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The evolution of convection cells features that form in oxide
films on ZrB2–SiC composites are quantified by the number
population, size, and distribution in oxide films on ZrB2–15
vol% SiC oxidized at temperatures between 15001 and 16001C
for various oxidation times. The number of convection cells per
unit area increases after short exposure times of the oxidation at
15501C, but then decreases slowly with increasing time. The
results indicate that these convection cells are transient, they
form and transport boria–silica–zirconia liquid to the surface
but with increasing exposure time the increasing amount of
flowing viscous SiO2-rich liquid submerges them and they
become extinct.

I. Introduction

DURING high-temperature oxidation of ZrB2–SiC compo-
sites, it is well known that a borosilicate oxide (B2O3–

SiO2) film forms on the outer surface. Due to the high vapor
pressure of boria (B2O3(l)) at these temperatures, compared with
silica (SiO2(l)), the B2O3 is preferentially evaporated from the
borosilicate liquid. The liquid oxide film at the outer surface
then becomes predominantly viscous SiO2-rich borosilicate li-
quid.1–4 Previously we proposed a novel oxidation mechanism
where the flow of boria–silica–zirconia (BSZ) liquid plays an
important role in the formation of oxide scales on these
materials.5–7 This mechanism was proposed to interpret distinc-
tive microstructural features observed on the oxide films, which
had the appearance of ‘‘islands’’ of ZrO2 particles clustered on
the outer surface of the oxide film. The zirconia islands were
surrounded by a region of silica-rich glass, which resembled a
‘‘lagoon’’ surrounding the zirconia islands. Within the silica-rich
lagoons, and adjacent to the zirconia islands were lobes of B2O3-
rich glass arranged like the petals of a flower.5 We interpreted
these features as convection cells arising from flow of a liquid
oxide solution containing boron oxide, silicon oxide, and zirco-
nium oxide (BSZ liquid).5–7

Previously we proposed that the convection cells are formed
by the flow of BSZ liquids to the surface, where subsequent
evaporation of B2O3-rich liquid causes precipitation of crystal-
line zirconia (the ZrO2 islands) and leaves a silica-rich remnant
liquid (the SiO2 lagoons).6 The driving force for flow was
proposed to be the very large volume increase upon oxidation
of the bulk material due to the formation of condensed oxides,
solid ‘‘primary’’ ZrO2(s) and BSZ liquid. The BSZ liquid forms
underneath the oxide scale, at the reaction interface, where
inward diffusing oxygen reacts with the SiC and ZrB2 to form
a porous layer of the primary zirconia and the BSZ liquid
solution.5,6 In the early stages, we presume that the BSZ liquid
can flow through the pores of the primary zirconia layer in the

thin oxide scale. At later stages, however, the very large volume
increase caused by the formation of the BSZ liquid induces
pressure and stresses leading to a rupture in the oxide scale. The
BSZ liquid at the reaction interface is then squeezed up to the
surface and starts flowing, forming the convection cells and their
features.7

This paper is a more detailed analysis of the evolution of
convection cells in oxide films on ZrB2–15 vol% SiC composites
involving the spatial distribution, morphology, and population
of the convection cells as effected by the oxidation time mostly
at 15501C. We also report enhanced oxidation beneath the
convection cell features.

II. Experimental Procedure

ZrB2–15 vol% SiC composite provided by CNR-ISTEC (The
Institute of Science and Technology for Ceramics, National
Research Council) in Faenza, Italy. Properties and processing
methods of the ZrB2–15 vol% SiC composites are presented in
more detail elsewhere.8 Oxidation was conducted in a high-
temperature box furnace (SentroTech Corporation, Berea, OH)
in ambient air at 15501C for 0.5, 1, 2, 3, 4, 6, and 8 h. The
heating and cooling rates were 131C/min.

The specimens were supported on pieces of the same material,
which were placed on an Al2O3 support in an Al2O3 crucible.
Before oxidation ca. 200 mm was removed from the surface with
a fine diamond grid (Omni Brade, TBW Industries, Furlong,
PA). This diamond grinding was carried out to remove any heat
affected zone that could have formed during wire electrical
discharge machining (Ann Arbor Machine Model 1S15, Ann
Arbor, MI), that was used to cut the ZrB2–SiC bulk material
into thin sheets. The thin sheets of the ZrB2–SiC were then cut
with a diamond saw (IsoMet

s

1000 diamond precision saw,
Buehler, Lake Bluff, IL) into small rectangular coupons with
total surface area on average of ca. 1 cm2.

Microstructural analysis were carried out on the surfaces and
cross-sections using scanning electron microscopy (SEM) and
backscattering electron (BSE) microscopy. The cross-sections of
the oxidized specimens were prepared for microstructural ana-
lysis by nonaqueous polishing procedures down to 1 mm finish.
Specimens were coated with carbon before microstructure ana-
lysis. An X-ray Diffractometer (XRD) (Rigaku Miniflex, Ri-
gaku Americas Corporation, TX) was used for XRD analysis of
the surface of the specimens to identify the phases and structure
of the oxides formed during oxidation.

III. Results: Analysis of Oxide Scales

(1) Microstructure Features on the Oxide Scale Surface

(A) Distribution and Population of Convection Cells: Fi-
gures 1(a)–(d) show BSE micrographs of surfaces of ZrB2–15
vol% SiC (ZS) composites oxidized at 15501C for 0.5, 1, 4, and 8
h. Herein the specimens will be referred to as ZS-05, ZS-1, etc.)
The oxidized specimens have convection cells spread over the
surfaces. The images in Fig. 1 are taken at low magnifications
(� 36–38, 20 kV, spot size: 5) to be able to compare the
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population of the convection cells between different oxidation
times. The formation of convection cells and the chemical
composition of their features (the B2O3 petals, the SiO2 lagoons,
and the ZrO2 islands) have been explained in detail elsewhere.5–7

After 0.5 h of oxidation, specimen ZS-05, there are relatively
few cells on the surface and the spatial distribution of the cells is
not uniform. The field of view in Fig. 1(a) ZS-05 shows two
isolated cells to the left and it has more closely packed cells on
the right side of the specimen compared with left. After 1 h of
oxidation there is a larger number of convection cells and they
are more uniformly spread over the surface, as shown by the
field of view for specimen ZS-1 in Fig. 1(b). The morphology
and number of cells on these two specimens indicate that
the population of the cells increases at 15501C for oxidation
time between 0.5 and 1 h. Also, the distribution of the cells for the
ZS-05 specimen indicates that the cells form first rather sparsely
on the surfaces but start to impinge when the population
increases forming convection cell patterns similar to the one
seen on the ZS-1 specimen. After 4 h, there seem to be a lower
population of cells (Fig. 1(c), and still fewer after 8 h Fig. 1(d)),
with the individual cells impinging on their neighbors.

Micrographs such as Figs. 1(b)–(d) show only limited fields of
view. Multiple fields of view were examined to more system-
atically quantify the convection cells for each specimen. The
number of convection cells per square millimeter (cell density:
no./mm2) were quantified by counting the numbers of cells on
the samples in 15 random fields (a square frame; 1 mm� 1 mm)
per sample at � 36–38 microscopic magnification. Because it is
sometimes difficult to distinguish one cell from another, two
separate investigators visually counted the cells in the samples in
a blinded fashion. The cell counts were then averaged for each
sample. This kind of quantification by visual counting is com-
monly used for manual quantification of features using micro-
scopic imaging, e.g., in cell staining.9,10

Figure 2 shows the average number of convection cell features
per square millimeter as a function of oxidation time. The
number of cells/mm2 varies with position on each sample, so
we present an average from 15 randomly chosen areas, with the
95% confidence interval calculated for a Gaussian distribution.
The graph shows that the data from both counts (investigator 1
and 2) are the same. After a population peak atB1 h oxidation
time, the number of cells/mm2 decrease with time. The micro-
graphs shown in Fig. 1 also indicate that the spatial distribution
of the convection cells changes with oxidation time. The cells are
more uniformly distributed over the surface for ZS-1, but tend
to be more locally clustered to together for ZS-8. Interestingly,
the surface of the ZS-8 specimen was not smooth, it had a hilly
appearance, were there were large areas dominated by SiO2 with

hilly appearance and other regions dominated by clusters of
convection cells. The population data in Fig. 2 are for randomly
chosen locations.

(B) Size of Convection Cell Features: Further quantita-
tive analyses were performed for the convection cells formed on
the ZrB2–SiC specimens tested at 15501C from 1 to 8 h. One of
the more distinctive features are the lobes of BSZ liquid, which
create a ‘‘flower petal’’ pattern of B2O3-rich regions around each
ZrO2 island. To quantify the number of petals the average
number of petals per island were determined for each specimen.
The averages were calculated by dividing the total number of
petals by the total number of ZrO2 islands counted per field for
each specimen. Fifteen random fields (1 mm� 1 mm frame)
were used per sample on micrographs with an � 36–38 magni-
fication. The number of petals per flower does not significantly
change with increasing oxidation times, i.e. the average number
of petals per flower for each oxidation time varies relatively
little, from a minimum of 2.6470.49 (ZS-1) to a maximum
3.1270.79 (ZS-4). The overall average of the number of petals
per flower is 2.8370.73. The relatively high error (1 standard
deviation) could result from the dependence of the flower petals
to the location, which then affects the calculated average
number of petals per flower for each specimen.

The number of the petals per flower for the shortest oxidation
time, 0.5 h (shown in Fig. 1(a)), is not as straightforward to
interpret. For the newly formed convection cells shown in
Fig. 1(a) it is not quite clear if the larger isolated cells to left
on the micrograph are many small cells located together in a
circle or if that is one isolated cell. We presume these are in fact
smaller ones located near to each other, which then with time
resemble the ones in the right corner of the micrograph. If that is
true then the average number of petals per flower for 0.5 h is
similar to the specimens oxidized at longer oxidation times, ca.
three flower petals per cell.

The size of the B2O3 petals, the SiO2 lagoons and the ZrO2

islands were measured, and the average and standard error (71
standard deviation) was calculated for the different oxidation
times. The sizes of the features were measured for each specimen
during microstructure analysis using SEM. The diameter of the
B2O3 petals, the SiO2 lagoons, and the ZrO2 islands were
measured in x- and y-direction randomly. The values in x-
and y-direction were very similar thus the measured size is the
estimated diameter of the features. At least 20 values were used
to calculate the average size for each exposure time. Figure 3
shows the results of these measurements; average sizes of the
ZrO2 islands, B2O3 petals, and SiO2 lagoons formed on the
ZrB2–SiC composite tested at 15501C, versus the various oxida-
tion times.

The sizes of the ZrO2 islands seem overall to increase with
longer oxidation time. There seems to be three different trends
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Fig. 1. Backscattering Electron images of surfaces of the ZrB2–15 vol%
SiC (ZS) composites tested at 15501C from (a) 0.5 h ZS-05, (b) 1 h ZS-1,
and (c) 4 h ZS-4, and (d) 8 h ZS-8.
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Fig. 2. The calculated density of the convection cells versus different
oxidation times for the ZrB2–SiC composite oxidized at 15501C.
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in the data; an evident increase from 0.5 to 3 h.; no signifi-
cant increase between 3 and 6 h; and then from 6 to 8 h there is
a rapid increase in the size. During microstructure analysis
of the ZS-8 specimen it became somewhat hard to distinguish
one ZrO2 island from another and some of them seem to
have coalesced. Thus care was taken during measurements of
the ZrO2 islands for the ZS-8 specimen, to make sure that the
measured diameter was of one island but not two. The increase
in the size of the ZrO2 could indicate that for the longer
oxidation times, especially for 8 h, the ZrO2 islands have
possibly grown in the SiO2-rich borosilicate melt and then
started to coalesce together.

The size of the B2O3 petals, measured for each oxidation time
at 15501C, is also shown in Fig. 3. The size of the B2O3 petals
seem to increase overall with longer oxidation time just as the
ZrO2 islands, the increase is smaller though and there is more
variation in this pattern than for the sizes of ZrO2. This could
perhaps be interpreted as evidence for correlation between the
size of the B2O3 petals and the ZrO2 islands, which would
support the authors’ hypothesis about the composition depen-
dence between B2O3 and ZrO2 through the BSZ liquid forma-
tion. The size of the SiO2 lagoons were measured and calculated
for oxidation times from 0.5 to 6 h, this is also shown in Fig. 3.
The size of the SiO2 lagoons could not be measured for the 8 h
oxidation time due to change in the shape of the lagoons with
oxidation time, i.e. the SiO2 lagoons on the ZS-05 specimen had
well defined boundaries while the ZS-8 had no definite bound-
aries. This made measuring the sizes difficult. Thus the averages
calculated from the measurements of the sizes of the SiO2

lagoons should be taken with caution. Overall the sizes of the
SiO2 lagoons seem to increase with longer oxidation time just as
the ZrO2 islands and the B2O3 petals indicating that all these
features are dependant.

(C) Dendrites of Zirconia Adjacent to the Zirconia
Islands: Higher magnification of the ZrO2 islands on the
ZS-8 specimen shows large dendrites in the outer boundaries

of the ZrO2 islands, close to B2O3 petals, this is shown in Fig. 4.
Interestingly, similar dendrites but somewhat smaller are seen
close to the B2O3 petals on the edges of the ZrO2 islands on the
specimens oxidized for shorter times. Perhaps the ZrO2 precipi-
tates form as dendrites when there is super-saturation of zirconia
in the BSZ liquid when the B2O3 starts evaporating away from
liquid. The dendrites could then coalescence together and form
the grains that are the main constitutes of the ZrO2 islands.
Epassaka et al.11 found that for ZrO2 crystallites, deposited by a
chemical vapor deposition under atmospheric pressure on a
silicon substrate underwent a morphological instability and
formed a dendritic structure. They claimed that at higher
substrate temperature, intermediate super-saturation favors the
formation of the dendrites. Dendritic growth phenomena have
also been seen for Cu–Hf–Ti–Ag–Ta bulk metallic glass com-
posites where Ta rich-dendrites form by precipitation during
fabrication of the composite.12 For the precipitation of dendrites
in under-cooled glass melts; at the beginning of spontaneous
crystallization of an under-cooled melt, the growth occurs in
preferred direction. Because conventional glass melts are very
viscous the transport of new growth material by diffusion is slow
and dendrites form.13 Composition gradients and associated
diffusion near crystal-melt interface are also known to affect
crystal growth by causing the crystal to break up into a cellular
morphology such as dendrites.14 For our case, when the B2O3

starts evaporating away from the BSZ liquid the viscosity of the
liquid will increase due to the increase in the SiO2 amount for
the overall composition of the liquid. Perhaps this induces the
dendritic form of the precipitated ZrO2. Also, from the crystal
growth theory it is known that in melts that are controlled by
diffusion or heat-flow cellular morphologies such as dendrites
form during crystal growth.

Surface images of three ZrB2–15% SiC specimens each
oxidized for 0.5 h at different temperature; 15001, 15501, and
16001C are shown in Fig. 5. Convection cells were observed on
all three specimens. By comparing the images it can be seen that,
for this temperature range, the number of convection cells
increase with increasing temperature. The images also suggest
that whenmore convection cells form, they form until they cover
the surface and then start to impinge together. The increased
number of convection cells for higher temperatures is likely due
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Fig. 3. The average size of ZrO2 islands, B2O3 petals, and SiO2 cells on
the ZrB2–SiC composites tested at 15501C from 0.5 to 8 h.

a b

Fig. 4. Scanning electronmicrographs of the dendrite features observed
connected to one of the ZrO2 islands on the surface of a ZrB2–15 vol%
SiC composite oxidized at 15501C for 8 h (ZS-8). Figure 4(b) is a higher
magnification of the area inside the white box in the micrograph in
Fig. 4(a).
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a b c

Fig. 5. Backscattering Electron images of the surface of ZrB2–15 vol% SiC composite tested for a fixed time, 0.5 h, at different temperatures; (a)
15001C, (b) 15501C, and (c) 16001C, respectively.
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to an increased evaporation rate of the B2O3 at increasing
temperatures. When the B2O3 starts evaporating faster, the
ZrO2 precipitates form faster, which results in faster formation
of the convection cells.

(2) XRD Surface analysis: Phase Composition and Structure

XRD analyses of the surface of the specimens were performed to
get information about the phases and structure of the oxides.
These results can be seen in Fig. 6. We looked for zircon
(ZrSiO4) that might form as a stable compound in the ternary
system ZrO2–B2O3–SiO2. Zircon was predicted in a calculated
ternary 15001C isothermal section of the ZrO2–B2O3–SiO2

system.6 No ZrSiO4 was observed. This is not surprising because
ZrSiO4 has not been reported previously in the literature for
similar ZrB2–SiC composites oxidized at high temperatures
(415001C). Both monoclinic and tetragonal zirconia was iden-
tified with monoclinic zirconia more abundant. There was more
tetragonal zirconia for longer oxidation times. We presume that
tetragonal zirconia formed during oxidation but transformed to
monoclinic zirconia during cooling.

(3) Cross-sectional Analysis of Oxide Films

Figure 7 shows micrographs of cross-sections of the ZS speci-
mens oxidized at 15501C for 1 h (ZS-1), 4 h (ZS-4), and 8 h (ZS-
8). The micrographs show enhanced oxidation zones (thicker
oxide layer) under the ZrO2 islands. The thickness of the SiO2-
rich surface layer and the ZrO2 layer for each specimen tested
was measured. The thickness for each layer was measured by
averaging 20–30 values at various locations. Difficulties existed
in measuring the average thickness due to the non-uniformity of
the oxide layer, i.e. the enhanced oxidation zone under the
convection cells. The enhanced oxidation zones under the
ZrO2 islands are discussed in detail elsewhere.7 But in summary,

it forms when the BSZ liquid squeezes up to the surface, due to
the large volume increase upon oxidation, which opens a path
for more rapid inward oxygen diffusion due to the lower
viscosity of the BSZ liquid compared with the surrounding
SiO2-rich surface layer.7 (Note that the boria-rich petals seen
in backscattered electrons on the oxide surface are not visible
under the contrast conditions for Fig. 7 for scale cross-sections.)
The nonuniformity is easily seen from Fig. 7. This resulted in
large standard deviation of the thicknesses. The overall thick-
ness of the oxide layer increases with increasing oxidation time
as shown in Fig. 8, which shows the total thickness of the oxide
layer (SiO2-rich surface layer1underlying ZrO2 layer) versus
oxidation time (0.5 to 8 h) at 15501C. The error is the standard
deviation, 7s where
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The total oxide thickness increases rapidly at the first stage of
oxidation (between 0.5 and 1 h) but then steadily increases with
time.

For the ZS specimens oxidized at 15501C for 6 and 8 h
microstructural analysis of the cross-sections revealed sub-
merged ZrO2 islands, completely covered with SiO2 rich surface
layer, this is shown in Figs. 9(a) and (b). This suggests that there
were convection cells formed at earlier stage in the oxidation,
but were later covered by the viscous SiO2 liquid, presumably
from the formation other adjacent convection cells or another
source of flowing liquid oxide. We suggest that a zirconia island
covered with silica represents a convection cell that has ceased to
operate (as no fresh zirconia deposits). Recall that we believe
that the zirconia in the islands precipitates from the BSZ liquid
when the B2O3 evaporates at the surface. No evaporation occurs
at a submerged island, because it is no longer at an external
surface. The BSZ liquid from the submerged island might be
channeled elsewhere, or might stop flowing from that particular
convection cell. The submerged cell becomes ‘‘extinct.’’ This
could explain why there is a decrease in the number of convec-
tion cell with time, our hypothesis is that some cells get covered
by the viscous liquid and become extinct. This would decrease
the population of active convection cells with increasing time (as
in Fig. 2) or with increasing silica layer thickness (as in Fig. 10),
where there are 16–20 cells/mm2 after 2 h of oxidation, but only
3–4 cells/mm2 after 6 h of oxidation.

IV. Discussion

The density (no.cells/mm2) of convection cells for the ZS
composite oxidized at 15501C rapidly increases at the first stage
of the oxidation but then decreases slowly with increasing time.

If the density of cells for the ZS composite at 15501C are
compared with the thickness of the SiO2-rich surface layer the
same trend is seen (Fig. 10). This indicates that the convection
cells are transient, i.e. perhaps they form and transport BSZ
liquid to the surface but then with time the increasing amount of
flowing viscous SiO2-rich liquid submerges them and they
become extinct. The ‘‘submerged’’ ZrO2 islands shown in the
cross-section of the ZS-6 and ZS-8 specimens in Fig. 9 support
this hypothesis. Perhaps the viscous SiO2-rich layer is then thick
enough to suppress the formation of new convection cells. These
result suggest that the convection cell mechanisms is dominant
in the early stage of the oxidation of these materials, supplying
the SiO2 to the surface, then when the surface layer becomes
mainly viscous SiO2 the replenishment of the SiO2 by the
formation of convection cells stops and they go ‘‘extinct.’’

V. Summary

The density (no.cells/mm2) of convection cells for the ZrB2–SiC
composite oxidized at 15501C increased rapidly from 0.5 to 1 h
of exposure time. From 1 to 8 h exposure time the density slowly
decreases. The results indicate that the convection cells are
transient, they form and transport BSZ liquid to the surface
but with increasing exposure time the increasing amount of
flowing viscous SiO2-rich liquid submerges them and they
become extinct.

Increased temperature of the ZrB2–SiC testing (from 15001 to
16001C) led to increased number of convection cells. This is
likely because of more ZrO2 can precipitate from the BSZ liquid
due to increased evaporation rate of B2O3 at higher tempera-
tures, which speeds up the formation of the convection cells.
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Fig. 9. Backscattering electron images of cross-sections of ZrB2–15
vol% SiC specimens tested at 15501C for (a) 8 h (ZS-8) and (b) 6 h
(ZS-6) showing the SiO2-rich surface layer (dark gray) and the under-
lying ZrO2 (white contrast).
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Fig. 10. The number of cells per square mm versus measured thickness
of the SiO2-rich surface layer formed on the ZrB2–15 vol% SiC
composite oxidized from 0.5 to 8 h at 15501C.
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