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We experimentally investigate the anisotropic thermal conductivity in beta-phase yttrium disilicate (3-Y2SioO7). This is
achieved through a combined frequency- and time-domain thermoreflectance mapping technique correlated to scanning
electron and electron-backscatter diffraction micrographs. Doing so allows us to examine the thermal conductivity of
various grains of different orientations, ultimately allowing for the determination of the thermal conductivity tensor of
the system. 3-Y2SioO7 shows strong anisotropy in its thermal conductivity, with a 25% change in thermal conductivity

from the most to least insulating orientation.

Aerospace applications necessitate the use of unique ma-
terials to withstand extreme environments. The need for en-
vironmental barrier coatings (EBCs) are of particular impor-
tance in limiting the oxidation of aerospace components and
the volatility of the SiO2 scale commonly found in silicon-
based ceramic matrix composites. Materials possessing high
water-vapor resistance, have low thermal expansion coeffi-
cients, and chemical and mechanical stability at high tempera-
tures are particularly attractive for EBC applications ' Specif-
ically, rare earth (RE) silicates have been shown to exhibit
the above qualities, 2 with the capacity to withstand tempera-
tures up to 1316 ° C for thousands of hours* These combined
characteristics have brought RE silicates to the forefront of
technological relevance in the search for EBCs for future gas
turbine engine applications.

Yttria-based disilicates (YoSisO7) have been identified as
a candidate for EBCs, owing initially to their high melting
temperature, in excess of 1500 ° C2' Additionally, +- and 8-
Y, SioO7 posse a coefficient of thermal expansion comparable
to that of SiC which offers relief from the stresses arising from
thermal cycling 291 In spite of the potential issues with oxi-
dation resistance and subsequent material recession, Y2SisO7
continues to offer promise as a candidate system for EBC ap-
plications.

The thermal conductivity associated with these disilicates
is an additional property that needs to be taken into consid-
eration when designing EBCs. Despite its importance, a ro-
bust analysis of the thermal conductivity of these materials
has not been performed to date. Various works have examined
the thermal conductivity of yttria-based silicates in their bulk
form with values ranging from 0.161 to 4.91 Wm~! K1, de-
pending on the porosity of the system %4 Thermal conduc-
tivity for these reported values representing generally repre-
sent an average thermal conductivity of a polycrystalline, pos-
sibly multi-phase system. For example, in all of the aforemen-
tioned reports of yttria-based silicate thermal conductivity,
laser-flash was employed, thus sampling the average thermal
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diffusivity over the entire volume of the sample. These mea-
surements cannot isolate the microstructural or anisotropic in-
fluences that different grains have on thermal transport in the
sample.

Indeed, these influences have the potential to incite local
fracture and ultimate failure in these EBCs. For example,
Clarke et al'? have shown that at high temperatures, the ther-
mal conductivity of various disilicates can achieve exception-
ally low values, reaching the theoretical minimum limit to
thermal conductivity !> whereby a phonon mean free path of
one half of a period of oscillation of the vibrational energies
is achieved. Additionally, they demonstrate that the thermal
conductivity of Y-, Yb-, and Lu- based disilicates can theo-
retically be anisotropic. For these complicated systems, an
anisotropic thermal conductivity tensor dictating the flow of
heat is not to be ignored, and has the potential to largely influ-
ence EBC applications at the macroscale.

In this work, we experimentally measure the thermal con-
ductivity tensor of 3-Y5Si2O7. This is achieved by employ-
ing a modulated laser-based pump-probe technique to probe
length scales on the order of several microns. By locally
probing grains and correlating their crystalline orientations to
electron-backscatter diffraction (EBSD) data, we measure the
orientation-dependence of heat conduction as quantified by
the thermal conductivity. In doing so, we are able to determine
the thermal conductivity tensor of the monoclinic system, -
Y2SioO7. We find that 5-Y5SioOy7 is anisotropic, showing a
25% change in thermal conductivity from the least to most
insulating orientation. This strong variation in thermal con-
ductivity of polycrystalline 8-Y2SioO7 based on grain ori-
entation, which is driven by the naturally large anisotropy in
the system, has major implications in modeling EBCs from a
continuum perspective, and predicting mechanisms of failure
based on local thermal strains arising.

Typically, optical pump-probe techniques utilizing higher
modulation frequencies are relatively insensitive to in-plane
thermal conductivities compared to cross-plane thermal con-
ductivities. At lower modulation frequencies, time- and
frequency-domain thermoreflectance (TDTR and FDTR) can
gain increased sensitivities to anisotropy in the thermal con-
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Figure 1. (a) X-ray diffractogram of the sample of interest, confirming the -y phase of the disilicate. The associated lattice parameters are a =
4.68824 A, b=10.84072 A, ¢ =5.58219 A, and B =96.0325°, consistent with those found in the literature. (b) Representative SEM of select
grains for reference. (c) Phase identification via EBSD. The regions in red and blue are the 8 and -y phases, respectively, of Y2SioO7. We take
the lattice parameters of 3-Y2Si207 tobe a=6.869 A, b=8.960 A, c =4.717 A, and 8 = 101.73°.

ductivity tensor. Various methods have been proposed for
the measurement of the aniso, including beam-offset!&18
and elliptic beam techniques 20 While versatile, these meth-
ods are highly sensitive to the ellipticity of the beam and the
repeatability of the measured FWHM of the cross-correlation
of the pump and probe in beam-offset approaches!”. Re-
cently, several works have employed FDTR and TDTR ther-
mal conductivity mapping techniques,m whereby the ther-
mal properties of a given sample can be spatially mapped on
the order of several microns to extract properties of interest.
Indeed, Yang et al have shown that the spatially varying
anisotropic thermal conductivity of few layer graphene can
be extracted via this technique. The ability to map the spa-
tial anisotropy of thermal conductivity, and relate this spa-
tial distribution of thermal transport to the local variation
in crystal structure and phase in materials, would provide a
foundational advance in our understanding of nanoscale heat
transport properties of composite materials. More specifi-
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Figure 2. SEM and EBSD micrographs of the grains of interest. Re-
gions are denoted by roman numerals in the top left of each box,
while grains of each region are shown in white and denoted alpha-
betically. The pole figure demonstrates orientation of the grains in
EBSD micrographs. Note that all EBSD micrographs contain grains
with those of similar and different orientations, suggesting the ability
to recreate the thermal conductivity tensor of the system.
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cally, local variations in thermal conductivity driven by crys-
talline anisotropy, and the spatial distribution of these vari-
ations, will provide a link between the nano/microscale and
the bulk/average thermal conductivity of polycrystalline and
other structurally heterogeneous materials. These measure-
ments have implications on a wide array of material technolo-
gies, focusing here on EBCs where local variations in temper-
ature and resultant hot spots may lead to thermomechanical
failure.

To determine the anisotropic thermal conductivity of S-
Y, Si»O7, we fabricate Y2SioO7 via an air plasma spray (APS)
deposition, the details of which can be found in the Supple-
mentary Information. A post-anneal of 1200 °C for 24 hours
in ambient conditions was performed in order to finalize the
heterogeneous mixture of the system. The post-annealed sam-
ple obtained is polycrystalline with microstructural features
on the order of tens of microns. Representative x-ray diffrac-
tion (XRD) of the sample can be seen in Fig. [T[a), which
shows that the sample is primarily of the v phase of Y2Si2 O,
based on similar lattice parameters found in the literature?.
Shown in Figs. [T(b) and (c) are representative SEM and EBSD
micrographs of select grains. The phase image indicates that
both - and 3-Y2Si2 O are present in our sample. The appear-
ance of additional phases via EBSD is not uncommon, as the
region averaged over in a XRD measurement is much larger
than that of EBSD. Because of the predominantly 3 phase in
our EBSD maps, we choose to analyze anisotropic thermal
conductivity solely in this phase. EBSD phase micrographs
for additional regions analyzed in this work are entirely of
the 3 phase. We further selectively examine areas via ESBD
to verify crystalline orientations of various grains in different
regions of the sample. Grains of interest can be seen in repre-
sentative EBSD and SEM micrographs in Fig. [2] We note that
various orientations of the disilicate are present, with grain
sizes on the order of ~5 pum. The specific lattice parameters
of B-Y2SioO7 are a = 6.8691 A, b =8.960 A, c = 4.7168 A,
and S = 101.73°, which are important for the analysis of the
thermal conductivity tensor presented later. Grain identifiers
and nearest atomic planes can be found in Table ] We iden-
tify each grain by region and alphabetic number (i.e., grain a



. . Nearest Atomic Plane Thermal Conductivity
Region Grain

[(hkl] (Wm~ 1K™
I a [12 90 8] 65+04
a [81 12 72] 6.4+ 0.5
b [18 9 18] 55+04
I c [12 54 48] 57405
d (108 408 72] 57405
e [42 42 37] 62+0.6
a (812 8] 6.9 +0.5
I b [45 70 63] 71+04
c [530] 75404
d [980] 73+0.5

Table 1. Mapping region, grain identifier, nearest atomic plane, and
derived thermal conductivities for each of the grains analyzed in this
work.

in region I will be identified as grain Ia). We deposit an alu-
minum transducer with nominal thickness of 80 nm for the
implementation of spatial thermal conductivity mapping via
TDTR.

TDTR and similar pump-probe metrologies are widely dis-
cussed throughout the literature, and will therefore not be
discussed in depth here; specific details of our TDTR experi-
ment can be found in the Supporting Information. A standard
TDTR configuration interrogates a single point on the sample
surface. While convenient for applications in which there are
few surface inhomogeneities, understanding how thermal con-
ductivity varies across a given samples surface can yield in-
sight into the anisotropic or compositional effects on thermal
conductivity. To better understand these effects, we mount
our Y»SizO7 sample on a 3-axis stage, with motors along the
sample orientation having a bidirectional repeatability of <1.5
pm and a closed-loop piezo motor controlling the focal plane
of the sample. We orient the stage in such a way such that
movements along the sample surface result in no appreciable
change in focus. An appropriate time delay is chosen, de-
fined further below, and the sample is rastered over a region
of interest to probe the thermal conductivity as a function of
microstructural variation across the sample.

Using a typical thermal model for a two layer system (i.e.,
80 nm Al transducer on a substrate), TDTR is capable of mea-
suring both the thermal boundary conductance between the Al
transducer and the underlying disilicate, as well as the thermal
conductivity of the disilicate. To perform thermal conduc-
tivity mapping, however, the thermal boundary conductance
should be adequately known, as the data from a single pump-
probe delay time is used to extract the thermal conductivity of
the underlying material. We take numerous full TDTR scans
across all regions of interest and fit for the thermal conduc-
tivity of the disilicate and the thermal boundary conductance
between the disilicate and the underlying material. Ata modu-
lation frequency of 8.4 MHz, we maintain one-dimensionality
and are sensitive to primarily the cross-plane thermal conduc-
tivity and thermal boundary conductance, leaving any influ-
ence from in-plane transport to be negligible. We find that the
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thermal boundary conductance across all grains to be ~ 40 +
10 MW m~2 K~!, and use this value for the determination of
our pump-probe delay time for the mapping procedure. The
sensitivity to the thermal boundary conductance is minimized
at a given time delay for each conductance, and this is the
pump-probe delay time at which we take subsequent measure-
ments. For regions I, II, and III, we choose pump-probe delay
times of 3360, 1360, and 1920 ps. The RMS pump/probe radii
in our measurements is ~ 6.4 um, and is determined by fitting
the spot size using a sapphire reference sample.

Thermal conductivity maps of the three regions of interest
can be seen in Fig. [3] alongside the reflected probe auxiliary
signal, which is subtracted from the reference beam in our bal-
anced photodetector scheme. The auxiliary signal is indicative
of pixels in which the probe beam is not specularly reflected,
and therefore cannot be adequately interpreted. Monitoring
this signal also allows us to more readily identify grains in
each of the three regions. In our analysis, we select regions in
which the subtracted auxiliary signal does not exceed 0.03 V
so as to not be heavily influenced by diffusely scattered light.
We do not expect a reduction in the thermal conductivity near
grain boundaries to influence our results, as this is only to be
expected in materials with thermal conductivities on the order
of diamond 26 In all maps, we find that the thermal conductiv-
ity distributions vary about ~ 6 W m~! K1

Tabulated values of thermal conductivities for all grains an-
alyzed can be found in Table [Il The stereographic projection

Thermal Conductivity (W m™ K'')
Normalized Auxiliary Signal (V)

Figure 3. Thermal conductivity maps (a,c,e) and normalized auxil-
iary signals (b,d,f) of probed regions. Regions outlined in black on
the thermal conductivity maps and red in the normalized auxiliary
signals are regions chosen to be analyzed based on the grains identi-
fied in Fig. 2}



of the measured values with respect to the monoclinic system
can be found in Fig. Eka), where the labeled values include
the measured thermal conductivity and their uncertainty. The
thermal conductivity of 3-Y2Si2O7 ranges from 5.5 to 7.5
W m~! K1, showing anisotropy in the thermal conductivity
of the system. We further examine the thermal conductivity
from a continuum approach, extracting the thermal conduc-
tivity tensor of the system. The thermal conductivity tensor of
a monoclinic system takes the form"

N Koz 0 Ko
K=1]0

Kze 0 Kz

Kyy 0|,

where k., and x,, are thermal conductivities measured along
the [100] and [010] directions, respectively, and k. is the
thermal conductivity measured along the orthogonal to [100]
and [010], 5-90 degrees from the [001] direction, where 3 is
the angle between the [100] and [001] directions. We will re-
fer to the [100] and [010] directions as & and , respectively,
and the orthogonal to the two as 2. One can explicitly derive
the angular dependence of thermal conductivity of a mono-
clinic system on 6 and ¢:

K(0, @) = Kux sin? ¢ cos? 0 + Kyy sin? ¢sin? 6 + k., cos® ¢

42K, sin ¢ cos 6 cos ¢.

(1

In this equation, ¢ is the angle from the Z direction, and € is

the angle from the & direction to the projection of the grain
orientation onto the Z-y plane.

Of all the grains presented in Table |l we perform a least-
squares minimization of Eq. [T] to extract the necessary com-
ponents of the thermal conductivity tensor. In all, we find that
the thermal conductivity tensor takes the form:

- 75 0 —05
K=| 0 61 0 |Wm?!tK!
—-05 0 6.1

It is interesting to note that the off-axis term in the tensor, x,
retains a negative thermal conductivity value. We would like
to iterate the fact that the appearance of this term is due to the
deflection of the monoclinic system from the Cartesian coor-
dinate system, and that the determinant of the thermal con-
ductivity tensor must be positive so as to be in congruence
with the second law of thermodynamics. The negative ther-
mal conductivity of x,, suggests that a temperature gradient
imposed in the % direction would result in a heat flux in the -2
direction, and vice versa. Similar results have been procured
for monoclinic 8-Gay 03 51

To better visualize the thermal conductivity tensor of this
system as it relates to the structure, we plot these thermal con-
ductivities as a stereographic projection of the crystal system,
shown in Fig. F{b). We note that the thermal conductivity
along the [100] and [100] directions are identical in thermal
conductivity due to the symmetry of the monoclinic system.
We also find that the thermal conductivity along the [001] di-
rection is similar to that of the [010] direction, and that they
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are both smaller in magnitude than the [100] direction. The
maximum attainable thermal conductivity occurs between the
[1-] and [100] directions.

From the kinetic theory of gasses, the phonon contribution
to thermal conductivity can be approximated as £ =  Cv A3,
In this equation, C' is the volumetric heat capacity, v is the
group velocity of thermal carriers, and A is the phonon mean
free path. We take C' to be identical for each of the crys-
talline orientations, which is plausible because size effects on
heat capacity do not present themselves until the dimensions
of the system approach the phonon wavevector, and A to be the
same for each crystalline orientation as we do not expect scat-
tering mechanisms to preferentially adhere to a single crystal
orientation. Under these assumptions, the primary factor re-
garding the measured changes in thermal conductivity must
be attributed to changes in phonon group velocity. In most
crystals, low-frequency phonon modes primarily govern the
transmission of heat, and thus the group velocity can roughly
be approximated as the speed of sound. In a simplistic ap-
proach, v o VY, where Y is the Young’s modulus¥ As the
a and c lattice parameters are smaller than that of b, one would
expect the Young’s modulus in these directions to be larger, as
the overall bond is shorter, and therefore stronger. This real-
izes the higher thermal conductivity along the [100] and [010]
directions, while a lower thermal conductivity is found in the
[001] direction. Jiang ef al. have found similar results in 3-
Gay03 2L, and the correlation between modulus and thermal
conductivity are well documented in the literature.

Very few works in the literature have experimentally ex-
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Figure 4. The thermal conductivity of 8-Y2SioO7 represented as a
stereographic projection of the monoclinic system.



amined the anisotropic thermal conductivity of 3-Y2SizO7.
Zhou et al** and Tian et al™ both presented experimen-
tal measurements of thermal diffusivity via the laser-flash
method. In both previous works, heat capacity was confirmed
independently, either by differential scanning calorimetry
(DSC) or by employing the Neumann-Kopp rule as an approx-
imation based on the constituents of the system. Regardless,
both previous works describe the thermal conductivity of a
bulk system, where microstructural effects and anisotropy are
averaged to determine single thermal conductivity. To that
point, Tian et al** have determined the anisotropic minimum
thermal conductivity based on the Debye approximation in the
high-temperature limit, showing a two-fold change in ther-
mal conductivity based on crystalline orientation. However, in
their work, they assume that the phonon group velocity can be
extracted from an anisotropic Young’s modulus. In general,
the thermal conductivity is related to the Young’s modulus.
However, the phase space in which the thermal conductivity
tensor can occupy is that of an ellipsoid, with axes relating
to the magnitude of the components of the thermal conductiv-
ity tensor. Because the elastic tensor is a rank 4 tensor, the
phase space that it occupies is not that of an ellipsoid. Thus,
the anisotropic claims made by Tian et al®* are invalidated.
Our values are higher than those found in the literature for
room temperature measurements; however, we can attribute
the differences in our results to the measurement technique.
For polycrystalline samples in laser flash techniques, an aver-
age thermal conductivity of all crystalline directions and poly-
morphs is determined. One can define an effective thermal
conductivity related to the determinant of the tensor deter-

mined as fefp = A det(K), where the cube root arises due
to the dimensionality of the system. For our results, we find
that ke fp =6.5 Wm~! K~1. Our results are the first to report
on spatially monitoring thermal conductivity via TDTR to re-
produce the thermal conductivity tensor of a material system,
specifically that of 5-Y5SioO7. One would expect a similar
tensor for Y4SioO7 of the v and ( polymorphs, as they are
also of a monoclinic structure.

In summary, we fabricated the EBC Y5Si2O7 and find that
it is polycrystalline, containing various polymorphs of the
disilicate. Conventional methods of determining the thermal
conductivity of these materials rely on bulk sample measure-
ments, which do not yield insight into the microstructurally
dependent thermal conductivity of individual grains, instead
averaging the thermal conductivity of the entire system. We
show that TDTR is capable of spatially separating thermal
conductivities in grains on the order of ~ 5 ym. This allows
us to verify anisotropy in the thermal conductivity of the disil-
icate based on EBSD-correlated grain orientation, ultimately
providing us with the ability to calculate the thermal conduc-
tivity tensor of the system. In all, this work demonstrates the
power of laser-based transient techniques for the determina-
tion of thermal conductivity for samples in which variations
in thermal conductivity at the microstructural level are present
in the material system.

D. H. Olson is grateful for funding from the National De-
fense Science and Engineering Graduate (NDSEG) and Vir-
ginia Space Grant Consortium (VSGC) Fellowships.
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