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Amorphous silica has numerous high temperature applications due to its inherent thermal shock
resistance and low coefficient of thermal expansion (CTE). However, at the high temperatures required
for processing (>1200 °C), the metastable -cristobalite phase preferentially forms and is accompanied by
a volume change, and potential cracking, upon conversion to the low temperature a-cristobalite phase.
The CTE of the final crystalline phase is an order of magnitude higher than its amorphous counterpart.
Here experimental results demonstrate that small additions of B4C (3.5 wt%) effectively inhibit silica
crystallization in powder and sintered gel-cast forms up to 22 hours at temperatures as high as 1500 °C as
confirmed via x-ray diffraction. The oxidation of B4C to B2O3 and its subsequent melt and evaporation
disrupts the nucleation and growth of the cristobalite phase. The mechanism for crystallization inhibition
is further explored through optical microscopy to probe changes in surface morphology.

Il. Introduction

Amorphous silica (SiO2) has a wide range of industrial applications due to its thermal shock
resistance, high dielectric strength, high adsorption capacity, ability to cool rapidly without crystallizing,
low coefficient of thermal expansion (CTE), and optical properties. These properties enable the use of
amorphous silica in applications such as telescope lenses, optical fibers, microchips, desiccants, and gels
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for chromatography [1]. For higher temperatures, silica is used as a coating for various metal and alloy
systems to protect from oxidation during service [2]-[4]. The low CTE and relatively high melting point
of 1713 °C also make amorphous silica an ideal candidate for a variety of high temperature systems,
especially multi-component systems where accommodating thermal mismatch is required. Morphological
changes of materials during thermal cycling is an ongoing concern in high temperature multi-material
applications [5]. Amorphous silica is known to undergo crystallization to the p-cristobalite phase in a
matter of hours when exposed to high temperatures (> 1200 °C) [6]. The developed B-cristobalite phase
has a CTE an order of magnitude larger than that of amorphous silica (from 5.5 x 107 K™ to 6 x 10° K1),
limiting the temperature range in which it can be used as a low CTE material [7]-[9]. In addition, when
cooled below the range of 270-200 °C, B-cristobalite will undergo a phase change to a-cristobalite [10].
This crystallographic change is accompanied by cracking due to a volume contraction of ~5% and another
increase in average bulk CTE to 9.2 x 10° K™ [9], [11].

There has been significant interest in amorphous silica with numerous studies focused on
devitrification Kinetics in efforts to prevent degradation of the unique thermal and optical properties that
make amorphous silica desirable. The crystallization kinetics of silica has been well-studied in bulk
glasses [6], [12], colloidal gel-derived powder [13], [14], and stock powder form [15]. In 1965, Richards
and Wagstaff [12] noted the sensitivity of silica’s crystallization to trace impurities. As such, the
crystallization kinetics of silica in the presence of aluminum oxide, alkali metal oxides and salts, air
moisture, and in air versus inert gas have been investigated with many impurities being observed to
catalyze nucleation and thus crystallization [16], [17]. Certain dopants were found to inhibit rather than
catalyze the cristobalite transformation, and this approach became acceptable for applications that did not
require a high degree of purity. The addition of small amounts of binary boron compounds or rare earth
elements has been shown to effectively reduce cristobalite formation during the sintering stage. Rare earth
element oxides create local accumulation effects, raising the activation energy of molecular ordering,
which prevents devitrification [18]. Many rare-earth oxides have been tested in low weight percent (1.5-
2.5 wt%), including Yb203, Gd20O3 and Ho203, which have been shown to inhibit silica crystallization
during processing at 1300 °C [19], [20]. However, there were clear signs of cristobalite development after
sintering at 1400 and 1500 °C for 1-2 hours [20]. Furthermore, rare earth oxides are usually cost
prohibitive, limiting scalability. By contrast, boron carbide (B4C) is relatively inexpensive. Incorporation
of B4C with as little as 3 wt% has been shown to inhibit crystallization over a range of sintering
temperatures (1150-1400 °C) [21], [22]. The mechanism is based on the incorporation of network
modifiers that disrupt SiO2 bond ordering [23]. Borides introduced into the network can form B-Si-O
bonds, decreasing the density of uninterrupted O-Si-O bonds, which decreases the short-range order of
the bond. The stability of the amorphous glass network is effectively increased by raising the activation
energy of molecular rearrangement in the glass [18], [24].

Most investigations into these additives were generally limited to the study of powders and
uniaxially pressed and sintered pellets [19]-[22], [24]. Cristobalite crystallization in undoped SiO2 was
probed in injection molded silica-based ceramic cores by Kazemi et al. in 2013 [11] and in gel-cast
components by Ali et al. in 2019 [25]. Later, Liu et al. [18] studied the effect of SisN4 additions in gel-
cast silica components, but there are otherwise relatively few bodies of work dedicated to the investigation
of crystallization Kinetics in near-net shape components despite the tantalizing cost savings due to
reduction in required machining for parts with increased complexity. Moreover, most devitrification
studies are limited to the sintering stage, and thus the kinetics of crystallization in SiO2 are probed in
temperatures and timescales relevant to processing (typically <1300 °C and less than 3 hours) rather than
conditions encountered in applications. If SiO; is to be incorporated into high temperature applications up
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to 1500 °C with long exposure times relevant to these applications, it is necessary to develop an
understanding of crystallization inhibition kinetics in such extreme environments. Liu et al. [18]
investigated the crystallization kinetics of post-processed amorphous SiO. for applications in
photovoltaics in the temperature range of 1300-1550 °C over the course of 10-240 minutes. While
informative due to the probing of higher temperatures and hold times over 3 hours, the concern for
photovoltaic conversion efficiency also narrowed the focus to silicon nitride as the sole dopant, which
typically requires higher addition concentrations (greatest effectivity at 20 wt%) than B4C for a similar
level of cristobalite suppression [18]. Thus, there is a need to understand the effect of dopants on
crystallization in gel-cast components beyond the sintering stage as cristobalite formation typically
determines the upper temperature limits and exposure times for applications requiring stable low CTE
components.

In this work, the crystallization kinetics of post-sintered 3.5 wt% B4C-doped SiO> pucks prepared
via gel casting were investigated. Samples were tested at high temperatures up to 1500 °C and relevant
timescales spanning 0-180 minutes with a maximum time of 22 hours probed in a select sample. The
extent of crystallization was probed qualitatively by comparing the X-Ray Diffraction (XRD) patterns
collected for the series of times and temperatures assessed. Surface changes comprising of an apparent
scale layer with bubbling and pitting were indicative of melting and were observed on samples tested >
120 minutes for temperatures > 1400 °C. A relationship between this phenomenon and crystallization
inhibition was established. Silica powders with the B4C additives were also used to study crystallization
in a form factor with a higher surface area to volume ratio to verify the efficacy of B4C as an additive for
inhibiting crystallization.

[11. Experimental

A. Materials & Methods

Amorphous silica cylinders were prepared via a negative additive manufacturing technique where
a suspension is cast into a 3D printed mold as described by Rivera et al. [26] The process begins with
printing the desired structures using a stereolithography printer (Form 3, Formlabs Inc.) and surrounding
the print with a two-part silicone mix (Moldstar 30, Smooth-On Inc.) to create a negative. Once cured, the
negative silicone mold can then be infilled by a ceramic slurry. The gel-casting suspension method
reported by Wat et al. [27] is followed. Silicon dioxide powder (99.9%, 800 nm, spherical) manufactured
by US Research Nanomaterials, Inc and boron carbide (< 5 um) from ESK ceramics were the raw ceramic
powders. Polyvinyl alcohol (PVA) (Molecular weight 13,000-23,000, 87-89% hydrolyzed, Aldrich) and
2,5-dimethoxy-2,5-dihydrofuran (DHF) (Sigma-Aldrich) were used as the monomer and cross-linker,
respectively, with small volumes of concentrated HCI added to adjust the pH of the slurry to < 1.5 to
catalyze breaking the conjugated DHF ring and initiate subsequent bonding/cross-linking to the PVA [28].

A planetary centrifugal mixer (ARE-310, Thinky) was used to incorporate all components of the
aqueous solution for the gel-cast. Unless otherwise noted, all additions were followed by mixing at 1600-
2000 RPM for 40-60 sec. First, PVA was mixed in deionized water where the water content was selected
to control the final solids loading and the monomer content was fixed at 1.5 wt% (relative to the total
powder). SiO2 and B4C powders were added, and quantities were adjusted to prepare samples with 0 and
3.5 wt% B4C while maintaining a total solids loading of 50 vol% (SiOz plus B4C). Then, 1.0 wt% (relative
to powder) DHF and 0.1 - 0.2g HCI were added to the mixture for cross-linking catalysis. The planetary



centrifugal mixer was also used at lower speeds (1300-1500 RPM) to mitigate air incorporation while
casting the slurry (centrifugal assisted packing) into custom silicone molds designed to be compatible with
175mL Thinky containers. The slurry infilled the custom mold containing seven identical 7mm wide 5mm
deep cylindrical holes and was dried in the mold for a minimum of 24 hours at room temperature with
flowing air (fume hood) to allow sufficient time for the gelling reaction and moisture removal to occur. It
IS important to note that this negative additive manufacturing process can be generalized to fabrication of
parts with increased complexity provided that the ceramic material can be suspended within the slurry.

After drying, the green bodies were demolded, and the binder was removed in a burnout step by
heating samples for 2 hours at 500 °C (ramp rate of 10 °C/min) in atmospheric conditions using a three-
zone quartz tube furnace (Applied Test Systems, Inc). Finally, samples were sintered under inert argon
gas (ultra-high purity) in an alumina tube furnace (Lindberg/Blue M, Thermo Scientific) for 1 hour at
1200 °C or 1.5 hours at 1450 °C (ramp rate of 10 °C/min) for the 0 wt% and 3.5 wt% B4C samples,
respectively. These conditions were selected to yield comparable densities because level of densification
may affect the degree of surface nucleated crystallization [29]. Scanning electron microscopy (SEM,
Apreo 2, ThermoFisher Scientific) verified the sintering conditions required for an acceptable level of
densification (little to no open porosity) for both the 0 wt% and 3.5 wt% B4C samples. Densities of select
sintered 0 wt% and 3.5 wt% B4C doped samples were also measured via Archimedes method. The average
density and standard deviation (n=3) were 1.8+0.04 g cm™ for sintered 0 wt% B4C and 2.0+0.07 g cm™
for sintered 3.5 wt% B4C samples.

3.5 wt% B4C-doped silica powders were prepared to understand the efficacy of B4C additions in a
system with a higher surface area in comparison to pellets. Doped powders were prepared by combining
the appropriate amount of B4C and stock silica powder in a THINKY centrifuge cup and mixing at 2000
RPM for one minute in ~50 wt% ethanol. The mixed powder was dried in air overnight before testing.
Fully crystalline silica powder was prepared in-house from amorphous stock powder for use as a reference
and to provide context to the characteristic cristobalite (101) XRD peak intensity measurements of
experimental samples. Crystalline powders were made by sintering stock US Research Nanomaterials, Inc
silica powder for 24 hours at 1477 °C under inert argon gas in the Lindberg/Blue M alumina tube furnace.

Samples (gel-casts and powders) were placed in alumina crucibles and inserted into a pre-heated
bottom loading furnace (RS reline of DT-31, Deltech) for different time intervals to explore the effect of
time and temperature on crystallization for doped and undoped silica. Doped and undoped gel-cast
samples were tested at 1300, 1400 and 1500 °C. For each temperature, hold times were systematically
varied up to 3 hours (10, 45, 90, 120, 150, 180 minutes). An extended period of 22 hours was also tested
at 1500 °C to exaggerate surface changes observed in samples held at shorter timescales. A set of three
samples was tested for each temperature and time combination for error quantification in certain
measurements. Powder mixes were only tested at 1400 °C for 90 minutes. This temperature and time were
selected as they were known to lead to crystallization in undoped silica gel-casts, the desired point of
comparison. Once the set temperature was reached, the stage was lowered, the sample(s) were quickly
inserted, and the stage was raised. The sample loading procedure results in a temperature drop of 70-110
°C depending on the setpoint. To ensure approximate isothermal conditions, the hold time was not initiated
until the target temperature was recovered to within 10 °C of the setpoint.

B. Characterization

The heat-treated samples were characterized via x-ray diffraction (XRD, Bruker D8 Advance) to
track crystallization as a function of time and temperature. XRD scans were conducted with Cu Ka
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radiation source operating at 40 kV voltage and 40 mA current. To ensure appropriate resolution, the
scanning step size was 0.019°, and the time per step was 0.0195 seconds for a total scan time per sample
of 72 minutes. Both the external surface and interior cross-sections (low speed saw, Buehler IsoMet) were
scanned to determine the extent of transformation. Samples were scanned over the range of 26 = 10-80°
to monitor possible surface reactions from heat treatment as well as capture the peaks of a-cristobalite,
found at 20 = 22.01°, 28.48°, 31.46° and 36.10°, which correspond to the (101), (111), (102) and (200)
reflections respectively [30]. Figure 1Error! Reference source not found.a shows the crystalline XRD
spectrum of a cristobalite reference sample, created by sintering stock silica powder at 1477 °C for 24
hours. Figure 1b is the spectrum of an amorphous control sample made from stock powder. SiO phase
markers are shown for the low temperature a-cristobalite tetragonal structure with P412:2 space group
[31]. a-cristobalite has its most intense peak at 26 ~ 22.01°, while amorphous silica has no sharp peaks
in XRD [30]. Note, all XRD patterns are reported as raw data without subtracting the background signal.
While samples were tested in triplicate, a single representative XRD pattern was selected from the set for
each condition summarized within the figures.
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Figure 1. X-ray diffraction pattern for a) fully crystalline (100 wt% cristobalite) powders and b) fully amorphous (0 wt% cristobalite) powders
with relevant phase markers.

A digital microscope (VHX-7100, Keyence corporation) and ImageJ software were used in tandem
to characterize any surface level microstructural changes that occurred with the isothermal exposure. As
some samples were observed to develop a scale layer, the thickness of this evolved layer was quantitatively
measured via an external ImageJ macro for measuring the distance between user-defined segmented lines.
The macro automatically constructs 15 random lines between the two user-defined lines (such that they
are orthogonal to the bottom line) and computes an average and standard deviation in units of pixels [32].
For these measurements, 15 randomly generated measurement lines were used to yield an average film
thickness and standard deviation. An example of the macro output is contained in the supplementary
material (Figure S1). To determine the error associated with the measurement technique, the process was
repeated for the same image three times, and the standard error of the mean was less than ~10 um. To
determine the spread in the data, the macro was applied to three images collected from different regions
within a given sample. Using the three different images, a weighted mean and weighted standard deviation
can be calculated. Similarly, while samples were tested in triplicate, only a single representative sample
from the set was analyzed for the microstructural changes.

V. Results and Discussion



A. Crystallization Inhibition and Kinetics

The 0 wt% B4C control gel cast samples were exposed to temperatures of 1300, 1400, and 1500
°C for 10 to 120 minutes, while the 3.5 wt% B4C samples were subjected to the same isothermal
temperatures for 10 to 180 minutes. Following the isothermal treatment, the surfaces of the samples were
characterized by XRD. As there are a number of studies that correlate the intensity of the (101) cristobalite
peak with the fraction transformed, trends in the change in peak intensity can be used to discuss trends in
crystallization [18], [33]. Similar comparisons of XRD patterns for the 0 wt% B4C samples to the 3.5 wt%
B4C samples reveal that there was significantly less cristobalite crystallization after 120 minutes of
isothermal treatment at each of the three temperatures, as evidenced by lower intensity (101) peaks
(Figure 2) [18], [34]. In general, the 0 wt% B4C sample sets treated at 1300 °C crystallized minimally
across all hold times probed (10-120 minutes). The exception was one sample held at 90 minutes which
increased the average measured peak intensity for the set to 11,000 a.u. and is responsible for the
significant variance in the set as observed through a difference in intensity of £10,000 a.u.. After 120
minutes at 1300 °C, the 0 wt% B4C control showed a small extent of crystallization with an intensity of
the (101) peak of approximately 5000 a.u. (Figure 2Error! Reference source not found.a). For a fixed
isothermal hold time (120 minutes), the (101) peak increased by more than 15x as the isothermal
temperature was raised from 1300 °C to 1400 °C (Figure 2Error! Reference source not found.a,b).
Between the 1400 °C and 1500 °C samples, there was less than a 10% increase in (101) peak intensity
(Figure 2b,c), indicating that both isothermal temperatures greater than 1300 °C result in a high degree
of crystallization.
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Figure 2. X-ray diffraction pattens collected after 120 minute exposure time for 0 wt% B4C control sample treated at a) 1300 °C, b) 1400
°C, ¢) 1500 °C and for 3.5 wt% B4C doped gel-cast monoliths after heated treatment at d) 1300 °C, e) 1400 °C, and f) 1500 °C with the
characteristic (101) peak labeled.

The rate of increase of the measured (101) peak intensity is related to the rate of crystallization
[29]. Thus, the average peak intensity extracted for each time and temperature combination are compared
(Figure 3). For ease of discussion, the intensities reported are also correlated to a percent crystallinity by
normalizing the intensities by the average value measured for 1500 °C between 45 and 120 minutes, which
are assumed to be fully crystalline across all three exposure times (Figure 3). To avoid presenting
repetitive data, the average intensity for the as-sintered samples for the 0 and 3.5 wt% B4C series is only
included in the dataset for 1500 °C isothermal curves. However, as these samples did not show any
discernable (101) peak, the extracted intensities corresponding to the 26 ~ 22.01° value is merely a



measurement of the amorphous hump where the reported standard deviation reflects the measurement
noise.

The 0 wt% B4C samples held at temperatures higher than 1300 °C followed the expected
crystallization rate and crystallized quickly. For the same hold time, higher levels of crystallization were
measured for samples held at 1500 °C as compared to 1400 °C (Figure 3). The (101) peak intensities
extracted for the 1500 °C dataset for the undoped material show the greatest rate of increase in the 0-to-
10-minute rate with a change of ~33,000 a.u.. After 45 minutes of exposure at 1500 °C, the average (101)
peak intensity appears to reach a plateau. For the 1400 °C isothermal condition, the rate of increase for
the measured (101) peak intensity is reduced after 45 minutes of exposure with the largest increase of the
average intensity value (~42,000 a.u.) reported from 10-to-45 minutes followed by a much smaller change
(~5,000 a.u.) over the 45-to 90-minute range. While the intensities extracted for the 1400 °C samples
continue to increase at a more gradual rate, the (101) peak measured at 180 minutes is comparable to that
reported for the 1500 °C sample set with less than a 2,000 a.u. difference. This trend, coupled with the
decrease in rate of increase of the intensity for the 1400 °C series, could suggest a possible plateau and
convergence of these two data sets if longer hold times were probed. The noted increase in the
crystallization rate followed by a gradual decrease in transformation is consistent with literature on
nucleation and growth [6], [29], [35]. It is widely established that the isothermal kinetics of a range of
materials can be described by the Avrami equation, where the extent of transformation as a function of
time has a sigmoidal form [18], [36]. Initially, the reaction rate is small as an induction period is required
to initiate nucleation of crystallites. Then the rate increases to a maximum at the point of inflection and
finally decreases to zero or plateaus when the transformation is complete. Given the approximate plateau
in intensity for the 1500 °C and the high rate of crystallization that is expected at the inflection point of
the theoretical sigmoidal curve, it makes sense that the error bars are so high for the 10 minute hold time
as the samples would be sensitive to slight deviations in thermal gradients within the furnace at this point.
The time intervals selected appear to miss the approximate point of inflection and greatest crystallization
rate for the 1400 °C series, which leads to small standard deviations.
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Figure 3. Relative Intensity of the characteristic (101) peak extracted from x-ray diffraction patterns collected, and corresponding percent
crystallinities, for 3.5 wt% B4C-doped and 0 wt% B4C (undoped) gel-cast samples with different isothermal treatments. Error bars are not
present on the 120-minute data points as these samples were not run in triplicate.



Doping SiO2 with 3.5 wt% B4C proved to be an effective method for inhibiting crystallization in
post-processed silica samples, even at high temperatures and long hold times. The XRD patterns for
samples with 0 wt% and 3.5 wt% B4C subjected to the 1300 °C at 120 minutes reveal comparably low
levels of (101) peak development (Figure 2a,d). At temperatures above 1300 °C the differences in the
crystallinity of the 0 wt% and 3.5 wt% become more apparent. For the 1400 °C treatment at 120 minutes,
the 3.5 wt% sample exhibits a (101) peak intensity that is similar to the intensity measured at 1300 °C
(Figure 2b,e), which is approximately 10x lower than the value for the 0 wt% B4C counterpart. After the
1500 °C isothermal treatment, the 3.5 wt% B4C sample continues to display a (101) peak intensity that is
consistent with that measured for lower isothermal temperatures (~5,000 a.u.) while the 0 wt% B4C sample
shows about a 17x higher intensity (Figure 2c,f). The addition of the dopant is so robust that the curves
presented in Figure 3 for the extracted average intensities from the three different isothermal treatments
are overlaid. Here, it is apparent that the (101) peak intensities are all relatively stable except for a small
uptick in value with the maximum of each set consistently occurring at 90 minutes followed by a decrease
back to a stable value at times >90 minutes. However, the changes in intensity are quite small and all
within the measured deviation of the 3.5 wt% B4C dataset for each isothermal condition.

To determine the limitations of the B4C dopant, a select sample was held for 22 hours at 1500 °C.
XRD confirmed that even after this extreme treatment, the sample remained amorphous (Figure 4). This
result is significant as few studies of this nature have probed hold times longer than a few hours. While
the extracted intensity was still included in Figure 3, it is important to note that the extreme conditions
induced morphological surface evolution treatment that left the exterior surface uneven as observed via
optical microscopy (Figure S1). Thus, there is the possibility of some peak shifting in the XRD pattern
collected for this time and temperature condition. 3.5 wt% B4C-SiO2 powder mixes were also subjected
to isothermal treatment as a means of separating the selected sample geometry / form from the level of
inhibition. The doped powder mixes were treated for 90 minutes at 1400 °C and maintained the amorphous
phase with no characteristic cristobalite peak development (Figure S2). The 0 wt% B4C-SiO2 powders
subjected to the same conditions showed significantly higher levels of cristobalite formation, developing
a (101) peak of approximately 20,000 a.u. (Figure S2).
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Figure 4. Comparison of X-ray diffraction patterns for the exterior surface and interior cross-section of the 3.5 wt% B4C samples subjected
to heat treatment of 22 hours at 1500 °C.



This quantification of transformation and crystallization kinetics often involves incorporating an
internal standard to calibrate the degree of transformation as a function of time to extract an activation
energy for the transformation [29]. However, this process would require powder samples, while the
purpose of this study was to focus on B4C as an additive for inhibiting crystallization in gel-cast SiO>
parts. Activation energy of transformation may also be calculated with the use of an external reference
curve [18], but this analysis was not possible as the probed conditions were unable to induce enough
crystallization to have the data spread that is requisite for the calculation. The extracted intensity of the
XRD patterns collected for the bulk monoliths can therefore be used to indicate an increase of fraction
transformed but cannot be objectively quantified. Additionally, such a study would still not fully represent
the surface crystallization.

B. Surface Crystallization

Given that all samples are loaded at temperature in a furnace at atmospheric conditions, the heat
treatment is accompanied by oxidation of the B4C material at the surface of the gel-cast part. B4sC has been
shown to oxidize into B2O3z and melt, creating a protective layer that prevents further oxidation of the
underlying material [37], [38]. The oxidation kinetics of B4C powder have been reported to be highly
dependent on the particle size, with the onset of oxidation at approximately ~500°C and a significant
increase in rate at approximately ~650°C [39]. Gogotsi and Lavrenko et al. [40]-[43] investigated
oxidation in sintered hot-pressed B4+C and noted the formation of a thin transparent film of B2Os that
cracked with cooling, which is consistent with the formation of the brittle scale observed in the 3.5 wt%
B4C-doped SiO>. The developed surface scale layer was further investigated through both XRD of interior
cross-sections and optical microscopy techniques.

The cristobalite phase is known to preferentially form at the surface as well as impurity sites [14],
[29], [35], [44]. The XRD results presented in Results and Discussion: Section A were all collected at the
surface. XRD analysis of the interior bulk is particularly important due to the amorphous nature of the
formed B2Os layer at the surface which can potentially hide any evolved cristobalite. Thus, to compare
the extent of crystallization of the exterior surface and the interior, cross-sections were prepared by cutting
the gel-cast components in half and measuring the exposed cross section by XRD (Figure 5). After
treatment at 1400 °C for 90 minutes, the 0 wt% B4C control sample exhibited nearly full crystallization at
the surface (Figure 5a), while the cross-section revealed an amorphous curve with a low intensity (101)
peak (Figure 5b). The 3.5 wt% B4C sample shows a perceptible decrease of approximately 3,000 a.u. in
the (101) peak intensity between the exterior (Figure 5¢) and the interior cross-section (Figure 5d). This
difference in crystallinity is less than that for the 0 wt% B4C sample because the 3.5 wt% B4C sample has
a low intensity (101) peak at the surface. Even in the most extreme test case of 1500 °C for 22 hours, the
exterior surface scan and interior cross-sections were shown to be comparable (Figure 4). XRD analysis
demonstrated that both the surface scale and interior remain largely amorphous after 22 hours with no
strong (101) cristobalite peak formed. However, a small (111) peak was observed for the interior scan
which can potentially be due to peak shifting from the uneven surface or contamination. It is also possible
that this peak can be attributed to a combination of a portion of the surface and bulk being scanned as the
sample was brittle after the long exposure, which made cross-sectioning difficult.
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Figure 5. X-ray diffraction patterns for 0 wt% BaC silica control sample collected for the a) exterior surface and b) interior cross-section and
3.5 wt% B4C doped samples scanned at the c) exterior surface and d) interior cross-section. Both samples were heat treated for 90 minutes
at 1400 °C.

Crystallization is sensitive to several parameters including density, site impurities/contamination,
and defect concentration. In particular, impurities could come from the silicone molds during casting,
fume hood during drying, or furnaces during calcination. While the data was consistent between sets, some
outliers may be attributed to slight variations in densities due to thermal gradients during processing and
the potential incorporation of impurities leading to higher levels of preferential cristobalite nucleation.

C. Surface Evolution with Isothermal Heating

Morphological evolution with crystallization was characterized through optical microscopy of the
sample surface and interior cross-sections. Note that for the series of figures discussed in this section, a
unique sample was imaged for each temperature and time combination. However, the top-down view and
cross-section pairs were collected using the same specimen. When the isothermal treatment was complete,
samples were quickly removed from the furnace at temperature. Thus, the samples were effectively
quenched, and any evolution in the surface/bulk is locked into the structure and can be examined via
microscopy. The 0 wt% B4C samples were visually consistent across all isothermal treatments. After
treatment at 1500 °C, there were no apparent changes to the surface or bulk (Figure S3) with no obvious
differences noted between the exterior and interior cross-section. Without the presence of B4C, or any
oxidizing species, the sample does not form a protective scale, and the nucleation and growth of the
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crystalline phase is almost immediate and rapidly increases with time. Similarly, the 3.5 wt% B4C
subjected to the 1300 °C treatment showed no physical changes (Figure S4).

For higher temperatures, the 3.5 wt% B4C samples showed high levels of cristobalite suppression
following exposure to higher isothermal temperatures as shown by XRD, but these treatments were
accompanied by visual changes to the surface. The onset of scale development from the oxidation of B4C
into B2O3(l) and subsequent vaporization with bubble formation and pitting from their collapse, is readily
observed in the quenched parts after 120 minutes at 1400°C (Figure 6). The scale formation and observed
presence of the highly porous surface from the collapsed gas bubbles worsens with increasing hold time
(Figure 6). For a higher treatment temperature, physical changes are exhibited after shorter time intervals.
3.5 wt% B4C samples that were held for 60 minutes at 1500°C exhibited surface pitting and sagging and
developed a partially opaque, white exterior scale (Figure 7).

Top-down Isothermal 1400 °C
View

a) 0 min b) 60 min c) 120 min d) 180 min

Cross-section
View

Figure 6. Optical microscopy of 3.5 wt% B4C doped gel-cast components top-down view and cross-sections at different times for the 1400
°C isothermal treatment where each time/ temperature combination is represented by a unique sample. The following treatments are imaged:
a) 0 min, b) 60 min, ¢) 120 min, and d) 180 min at 1400 °C.
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Top-down Isothermal 1500 °C
View
b) 60 min c) 120 min d) 180 min

Cross-section
View

Figure 7. Optical microscopy of 3.5 wt% B4C doped gel-cast components top-down view and cross-sections at different times for the 1500
°C isothermal treatment where each time/ temperature combination is represented by a unique sample. The following treatments are imaged:
a) 0 min, b) 60 min, ¢) 120 min, d) 180 min, and e) 22 hours at 1500 °C.

Scale layer thickness was extracted from optical microscopy of cross-sections using ImageJ for
image processing. The image processing macro required user identification of the external boundary of
the surface scale and the interface between the formed scale and interior material. As the scale layer
thickness was found to vary locally and depends on the presence of bubbles or pores, three representative
sections were chosen for measurement for each time and temperature combination. The resulting weighted
mean and standard deviation for the surface layer thickness demonstrate the progression of the scale
formation over time (Figure 8). No scale was developed in the 0 wt% and the 3.5 wt% B4C samples held
at 1300 °C. At higher temperatures, the scale first forms as a thin matte gray surface coating, in contrast
to the typical shiny black finish present on doped samples before heat treatment. It appears that the scale
formation is a time dependent process, with the onset of formation shifting with the isothermal
temperature. For 1400 °C, the scale is evident at times greater than 60 minutes whereas after only 45
minutes at 1500 °C, an average scale layer of ~70 um is already apparent. Thus, for all times measured,
the samples treated at 1500 °C exhibited a thicker scale layer compared to those exposed to 1300 and 1400
°C.
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Figure 8. The thickness of the affected oxidized layer extracted via image processing of optical microscopy of cross-sections for 3.5 wt%
B4C-doped samples subjected to various isothermal treatments.

In general, both the weighted mean of scale layer thickness and the weighted standard deviation
were found to increase with time (Figure 8). The trend in the standard deviation is consistent with the
onset of bubbling, which significantly increases the thickness of the affected layer close to the bubble, as
these features are locked into the quenched material. Select samples were subjected to more aggressive
isothermal hold times to further investigate scale development as well as to assess crystallization present
on the surface and in the bulk at the extreme. The rate of the scale thickness (slope of the layer thickness
vs time curve) increased predominantly during the time span of the first 1.5 to 3 hours for samples held at
1500 °C, with a more than 300% increase in scale layer thickness. From 3 to 22 hours, however, the
sample only exhibited an 85% increase in scale thickness accompanied by a much larger standard
deviation.

During isothermal treatment, the B4C at the surface is converted to oxidized B2O3z. The B2O3
product will progressively melt and form a glassy film on the surface which slows the progression of the
oxidation reaction. At increased isothermal temperatures and hold times, the present liquid B.Oz at the
surface can evaporate, creating gaseous/bubbling sites that can expand to have a greater diameter than the
porosity inherently present due to the sintering process (Figure 7d, €). The largest bubbles often collapse,
creating pitting on the surface of samples held for over 2 hours. Vaporization at a rate high enough to
cause large bubbling is possible because of BoOz3’s vapor pressure, which is among the highest of oxides:
~344 Pa at 1527 °C [45]. B20s will vaporize around 1100 °C, similar in temperature to the point at which
its precursor is oxidizing [46]. Tripp and Graham [45], [47] plotted the relationship between B.O3
vaporization rate and temperature and found that B>Os vaporized at a relatively high rate of 0.08
(mg/cm?)?/min at 1400 °C — more than twice the rate at measured at 1300 °C for the same conditions (Poz
= 3.3 x 10 Pa). B,Os scale formation may protect the silica beneath it from crystallization by shielding it
from atmospheric oxygen, and by interrupting the crystallization surface nucleation process. This
hypothesis is consistent with the measured scale layer thickness as the growth rate was found to increase
with temperature, with the highest rate approximately coinciding with the evaporation of B2Os and the
formation of the large bubbles (Figure 8). The formation and collapse of gaseous B>Os bubbles in the
scale layer results in a much larger standard deviation in measured layer thickness for samples held at
1500 °C.
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V. Conclusions

The extent of cristobalite inhibition was probed in sintered bulk gel-cast components that were
subjected to various isothermal treatments. XRD determined that the undoped 0 wt% B4C samples
exhibited high levels of crystallization across the majority of treatments and the extent of transformation
was correlated to the increase in the (101) peak intensity. In comparison, the 3.5 wt% B4C gel-cast samples
exhibited negligible amounts of transformation with very low (101) peak intensity measured across all
assessed isothermal temperatures and holds. A maximum of 22 hours at 1500 °C was tested which is a
significant result as, to our knowledge, is among the longest isothermal holds probed for a devitrification
study and therefore demonstrates how robust the dopant system is for inhibiting cristobalite.

Evolution in the surface morphology was also studied through optical microscopy of the gel-cast
components and cross-sections. A scale layer with bubbling through the thickness was observed to form
in the 3.5 wt% B4C samples subject to 1400 °C and 1500 °C isothermal treatment which is consistent with
evolution of the oxidation product B,O3 from liquid to vapor state. The presence of the scale likely acts to
disrupt the nucleation and growth of cristobalite at the surface while creating a protective layer that
restricts the mobility of oxygen to the interior material. The results demonstrate that 3.5 wt% B4C dopant
can be used for inhibiting crystallization in conditions and sample geometries that are representative
conditions required for applications. While the addition of B4C was indeed effective for inhibiting
crystallization, further characterization of the scale is required to determine how the varied surface
evolution will impact formulation efficacy as a low CTE material for high temperature applications.
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Figure S10. X-ray diffraction pattern for a) 0 wt% B4C powders and b) 3.5 wt% B4C doped SiO2 powders subjected to the same isothermal
treatment of 1400 °C for 90 minutes.
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Figure S11. Optical microscopy of 0 wt% B4C doped gel-cast components top-down view and cross-sections at different times for the 1500
°C isothermal treatment where each time/ temperature combination is represented by a unique sample. The following treatments are imaged:
a) 45 min, b) 90 min, c¢) 120 min at 1500 °C where the 120 min sample is not a complete cylinder as it was cross-sectioned prior to imaging
the top-down surface.
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Figure S12. Optical microscopy of 0 wt% B4C doped gel-cast components top-down view and cross-sections at different times for the 1500
°C isothermal treatment where each time/ temperature combination is represented by a unique sample. The following treatments are imaged:
a) 45 min, b) 90 min, c) 120 min at 1500 °C where the 120 min sample is not a complete cylinder as it was cross-sectioned prior to imaging
the top-down surface.
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