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a b s t r a c t
Devitriﬁcation of the thermally grown oxide that forms in aerospace coatings used to protect ceramic
matrix composites is a contributor to the mechanical failure of these coatings at high operating temperatures. Current methods used to identify the formation of α -cristobalite are time consuming and diﬃcult,
due to the limited differences in properties as well as the size scale over which these phase contrasts
occur. This study employs time-domain thermoreﬂectance to spatially proﬁle the thermal conductivity
of thermally aged samples, providing a practical method to understand the spatial distribution of α cristobalite in partially- and fully-devitriﬁed amorphous silica.

Silicon carbide based ceramic matrix composites (SiC CMCs)
have entered service as hot section components in gas turbine
engines to increase engine eﬃciency and subsequently reduce
emissions. In a combustion environment, SiC CMCs react with
water vapor and form a volatile silicon hydroxide gas species
(Si(OH)4 ) [1,2]. This reaction leads to high recession rates of
SiC CMCs which necessitates the use of environmental barrier
coatings (EBCs) in order to limit the exposure of SiC CMCs to this
reaction. The EBC is a multilayer system that typically consists of
a silicon layer applied directly to the CMC, and a top coat that has
improved stability in the combustion environment. During service,
H2 O (g) and O2 (g) diffuse through the EBC and oxidize the silicon
bond coat, resulting in the formation of a protective amorphous
silicon dioxide (a-SiO2 ) thermally grown oxide (TGO) [3,4]. For
long term applications it is desirable to maintain the amorphous
TGO; however, the operating temperatures and thermal cycling
events of the turbine engine cause the TGO to crystalize into
the β -cristobalite polymorph of SiO2 [5]. The β → α cristobalite
transformation that occurs at ∼ 220−270 ◦ C upon cooling is
accompanied by a 3–7% volume decrease that results in cracking
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of the TGO layer [6–8]. The continuous cracking of the TGO layer
during service eventually leads to spallation of the EBC [3,9].
Presently, detecting the formation of crystallized portions of
amorphous SiO2 has proven diﬃcult. While analysis using scanning electron microscopy (SEM) and optical microscopy techniques
can identify vertical cracks in the TGO, which typically result from
the β - to α -cristobalite transformation, quantifying the volume
fraction of cristobalite is diﬃcult. Electron backscatter diffraction
(EBSD) is ideal for identifying crystalline vs. amorphous regions
in the TGO, however, specimen preparation required for this technique can be challenging [10] and generally lacks the capacity for
high throughput. While Raman spectroscopy provides a benchmark
to identify between the two materials, it lacks the high throughput
imaging capabilities as integration of the entirety of the spectra
must be performed for a given pixel. The mechanisms of formation
and identiﬁcation of crystalline forms of SiO2 are paramount to understand the mechanical failure of TGOs. Ultimately this knowledge
will drive design and failure criteria for coating systems that form
amorphous silica TGOs. In the following study, a thermal conductivity mapping procedure is proposed which takes advantage of the
quantiﬁable differences in thermal conductivity between the varying phases, while offering spatial resolution on the order of several
micrometers, allowing for the delineation between a-SiO2 and α cristobalite.
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Fig. 1. Optical micrographs of cross-sectioned SiO2 specimens thermally aged for
(a) 100 h and (b) 300 h at 1316 ◦ C.

The thermal conductivity of a-SiO2 silica is well documented in
the literature and typically ranges between 1 and 1.4 W m−1 K−1
at room temperature [11–14]. On the other hand, the thermal conductivity of α -cristobalite is not as well documented, but is found
to range between 3.2 and 5.15 W m−1 K−1 [15–17]. In general,
the thermal conductivity of crystalline solids is larger than those
of their amorphous counterparts due to the presence of longwavelength phonons as the primary heat carriers, compared to
more localized modes in amorphous materials that transfer heat
via much shorter range vibrational interactions [18]. Despite differences in thermal conductivity, the speciﬁc heat capacities remain the same at 741 J g−1 K−1 [19]. Accounting for the differences in density (2.20 g cm−3 for a-SiO2 [20] and 2.32 g cm−3
for α -cristobalite [15]), the volumetric heat capacities are 1.63 and
1.72 MJ m−3 K−1 for a-SiO2 and α -cristobalite, respectively. Thus,
differences in density between these amorphous and α -cristobalite
phases of SiO2 do not explain the differences in thermal conductivity. The goal of this work is to study the thermal conductivity
of α -cristobalite in partially- and fully-devritriﬁed amorphous silica. Using a local measurement technique based on time domain
thermroreﬂectance, thermal conductivity of thermally aged a-SiO2
was spatially mapped to understand the fraction of α -cristobalite
present. Unlike more macroscopic measurements of this crystalline
silica phase, local measurements are less prone to obfuscation of
the thermal conductivity measurements due to cracking, as these
regions can be spatially avoided in the thermal conductivity measurements. Thus, this work provides more robust measurements of
the thermal conductivity of fully dense α -cristobalite, in addition
to demonstrating the ability to detect the emergence of this crystalline silica phase in a thermally aged TGO.
To observe various levels of devitriﬁcation of amorphous silica, high purity a-SiO2 samples (99.995% pure; Quartz Scientiﬁc
Inc., Fairport Harbor, OH) were used in this study. Samples were
isothermally exposed at 1316 ◦ C for 100 and 300 h in a 90% H2 O
– 10% air environment in an alumina tube furnace. Samples were
inserted and removed from the tube furnace at temperature. Exposed samples used for time-domain thermoreﬂectance (TDTR)
characterization were mounted in epoxy, cross-sectioned and polished to a 1 μm ﬁnish with diamond; the RMS roughness were
∼ 5 nm as measured via mechanical proﬁlometry. Plan-view optical
micrographs of the two samples are found in Fig. 1(a) and (b). The
exposure to high temperature has a signiﬁcant effect on the devitriﬁcation of the amorphous silica, as evidenced by the noticeable
crack formation in Fig. 1(a) and (b). For the 100 h sample, complete devitriﬁcation of the glass slide does not occur, and cracks
begin to form at the edges of the sample. Cracking occurs throughout the sample exposed for 300 hours.
To conﬁrm the formation of α -cristobalite, Raman spectroscopy
was performed on the as-received a-SiO2 and a reference a-SiO2
slide isothermally aged at 1316 ◦ C for 100 hours. In their unpolished states, a-SiO2 remains transparent while α -cristobalite becomes opaque due to cracking. Each specimen was selectively analyzed to conﬁrm the formation of α -cristobalite resulting from the

Fig. 2. Raman spectra of the (a) as-received a-SiO2 slide and (b) reference sample
thermally aged at 1316 ◦ C for 100 h. The Raman spectra are indicative of primarily
amorphous silica in the as-received glass slide and α -cristobalite in the thermally
aged reference sample. Signatures of defect modes are labeled in (a) as D1 and D2 ,
while those of optical modes are labeled in (b) as A1 .

thermal aging process. Excitations were performed at 514 nm, and
the acquired Raman spectra are shown in Fig. 2 for the two specimens. Fig. 2(a) shows the Raman spectra for a-SiO2 , which displays numerous broad features associated with the lack of longrange crystalline order. Further, the defect lines, D1 and D2 , associated with rings in the a-SiO2 structure, are clearly observed at
∼ 500 and ∼ 600 cm−1 , respectively, and labeled in Fig. 2(a) [21].
Similarly, the α -cristobalite Raman spectrum in Fig. 2(b) exhibits a
sharp peak at ∼ 421 cm−1 due to its six-membered ring structure
[22]; this peak is well-deﬁned due to the crystallinity of the sample. Note, another deﬁning peak is present at ∼ 233 cm−1 , and is in
excellent agreement with prior literature [23]. Both of these peaks
arise due to the optical vibrations present in α -cristobalite [24],
and are labeled as A1 in Fig. 2(b). The use of Raman to identify the
formation of α -cristobalite at various depths from the edge of the
TGO has been shown previously [5]. While this technique identiﬁes
the existence of α -cristobalite and offers diffraction-limited spatial resolution, it lacks high throughput imaging capabilities due to
integration times associated with each pixel. To further characterize the formation of α -cristobalite, an aluminum ﬁlm with nominal thickness of 80 nm was deposited on the specimens and TDTR
was performed to spatially probe the sample surface in an effort
to determine the fraction of α -cristobalite present based on their
respective thermal properties.
TDTR is an optical pump-probe technique that is widely used
to characterize the thermal properties of bulk samples and thin
ﬁlms [25–28]. The technique relies on a Ti:Sapphire oscillator with
an 80 MHz repetition rate and sub-picosecond pulses. A two-tint
setup was employed, where the 808.5 nm output of the oscillator is spectrally separated into a high-energy pump path and a
low energy probe path [29]. The pump is electro-optically modulated at 8.4 MHz, creating a frequency-dependent heating event at
the sample surface. The probe is mechanically delayed in time and
monitors the thermoreﬂectance at the sample surface. By monitoring the in-phase (Vin ) and out-of-phase (Vout ) voltages, and relating the ratio of the two, −Vin /Vout , to the solution to the radially symmetric heat diffusion model [25,26,30,31], various thermal
properties can be extracted. An example of the data are shown in
Fig. 3, where data and best-ﬁts are shown for spots probed on α cristobalite and a-SiO2 portions on the sample exposed at 1316 ◦ C
for 100 h. Picosecond acoustics were utilized to derive the thickness of the coated Al layer using the longitudinal speed of sound
of 6.24 nm ps−1 [20,32,33]. The volumetric heat capacity of α -
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Fig. 3. TDTR ratio of in-phase (Vin ) to out-of-phase (Vout ) data and model used to
extract the thermal conductivity of amorphous and crystalline regions in the specimen annealed at 1316 ◦ C for 100 h. The open squares and circles are the raw data
for the amorphous and crystalline regions, respectively, while the solid lines are the
best-ﬁts.

cristobalite and a-SiO2 were taken to be 1.72 and 1.63 MJ m−3 K−1 ,
respectively, as discussed earlier. In all, the thermal conductivity of
α -cristobalite and a-SiO2 are found to be 2.69 ± 0.15 and 1.39 ±
0.07 W m−1 K−1 , respectively, when performing full TDTR measurements on crystalline and amorphous regions in the sample exposed at 1316 ◦ C for 100 hours. In these and the following measurements, the 1/e2 pump and probe radii are ∼ 4.5 and ∼ 3.8 μm,
respectively. At these spot sizes, the thermal conductivity of our Al
transducer and spot sizes provide a negligible contribution to uncertainty in the extracted thermal conductivity. The uncertainty associated with the reported values reﬂects multiple measurements
over amorphous and crystalline regions, as well as an uncertainty
of 2 nm in our Al transducer layer.
The delineation between a-SiO2 and α -cristobalite, beyond the
cracking observed in Fig. 1(a) and (b), is diﬃcult based on the
contrasts in conventional optical and scanning electron techniques.
The optical contrast in a-SiO2 vs. α -cristobalite shown in Fig. 1(a)
and (b) is negligible, and one would expect a similar lack of contrast from scanning electron micrographs based on the similarities in density. Variations in thermal conductivity are much more
tractable based on the large difference between the two phases.
Based on acquisition parameters used in this work, the signal to
noise ratio of −Vin /Vout is approximately 25:1, and thus differences
in thermal conductivity, and therefore crystallinity, can conﬁdently
be observed on the order of 20%.
From a practical standpoint, interrogating a location on a sample using TDTR is time consuming as it is necessary to map out the
entire thermal decay curve which often takes several minutes. Various works in the literature have proposed spatially mapping the
thermal properties of a given system using pump-probe techniques
[34,35], and have speciﬁcally shown its applicability on thermal
barrier coating systems [36]. This work implements a similar technique. By mounting the sample on a 2-axis stage, the sample is
rastered across regions of interest to spatially understand the thermal conductivity in those regions. Due to the fact that the thermal conductivity of a-SiO2 and α -cristobalite are relatively low, the
sensitivity to the boundary conductance between the Al and underlying material is low, allowing a single data point to be taken as
an accurate representation of the thermal conductivity of the spot
of interest. A pump-probe delay time of 2 ns was utilized, which

ensures the results are not inﬂuenced by the thermal relaxation
time of aluminum while still offering large sensitivity to thermal
conductivity of the underlying silica of interest [35,36].
Thermal conductivity maps of the two specimens are shown in
Fig. 4, where the pixel size is 2.5 μm. It should be noted that the
pixel size used here is dictated by the movement of the travel
stage and adjacent pixels, and because of the size of the spot,
will inherently sample adjoining pixels. The ratio, −Vin /Vout , is analyzed assuming an average of the volumetric heat capacities of
amorphous silica and α -cristobalite for the sample exposed for
100 hours, while that of α -cristobalite is chosen for the sample
exposed at 300 h. Maps are originated close to the edge of the
epoxy-embedded sample that was exposed at 100 hours to encapsulate as much α -cristobalite as possible, while a spot near
the center of the sample aged for 300 h was chosen. Examining
Fig. 4(a), a clear difference in thermal conductivity can be observed
between the polycrystalline and amorphous regions. For the sample exposed for 100 hours, the thermal conductivity of the amorphous and crystalline regions are determined to be ∼ 1.05 and
∼ 2.50 W m−1 K−1 . The departure of these values from those discussed earlier can be attributed to the volumetric heat capacity assumed in the analysis. In Fig. 4(c), due to complete devitriﬁcation,
only the thermal conductivity of α -cristobalite is observed, and a
value of 2.75 W m−1 K−1 is recovered.
Acquisition time of the image is largely dependent on the integration time and ﬁlter order of the lock-in ampliﬁer. A time
constant of 4 ms and a low-pass ﬁlter with a rolloff of 12 dB/oct
is used to expedite the mapping process, which correlates to a
time per pixel on the order of ∼ 25 ms when each pixel contains 1% of the information from the previous. For a 120 ×
120 pixel image, this corresponds to ∼ 10 minutes of acquisition time when accounting for additional waiting considerations.
Because the analysis requires solving the heat diffusion equation at a single pump/probe delay time, converting from the ratio (−Vin /Vout ) to thermal conductivity takes less than 10 s for
14,400 data points. While thermal conductivity imaging using
TDTR can be slower than other techniques that monitor temperature (e.g., full-ﬁeld spectroscopy [37] and scanning thermal microscopy [38,39]), the ability to extract relevant thermophysical
properties beyond just temperature makes the technique unique.
Indeed, scanning thermal microscopy offers the capability to extract thermal conductivity on the order of milliseconds per pixel
with submicron spatial resolution [40,41], but requires additional
sources of uncertainty to be accounted for including goodness of
the contact, ballistic conduction via ambient air [42], and the presence of a water meniscus [43], in addition to the complexity of the
tip-sample heat transfer process. These sources of uncertainty are
not applicable to TDTR.
To better highlight the differences in thermal conductivity, a
histogram of the thermal conductivity map from Fig. 4(a) is plotted. A clear difference in the measured thermal conductivity of the
two systems is observable in Fig. 4(c). Viewing the thermal conductivity distribution in this way is paramount for understanding
the fraction of devitriﬁed silica converted over a particular area.
This thermal conductivity technique can be employed to quantify
the volume fraction of α -cristobalite in the TGO and relate the volume fraction to coating adherence and/or failure metrics (i.e., bond
strength, cycles to failure, etc.).
In summary, an alternative methodology was presented for the
identiﬁcation of α -cristobalite present in devitriﬁed SiO2 TGOs that
forms on silicon bond coats in EBC systems for SiC CMCs. Spatial mapping of the thermal conductivity allows for delineation between α -cristobalite and a-SiO2 based on the magnitude of the
respective thermal conductivities. This method alleviates issues
surrounding current methods for identiﬁcation of α -cristobalite
in gas-turbine engine coatings and offers a path forward toward
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Fig. 4. Thermal conductivity maps of samples annealed for (a) 100 h, and (b) 300 h at 1316 ◦ C. For (a), the map was chosen nearest to the edge of where the sample was
embedded into the epoxy, encompassing most of the polycrystalline region possible. In (b), a spot closer to the sample center was chosen. In both maps, a step size of
2.5 μm was chosen. (c) Thermal conductivity distribution from thermal conductivity map in (a). The histogram shows a clear differentiation between the amount of a-SiO2
and α -cristobalite based on the two thermal conductivity distribution peaks, representative of the respective thermal conductivities of the constituent materials.

further understanding failure mechanisms in these coating systems. Speciﬁcally, understanding the fraction of α -cristobalite in
a thermally grown oxide presents itself as a quantiﬁable metric to understand the tolerance level at which α -cristobalite formation helps drive failure in these coatings. Future research will
be devoted to the application of this work in relevant coating
systems.
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