal conductivity in transparent YAG nanoceramic was measured with the LTHP method in the temperature
range 4-300K. It was found that the thermal conductivity of nanoceramics with an average grains size of 16 nm
was much lower compared to YAG crystal and polycrystalline ceramics composed of micro-size grains. The results
were discussed in terms of the Kapitza resistance model. At about 200 K, Kapitza resistance becomes negative, which
indicates a connection with apparent negative thermal conductivity.
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I. Introduction

The thermal conductivity of optically active materials is
animportant factor that determines the conditions of their
application in optoelectronics, especially in high-power
lasers. The principal question is the relationship between
the structure and morphology of the crystals or ceram-
ics and their thermal conductivity. Interesting studies of
heat transport in polycrystalline materials have been con-
ducted recently. These concern the influence of crystal
grain sizes and grain boundaries 1 -3 on phonon scatter-
ing, which has a significant impact on heat transport. We
recently reported on the effect of crystallite size on the
thermal conductivity of BaTiO3 nanoceramics composed
of grains with average sizes 30— 100 nm *.

YAG crystal is a material characterized by relatively high
thermal conductivity and excellent thermal stability 5. Be-
cause of its optical properties it is widely used as a las-
ing medium in solid-state lasers. However, the relatively
high costs of good quality crystals prompted the develop-
ment of an alternative production method, which has led
to the application of YAG ceramics 6. These are character-
ized by much lower production costs, improved possibil-
ities for composition control and ease of fabrication 7-*.
Compared to single crystals, ceramics exhibit far inferior
heat transfer owing to the blocking effect of grain bound-
aries. In addition, thanks to their stability, YAG ceramics
could find application as thermal barrier coatings 10, along
with other materials with low thermal conductivity such
as yttria-stabilized zirconia 1! or mullite 12.

In this present work we report on our studies of ther-
mal conductivity in transparent YAG nanoceramics.The
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mechanisms responsible for phonon scattering processes
are discussed in terms of the Kapitza resistance model.

II. Experimental

(1) Material preparation

Starting YAG material was prepared with the modified
Pechini method 13. Stoichiometric amounts of yttrium ni-
trate (99.99 %) and aluminium nitrate (99.99 %) were dis-
solved in an aqueous citric acid and ethylene glycol so-
lution to give the appropriate molar ratio 3:5:16:6.5 re-
spectively. The reactants solution was then ultrasonical-
ly stirred for 2h and placed into a dryer for three days at
110°C. The brown polyester resins obtained were heat-
treated at 900°C in an electric oven in air for 16 h. The
nanoceramic was formed by low-temperature high-pres-
sure sintering at 8 GPa and 450 °C 14.

(2) XRD and thermal conductivity measurements

XRD measurements were performed with an X’Pert
PRO Diffractometer in 20 range 10— 110°. The XRD pat-
terns for the starting powder and sintered ceramics are
presented in Fig. 1. In the case of the starting powder there
are unidentified peaks (denoted by *), which, howev-
er, disap pear after the sintering process. They probably
come from the additional phases such as oxides of yttrium
oraluminium. The Scherrer formula !> applied to the peak
at 20 = 20° gives the values for the average grain diame-
ter of the nanopowder and nanoceramics as 21 and 16 nm
respectively.

The thermal conductivity was measured with the station-
ary heat flux method in the temperature range 4-300 K.
The experimental setup and the measurement procedure
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have been described in detail previously 16,17, The temper-
ature gradientalong the sample wasin therange 0.1 - 0.5 K.
Particular care was taken to avoid parasitic heat transfer
between the sample and its environment. The measure-
ment error was below 2 % and the surplus error estimated
from the scatter in the measurement points did not exceed
0.3 %.
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Fig. 1: XRD patterns for YAG starting powder and nanoceramics.

III. Results and Discussion

As stated earlier, during sintering under pressure, the
grains shrink substantially. This indicates a core-shell
type of structure formation in which the crystalline core
is wrapped in an amorphous shell 18. Amorphous bod-
ies are characterized by a plateau for thermal resistivity,
W(T), dependence atapprox. 10 K. Below this value, W(7)
should exhibit proportionality to 7-2. The mechanisms
responsible for such behaviour are well described in the
literature, for example in a monograph 19. It is interesting
to note that only few materials exhibit behaviour typical
for amorphous solids: the plateau is weakly visible and
often occurs at higher temperatures.

The temperature dependence of W(7) is presented in
Fig.2. As can be seen in the inset, for low temperatures
W(T) ~ T-1-88, which is very close to 7-2. This is in good
agreement with the statement above and it could be con-
cluded that the fitting to a straight line is rather good up to
about 10 K. However, the plateau expected at this temper-
ature is shifted towards approx. 300 K.

In nanoceramics with grains size approaching a few nm
in scale, heat transport is governed by the Kapitza re-
sistance 20, introduced initially for the interface between
liquid helium and solid medium. It was shown thatit could
be applicable even at room temperature in analysis of the
thermal conductivity of polycrystalline materials 21.

The Kapitza resistance model is based on a concept of
temperature discontinuity at an interface between two
bodies (particles, grains). As a result, the thermal current /
may be expressed, from the definition, with a simple for-
mula:

J= AT, (1)
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where AT is the temperature discontinuity at the interface
and oy is the Kapitza conductance. For grained materials,
composed of nanocrystallites, heat flow is impeded by the
grain boundaries because phonon scattering occurs. The
Kapitza resistance, Rg = 1/0g, describes the resistance of
heat transport owing to interfaces between the grains. An
illustrative temperature profile of nanoceramics is present-

ed in Fig. 3.
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Fig.2: The temperature dependence of the thermal resistivity of
YAG nanoceramics.
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Fig. 3: The temperature profile for material with alternating layers
of different heat conductivity. The slope of temperature change in
each layer corresponds to its thermal conductivity (temperature T
is at the hot side of sample, T’ is at the cold side).

Grainboundaries impede heat transportand cause adrop
in temperature across the boundary. This drop is depen-
dent on the transmission coefficient for phonons. Owing
to the very small grain size (of the order of 10s nanome-
tres), the drop across a single grain could be approximated



July 2011

with a linear function. This gives us the formula connect-
ing the Kapitza resistance with the thermal resistivity 22:

Wo(T) _ Ry (T) \™

W - (1 avm) @
where Wo(T)/(W(T))is the thermal resistivity of a single
crystal (polycrystalline material), d — the mean grain size,
Rg(T) - the Kapitza resistance. Because of the tempera-
ture dependence of heat resistivity, the Kapitza resistance
should also be temperature-dependent.

Moreover, transmission through grain boundaries could
be temperature-dependent, which may introduce a differ-
ent temperature dependence than the R ~ 7-3 postulated
by Pollack 23. Heat transport between adjacent materials
is influenced by differences in the density of each material
and in the morphology between the materials.

Inordertodetermine Rg(7) from Eq. 2, we need to know
the temperature dependence of the thermal resistivity of a
YAG single crystal. This could be obtained with the Call-
away model 24, which was found to be in good agreement
with the experimental data for single crystal samples as
pointed out by Numazawa et al. 25. In the Callaway model
the thermal conductivity may be expressed as:

3 OpIT

_ kB kBT X4CX
= oy (T) (e -1) wd, )
0

with v as phonon velocity, 7 - the relaxation time of
phonons, x = ho/kgT, 0p — Debye temperature and » —
Dirac constant . In general, the relaxation speed 7! could
be written as a sum of contributions from different scat-
tering mechanisms:

-1 -l -1 -1 -1
T =T T T TN 4)

where I, b, U and N denote the scattering on impurities,
grain boundaries, Umklapp processes and the normal pro-
cess respectively. Temperature dependence of the overall
relaxation speed could be written in explicit form as:

! =Bjo* + % +Byo?T° exp (—@) +BNo’T?,  (5)
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where By, v, L, By and By are fitting parameters. In
our calculations we used the values: By=1.46x 10-44 3,
v =>5000m/s, L =7.326x 10" m, By; =40.722x 10-22 5/K3,
Bn=5.8%x10-36 52/K3, as in 25. This function allows us to
determine the temperature dependence of the Kapitza re-
sistance for the sample under investigation. Writing R in
explicit form we obtain:

Ry (T) = d(W(T) - Wo(T)). (6)

Solving Eq.3 numerically and taking d=16 nm as de-
termined from the XRD pattern analysis, the tempera-
ture dependence of Rg could be obtained, as shown in
Fig. 4. Moreover, the values of W(T) are higher for the
nanoceramics sample than for the single crystal or mi-
crometre grain ceramics, which can be seen from the graph
(Fig. 6) in 25, where the values of thermal conductivity
are in the range of 0.06 to 8 W/cmK (dependent on sam-
ple). These values correspond to values for W(7) of 0.17 to
0.0125 Km/W respectively. This is significantly lower than
in the case of nanoceramics, for which W(T) attains values
in the range 0.6 to above 200 Km/W. Similarly, the values
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of thermal conductivity for crystals reported by Sato ez al.
(Fig. 1 in 26) attains values of 9— 10 W/mK at 25 °C, which
corresponds to a thermal resistivity of 0.1-0.11 Km/W,
significantly lower than 0.6 at approx. 300K reported in
this work.
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Fig. 4: Temperature dependence of the Kapitza resistance for YAG
nanoceramics.

The Rg(T) plot needs closer analysis. At the lowest tem-
peratures, the R ~ 77217, which is substantially different
from the 7-3 dependence as mentioned above. This could
reflect the fact that the temperature profile at grain bound-
aries contains two steps because of the presence of amor-
phous phase. Secondly, as it could be seen from above plot,
Ry drops rapidly above about 150K and becomes nega-
tive above about 200 K. The origin of such behaviour is
unclear at the present stage of investigation. It can be seen
(Fig. 2) thatat 200 K the region of plateau emerges in W(7)
vs. T.From Eq. 6, it is easy to see that negative values of R
originate in the thermal resistivity of the crystal exceeding
the thermal resistivity of the ceramic sample. Because the
Kapitza resistance describes only the heat transfer across,
but not parallel to, grain boundaries, heat flow between
two grains parallel to the boundary could have a signifi-
cant influence on the Rg values, which is not taken into
account in Eq. 2. To obtain a deeper understanding of this
behaviour, more sophisticated investigations are planned.

IV. Conclusions

The thermal transport properties of YAG nanoceramics
prepared with the LTHP method have been investigated.
XRD analysis indicates shrinkage of the grains, implying
the formation of amorphous phase enveloping the crys-
talline particles. The thermal resistivity, W, measurements
indicate that heat transport is impeded by the amorphous
part of the sample. At low temperatures, W(7)~7-188,
which is close to theoretical proportionality to 7-2. How-
ever the plateau, which should occur atabout 10 K, is shift-
ed towards higher temperatures and starts to form near the
upper limit of the measured temperatures (300 K). W at-
tains values significantly larger than in the case of the sin-
gle crystal or microcrystalline ceramics reported by Nu-
mazawa et al. 25 and Sato er al. 26 Analysis of experimen-
tal results in terms of Kapitza resistance, Rk, indicates
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Ry (T) ~ T-217 at a low temperature regime, which sug-
gests the dependence of the transmission coefficient be-
tween grains on temperature. Moreover, it exhibits a sub-
stantial drop above approx. 150 K, which in effect leads to
negative values. At the present stage of investigations, the
nature of such behaviour is not clear and requires further
investigation.
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