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Abstract 

 ZrB2-SiC is of high interest for Thermal Protection Systems (TPS) for future hypersonic 

vehicles. Both ZrB2 and its oxidation product, ZrO2, possess high melting temperatures 

(Tm=3245°C and 2715°C respectively) needed for this application.  SiC is added to improve the 

oxidation resistance. However, the oxidation resistance of ZrB2-SiC at ultra-high temperatures is 

poor and the oxidation mechanisms are not well understood. The aim of this work was to 

perform a quantitative study of the oxidation behavior in order to improve life prediction.  

 The oxidation behavior of ZrB2-30 vol% SiC was studied using two oxidation 

procedures. A box furnace was used to oxidize specimens for times between 30 seconds and 100 

hours at temperatures of 1300°-1550°C in stagnant air. For ultra-high temperature testing, a 

resistive heating system was designed and built, which allowed oxidation at temperatures of 

1300°-1800°C for times between 5 and 70 minutes in controlled oxygen atmospheres. Oxidation 

was quantified by measuring mass change and oxidation product layer thicknesses. A 

combination of scanning electron microscopy, energy dispersive spectroscopy, x-ray diffraction, 

x-ray photoelectron spectroscopy, inductively coupled plasma optical emission spectrometry, 

and time of flight secondary ion mass spectrometry was used to characterize the oxidation 

products.  

Two oxidation regimes were identified; 1) low temperature oxidation below 1627°C and 

2) high temperature oxidation at and above 1627°C. Low temperature oxidation exhibited a two-

layer oxide, which consisted of a borosilicate glass layer above a ZrO2+C layer.   Key findings 

indicate that oxygen transport in both zirconia and borosilicate glass must be considered in 

modeling the low temperature oxidation behavior of ZrB2-30 vol% SiC.  In addition composition 

and thickness variations of the borosilicate glass layer must also be considered. 
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The transition between the low and high temperature oxidation regimes is attributed to a 

change in the thermodynamically favored oxidation products, considering a locally SiC-rich 

microstructure. High temperature oxidation, T≥ 1627°C, resulted in formation of three oxidation 

product layers. A borosilicate glass layer was found above a layer with ZrO2 and borosilicate 

glass. Beneath these was a porous layer of ZrB2 resulting from SiC depletion due to active 

oxidation to SiO(g). Key findings indicate that the oxidation rate is much more rapid in this 

oxidation regime, that the SiC depletion layer growth is best explained by parabolic gas phase 

diffusion in the porous layer, and again, oxygen transport in both zirconia and borosilicate glass 

must be considered in modeling the high temperature oxidation behavior of ZrB2-30 vol% SiC. 

This work provided a quantitative analysis of the oxidation kinetics of ZrB2-30 vol% SiC. 

The thermodynamic and kinetic analyses of the two distinct oxidation regimes of ZrB2-30 vol% 

SiC enable improved life prediction. 
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Chapter 1: Introduction 

UHTCs and Their Applications 

Ultra-High Temperature Ceramics (UHTCs) are a family of materials that have melting 

temperatures in excess of 3000°C, making them attractive for aerospace applications such as 

Thermal Protection Systems (TPS) on hypersonic flight vehicles. Design of future hypersonic 

vehicles will incorporate sharper wing leading edges and nose cones, allowing for better 

maneuverability and higher speeds 
1, 2

. When the radius of the wing tip is made sharper and the 

speed is increased the temperatures seen by the space craft will increase to 1700°-3000°C due to 

the shockwaves’ closer proximity to the vehicle surface 
2-4

. This temperature range is beyond the 

operating capability of current TPS, necessitating the development of new TPS materials 
3-7

. One 

of the largest concerns for non-oxide TPS materials is oxidation behavior at ultra-high 

temperatures. Current materials, including SiC-coated carbon-carbon composites, do not have 

sufficient oxidation resistance at these ultra-high temperatures due to formation of liquid (SiO2 

Tm=1723°C) and gaseous (SiO(g)) products 
4
.  UHTCs, on the other hand, form solid oxides 

which themselves have very high melting temperatures. One member of this family, ZrB2, has 

been extensively studied since the 1960s due to its high melting temperature (Tm=3245°C), 

relatively low theoretical density (6.09g/cm
3
), strength retention at high temperatures, chemical 

stability, resistance to erosion/corrosion, and the formation of ZrO2 (Tm=2715°C) 
3, 4, 7-9

. 

However, the oxidation rate of ZrB2 and ZrB2-based materials is rapid and unacceptable for 

reusable applications. In addition, there are still many unanswered questions concerning the 

oxidation mechanism. This work develops a more quantitative understanding of the oxidation 

mechanism to enable better life prediction and identify methodology for improvements in 

oxidation behavior. 
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Oxidation Behavior of ZrB2-based Materials 

 When pure ZrB2 is exposed to temperatures of 900°-1200°C, a two-layer oxide is formed 

of ZrO2 grains covered and filled in by a B2O3 glassy layer 
9-11

. The oxidation occurs via the 

following reaction: 

    ( )  
 

 
  ( )      ( )      (      )   [1.1] 

The B2O3 glass forms a protective layer and parabolic oxidation kinetics are exhibited 
11

. Above 

1300°C, the B2O3 volatilizes (Reaction 1.2), leaving a porous and non-protective ZrO2 layer, 

made up of columnar grains.  

    (  )       ( )     [1.2] 

Mass gain kinetics become linear 
11-14

. 

In order to improve the oxidation resistance of ZrB2, a number of additives have been 

tested, including Al+B, Zr+Si, TaSi2 and SiC 
5, 10, 15, 16

. Of these, SiC was found to provide the 

greatest enhancement to the oxidation resistance under almost all conditions due to the formation 

of a borosilicate layer 
7, 10, 14, 17

. According to Fahrenholtz et al., the addition of 30 vol% SiC 

provided the optimum oxidation resistance 
18

.  However, when balancing both oxidation 

resistance and mechanical properties, an addition of 20 vol% SiC has been found by researchers 

to be the best composition 
8, 10

.  

The improvement in oxidation behavior from SiC addition begins at temperatures 

between 1200°C and 1300°C 
6, 13, 19

. Below these temperatures, preferential oxidation of the ZrB2 

occurs 
11, 20

, while above these temperatures the SiC grains begin to oxidize and form a SiO2-rich 

borosilicate phase, which is an amorphous solid upon cooling to room temperature 
12, 13, 19

. The 

borosilicate glass layer provides the oxidation protection, slowing oxygen diffusion and 

vaporization of B2O3 
12, 19, 21-23

. Parabolic mass gain kinetics are observed for this material, as the 
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oxygen diffuses through the borosilicate glass and/or ZrO2 and reacts with the base ZrB2-SiC 

material 
13, 24

. The reactions describing the oxidation include Reactions [1.1] and [1.2], as well 

as: 

   ( )  
 

 
  ( )      ( )    ( )    [1.3] 

  ( )  
 

 
  ( )     ( )      [1.4] 

     (   )       (  )             (    )    [1.5] 

The micrographs in Figure 1 are representative of the morphology of ZrB2-SiC after it 

has been oxidized.  The protective borosilicate glass layer forms the top of the oxide scale. 

Beneath the borosilicate glass are ZrO2 grains. The literature assumes that borosilicate glass fills 

in the regions between the ZrO2 grains 
25, 26

.  

 

 

a) b)  

Figure 1. Representative morphology of oxide scales on ZrB2-SiC oxidized in air. These 

were oxidized for 100 minutes at a) 1500°C and b) 1627°C. (Micrograph b reprinted with 

permission of Dr. Elizabeth Opila
 20

.)  
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There is indication in some studies of a SiC depletion layer between the unreacted 

material and the ZrO2/borosilicate glass layer, as seen in Figure 1b, which occurs by Reaction 

[1.6].  

   ( )    ( )     ( )    ( )     [1.6] 

This reaction will be discussed in detail later. It is important to note that the oxidation of the two 

phase ZrB2-SiC mixture offers additional protection to both phases relative to oxidation of the 

phases individually 
19, 22

. The improvement relative to ZrB2 has been explained by the more 

sluggish oxygen diffusion through the SiO2-rich layer than through B2O3, while the improvement 

over pure SiC at temperatures above the melting point of SiO2 is explained by the “solid pillars, 

liquid roof” scale architecture described by Li et al. 
5, 22, 27-29

. The crystalline ZrO2 provides a 

skeleton to act as mechanical support for the borosilicate glass, which adheres strongly to the 

skeleton by capillary forces.  

When one mole of SiC oxidizes to SiO2, there is a volume increase of 118%. ZrB2 

undergoes an increase of 17% when forming ZrO2. This large volume change due to SiC 

oxidation and the presence of restricting ZrO2 columns is believed to cause the SiO2 to be 

transported to the top of the oxide forming the protective outside layer, as well as filling in the 

spaces between the ZrO2 grains. Due to the presence of B2O3 dissolved in the SiO2, the 

borosilicate glass will have a much lower melting temperature than pure SiO2. The impact of 

B2O3 on the melting temperature of SiO2 can be seen in Figure 2. B2O3 also increases O2 

diffusion through SiO2 on Si substrates 
30

. By adding as little as 1-3 mol% of B2O3, the apparent 

oxygen diffusion coefficient increased by 2-3 orders of magnitude. 



 

5 
 

 

 

 

 

 

 

Figure 2. B2O3-SiO2 phase diagram, from 

ACerS NIST Phase Equilibria Diagrams, 

figure 11777. (Reprinted with permission of 

The American Ceramic Society.) 

 

 

The ZrO2 skeleton supports against bubble breakouts and external shear flow 
22

. Some 

bubbles still form in the borosilicate glass and burst, as CO(g) is formed at the reaction interface 

at significant pressures by Reactions 1.3 or 1.6 and move to escape the material. It has been 

suggested by several researchers that this gas causes the ZrO2 to exhibit a columnar oriented 

structure in the oxide 
23, 28

.  

According to the phase diagram of ZrO2 and SiO2 (Figure 3), at temperatures below 

~1550°C, there is a possible stable phase of ZrSiO4, however, this has not been commonly seen 

in any previous oxidation work, and the oxides here will be considered to be ZrO2, B2O3, SiO2, 

SiO(g), and CO(g) only. ZrO2 has several phases over the temperature range of interest in this 

work. At room temperature up to 1205°C, it is a monoclinic structure. Above 1205°C, it 

transforms to tetragonal, and then at ~2370°C it transforms to cubic. The Zr-O phase diagram is 

shown in Figure 4. While SiO2 has a number of polymorphs, in the high temperature oxidation of 

ZrB2-SiC, SiO2 is found to be amorphous. 
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Figure 3. ZrO2-SiO2 phase diagram, from 

ACerS NIST Phase Equilibria Diagrams, 

figure Zr-190. (Reprinted with permission 

of The American Ceramic Society.) 

 

 

 

 

 

 

 

 

 

Figure 4. Zr-O phase diagram, from 

ACerS NIST Phase Equilibria Diagrams, 

figure 11690. (Reprinted with permission 

of The American Ceramic Society.) 
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Chapter 2: Background 

Variability of Oxidation Behavior 

Most studies of ZrB2-SiC oxidation are screenings of various material compositions. 

Sufficient data for a statistical analysis of oxidation as a function of time, temperature and 

material composition are not available. It has also been noted by some authors that while a 

general behavior is common for certain time/temperature conditions, quantitative agreement 

between studies for even nominally pure diborides is not necessarily seen 
11

. It is difficult to 

compare oxidation results from one study to another due to different and often unspecified 

parameters. Parameters that are often not reported include the atmosphere under which the 

material is tested, gas flow rate, specimen texturing, and humidity. Some experiments are 

conducted isothermally while others ramp up to the desired temperature 
23, 24, 31

. Additionally, a 

number of different testing apparatuses are used, which can impact the results. These include box 

furnaces, oxyacetylene torches, arc-jet facilities, and resistive heating 
29, 31-33

. Finally, results are 

reported using different conventions, such as weight gain, scale thickness, or recession as 

functions of time and temperature 
11

.  

While several models for UHTC oxidation kinetics based on results found in the 

literature exist, the wide range of results makes accurate modeling difficult 
5, 22, 26

. The model by 

Parthasarathy et al. suggests the quantitative differences from different tests could be due to 

small changes in porosity or trace impurities in the specimens, both of which are often 

unreported 
11, 34

. Levine et al. suggest that variation in mechanical properties may be due to 

issues in repeatable processing, and this could also lead to differences in oxidation behavior 
24

. 

Other sources of variability in oxidation kinetics may include poor experimental or 

manufacturing technique, differences in relative humidity during testing, impurities (either 
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environmental or processing), surface roughness, viscous flow on the macro-scale, or the 

formation of bubbles in the glass scale. Previous work on ZrB2-SiC has focused on oxidation 

times between 10 minute and 2 hours and did not consider the short-term oxidation behavior or 

its impact 
20, 24, 25, 29, 31, 32, 35

. Gangireddy et al. did observe oxide formation at 1450°-1650°C with 

in-situ optical microscopy, but focused the bulk of their study on bubble formation not oxidation 

kinetics 
36

.  

Oxide Morphology 

Prior results indicate that the oxidation of ZrB2-SiC at 1500°C is passive (Reactions 1.1 

and 1.3) and forms a protective layer of borosilicate above ZrO2, along with CO(g)  
10, 22

. The 

transition from passive oxidation (Reaction 1.3) to active oxidation (Reaction 1.6) of SiC occurs 

at high temperatures and low oxygen partial pressures 
4, 6, 13, 20, 23-25, 28, 31, 32, 37

. The oxygen partial 

pressure at the ZrO2/ZrB2 interface is sufficiently low such that at high temperatures the SiC is 

expected to undergo active oxidation (Reaction 1.6) leading to SiC depletion 
13, 38

. The gases 

formed at low oxygen partial pressures at the oxide/substrate interface in turn oxidize at the 

higher oxygen partial pressures found at the oxide surface (Reactions 1.4 and 2.1). 

   ( )  
 

 
  ( )      ( )     [2.1] 

Conditions for formation of the SiC depletion layer, e.g. the transition from passive to 

active oxidation in the presence of ZrB2, are not well characterized. It is generally agreed that 

materials containing 10 vol% or less of SiC do not show a depletion layer and theoretically are 

not expected to, due to the lack of interconnectivity of the SiC grains 
16, 23, 28

. The SiC grains 

must be interconnected to provide a path for inward diffusion of the oxygen. When the interior 

SiC reacts to form SiO(g) and CO(g), pores are left behind through which the O2(g) diffuses, 

further depleting the interior of the material. The SiC depletion layer has been reported in ZrB2-
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SiC based materials containing more than 10 vol% SiC when they are oxidized at temperatures 

as low as 1400°C
13, 25

, greater than 1600°C 
23

, only lower than 1900°C 
20

, or not at all 
29, 32

. In 

addition, the thermodynamics and kinetics for the depletion reaction are poorly understood. A 

thermodynamic model has been proposed by Fahrenholtz to elucidate the SiC depletion behavior 

13
, though its prediction of onset temperature is not in agreement with the results in this work. 

The porous structure formed during SiC depletion could lead to reduced load-bearing capability 

or reduced thermal conductivity of ZrB2-SiC for applications at ultra-high temperatures.  

Therefore understanding conditions necessary for its formation should help in developing this 

material for future use 
23

.  

Oxygen Diffusion Mechanism 

While the specific oxidation rates of ZrB2 and ZrB2-SiC have been measured and semi-

quantitatively modeled 
9-11, 26, 34, 39-42

, a detailed and quantitative understanding of the 

presence/concentration of B2O3 in the glass layer formed upon oxidation of ZrB2-SiC is currently 

lacking due to the low sensitivity of most characterization techniques to light elements 
13, 20

 .  

Some work has shown the presence of B in the glass phase, including Tripp et al. who 

used Electron Microprobe Analysis (EMPA) on material oxidized at 1300°C and 1400°C 
19

. 

Karlsdottir et al. discuss the flow of B2O3 to the surface of the oxide, which they analyzed using 

EPMA and Cathodoluminscence (CL)
43, 44

. They also stated that the surface was depleted in 

B2O3 due to its high vapor pressure. The vapor pressure of B2O3 at 1500°C is 233Pa while SiO2 

is 3x10
-4

Pa 
13, 45

, suggesting selective volatization of B2O3 and enrichment of SiO2 will occur in 

the borosilicate layer relative to the amounts predicted by equilibrium. The B2O3 volatization 

reactions include:  

B2O3(l) = B2O3(g)      [2.2] 
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½ B2O3(l) + ½ H2O(g) = HBO2(g)     [2.3] 

This depletion has been shown at the oxide surface by Rezaie et al. using Secondary Ion Mass 

Spectrometry (SIMS) 
21

.  The diffusion of B through borosilicate glass is dependent on 

temperature and glass composition. According to Kawagishi et al., the B diffuses through Si sites 

of the SiO2 lattice 
46

. Diffusion rates are found to be on the order of 10
-20

 to 10
-14

 cm
2
/sec, when 

studying the temperature range 900°C-1400°C, with low concentrations of B (<15mol%) 
46-49

. 

Neither high temperatures, nor high B concentrations, have been studied for B diffusion in 

borosilicate glass. An understanding of the B2O3 content and concentration profile in the 

borosilicate glass layer is critical to predicting the oxidation rate of ZrB2-SiC.  

Five possible pathways/mechanisms for oxygen diffusion can be envisioned due to the 

multiple phases and morphologies in the oxide and these are displayed in Table 1 
50

. It has been 

theorized by many (including Parthasarathy et al.) that the rate controlling mechanism of the 

oxidation of ZrB2-SiC is the inward diffusion of oxygen through the borosilicate glass, while the 

ZrO2 grains have negligible contribution, however, this has not been decidedly proven 
12, 13, 19, 26, 

40
.  Previous work has shown 

18
O2 tracer diffusion through 

16
O oxide layers (double oxidation) to 

be one way to determine oxygen diffusion pathways 
51-54

. Predictions for the tracer profiles 

exhibited by each of the pathways/mechanisms are included in Table 1. 

Molecular oxygen may permeate through interstitial spaces in the amorphous borosilicate 

structure. Network exchange, similar to lattice diffusion in crystalline phases may occur, 

whereby the oxygen jumps from one network site to the next in the borosilicate glass. Deal and 

Grove show permeation of oxygen in thermally grown oxide on silicon 
55

. Ogbuji and Opila have 

found that the enthalpy for the oxidation of SiC is essentially the same as that for Si, indicating 

that the controlling mechanism of oxidation is the same for both materials 
56

. Network diffusion 



 

11 
 

is shown to be much slower than permeation during oxidation of silica and in silicate glasses, 

though the difference lessens as temperature increases 
50, 57, 58

. Zheng et al. have found a 

transition from permeation to exchange to occur above 1200°C for single-crystal SiC 
59, 60

. For 

vitreous silica, Kalen et al. found that both network and interstitial mechanism were in operation 

61
. However, few studies have been done at temperatures as high as those studied here, nor on 

borosilicate glasses. 

Much of the diffusion research for ZrO2 has been conducted on Y or Ca doped ZrO2 and 

monoclinic ZrO2, which is stable at room temperatures, while at high temperatures such as those 

studied here, tetragonal ZrO2 is the stable phase 
40, 62

. The addition of such dopants is known to 

increase oxygen diffusion through vacancy formation 
63

. Evidence of grain boundary diffusion 

was found by Brossmann et al. for ultrafine grained, undoped monoclinic ZrO2 
62

. In  tetragonal 

ZrO2, oxygen is believed to diffuse by the vacancy mechanism, due to the predominance of 

intrinsic oxygen vacancies 
40, 64

. There may also be Knudsen diffusion occurring through pores in 

the material 
65

.  
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Objectives 

Task 1 of this work includes a statistical analysis of ZrB2-30 vol% SiC oxidation under 

well-defined/controlled conditions at temperatures between 1300°C and 1550°C. Variation of 

oxidation results are examined in relation to viscous flow and bubble formation in the glass 

scale. The initial stages of oxidation were explored for the first time to try to understand any 

relationship to the variable performance in ZrB2-SiC oxidation observed at longer times. The 

effects of surface roughness on short and long term oxidation behavior, which has not previously 

been reported in the literature, were also examined.  

Task 2 provides a detailed look at the constituents and phase distributions in the oxide 

layers as a function of time and temperature. It provides a thermodynamic explanation of the 

transition between low and high temperature oxidation regimes. The primary goal was to 

determine conditions for formation of the SiC depletion layer and to develop a thermodynamic 

and kinetic description to explain the observed structure.  

Task 3 confirms the presence of B2O3 in established oxide scales and quantifies its 

concentration in the glass layer formed during oxidation at temperatures of 1300°C-1500°C. The 

diffusion pathways of the oxygen are also explored during oxidation of ZrB2-30 vol% SiC at 

temperatures of 1500°C and 1650°C using 
18

O2 tracer diffusion techniques.  

The information gained in these three tasks provides a more detailed understanding of  

1) Quantitative measurement of oxidation rates of ZrB2-30 vol% SiC 

2) Thermodynamic and kinetic descriptions of oxidation mechanisms of ZrB2-30 vol% SiC 

3) Composition of the borosilicate glass responsible for oxidation resistance 

thereby contributing to improved life prediction and development of strategies for improving 

oxidation resistance of ZrB2-SiC.  
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Chapter 3. Experimental Procedure 

Specimen Preparation 

ZrB2-30 vol% SiC specimens were fabricated at Missouri University of Science and 

Technology using attrition milled powders which were then hot pressed 
25, 66

. WC contamination 

(~2 wt%) was observed due to the attrition milling, which used WC milling media in 

polyethylene jars. Specimens were cut from a series of billets using an automated surface grinder 

into bars of 40mm x 4mm x 3mm and were finished using 1200 grit diamond abrasive. These 

bars were cut to size (~7mm x 4mm x 3mm) for box furnace testing using a diamond blade. A 

reference location on the surface was established on a fraction of specimens with a small cut 

using a diamond blade (Figure 5a.) Two specimen surface preparations were examined: as 

received (approximate roughness of 0.39 ±0.15µm) and after polishing to 0.05µm using diamond 

abrasive (approximate roughness of 0.07±0.03µm.) Surface roughness was measured using a 

contact profilometer to determine the Ra value using a linear trace (TR200, TIME Group, Inc., 

Clarksville, TN.) The top surfaces of specimens with marked reference locations were coated 

with a thin layer of carbon using the Precision Etching and Coating System (PECS) and then 

characterized using Scanning Electron Microscopy (SEM, JEOL 6700F, Tokyo, Japan) prior to 

oxidation testing. A portion of the bars were shipped to Bomas Machine Specialties 

(Sommerville, MA) for machining into “bridge” shaped specimens for oxidation testing. The 

bridges were 15mm x 3mm x 1.5mm, with the middle 3.5mm thinned to 0.5mm (Figure 5b.) 
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Figure 5. ZrB2-30 vol% SiC specimen a) cut 

and placed in yttria stabilized zirconia 

(YSZ) boat for box furnace oxidation 

exposure.  Scale marker is in cm b) 

Machined into bridge shape for resistive 

heating with the middle 3.5mm thinned to 

0.5mm. 

 

Box Furnace Oxidation 

Prior to box furnace oxidation, all 

specimens were cleaned using baths of 

detergent and DI water, DI water, acetone and 

then ethanol, each for 2 minutes in a sonicator. 

Dimensions and initial weight of all 

specimens were recorded. Specimens were 

individually oxidized and characterized. The 

specimens were placed in curved sections of an yttria stabilized zirconia (YSZ, Ortech, Inc., 

Sacramento, CA) tube while in the furnace, providing line contacts between the specimen and 

boat, as shown in Figure 5a. This boat helped prevent contamination of the specimen and 

allowed for easy removal from the furnace. The tests were carried out in a box furnace with 

molybdenum disilicide heating elements (RapidTemp, CM Furnaces Inc., Bloomfield, NJ) under 

stagnant ambient air conditions. The furnace was brought to the desired temperature and then the 

specimens were placed inside. Timing of each test was begun upon insertion of the specimen into 

the furnace. When opened, the furnace temperature fell ~200°C, but returned to within 10°C of 

the testing temperature in 10 seconds and was constant at the testing temperature within 10 

minutes.  
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Tests were run for a series of temperatures (1300°, 1400°, 1500°, 1550°C) for 10 seconds 

to 100 hours, using material from multiple bars. Tests conducted on material cut from the same 

bar are clearly indicated in the results. For the short-term tests (10 seconds-1 minute), the box 

furnace was heated to 1500°C, then the furnace was opened and the specimen was placed inside 

for the designated time. The temperature of the furnace dropped to ~1300°C upon insertion and 

then rose back to 1500°C in approximately 10 seconds. While the specimen temperature is not 

known precisely for the short-term tests, the exposures accurately represent the heating transient 

of the longer-term tests. Two specimens were also oxidized in the box furnace for 100 minutes at 

1500°C with the specimen placed at an ~45° angle, as shown in Figure 6, in an attempt to 

characterize macroscopic glass flow. 

Specimens were removed from the hot furnace and cooled rapidly to room temperature 

(<5minutes) in ambient air. Final dimensions and weight were recorded. The weight of the boat 

was also measured before and after testing and no significant weight change was found.  

 
Figure 6. ZrB2-30 vol% SiC specimen in yttria stabilized zirconia (YSZ) boat with YSZ 

spacer at ~45° angle. 
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Resistive Heating 

Resistive heating was used to test the oxidation behavior at ultra-high temperatures 

(1300°-1800°C), after a method first developed by Karlsdottir and Halloran, which they have 

called “the ribbon method” 
31

. This method resistively heats the specimen using a high current, 

~100 Amps, that runs through the specimen. As the resistance of ZrB2 is similar to metals, 

~15x10
-6

Ωcm, this approach works well 
67

. A “ribbon” or bridge specimen, as seen in Figure 5b, 

is used for this technique, and the thin bridge region is ~500µm thick by ~1500µm wide, as 

described above. Prior to resistive heating oxidation, all specimens were cleaned using baths of 

detergent and DI water, DI water, acetone and then ethanol. The specified specimen geometry 

allows the center of the specimen, which is not in direct contact with any surfaces, to heat to 

ultra-high temperatures, while the supporting ends remain relatively cool, minimizing high 

temperature contamination and interaction of the specimen with the heating apparatus. This 

method has the advantage of being more economical than the arc-jet facilities and allows for 

more control than using an oxyacetylene torch, both alternative techniques for reaching 

T>1500°C.  

The system set up is shown in Figure 7 through Figure 9. The specimen temperature was 

measured using an emissivity correcting infrared pyrometer (Pyrofiber Lab PFL-0865-0790-

2500C311, Pyrometer Instrument Company, Windsor, NJ) with a spot size of 1.5mm, which 

automatically corrected for the changing emissivity (generally 0.80-0.99) of the oxidizing 

surface using pulsed laser technology. The pyrometer also controlled the current, which ran 

through the specimen by providing the temperature reading to a control unit with a Eurotherm 

controller (BPAN controller, Micropyretics Heaters International Inc., Cincinnati, Ohio). The 

control unit provided the changing current, which was passed through a transformer to step the 
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current up to the required level. The current running through the specimen was read continuously 

by a NI-6009 data acquisition card (DAQ) and the pyrometer was set to a data acquisition rate of 

~4 measurements per second. Both the pyrometer temperature and the current were recorded by a 

computer.  

 
Figure 7. Resistive heating setup with specimen chamber, pyrometer, and recording 

computer. 

 

Figure 8. Resistive heating chamber with high current feed-throughs (red wires), 16O2 and 

18O2 gas inlets, gas outlet, pump outlet, and low vacuum gauge. 
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Figure 9. Schematic of resistive heating system. 

 

For testing, each end of the bridge specimen was positioned on a section of flattened 

copper wire with a cross-section of 1.05mm x 2.85mm, which was attached to the current 

feedthroughs in the specimen chamber (Figure 10.) A piece of platinum foil (0.06mm thick, 

Heraeus Materials Technology, Chandler, AZ) was placed between the copper wire and the 

specimen to minimize reactions between the specimen and the wire. The specimen was held in 

place using toothless alligator clips, which were electrically isolated using 0.8mm thick sheets of 

Maycor (a glass-mica ceramic, McMaster-Carr, Robbinsville, NJ) or stabilized ZrO2 (Ceramic 
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Technologies, Inc, Houston, TX). A bar of ZrO2 was super glued to the side of the specimen to 

provide stability against torqueing when inserting the specimen into the system. B2O3(g) 

condensation on the window was prevented by flowing O2(g) through the chamber at a rate of 

900sccm. The O2(g) flowed through drierite (CaSO4) prior to entering the resistive heating 

chamber to maintain low humidity.  

 

 
Figure 10. ZrB2-30 vol% SiC bridge specimen prepared for oxidation in resistive heating 

system and held into system using alligator clips. 

 

 

Figure 11. ZrB2-30 vol% SiC bridge specimen with Pt wire prepared for temperature 

calibration test in resistive heating system. 
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Pt (φ 0.508mm, Sigmund Cohn, Mount Vernon, NY)  and Pd (φ 0.203mm, Alfa Aesar, 

Ward Hill, MA) wires were used as melting point standards (Tm= 1555°C and 1768°C) to 

confirm the pyrometer readings. The wires of each metal were wrapped around pre-oxidized 

bridge specimens, making certain to have good contact with the thin bridge region (Figure 11). 

The specimens were then inserted into the resistive heating system. The temperature of the 

specimen was slowly increased (10-20°C/min) while the wire was observed. When the wire 

melted, the set temperature of the control unit was recorded. Observed melting temperatures of 

the Pd and Pt wires occurred at set temperatures of 1527°C and 1752°C, respectively. These wire 

melting point tests indicate that the system operates within 28° of true temperature in the test 

temperature range (1500°C-1800°C), a reasonable accuracy given the difficulty of measuring 

ultra-high temperatures.  

Tests were run at temperatures of 1300° to 1800°C for times of 5-70 minutes. The longest 

tests at 1700°C and 1800°C were 40 minutes and 20 minutes respectively due to near total 

oxidation through the 0.5mm thickness of the ZrB2-SiC specimens. After resistive heating 

oxidation, the bridge specimens were snapped in half, which often occurred naturally upon 

cooling. The fractured cross-sections were then characterized, as described in a later section. 

Further details of this resistive heating technique are given in Appendix 1. The resistive heating 

exposures performed are given in Appendix 2. 

Comparison of Box Furnace and Resistive Heating System 

 Concerns exist that internal heating by resistive heating can result in different oxidation 

rates and microstructures when compared to conventional box furnace radiative heating. The 

validity of the resistive heating tests was established by comparing specimens exposed in the box 

furnace and resistive heating system. Both tests were performed on bridge specimens of ZrB2-30 
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vol% SiC oxidized for 20 minutes at 1500°C (near the maximum temperature capability of the 

box furnace.) The specimens were exposed in stagnant air (box furnace) and flowing O2 

(resistive heating). Both specimens were fractured after oxidation and characterized using SEM. 

A similar appearance of the oxide cross-sections was observed, as presented in Figure 12. The 

box furnace specimen showed an average borosilicate thickness of 5.5±0.8µm and ZrO2 

thickness of 13.1±1.6µm. The resistive heating specimen showed an average borosilicate 

thickness of 7.1±0.8µm and ZrO2 thickness of 11.0±2.1µm. (Number of measurements used and 

locations chosen is described in a following section.) The similar oxide thicknesses and 

morphology show that the two tests are equivalent at 1500°C and no artifacts of resistive heating 

were observed. These tests also provide confirmation that the pyrometer reading at 1500°C is 

reasonably accurate for resistively heated specimens. 

 

a) b)  

Figure 12. Fractured cross sections of ZrB2-30 vol% SiC oxidized at 1500°C for 20 minutes 

using a) standard box furnace b) resistive heating system. Both cross sections display the 

same morphology and similar oxide thicknesses, indicating no artifacts from resistive 

heating. 
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Double Oxidation 

 Two stage oxidation experiments were performed using the resistive heating system for 

tracer diffusion studies. Specimens were oxidized for a pre-determined time under flowing 

standard lab grade 
16

O2 (GTS-Wilco, Allentown, PA) as described above. Then the specimen 

was cooled to room temperature, which happens rapidly once the current flow ceases, and the 

gas flow was turned off. The specimen was then reinserted with new copper wire and platinum 

foil if needed. The system was pumped down to a pressure of 1.3x10
2
Pa or below, current and 

temperature acquisition were re-started, and the specimen was brought back up to temperature. 

Then the system was backfilled with 
18

O2 (97% enrichment, Sigma Aldritch, Saint Louis, MO) to 

1x10
5
Pa and the specimen was oxidized for a second pre-determined time. A baseline exposure 

was performed using 
16

O2 for both oxidation stages to show that normal oxidation behavior was 

observed when the specimen was heated twice (Figure 13). The 
18

O2 tracer exposures performed 

are listed in Table 2. These tests did show total ZrO2 layer growth similar to the predicted 

growth, further proving normal oxidation behavior for resistive heating and double oxidation. 

 

 

Figure 13. Fractured cross sections of ZrB2-30 vol% SiC oxidized using the resistive 

heating system at 1500°C a) for 20 minutes consecutively b) for 20 minutes in 2 stages (15 

minutes and 5 minutes). Both cross sections display the same morphology and similar oxide 

thicknesses, indicating no artifacts from double oxidation. 
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Specimen 
16

O2
 18

O2 Additional 

Information Time 

(min) 

Temperature 

(°C) 

ZrO2 

grown 

(µm)
 †

 

Time

(min) 

Temperature 

(°C) 

ZrO2 

grown 

(µm)
 †

 

95 20 1500 11 3 1200 _ _ Not 

Observed 

80 15 1500 9 5 1500 2 Observed, 

sectioning 

beveled 

oxide layers 

89 19 1500 11 1 1500 <1 Observed, 

sectioning 

formed Zr-

Si-O phase 

76 * 10 1500 8 9 1500 3 Observed 

93 * 29 1650 64 0.75 1650 <1 Observed, 

oxidized 

through but 

was able to 

section lower 

in hot zone 

79 * 45 1650 80 5 1650 4 Observed 

 

Table 2. Conditions for Double Oxidation Experiments of ZrB2-30 vol% SiC. * indicates 

sectioned specimen was successful for ToF-SIMS. 
†
 ZrO2 growth is calculated using 

experimental kp values. 

Conventional mounting and polishing of specimen cross-sections resulted in surfaces too 

rough for Time of Flight- Secondary Ion Mass Spectrometry (ToF-SIMS), due to the significant 

differences in hardness of ZrB2, ZrO2, SiC, C, and borosilicate glass. Instead, the double 

oxidization specimens were fractured and half of each specimen was ion polished (Dr. Marshall, 

Teledyne Scientific, Thousand Oaks, CA; JEOL Cross Section Polisher SM-09010, Tokyo, 

Japan.) For this process, a thin layer of metal (Au) was deposited on the top surface to make 

contact with the knife blade that defines the position of the ion polished surface. The specimens 

were then polished back directly from the fracture surface with an Ar ion beam. Due to the rough 

nature of the fracture surface, several iterations of ion milling were performed. The final ion 

polished specimen provided the smooth surface needed for ToF-SIMS.  
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Characterization 

Oxidized specimens were stored in a desiccator cabinet to minimize reaction of any B2O3 

remaining in the specimen with water vapor in the air. The oxidized specimens were 

characterized in plan view and cross-section using Scanning Electron Microscopy (SEM, JEOL 

6700F, Tokyo, Japan; FEI Quanta 600F, Hillsboro, OR) and Energy Dispersive Spectroscopy 

(EDS, Princeton Gamma-Tech Inc., Princeton, NJ; Oxford Instruments Aztec X-Max
N
 150, 

Concord, MA ) after the surface was coated with a thin layer of carbon. (During the course of 

this research, available SEM/EDS capabilities varied.) An operating voltage of 5kV was used to 

maximize the EDS signal intensity for light elements, unless otherwise specified. To observe 

oxide thicknesses of box furnace oxidized specimens, the specimens were mounted in epoxy 

while under vacuum, cross sectioned using a diamond blade, and remounted in epoxy. The first 

epoxy mount was performed in an attempt to prevent pullout and spallation of the oxide during 

sectioning and polishing. Even with careful polishing SiO2/SiC appears to pull out from the ZrO2 

oxide layer, resulting in the appearance of SiC depletion, as will be discussed in Chapter 5.  The 

cross sections were polished using diamond polishing paste down to 1µm in a mixture of 

ethylene glycol and 200 proof ethanol, and then coated with carbon. Nonaqueous ethylene glycol 

and 200 proof ethanol were used as lubrication during specimen preparation to minimize loss of 

B2O3, which is soluble in water.  Average grain sizes for both cross sections and surface views 

were determined using the lineal intercept method in at least 3 regions of each specimen and 

using at least 50 grains per region. Oxide layer thicknesses were determined by measuring the 

thicknesses in a minimum of 20 random locations over the cross section and averaging. X-ray 

diffraction (XRD) was performed on the unoxidized and representative oxidized specimens 

(Panalytical X’Pert Diffractometer, Westborough, MA).  
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X-ray Photoelectron Spectroscopy (XPS, PhiVersa Probe XPS spectrometer, Chanhassan, 

MN) was performed at Case Western Reserve University (CWRU, Cleveland, OH) on the 

surface of specimens oxidized for 10 and 20 seconds and 10 and 100 minutes at 1500°C. XPS 

was performed using monochromated Al Kα radiation of 1486.6eV, with a bandpass energy of 

11.75eV and an increment of 0.1eV/step. The resolution on Ag3d5 is 0.6eV. The analyzed area 

for each specimen was about 0.5mm
2
 and the scans were performed under identical conditions. 

Curve fitting was done using the Gaussian-Lorentzian peak and a Shirley background algorithm 

of the PHI data massaging program MultiPak 
68, 69

. Depth profiling was performed using Ar 

sputtering at 3kV energy on a non-spinning specimen. The calibration standard for the rate of 

sputtering was electrochemically grown Ta2O5 and the calibration was done with 100 nm layer of 

oxide on foil. The sputter rate was determined to be ~6nm/min sputter rate on Ta2O5 foil and is 

likely very similar, or slightly slower in this material as SiO2 is slightly slower to sputter.  

EDS (Oxford Instruments Aztec X-Max
N
 150, Concord, MA ) was performed on the 

surface of a specimen oxidized at 1500°C for 100 minutes using a series of electron beam 

accelerating voltages (5kV, 10kV and 20kV). The change in B composition with accelerating 

voltage and sampling depth was used to provide additional information about the B 

concentration profile in the borosilicate glass. The depth of the interaction volume for each 

energy was determined using the Casino simulation program and densities for borosilicate glass 

at each composition in an iterative method 
70

. See Appendix 3 for more information on the 

Casino simulation process. 

To determine the average composition of the borosilicate layer of the formed oxide, 

Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES, Thermo-Scientific, 

Waltham, MA) was performed. This required the oxide to be dissolved, first in a water soak (to 
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remove B2O3) and then an HF soak (to remove SiO2). Comparison of the emission spectra from 

each solution to prepared standards of known concentrations and normalized with an internal 

yttrium standard allowed for precise composition measurements. Details of this process are given 

in Appendix 4.  

Time of Flight-Secondary Ion Mass Spectometry (ToF-SIMS, PHI THRIFT V nanoToF, 

Chanhassan, MN) was performed at CWRU on cross-sectioned specimens after double oxidation 

in 
16

O2 and 
18

O2. ToF-SIMS is sensitive to both elements and isotopes, and can map the location 

of 
16

O2 and 
18

O2. The ToF-SIMS uses a GaAu gold gun and the ion beam is accelerated to 30kV. 

The unwanted ions are filtered out by mass, so that only singly charged Au ions impinge on the 

surface. These primary ions sputter the surface, ejecting secondary ions (or neutral atoms), which 

are separated by mass. The secondary ions are accelerated into the detector (Trift detector-Dual 

MicroChannel Contrast Diaphram) and analyzed by time of flight, which varies according to 

mass. 

There are two data collection modes available, mass resolution and spatial resolution. The 

instrument also operates in either positive or negative mode, collecting positive or negative ions 

favorably in each mode. Mass resolution mode has a resolution on the order of milli-amus, and 

was used here to confirm the isotopes present in the oxidized cross section specimen. Mass 

calibration in the negative operation mode was done with peaks of CH, OH, and C2H. Positive 

operation mode used CH3, C2H3, and C3H5. Spatial resolution mode has a resolution between 

~3nm to 0.5µm without fine tuning, and was used to map the location of the ions of interest. For 

the specimens analyzed in this work, positive mode was used to collect Zr, Si, and B, while 

negative mode was used to collect C, 
16

O2, and 
18

O2. 
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Limitations of the ToF-SIMS technique include the requirement for a flat specimen to 

obtain data as surface roughness leads to regions with low ion signal. Avoiding epoxy in 

specimen mounting and polishing is also beneficial as epoxy can lead to specimen charging. 

When collecting data, it is important to be aware of the ions which can be detected in each mode. 

There is an image shift when switching between modes, and no fine stage control. This means 

the same area cannot be imaged for both modes, especially at high magnification (micrograph 

width less than ~100µm). Due to the image shift, it is not possible to image the exact same grains 

at high magnification when looking for O (collected in negative mode) and Si or Zr (collected in 

positive mode), making it difficult to judge if the 
18

O is in the borosilicate or the ZrO2, unless 

EDS can be performed on the same grains. It should also be noted that different phases may 

release ions at different rates. This means that in one map, intensity changes between phases may 

not directly correspond to concentration changes. In addition, due to the strong gettering nature 

of ZrB2, both ZrB2 and ZrO2 grains appear to contain 
16

O, making it impossible to use 
16

O maps 

to determine the location of the oxide. Since 
18

O2 is not abundant in the atmosphere, maps of 
18

O 

are still accurate representations of the location of oxide containing 
18

O. 

Thermodynamic Calculations 

Factsage (version 6.3), a computer program for chemical thermodynamics calculations 

based on Gibbs’ free energy minimization 
71

, was used for all thermodynamic analysis performed 

in this work. The Fact pure substances (FactPS) database was chosen. 
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Chapter 4 Task 1- Variability of Oxidation Kinetics 

Objective 

This task aimed to determine oxidation kinetics of ZrB2-30 vol% SiC through 

quantitative microscopy and careful mass gain measurements. This task studied the observed 

variability of measurements of oxidation kinetics and products of ZrB2-30 vol% SiC. A number 

of mechanisms were considered to explain this variability, including initial inhomogeneities in 

oxide phase distribution, macro flow of the borosilicate glass, surface roughness, humidity, and 

bubble formation.  

Results 

Oxidation Kinetics 

All mass gain measurements taken throughout this study are shown in Figure 14. The 

results were combined and plotted as mass gain per surface area versus square root of time to 

best account for the transient oxidation behavior at short times 
72

. The specific mass change 

results at one oxidation time, 100 minutes, at each temperature are shown in Figure 15. At 

1500°C, the mass gain for seven tests under identical testing parameters was 2.54±0.73mg/cm
2
 

where the uncertainty reflects one standard deviation. When three specimens from a single bar 

were tested, the mass gain was 1.77±0.26mg/cm
2
. Average oxide thicknesses over all tests 

performed for 100 minutes are reported in Table 3, again showing large standard deviations. The 

cross sections in Figure 16 show that even within a single specimen there is large variation in 

oxide layer thicknesses. Standard deviations of the oxide layer thicknesses are between 30-80% 

of the average thickness when analyzing any single specimen. Figure 17 shows some correlation 

between ZrO2 and borosilicate glass thicknesses exists. 
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Figure 14. Specific mass change (mg/cm
2
) for ZrB2-30 vol% SiC oxidized in standard box 

furnace in ambient air as a function of time and temperature. a) Provides data for all times 

b) provides data for times under 4 hours for easier differentiation. 
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Figure 15. ZrB2-30 vol% SiC mass gain after 100 minute exposures in standard box 

furnace in ambient air showing large variation in material behavior, even when specimens 

are cut from the same initial bar. Bar X indicates that no specific bar was identified. 

 

 

Temperature 

(°C) 

ZrO2 

thickness 

(µm) 

Std. 

dev. 

(µm) 

Borosilicate 

thickness 

(µm) 

Std. 

dev. 

(µm) 

Total 

oxide 

thickness 

(µm) 

Std. 

dev. 

(µm) 

# of specimens 

measured 

(Avg. # of 

measurements 

per specimen) 

1300 25.1 8.7 7.7 6.0 32.8 6.3 1 (19) 

1400 15.3 13.3 22.1 15.3 37.5 17.3 3 (35) 

1500 21.9 15.6 27.6 20.5 39.6 26.4 6 (45) 

1550 23.2 10.7 14.9 6.9 38.0 9.9 1(64) 

 

Table 3. Thickness of oxide layers formed on ZrB2-30 vol% SiC after oxidation in standard 

box furnace in ambient air for 100 minutes as a function of temperature. Large standard 

deviations are seen for all oxide thicknesses. 
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Figure 16. Mounted and polished cross section of ZrB2-30 vol% SiC exposed for 100 

minutes in standard box furnace in ambient air at a) 1400°C b) 1500°C showing variation 

in layer thicknesses and scalloped penetration depths of oxidation. 
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Figure 17. Dependence of ZrO2 thickness on borosilicate thickness for a single specimen 

oxidized 100 minutes at 1500°C in standard box furnace in ambient air.  Oxidation 

resistance provided by borosilicate glass is apparent. Star indicates maximum oxidation 

depth, used in maximum mass gain prediction. 
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All oxidation mass gain results for each temperature between 1300°C and 1550°C 

(except the 24 and 100 hour tests) were plotted as mass gain per surface area versus square root 

of time, to determine the parabolic oxidation rate constant. The two longer term tests at 1500°C 

were excluded to analyze the predictive capabilities of the results from times of 4 hours and less. 

The predictive capabilities of short-term oxidation will be discussed later. From the plots, 

parabolic rate constants (kp) were calculated as reported in Table 4.  A 95% confidence interval 

was determined for the slope of each plot, and from this, a maximum kp was calculated. The 

mass gain and calculated rate constants for the 1500°C tests are shown in Figure 18.  

 

Paper SiC 

content 

Temperature 

(°C) 

Time 

(minutes) 

Mass 

change 

(mg/cm
2
) 

kp 

(mg
2
/cm

4
h) 

Maximum kp 

(95% 

confidence) 

(mg
2
/cm

4
h) 

This 

study 

30 1300 100 2.57±0.4 4.0 10.6 

 1400 100 3.36±0.8 7.4 24.7 

 1500 100 2.73±0.8 4.4 12.9 

 1550 100 3.14±0.5 4.4 11.6 
20, 24

 20 1327 10 1.25 4.9, 6.3  

  50 2   

  100 2.5   

 1627 10 3.75 100  

  50 8.75   

  100 13   
15

 20 1627 10 1.8 10.94  

  50 3   

  100 4.5   

33.3 1627 10 3.5 NA  

  50 5.2   

  100 5.3   

 

Table 4. Comparison of literature and experimental results for oxidation of ZrB2-SiC in 

standard box furnace in air. kps calculated for this work are of the same order of 

magnitude as the literature. 
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Figure 18. Specific mass change (mg/cm
2
) for ZrB2-30 vol% SiC oxidized at 1500°C in 

ambient air, compared to both average kp and the 95% confidence interval on kp, 

calculated from results up to 4 hours. Insert corresponds to the boxed region. Star indicates 

maximum mass gain predicted using maximum oxidation depth. (See Figure 17.) Long 

term oxidation (24 and 100 hour tests) are much higher than calculated kp or 95% 

confidence interval. 
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Initial Stage Oxidation 

The  short-term ZrB2-30 vol% SiC oxide growth morphology was characterized and 

compared to the as-received specimen surfaces for oxidation times of 10, 20, 30 seconds, 1 and 

10 minutes at 1500°C. Table 5 describes the oxide distributions, which are shown in Figure 19 

through Figure 23. Mass change due to oxidation at 1500°C for all times is presented in Table 6. 

For reference, the as-received specimens contained ZrB2 grains of 1.4±0.8µm in diameter and 

SiC grains of 0.9±0.5µm. As determined by SEM, small ZrO2 grains completely covered the 

surface ZrB2 at even the shortest 10 second exposure. The ZrO2 grains grew with time as 

quantified in Table 5. Figure 22 shows that the size of the ZrO2 grains visible on the surface after 

30 seconds of oxidation was not regular, and regions much larger than the initial grain size had 

distinctly different visible ZrO2 patterns.  

 

Time ZrO2 grain size Borosilicate distribution Figures 

10 seconds 80nm±3 Partial coverage of SiC 19, 20 

20 seconds 167nm±52 Complete coverage of SiC 

Partial coverage of ZrO2 

21 

30 seconds 85nm±20 on surface 

268nm±92 inside burst 

bubble 

300-2000nm (in cross 

section) 

 

Complete coverage of SiC 

Nearly complete coverage 

of ZrO2 

Bubbles in glass layer 

22, 23 

 

1 minute Small islands over surface Continuous  

10 minutes 166nm±58 or several 

microns on surface 

404nm±196 inside burst 

bubble 

Continuous  

 

Table 5. ZrO2 and borosilicate glass distributions after short-term oxidation of ZrB2-30 

vol% SiC (as-received surface) in ambient air at 1500°C in standard box furnace. 
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Figure 19. ZrB2-30 vol% SiC (as-received 

surface) after 10 second exposure at 

1500°C in ambient air in standard box 

furnace showing the beginning of the 

oxide coverage of SiC by borosilicate glass 

and the oxidation of ZrB2 to nano-scale 

ZrO2. 

 

Figure 20. ZrB2 grain in as-received 

ZrB2-30 vol% SiC (as-received surface) 

oxidized to ZrO2 grains (~80nm grain 

size) after 10 second exposure at 1500°C 

in ambient air in standard box furnace. 

a) b)  

 

Figure 21. ZrB2-30 vol% SiC (as-received surface) a) prior to oxidation b) after 20 second 

exposure at 1500°C in ambient air in standard box furnace (circle marks the same feature 

in both). Borosilicate glass has spread over the SiC grains and some ZrB2/ZrO2 regions. 

ZrO2 grains are larger than after 10 second exposure at 1500°C. 
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a) b)  

Figure 22. ZrB2-30 vol% SiC (as-received surface) after 30 second exposure at 1500°C in 

ambient air in standard box furnace, a) surface view, b) cross section. Borosilicate glass has 

spread over entire surface with uneven regions of ZrO2 exposure. 
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Figure 23. ZrB2-30 vol% SiC (as-received surface) after 30 second exposure at 1500°C in 

ambient air in standard box furnace showing a) a borosilicate glass pool, b) bubbles on the 

surface, highlighted with white, and c) the ZrO2 grains within a burst bubble. 
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Time Surface finish 

(prior to 

oxidation) 

Average mass 

gain/surface 

area (mg/cm
3
) 

Standard 

deviation 

(# of 

specimens) 

10 seconds As-received 0.10 0.02 (3) 

Polished 0.10     -- (1) 

20 seconds As-received 0.11 0.05 (3) 

Polished 0.13     -- (1) 

30 seconds As-received 0.38 0.10 (3) 

1 minute As-received 0.48 0.18 (2) 

10 minutes As-received 1.30 0.19 (6) 

50 minutes As-received 2.13     -- (1) 

100 

minutes 

As-received 2.54 0.73 (14) 

Polished 2.96     -- (1) 

 

Table 6. Mass gain due to oxidation of ZrB2-30 vol% SiC in ambient air at 1500°C in 

standard box furnace. As-received and polished surfaces prior to oxidation show average 

mass gains within a standard deviation of each other. 

 

At 10 minutes, XRD indicated the surface oxide was thicker than the XRD penetration 

depth, as shown in Figure 24. Note as oxidation time increased, the decrease of the major ZrB2 

peak at 2 Theta= 41° and the increase of the major ZrO2 peak at 2 Theta=28°.  While the XRD 

plot indicated monoclinic ZrO2, it is expected that at 1500°C the ZrO2 had a tetragonal crystal 

structure and transformed upon cooling. The borosilicate phase is expected to be amorphous and 

thus did not show peaks in XRD. The borosilicate glass initially formed on SiC grains (10 

seconds) and began covering the ZrO2 grains (20-30 seconds.) Borosilicate glass formation at 10 

seconds was confirmed by XPS (described below.) By one minute, the borosilicate glass layer 

continuously covered the surface with only small ZrO2 islands exposed (Figure 25.) After 10 

minutes, very little ZrO2 was seen on the surface, though that which did appear was no longer 

fine grains, but grains several microns or more in size (Figure 26.) 
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Figure 24. XRD Pattern of as-received ZrB2-30 vol% SiC and after 10 seconds and 10 

minutes at 1500°C in ambient air in standard box furnace showing the oxidation of ZrB2 to 

ZrO2 as a function of time. Note as oxidation time increased, the decrease of the major 

ZrB2 peak at 2 Theta= 41° and the increase of the major ZrO2 peak at 2 Theta=28°.   

 

a) b)  

Figure 25. ZrB2-30vol%SiC a)prior to oxidation, showing cut mark on bottom left b) after 

1 minute exposure, with cut mark still visible though partly filled on bottom left (circle 

marks the same feature in both.) Borosilicate glass has covered the surface and most of the 

ZrO2 grains. The exposed ZrO2 is unevenly distributed. 
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a) b)  

Figure 26 ZrB2-30vol%SiC after 10 minute exposure at 1500°C a) at 10,000X b) at 150X. 

The borosilicate glass has covered the entire surface. Only a few, large regions of ZrO2 are 

seen, as in a). 

Initial Oxide Composition 

XPS was used to clarify the composition of oxide phases forming at short times. XPS 

results are shown in Table 7 and Figure 27. For the sample oxidized at 1500°C for 10 seconds, 

the SiO2 2p peak at 103.3eV was used as a charge reference. The Si 2p peak was deconvoluted 

into 2 components, Si-O bonds of SiO2 are seen at 103.3eV and Si-C bonds of SiC are seen at 

100.3eV 
73, 74

. The Zr 3d peaks could be identified as a spin-orbit coupling of Zr-O bonds 

corresponding to ZrO2. The first is at 182.9eV (Zr5/2) and the second is at 184.9eV (Zr3/2) 
74

. The 

B 1s peak was deconvoluted into 2 significant peaks, the main peak at 193.7eV corresponds to 

B-O bonds for B2O3 
74

. A small peak at 190.3eV is consistent with a boride peak energy, which is 

due to sampling ZrB2 on the surface 
73

. The C 1s peak shows some remaining SiC on the surface, 

through the low shoulder peak located at 282.5eV 
74

. The rest of the C peak can be attributed to 

adventitious carbon and other surface contamination. The O 1s peak is deconvoluted into 3 wide 

peaks. The lowest is at 530.6eV and is attributed to the Zr-O bonds of ZrO2, the next at 533.1eV 

corresponds with the Si-O bond of SiO2 and the highest peak at 534.2eV corresponds to B-O 
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bonds of B2O3
74

. B2O3 and SiO2 are difficult to distinguish using the O 1s peak as they have 

bonding energies in the same range 
74

.  

Spint-orbit Doublet Binding Energy (eV) Chemical Bonds Compounds 

Zr 3d5/2 182.9 Zr-O ZrO2 

Zr3d 3/3 184.9 Zr-O ZrO2 

Si 2p 100.3 

103.3 

Si-C 

Si-O 

SiC 

SiO2 

O1s 530.6 

533.1 

534.1 

O-Zr 

O-Si 

O-B 

ZrO2 

SiO2 

B2O3 

C 1s 282.5 C-Si SiC 

B1s 190.3 

193.7 

B-Zr (?) 

B-O 

ZrB2 

B2O3 

 

Table 7. XPS energy assignments for spectra shown in Figure 27. (?) indicates uncertainty 

in identification. 
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Figure 27. XPS results for as-received ZrB2-30 vol% SiC oxidized in stagnant air at 1500°C 

for times of 10 and 20 seconds using standard box furnace. Zr-O, Si-O, and B-O bonds are 

seen, indicating ZrO2 and borosilicate glass on the surface. 

  



 

43 
 

The sample oxidized at 1500°C for 20 seconds had very similar XPS results. However, 

several important differences are described below. The C 1s peak no longer has a shoulder on the 

right for Si-C bonds, nor does the Si 2p peak have a shoulder for these bonds, indicating that SiC 

is no longer present on the surface after this oxidation treatment. The B 1s peak no longer has a 

shoulder for boride, indicating all surface ZrB2 has also been oxidized.  The O 1s peak is also 

smoother, though still wide enough to contain several peaks.  

 In summary, the XPS results indicate that the glass on the surface after 10 seconds of 

oxidation at 1500°C is borosilicate glass, as both Si-O and B-O bonds are seen. At 10 seconds, 

the surface is composed of unoxidized ZrB2, and SiC, as well as ZrO2 and borosilicate glass. 

After a 20 second exposure, XPS shows that the entire surface is covered by oxide products, both 

ZrO2 and borosilicate glass. 

Viscous Flow of the Outer Oxide Layer 

The oxide layer thickness versus normalized position for a specimen held at an ~45° 

angle at 1500°C for 100 minutes is shown in Figure 28. Measurements were taken for both the 

borosilicate thickness and the ZrO2 thickness along the length of the top surface of the specimen 

from the high end to the low end. As is seen in all other specimens, there is a large scatter in the 

thicknesses of the oxide layers. It is found with 99% certainty that no correlation exists between 

oxide thickness and specimen position, indicating macro flow of the borosilicate glass has not 

occurred under these exposure conditions. 
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Figure 28. Oxide thickness versus position for a ZrB2-30 vol% SiC specimen oxidized at 

~45° angle for 100 minutes at 1500°C in ambient air in standard box furnace, showing no 

evidence of glass flow. 

 

Initial Surface Roughness 

The oxidation mass change of materials oxidized after polishing to a 0.05µm finish were 

similar to those of the specimens with as-received surface finish already reported and are 

recorded in Table 6. Figure 29 and Figure 30 show SEM images for specimens with a 0.05µm 

finish after oxidation exposures of 10 and 20 seconds at 1500°C in stagnant ambient air. Figure 

31 compares the oxide products formed on the as-received material and the polished material 

after 20 seconds of oxidation. A significant difference can be seen in the distribution of the oxide 

phases. After oxidizing the polished material, there was a regular distribution of the two 

oxidation products, ZrO2 and borosilicate glass, though again this was seen on a scale much 

larger than the initial grain size. The borosilicate phase followed the initial SiC grains in some 
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locations, but additional large areas are seen where borosilicate glass had spread over the surface 

irrespective of the underlying phase. These larger pools were 13±8µm in diameter after 10 

seconds (Figure 29a) and 33±20µm after 20 seconds (Figure 30a), however, the area fraction of 

the glass pools was ~35% on both surfaces. Thus it is reasonable to assume that these pools were 

thicker at 20 seconds.  

The average oxide thickness after exposure at 1500°C for 100 minutes of polished 

(41.3±19.8µm) and as-received (39.6 ±26.4µm) was statistically insignificantly different. The 

specific mass gain of the polished specimens were within the standard deviation of the mass gain 

measured for the as-received specimens oxidized under the same conditions (Table 6). In 

summary, the surface finish affects short time oxide phase distribution but has no obvious effect 

on specific mass gain or on oxide morphology after 100 minutes. 

 

a) b)

Figure 29. ZrB2-30 vol% SiC with 0.05µm surface finish after 10 second exposure at 

1500°C in ambient air in standard box furnace, showing the distribution of the borosilicate 

glass over the surface a) at intermediate magnification b) at high magnification. 
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a) b)  

Figure 30. ZrB2-30 vol% SiC with a 0.05µm polished surface finish after 20 second 

exposure at 1500°C in ambient air in standard box furnace showing the distribution of the 

borosilicate glass over the surface a) at intermediate magnification b) at high 

magnification. 

 

 

a) b)  

Figure 31. ZrB2-30 vol% SiC oxidized for 20 seconds at 1500°C in ambient air in standard 

box furnace using a) as-received material and b) material with a 0.05µm surface finish. 

Both show uneven distribution of the borosilicate glass over the surface, though the spacing 

is different.  
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Glass Pools and Bubble Formation 

Observation of the specimens’ surfaces after oxidation showed that ‘large’ pools of glass 

and bubbles formed on some surfaces in as little as 30 seconds at 1500°C. An example of a pool 

and evidence of the bubbles for the 30 second exposure condition are shown in Figure 23. These 

bubbles are dispersed unevenly over the specimen surface and do not appear on all specimens. 

Table 8 summarizes observed bubble size and distribution after various oxidation exposures. A 

large fraction of specimens had no bubbles, demonstrating difficulty in preserving bubbles in 

post-test specimens. Characterization of specimen cross sections after oxidation in air for 10, 50, 

and 100 minutes at 1500°C, showed 7 to 12 scallops of differing widths and depths in the ZrO2 

layer, with examples shown in Figure 16. The specimen oxidized for 100 hours also showed 3 

scallops. Since the corners of this specimen were highly oxidized, it is possible more scallops 

had been present earlier in the test. The bottom surfaces of all specimens showed fewer scallops.  

Temperature  

(°C) 

Time Bubble size 

(µm) 

Glass pool  

size (µm) 

Additional 

information 

1500 30 seconds 43-174 -- Bubbles 

covered 34% 

of one region 

(54cm
2
), 0% of 

another region 

(54cm
2
) 

30 seconds -- 13-50 No bubbles 

1 minute -- 61-79 No bubbles 

100 minutes 977 -- 1 bubble only 

100 minutes -- -- No bubbles 

100 minutes -- -- No bubbles 

100 hours 10-395 -- 2 bubbles 

evident in 

cross-section 

1550 10 minutes -- -- No bubbles 

50 minutes -- -- No bubbles 

100 minutes 700 -- 1 bubble only 

 

Table 8. Observations of bubbles in the borosilicate glass phase formed during oxidation of 

ZrB2-30 vol% SiC in ambient air in standard box furnace. 
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Discussion 

Variability of Oxidation Kinetics 

It is important to understand the sources of oxidation variability to accurately predict 

lifetimes. It is apparent from the series of 100 minute exposures that within a batch of ZrB2-30 

vol% SiC and even within one specimen bar, a large variation in oxidation behavior exists. An 

inverse correlation between the thickness of the ZrO2 layer and the borosilicate layer is observed, 

likely due to the impact of the borosilicate layer on oxidation, as seen in Figure 17. The 

borosilicate glass acts as an oxygen diffusion barrier, protecting the ZrB2-SiC, so when the glass 

is thicker less ZrO2 forms, while less borosilicate allows for greater growth of ZrO2. This 

correlation will be discussed in more detail when bubble formation is addressed. While some 

variability in oxidation kinetics between different specimens may be due to specimen preparation 

or variation in oxidation conditions (relative humidity, environmental impurities), the significant 

amounts of variability within an individual specimen cannot be explained by these mechanisms. 

The specific mass gain which would occur if the maximum oxidation depth were 

achieved over the entire specimen when oxidized at 1500°C for 100 minutes was calculated 

using the data point represented by a star in Figure 17. Several assumptions were made. (1) The 

ZrO2 which forms was assumed to be a fully dense layer. (2) The consumption of ZrB2 and SiC 

was assumed equal to the starting mole fraction. (3) The SiO2 was assumed to form a layer on 

top of the ZrO2. (4) All of the C is assumed to form CO(g). (5) 23% of the B2O3 formed was 

assumed to be retained in the glass, whereas the remainder was assumed to vaporize. This value 

was based on results in which the composition of the glass formed on a ZrB2-30 vol% SiC 

specimen during oxidation in air at 1500°C for 100 minutes was determined using Inductively 

Coupled Plasma Optical Emission Spectrometry (ICP-OES), which will be presented in Chapter 
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6. Using these five assumptions, the mass gain due to oxygen incorporation in condensed oxide 

phases and the B and C mass loss due to B2O3(g) and CO(g) vaporization was calculated per Zr 

atom oxidized. The number of moles of Zr in the oxidized volume (96.5µm x 1cm x 1 cm) was 

calculated to be 4.4x10
-4

. This leads to an estimated maximum specific mass gain of 14.3mg/cm
2
 

for 100 minute oxidation at 1500°C, shown by the star in Figure 18. This predicted mass gain is 

almost as high as the mass gain after 24 hours at 1500°C and will be discussed below. 

Included in Table 4 are literature results for mass gain during oxidation for ZrB2-SiC, and 

measured kp. Most studies do not include sufficient quantitative results from the oxidation tests, 

making comparison between studies difficult; however, as seen in Table 4 the rate constants 

measured here for oxidation between 1300°C and 1550°C are of the same order of magnitude as 

those in the literature, indicating the results obtained in this study are not atypical.  

The 24 hour and 100 hour oxidation mass gains were compared to predictions from tests 

conducted for times ≤ 4 hours in Figure 18. The experimental mass gains of the 24 hour and 100 

hour specimens were both greater than the upper 95% confidence interval on kp, indicating that 

use of short term oxidation tests (the literature focuses on 10 minutes to 4 hours) is insufficient 

for prediction of long term results. It is possible that the difference between long duration mass 

gain and that predicted by shorter term tests indicates a change in mechanism. However, the 

morphology of the microstructure (grain shape, oxide distribution, presence of scallops) appears 

to remain the same after long and short term tests (Figure 32.) The 24 hour and 100 hour 

specimen mass gains both fall between the rate predicted by the maximum oxidation depth 

calculated above (star data point) and the upper 95% confidence interval calculated from mass 

change in oxidation exposures <4 hours. These results reinforce the need to consider maximum 

oxidation depth for life prediction modeling of ZrB2-SiC. 
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a) b)  

Figure 32. ZrB2-30 vol% SiC oxide morphology after oxidation at 1500°C for a) 24 hours 

b) 100 hours, showing similar morphology to samples oxidized for >4 hours, with both 

ZrO2 scallops and bubbles in the borosilicate present. 

 

Initial Stage Oxidation 

Short-term oxidation tests were conducted to try to understand the origin of 

inhomogeneities in oxide morphology observed at long times. These tests showed that even at 10 

seconds significant oxidation had already begun on the surface of the specimen. Extrapolating 

from linear oxidation rate constants found in the literature for pure SiC, in 10 seconds at 1500°C 

in air only 1.5nm thickness of silica is predicted 
56, 75

. The SEM images clearly show that a much 

thicker borosilicate layer had formed in some areas of the specimen. The B2O3, which formed 

upon oxidation of the ZrB2 grains likely reacted with the native SiO2 on the SiC to form non-

protective borosilicate glass. Due to the very large volumetric expansion during the oxidation of 

SiC to SiO2 (118%) and the smaller expansion due to oxidation of ZrB2 to ZrO2 (17%), the 

borosilicate glass flowed over the surrounding ZrO2 surface. Uneven spreading of the glass 

during short times (<20 seconds) may lead to regions where bubble formation is more likely to 

occur, although a continuous borosilicate layer had formed on the specimen surface in as little as 

30 seconds.  
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ZrO2 grain growth over time was observed. Larger grains are observed under borosilicate 

bubbles which have burst (Figure 23c) and in cross sections of specimens oxidized for longer 

times. The apparent ZrO2 grain size in plan view is difficult to interpret accurately due to uneven 

coverage of the borosilicate glass, so that the ZrO2 grains appeared to be smaller at 10 minutes 

then at shorter times. Karlsdottir and Halloran have suggested that “convection cells” operate in 

the oxide scale, allowing the borosilicate liquid to move from the base material/oxide interface, 

towards the surface where B2O3 volatilizes, decreasing the B content of the glass. When this 

happens, they propose that the solubility of ZrO2 in the glass is lowered and ZrO2 “flowers” 

precipitate out, explaining their presence on the surface of the oxide 
23, 44, 76

. It is uncertain 

whether the ZrO2 observed in the current study on the surface after 10 and 50 minutes are the 

result of such convection flow or remain from the initial ZrO2 island formation. It is also possible 

that the ZrO2 grains formed upon cooling, as the solubility of ZrO2 in the borosilicate glass 

decreases rapidly with temperature 
77

.  

Viscous Flow of the Outer Oxide Layer 

 From the results of the specimen oxidized at an ~45° angle, it can be seen that no 

measureable macroscopic flow of the borosilicate glass occurred along the surface at 1500°C. 

Surface tension must prevail over gravity in determining the flow of the borosilicate glass and 

viscous flow on a macro scale is not responsible for variable oxidation kinetics at 1500°C.  It 

should be noted, however, that viscosity of the glass will decrease with increasing temperature 

and that viscous flow may influence the oxidation behavior at temperatures above 1500°C 
32

. 
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Initial Surface Roughness 

The continued inhomogeneous distribution of oxide products on the surface of polished 

specimens indicates that roughness is not the overriding cause of variability, though a smoother 

surface appears to allow for easier spreading of the borosilicate glass at short times. On the 

rougher specimens, the borosilicate glass appeared to fill in “valleys” on the surface before fully 

covering the surface. The specimens polished prior to oxidation showed larger pools, presumably 

since there are no “valleys” to fill. However, after 30 seconds, both surface preparations showed 

full coverage, as more borosilicate glass forms than can fill low-lying areas. It is important to 

note that the 100 minute oxidation mass gain results showed no statistical difference for as-

received and polished surfaces, confirming that surface roughness is not the primary mechanism 

for oxidation variability 

Humidity 

 Wet atmospheres increase the oxidation kinetics of SiC. The solubility of H2O in SiO2 is 

greater than that of O2, increasing the kp 
55

. In addition, H2O may bring impurities to the surface, 

also increasing kp¸ through opening of the SiO2 network resulting in less protective silicate scales 

78, 79
. Kuriakose and Margrave found that during oxidation of ZrB2 at 1056°C the presence of 

water vapor in the flowing oxygen had no impact 
41

. Work by Brown, on the other hand, showed 

an increase in mass gain for ZrB2 from 27 to 42% when changing from dry to untreated air at 

650°C, showing a strong impact of moisture at lower temperatures 
42

. Nguyen et al. report that 

90%water/10%air low velocity vapor does not have a significant impact on oxidation behavior of 

ZrB2-SiC in comparison to stagnant air oxidation when oxidized between 1200°C and 1400°C 
80

. 

While both B2O3 and SiO2 are known to be unstable in the presence of water, and therefore high 

humidity could impact the overall mass change results in this work, it seems unlikely that it 
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could impact the thickness of the developed oxide differently in different regions of the same 

specimen, and therefore cannot explain the large variations in oxidation behavior 
81

. 

Glass Pools and Bubble Formation 

 Bubbles formed in the continuous glass layer in 30 seconds for specimens oxidized at 

1500°C in stagnant air, much quicker than the 350 minutes reported by Gangireddy et al. 
36

. 

Bubble formation due to generation of gaseous oxidation products was assumed as the most 

likely source of oxidation variability, based off the microstructure and oxide products discussed 

in the literature 
19, 22, 26, 36

. Formation of bubbles in the glassy phase could be due to CO(g) 

formed during SiC oxidation (Reaction 1.3) or B2O3(g) volatilizing due to its high vapor pressure 

(Reaction 1.2) according to the literature. However, as the borosilicate glass is below its boiling 

temperature when oxidized at 1500°C, B2O3(g) is neglected as a source of bubble formation. 

FactSage was used to calculate the partial pressures of the gasses that form upon oxidation of 

ZrB2-SiC at 1500°C. The equilibrium constant for Reaction 1.1, determined using the Reaction 

module is 2.022x10
39

. Using: 

    
          ( )

        

 
 ⁄

        [4.1] 

and assuming that the activity of all solids and liquids is unity, the equilibrium partial pressure of 

oxygen at the ZrB2/ZrO2 interface was calculated to be 1.9x10
-16

atm. Using the Equilibrium 

module, inputting ZrB2-SiC, and holding the activity of oxygen at the equilibrium value of PO2, 

the partial pressure of other gasses formed were calculated. The three dominant gas partial 

pressures were as follows: PCO= 9.97x10
-1

atm, PCO2= 9.07x10
-5

atm and PSiO= 3.25x10
-3

atm. At 

1500°C, B2O3(g) has a partial pressure of 2.6x10
-3

atm, independent of PO2. CO(g) has the highest 

partial pressure and with a partial pressure of almost 1atm, it is reasonable that CO(g) will form 

bubbles in the borosilicate glass. It must be noted that rigorous microscopy has shown that not all 
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of the C oxidizes at temperatures below 1627°C, as will be discussed in Chapter 5. This means 

that another species besides CO(g) may be responsible for the bubble formation.  

Figure 33 illustrates a mechanism by which oxidation behavior (both ZrO2 oxidation 

depth and thus mass gain) is affected by bubble formation in the borosilicate glass. In this 

mechanism, borosilicate glass covers the surface after 30 seconds, at which point bubbles begin 

to form, due to trapped gasses. When bubbles burst, exposing underlying material, increased 

oxidation is allowed in the region. The mechanism presented in Figure 33 is consistent with 

observations of Gangireddy et al.
36

 for ZrB2-15 vol% SiC material oxidized between 1450° and 

1650°C and Carney et al. for ZrB2-20 vol% SiC material oxidized for 150 minutes at 1600°C 
32

. 

The formation and bursting of bubbles was attributed there to the pressure of the gaseous 

products and viscosity of the glass layer. The data reported in Figure 17 support the proposed 

mechanism. When the borosilicate layer is thick, underlying layers of ZrO2 are thin, due to 

greater oxidation resistance provided by the silica-rich glass. When the borosilicate layer is thin, 

the region shows a large range of ZrO2 layers thicknesses. This large distribution of ZrO2 

thicknesses with thin glass layers suggest bubble generation and rupture over a range of 

oxidation times.  
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Figure 33. Proposed mechanism for ZrB2-30 vol% SiC oxidation variability due to the 

formation and bursting of bubbles in the borosilicate glass. 
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Limitations 

Limitations to this study and the proposed mechanism include the following. This study 

was conducted on bars cut from a series of hot pressed billets; variations due to processing 

differences were not identified. However, the variation in results observed herein are similar to 

those reported in the literature 
11, 43, 45, 80

. Viscous flow of the glass phase is likely to be more 

important as gas velocities and temperatures rise. Different volume fractions of SiC will result in 

more or less silica-rich scales, potentially affecting oxidation results. Bubbles were not observed 

in the glass phase of all specimens (Table 8), however, previous work by Gangireddy et al. has 

shown the time between formation and bursting is one minute, making them difficult to preserve 

in post-test specimens 
36

. Further study of bubble formation is required to confirm this proposed 

mechanism for a wider range of materials and oxidation conditions. The continued presence of C 

between the ZrO2 grains as discussed in Chapter 5, instead of the borosilicate glass reported in 

the literature 
19, 22, 26, 27

, must also be reconciled with this mechanism. 
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Conclusions 

A statistical analysis of ZrB2-30 vol% SiC oxidation under well-defined/controlled 

conditions has been performed. ZrB2-30 vol% SiC showed variable oxidation kinetics. Variable 

oxide thickness and oxide phase distribution formed on the surface of the specimen likely 

explains scatter in measured mass change among different specimens. The specific mass gain in 

air at temperatures between 1300° and 1550°C and exposure times between 30 seconds and 100 

minutes varied up to a factor of 2.4, even when well-controlled testing parameters are used. The 

oxide thickness formed on any one specimen showed variations in thickness up to 80% of the 

average thickness. This work shows that using the average value for mass gains obtained for 

times of 4 hours and less to determine a 95% confidence interval on the parabolic oxidation rate 

constant is not sufficient for predicting material recession due to oxidation at longer times. First, 

there are regions where the depth of attack is much greater than average and, second, short-term 

oxidation tests are not good predictors for long-term tests. Consideration of a maximum attack 

rate is needed to conservatively determine the capability of this material to maintain sufficient 

load-bearing cross-section during exposures to ultra-high temperature oxidizing environments.  

Viscous glass flow and surface roughness have been eliminated as primary causes for the 

observed variability in oxidation kinetics at 1500°C. Regardless of surface roughness, the uneven 

distribution of the borosilicate glass formed within the first 30 seconds of oxidation results in 

localized bubble formation. The borosilicate glass slows oxygen diffusion in areas where it is 

present. When glass bubbles burst leaving areas with thin or no borosilicate coverage increased 

oxidation rates occur locally, further increasing inhomogeneity in the oxide scale with resulting 

variability in long-term oxidation kinetics.   
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Recommendations for Future Work 

1. A systematic in-situ study of bubble formation as a function of SiC content, 

temperature and time would verify the proposed mechanism for oxidation 

variability. This verification would also require an analysis of the percentage of C 

that remains between the ZrO2 grains. 

2. Increased mass gain was observed at 1400°C in comparison to 1300°C and 

1500°C, but was not studied in great detail. This anomaly may be due to the 

different temperature dependencies of oxide formation and volatility. A detailed 

determination of the temperature dependence of oxidation and volatility is needed 

to elucidate the observed maximum in the oxidation rate at 1400°C. 

3. This study only considered the viscous flow of the borosilicate glass at 1500°C 

due to the maximum temperature capability of the box furnace. However, 

application of this material could involve higher temperatures and almost 

certainly high gas velocities. A study of the viscous flow as a function of 

temperature and gas velocity is important before this material could be put in use. 
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Chapter 5 Task 2- Oxide Morphology 

Objective 

 The objective of this task was to provide a more thorough understanding of the two 

oxidation regimes observed (low temperature oxidation below 1627°C and high temperature 

oxidation at and above 1627°C.) It also aimed to establish the necessary conditions to form SiC 

depletion during oxidation of ZrB2-30 vol% SiC. Thermodynamic and kinetic explanations for 

the transition to SiC depletion and the growth of SiC depletion were sought. 

Results 

Oxide Growth Kinetics 

 Oxidation kinetics for ZrB2-SiC are often determined using mass gain/surface area versus 

time, as was done in Chapter 4 
20, 24

. For specimens oxidized using resistive heating, kinetics 

cannot be determined using mass change, as the entire specimen was not at temperature 

throughout the test. In addition, the borosilicate oxide layer has inconsistent thickness due to 

severe bubbling as oxidation temperature increased above 1627°C. Therefore, oxidation growth 

kinetics for tests performed in the resistive heating system were determined using ZrO2 oxide 

thickness measurements. Results are given in Table 9 and compared to box furnace results. A 

comparison to literature values can be found in Chapter 4. While large variation is seen for the 

ZrO2 growth rates at all temperatures leading to some uncertainty in the reported parabolic 

growth rate constants (as represented by the low R
2
 values for fit to the data), a distinct jump in 

the kp calculated for oxides grown at temperatures of 1650°C and above is observed compared to 

oxides grown at temperatures of 1500°C and below. This change in kp corresponds to observed 

changes in the microstructure, as discussed below. Figure 34 displays log(kp) versus inverse 

time, clearly showing the change in activation energy between oxidation regimes.   
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Temperature 

(°C) 

Mass gain kp 

(mg
2
/cm

4
h) 

ZrO2 growth kp  

(m
2
/h) 

R
2
 for ZrO2 

growth kp fit line 

1300 4.0 295 0.91 

1400 7.4 280 0.61 

1500 4.4 390 0.94 

1650  8,500 0.21 

1700  28,000 0.21 

1800  42,000 0.52 

 

Table 9.  Experimental results for oxidation kinetics of ZrB2-30 vol% SiC. Note the large 

R
2
 values due to scatter in the data.  
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Figure 34. Log(kp) vs 1/T for ZrO2 layer growth showing clear change in activation energy 

between oxidation regimes. This is explained by increased CO(g) production at 

temperatures ≥1627°C. 
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Oxide Morphology Regime I: Temperatures <1627°C 

 At temperatures below 1627°C, specimens showed two distinct layers after oxidation. 

The top layer was borosilicate glass with an underlying layer consisting of spherical ZrO2 grains 

+C, as shown schematically in Figure 35a, Figure 36, and Figure 37. At early times in the 

oxidation such as 1500°C for 20 minutes, both SiC and C grains were interspersed between the 

ZrO2 grains as in Figure 36. It is important to note that the observed ZrO2+C oxidation products 

is not an artifact of resistive heating. The oxides observed for both box furnace and resistive 

heating at 1500°C for 20 minutes show the presence of C. However, as time and/or temperature 

was increased, minimal Si remained between the ZrO2 grains, though large amounts of C were 

present, as in Figure 37 for an exposure at 1600°C for 55 minutes. It is also important to note that 

no porous layer forms in the ZrB2 base material at oxidation temperatures below 1627°C for 

ZrB2-30 vol% SiC. 
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a) b)  

Figure 35. Standard morphology of oxide scales on ZrB2-SiC oxidized at temperatures a) 

below 1627°C, showing two layers of oxidation products b) above 1627°C, showing three 

layers of oxidation products. 
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Figure 36. EDS indicating the presence of both C and SiC particles in the ZrO2 layer of a 

ZrB2-30 vol% SiC fracture section after oxidation at 1500°C for 20 minutes in flowing O2 

using resistive heating. Scale marker indicates 5µm. 
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Figure 37. SE image and EDS maps of ZrB2-30 vol% SiC fracture section after oxidation at 

1600°C for 55 minutes in flowing O2 using resistive heating. C between ZrO2 grains is clear. 

Scale markers indicate 10µm. 

 

 

Oxide Morphology Regime II: Temperatures ≥1627°C 

At temperatures of 1627°C and above, specimens showed three distinct layers after 

oxidation. A top layer of borosilicate glass was observed over a middle layer consisting of 

columnar ZrO2 grains filled in with borosilicate glass. Beneath these two layers was a third layer 

which consisted of ZrB2 grains and porosity resulting from SiC depletion, Figure 35b. Figure 38 

is an EDS map of a specimen oxidized at 1650°C for 50 minutes, which clearly shows a region 

containing only Zr and B, with no Si or C signal, beneath the O containing layers. Figure 39 

provides a closer look at the ZrO2/ZrB2 interface for the same specimen. 

 The necessary time-temperature conditions for SiC depletion to occur in ZrB2-30 vol% 

SiC have been mapped in Figure 40. For temperatures below ~1627°C, no SiC depletion formed 

regardless of the time of oxidation. Maximum exposure times were 100 hours and 55 minutes at 

1500°C and 1600°C respectively. As the temperature increased, partial depletion was observed 

where some SiC grains were partially consumed (Figure 41). After 10 minutes of oxidation at 
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1650°C, C grains are seen between the ZrO2 grains (Figure 42.) As time is increased to 20 

minutes at 1650°C there are indications that C grains depleted in Si and SiC depletion co-existed, 

as seen in Figure 43. This is the only set of conditions tested that showed both types of SiC 

oxidation and captures the microstructural dependence of the transition temperature, as will be 

discussed below. At longer times and higher temperatures, only SiC depletion is seen. The 

1650°C 10 and 20 minute oxidation specimens capture the time dependence of the transition 

between oxidation regimes. The incubation time for complete depletion of SiC to form porosity 

within a layer decreased with increasing temperature. 

 

 

 
Figure 38. SE image and EDS maps of ZrB2-30 vol% SiC fracture section after oxidation at 

1650°C for 50 minutes in flowing O2 using resistive heating. SiC depletion under ZrO2 and 

borosilicate layers is clear. Scale marker indicates 50µm. 
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Figure 39. SE image and EDS maps of ZrB2-30 vol% SiC fracture section after oxidation at 

1650°C for 50 minutes in flowing O2 using resistive heating showing borosilicate glass 

beneath the ZrO2/ZrB2 interface. Scale marker indicates 10µm. 
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Figure 40. Oxidation conditions for SiC depletion in ZrB2-30 vol% SiC. All exposures 

T≤1550°C were conducted in stagnant air. All exposures T>1550°C were conducted in 

900sccm flowing O2.  
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Figure 41. Fracture section of ZrB2-30 vol% SiC oxidized at 1650°C for 45 minutes in 

flowing O2 using resistive heating system showing partially removed SiC grains (arrows) 

surrounded by ZrB2 grains, in the SiC depletion layer (base material is below the imaged 

region.) This indicates SiC depletion forms due to active oxidation of SiC to SiO(g) and 

CO(g). Scale marker indicates 4µm. 
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Figure 42. SE image and EDS maps of ZrB2-30 vol% SiC fracture section after oxidation at 

1650°C for 10 minutes in flowing O2 using resistive heating. C is seen between ZrO2 grains 

and SiC depletion has not begun. This indicates a time dependence to the transition 

between oxidation regimes. Scale marker indicates 10µm. 

 

 

Figure 43. High magnification SE image and EDS maps of ZrB2-30 vol% SiC fracture 

section after oxidation at 1650°C for 20 minutes in flowing O2 using resistive heating. 

Squares mark pores left by SiC depletion. Circles mark C remaining after oxidation of Si. 

Red dotted line marks boundary between ZrO2 and ZrB2. This supports a time and 

microstructural dependence to the transition between oxidation regimes. Scale marker 

indicates 5µm. 
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SiC Depletion Growth Kinetics 

 Figure 44 shows cross-sectional views of specimens oxidized at 1800°C for increasing 

times of 5, 15 and 20 minutes. The growth of the SiC depletion layer with time is clear. Figure 

45 plots the depletion layer thickness versus oxidation time for all tests. The depletion layer 

clearly grew over time at the depletion layer/base material interface. Due to the significant 

scatter in the time dependence for depletion layer growth a clear rate law is not obvious. The 

depletion layer growth was therefore fit to both linear and parabolic rate laws to examine the 

temperature dependence. The parabolic rates, kl and kp, were determined by plotting the 

thickness of the depletion layer in µm versus minutes (linear) or minutes
1/2

 (parabolic.) These 

results are shown in Figure 46, where it is clear minimal temperature dependence is observed 

regardless of assumed rate law. The 1627°C tests were not included in the kp plot due to 

insufficient data. The top of the depletion layer occasionally shows some SiO2 below the 

ZrO2/depletion layer interface, indicating that oxidation of the SiO(g) to SiO2 occurs near the 

ZrO2/ZrB2 interface (Figure 39, Reaction 2.1.)  
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Figure 44. ZrB2-30 vol% SiC oxidized at 1800°C for a series of times (5-20 minutes), 

showing growth of the SiC depletion layer. The bracket highlights the porous layer. 5 

minutes has 43±10μm, 15 minutes has 74±6μm, and 20 minutes has 104±8μm of SiC 

depletion. Scale maker indicates 50µm. 
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Figure 45. SiC depletion depth versus time in minutes for oxidized ZrB2-30 vol% SiC. 
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Figure 46. Log(k) versus 1/T for both linear and parabolic growth of the SiC depletion 

layer in oxidized ZrB2-30 vol% SiC. kl is µm/min and kp is µm/min
1/2

. No temperature 

dependence is evident, indicating gas phase diffusion is rate limiting for growth of the SiC 

depletion layer. 
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Discussion 

Temperature Considerations for Resistive Heating Technique 

The use of an emissivity-correcting pyrometer and the rapid oxidation kinetics should 

lead to steady state emissivities and relatively accurate measurement of the temperature 
82, 83

. 

However, fluctuations in the temperature reading of the pyrometer occurred during testing with 

standard deviations of 4-64°C (Appendix 2). This standard deviation is consistent with the 

melting point calibration, which deviated -28°C and -16°C for Pt and Pd, respectively. The 

fluctuating temperature readings can be attributed to bubbling of the borosilicate making 

temperature measurement difficult. It may also be due in part to difficulties in maintaining the 

precise current needed for constant temperature. Given this temperature measurement 

uncertainty, the 1627°C transition temperature between oxidation regimes would be more 

accurately expressed as 1627°C±25. This temperature range is however supported by results in 

the literature 
15, 18, 24, 25, 84

.  

Oxide Morphology Regime I: Temperatures <1627°C 

Due to the low hardness of the ZrO2+C oxide layer relative to the borosilicate layer and 

ZrB2+SiC base material, pullout of the C between the ZrO2 grains during polishing can be easily 

mistaken for porosity. In addition, the presence of C is difficult to distinguish from epoxy for 

specimens mounted and impregnated for cross-sectional characterization. Fracture sections avoid 

both complications, enabling the definitive identification of C as in Figure 36 through Figure 38, 

and Figure 43.  

The preferential oxidation of the Si from SiC leaving C is attributed to the low partial 

pressure of oxygen under the borosilicate scale. Cooper and coworkers also observed the 
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formation of C due to the oxidation of SiC fibers in glass ceramic composites 
85, 86

. They called 

this phenomena “carbon-condensed oxidation” as given by the displacement Reaction 5.1. 

      ( )      ( )   ( )    5.1 

Their work suggested that at low oxygen activities the more stable oxide, SiO2, formed rather 

than CO(g). They also proposed that direct formation of SiO2 adjacent to the C which required 

diffusion of Si through C. It was not possible to reproduce their thermodynamic calculations and 

the source of their thermodynamic data is unclear. Related behavior is also seen within samples 

which contain BN and SiC, wherein SiO2 and CO(g) form, while the BN remains unoxidized, 

due to limited oxygen within the sample and B2O3 being less thermodynamically stable than 

SiO2 and CO(g) 
87

. 

An alternate reaction to that of Cooper et al. is proposed here, considering oxidation of 

ZrB2-SiC at low partial pressures of oxygen, given by Reaction 5.2. 

    
 

 
  ( )     ( )   ( )    5.2 

This new finding of C in the ZrO2 scale indicates CO(g) production below 1627°C cannot form 

at sufficient pressures to produce bubbles in the borosilicate scale, contrary to the bubble 

formation model proposed in Chapter 4 to describe oxidation variability. Work by Katsui et al. 

has suggested that oxidation controlled by CO(g) diffusion through SiO2 during oxidation of SiC 

would result in both a C layer and bubbling within the SiO2, and a similar dependence could be 

responsible for the behavior seen here 
88

. However, according to Zheng et al. CO(g) molecules 

are small and unlikely to limit diffusion 
60

. In addition, Katsui et al. showed no change in their 

log(k) vs. 1/T slope, which would be necessary for the transition from O2(g) diffusion limited to 

CO(g) diffusion limited they claim.  
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Transition from C Condensed Oxidation to SiC Depletion 

Reaction 5.3 represents the observed phases at the oxide/base material interface for 

temperatures <1627°C. Similarly, Reaction 5.4 represents the observed phases at the depletion 

layer/base material interface for temperatures ≥ 1627°C. Note that ZrB2 is only included in 

Reaction 5.4 to represent the observed interface and phases for comparison to Reaction 5.3, but 

does not enter in the reaction. 

            ( )            ( )      ( )  5.3 

           ( )          ( )    ( )    5.4 

Reactions 5.3 and 5.4 are rewritten in Table 10 balanced for various vol% SiC and 1 mole 

of O2(g) and shown in Figure 47. Figure 47 is an Ellingham diagram, including Reactions 5.3 

and 5.4, plotted using data from FactSage calculations. Note that the slopes of the lines in Figure 

47 reflect the negative of the entropy of each reaction 
89

. For Reaction 5.3 there is a net loss of 

two gas molecules, reflecting a significant decrease in entropy. The free energy of formation 

therefore increases with temperature (positive slope). For Reaction 5.4, in which there is a net 

production of one gas molecule (increase in entropy), the slope is negative. These slope 

differences necessitate a transition from Reaction 5.3a to Reaction 5.4a at high temperatures 

since the lower Gibbs energy reaction will be favored. Note that the transition temperature 

calculated for Reactions 5.3a and 5.4a with 30 vol% SiC occurs at a temperature higher than 

observed experimentally. If however, the ZrB2/SiC mole ratio is varied, the net change in gas 

molecules/mole of O2 varies for Reaction 5.3, whereas Reaction 5.4 is unaffected. As the mole 

fraction of SiC increases, the slope of ΔG for Reaction 5.3 decreases and the transition 

temperature to form the oxidation products C+ZrO2+SiO(g)+B2O3 (Reaction 5.3) versus 

SiO(g)+CO(g) (Reaction 5.4) moves to lower temperatures. The computed transition temperature 
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occurs between 1610°C and 1630°C, in agreement with the experimental temperature, for ZrB2-

60 vol% SiC and ZrB2-65 vol% SiC. Thus, thermodynamics of locally SiC-rich microstructures 

better reflect the observed transition temperature from ZrO2+C oxide layer formation to SiC 

depletion as temperature is increased. 

The change in stable oxidation products from ZrO2+C to SiC depletion corresponds with 

the significant jump in ZrO2 oxide thickness, as documented in Table 9. As the oxidation 

mechanism changes from Reaction 5.3 to Reaction 5.4, the C oxidizes to CO(g), generating more 

gas products. The additional gas products result in increased bubbling of the borosilicate glass, 

which was observed in post-test analysis (Figure 48.) Increased bubbling would reduce the 

thickness of the protective glass layer, allowing ingress of oxygen to the ZrB2, thereby increasing 

the ZrO2 growth rates.  
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Reaction %Vol 

SiC 

Balanced reaction for 1 mole O2 (mol%) Transition 

temperature 

(°C) 

5.3a 30 0.35ZrB2+0.22SiC+O2= 

0.35ZrO2(s)+0.22C(s)+0.22SiO(g)+0.35B2O3(l) 

1725 

5.3b 60 0.2865ZrB2+0.657SiC+O2= 

0.2865ZrO2(s)+0.657C(s)+0.657SiO(g)+0.2865B2O3(l) 

1630 

5.3c 65 0.2549ZrB2+0.725SiC+O2= 

0.2549ZrO2(s)+0.725C(s)+0.725SiO(g)+0.2549B2O3(l) 

1610 

5.4a 30 1.564ZrB2+SiC+O2= 

1.564ZrB2+SiO(g)+CO(g) 

N/A 

 

Table 10. Balanced reactions for transition in ZrB2-SiC oxidation behavior.  
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Figure 47. Ellingham diagram, plotted using FactSage, showing reactions of ZrB2-SiC with 

1 mole of O2. This diagram explains the transition between oxidation regimes.  
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Figure 48. Fracture section of ZrB2-30 vol% SiC oxidized in flowing O2 using resistive 

heating system at a)1600°C for 55 minutes b) 1650°C for 50 minutes, showing increased 

bubbling and ZrO2 in b). 

 

Oxide Morphology Regime II: Temperatures ≥1627°C 

The presence of partially oxidized SiC grains at the SiC depletion layer/base material 

interface is a strong indication of active oxidation (Figure 41). The PO2 at the ZrO2/ZrB2 

interface must be low enough that SiO(g) is more stable than SiO2(s,l). The equilibrium PO2 at 

the ZrO2/ZrB2 interface (Reaction 1.1) was calculated to be 5.3x10
-20

atm, assuming that the 

activity of all condensed phases are unity. However, SiO2 is also present at this interface as 

shown in Figure 39 and schematically in Figure 49. Under such low partial pressures, SiO2 

would reduce to SiO(g) at a pressure of 2.7x10
-6

atm and O2(g) at a pressure of 1.1x10
-6

atm by 

the reverse of Reaction 2.1, providing a source of oxygen for further active oxidation of SiC. 

This again requires consideration of local equilibrium thermodynamics with large oxygen 

potential gradients to explain the observed microstructures containing ZrB2/ZrO2/SiO2 junctions. 

The O2(g) generated by reduction of SiO2 adjacent to the ZrO2/ZrB2 interface diffuses through 

the pores to enable rapid active oxidation of SiC to greater depths in the ZrB2, as shown 

schematically in Figure 49. The literature suggests CO/CO2(g) counter-current diffusion could 

also be used to explain the source of O2(g) for further active oxidation of the SiC 
26, 90

. 
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Figure 49. Diagram illustrating disassociation of SiO2 to SiO(g) and O2(g), which provides a 

source of O2(g) for continued growth of the SiC depletion layer, limited by gas phase 

diffusion. 

 

 

Depletion Kinetics 

Figure 46 shows that the temperature dependence of observed depletion layer growth is 

minimal, suggesting that gas phase diffusion is rate limiting. If the depletion layer growth rate 

limiting step involved a bond breaking reaction or solid-state diffusion, there would be a strong 

temperature dependence (such as was seen in Figure 34 for ZrO2 growth.) Linear growth is 

rejected as it would require a constant diffusion length for the oxygen, and this work has shown 

that the depletion layer grows with time, increasing the diffusion length for O2(g) inward or 

SiO(g) outward (Figure 44 and Figure 45.) It is concluded that parabolic, gas phase diffusion 

limited growth of the depletion layer best explains the observed results for SiC depletion during 

oxidation of ZrB2-30 vol% SiC at temperatures of 1627°C and above. This mechanism is 

consistent with tracer diffusion results, which will be reported in Chapter 6. As in the case of the 

transition from C formation to SiC depletion, it was again necessary to consider thermodynamics 
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at the local microstructural ZrB2/ZrO2/SiO2 junction to explain how O2(g) diffusion can be the 

rate limiting mechanism.  

Conclusions 

ZrB2-30 vol% SiC oxidation behavior has been characterized at temperatures of 1300°C 

to 1800°C. For temperatures below 1627°C, a two layer oxide is formed with ZrO2+C below a 

borosilicate glass layer. For temperatures of 1627°C and above, a three layer oxidation/depletion 

morphology was observed, with SiC depletion occurring in the ZrB2 beneath the ZrO2 and 

borosilicate oxide layers. The growth of the SiC depletion layer is best explained assuming 

parabolic gas diffusion limited active oxidation of SiC to SiO(g). Consideration of local 

microstructural equilibrium was required to explain the C formation and SiC depletion behavior 

observed below and above 1627°C. 

Recommendations for Future Work 

1. Further analysis of the SiC depletion growth at more times and temperatures, as well as 

more repeated tests, may lead to a firmer understanding of the temperature dependence of 

the growth rate.  

2. The transition temperature proposed here should be investigated more rigorously. Work 

in the literature only addresses ≤1500°and ≥1627°C; no previous work has been done at 

intermediate temperatures. This work used box furnace tests show ZrO2+C at the highest 

testing temperature (1550°C) and resistive heating tests to show the same behavior up to 

1600°. Further tests at 1600°C-1650°C, with a very reliable temperature calibration, 

would assist in setting the exact transition temperature and incubation time. 

3. The specimen oxidized at 1650°C for 20 minutes, showed very interesting oxidation 

behavior with both C and pores appearing in the oxide. This has supported the 
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microstructural dependence of the transition temperature. A more systematic 

microstructural analysis of the sample could result in further revelations. 

4. Observations of ZrO2+SiC are reported at 1327°C. This could indicate that another low 

temperature oxidation mechanism exists. The temperature and time for transition from 

ZrO2+SiC to ZrO2+C should be investigated. However, these low use temperatures 

(1327°C) are not relevant for TPS, so are more of an academic curiosity.  

  



 

81 
 

Chapter 6 Task 3- Oxygen Diffusion Mechanism 

Objective 

The objective of this task was to determine oxygen diffusion pathways and mechanisms 

in the complex oxide scales formed on ZrB2-30 vol% SiC using 
16

O2-
18

O2 double oxidation 

experiments. The composition of the borosilicate layer was first characterized since oxygen 

diffusion is known to vary dramatically with boron content of the glass 
30

.  

Results 

B2O3 Concentration in the Borosilicate Glass Layer 

 The average borosilicate composition formed on ZrB2-30 vol% SiC was determined for 

specimens oxidized between 1300°C and 1500°C for times between 100 and 221 minutes in 

stagnant air using ICP-OES. More detailed compositional analysis was performed on specimens 

oxidized at 1500°C for 10 and 100 minutes. B compositional depth profiles were obtained by 

XPS and estimated by performing EDS at varying accelerating voltages.  

Average Borosilicate Composition 

Borosilicate glass was dissolved off oxidized specimens using a three step dissolution 

process (H2O, H2O, HF) as described in Chapter 3. SEM and EDS results are given in Figure 50, 

showing that trial 1, which used a borosilicate glass dissolution step of 3ml HF for 24hrs, 

removed all of the glass and ZrB2, leaving only SiC. Trial 2 used more dilute HF acid to dissolve 

the glass layer, leaving some ZrO2 grains on the specimen surface, which were not found in trial 

1.  However, the results do confirm that nearly all of the glass phase was removed for all trials.  

These results demonstrate that the assumption that all the glass was removed in the water and HF 

dissolution procedure is reasonable. The ICP-OES compositional results of solutions from the 

stepwise dissolution are assumed to account for all of the borosilicate glass formed during 
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oxidation. Note that SiC is not soluble in H2O or HF as confirmed by SEM (Figure 50) so that Si 

content in the solutions must be attributed to SiO2. 

 

 

Figure 50. SEM/EDS results for ZrB2-30 vol% SiC oxidized at 1500°C for 100 minutes in 

stagnant air after two DI H2O soaks and dissolution in a) 3ml of HF solution at 35°C for 24 

hours b) 3ml of HF solution diluted with 12mL of DI H2O at 35°C for 24 hours, showing 

the area with the most products left behind after dissolution. 
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Condition Trial # 

Mass change – 

oxidation 

(+mg/cm
2
) 

Average  

(+mg/cm
2
) 

Mass change – 

leaching        

(-mg/cm
2
) 

Average  

(-mg/cm
2
) 

1500 °C 

100 minutes 

1 2.811 

2.902±0.263 

0.703 

0.910±0.278 2 3.199 1.226 

3 2.697 0.801 

1400 °C  

128 minutes 

1 3.847 

4.554±0.684 

1.129 

2.069±1.049 2 5.212 3.200 

3 4.602 1.878 

1300 °C  

221 minutes 

1 3.456 

4.614±1.055 

2.392 

2.380±0.374 2 5.522 2.748 

3 4.864 2.000 

1400 °C  

221 minutes 

1 6.284 

7.104±1.038 

4.292 

3.942±0.453 2 8.271 4.105 

3 6.757 3.430 

1500 °C  

221 minutes 

1 4.384 

4.913±0.493 

1.479 

2.019±0.743 2 4.996 1.712 

3 5.359 2.867 

 

Table 11. Mass change data for ZrB2-30 vol% SiC oxidized under stagnant air in a 

standard box furnace after oxidation and after H2O soak (leaching). 
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The specific mass change from the three oxidation trials and the B2O3 leaching 

process are reported in Table 11.  The “Mass change-oxidation” is the measured change 

in mass of the specimen after oxidation under the stated conditions. The “Mass change-

leaching” is the mass of material removed after both of the H2O soaks. This was 

determined by subtracting the specimen mass after the H2O baths from the mass after 

oxidation and was expected to be composed of mostly B2O3 with trace amounts of SiO2.  

Since B2O3 has a high vapor pressure at temperatures of interest, significant amounts are 

expected to volatilize, depleting the scale in B2O3. The B2O3 retained in the glass layer after 

oxidation was calculated assuming: 1) an equal rate of consumption of the ZrB2 and SiC in the 

base material during oxidation, 2) the water leaching steps removed all of the B from the glass 

layer 
70

, and 3) all of the Si from the glass layer was removed in the H2O and HF acid soaks. The 

validity of these assumptions is discussed later. For this calculation, the concentration of B and 

Si in the glass layers of each specimen was determined by ICP in mg/L and then multiplied by 

0.015L, the volume of each solution. This yielded the mass in mg of dissolved B and Si, which 

was then easily converted to moles. Since the SiO2 does not volatilize in this temperature range, 

multiplication of the amount of Si in moles by the stoichiometric ratio of B to Si expected from: 

0.61 ZrB2+0.39 SiC+2.11 O2(g)= 0.61 ZrO2+0.39 SiO2(s /l)+0.39 CO(g)+0.61 B2O3(l/g)   [6.1] 

(where 39 mol% corresponds to the 30 vol% used in this study) yields the total amount of B 

expected if none volatilizes (see Appendix 4 for an example calculation.)  Comparison of the B 

concentration found from ICP-OES to the total amount oxidized from ZrB2 according to the 

above calculations gives the percent of retained B in the oxide relative to the borosilicate 

composition expected in the absence of volatization. Table 12 provides a summary of these 

calculations. 



 

85 
 

 

Condition 
Trial 

# 

B2O3 

content 

of glass 

(mol%) 

Average 

B2O3 

content 

 % of  

Total B 

retained in 

glass 

(mol%) 

Average B 

retained  
“
C

o
n

st
a
n

t”
 

O
x
id

e 
T

h
ic

k
n

es
s 

 

1500 °C  100 

minutes 

1 27.25 

27.25±4.10 

23.9 

22.6±4.68 2 29.21 26.4 

3 21.33 17.3 

1400 °C 128 

minutes 

1 31.86 

36.79±5.71  

28.5 

37.3±10.09  2 43.05 48.3 

3 35.47 35.1 

1300 °C 221 

minutes 

1 43.23 

42.85±1.63  

43.3 

46.2±3.98  

“
C

o
n

st
a
n

t”
 T

im
e 

 

2 44.26 50.8 

3 41.07 44.6 

1400 °C 221 

minutes 

1 34.20 

36.85±2.43  

37.3 

38.8±1.86  2 38.99 40.9 

3 37.35 38.1 

1500 °C 221 

minutes 

1 27.32 

28.19±1.96  

24 

25.1±2.46  2 26.83 23.4 

3 30.43 28 

  

Table 12. Summary of B retained in the borosilicate scale after oxidation of ZrB2-30 vol% 

SiC under stagnant air conditions. A high percentage of the B does not volatilize under the 

conditions tested, leading to a high B2O3 concentration in the borosilicate glass.  
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Figure 51 is a plot of the total mass of oxides generated versus temperature for 

specimens which were oxidized with the goal of attaining the same amount of oxidation. 

The total mass of generated oxides includes the mass gained during oxidation and the 

calculated mass of B2O3(g) and CO(g) which have formed and vaporized (assuming all C 

has oxidized.) The similar mass results for the three temperatures and three trials show 

that the chosen times to provide similar quantities of oxidation, allowing comparison 

between these tests. Figure 52 is a plot of total mass of generated oxides versus 

temperature for specimens all oxidized for 221 minutes, showing with 80% confidence an 

increase in the amount of oxide formed with increasing temperature.   
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Figure 51. Total mass of generated oxides versus temperature for ZrB2-30 vol% SiC 

specimens oxidized to generate the same oxide thickness. 1300°C specimens oxidized for 

221 minutes, 1400°C specimens oxidized for 128 minutes, and 1500°C specimens oxidized 

for 100 minutes. Similar mass gain indicates correct choice of oxidation times for 

generating the same quantity of oxide products. 
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Figure 52. Total mass of generated oxides versus temperature for ZrB2-30 vol% SiC 

specimens oxidized for 221 minutes, showing an increase in oxide formation with 

increasing temperature. 

 

Surface Concentration of B in Borosilicate Glass 

XPS results of oxidized specimen surfaces are given in Figure 53. For both 10 and 

100 minute exposures, less than 1% B was evident on the surface, but after sputtering 

50nm, the B content became measureable and steadily increased with depth to 150nm 

into the surface, the deepest sputter depth analyzed. The B content measured by XPS 

after 100 minutes oxidation was about 5% lower than it was after 10 minutes oxidation, 

while the Si content increased 5%. The O and Zr values were equivalent and constant for 

the two scales.  
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Estimated B Concentration Profile Using EDS 

EDS was performed on the surface of a specimen oxidized at 1500°C for 100 

minutes, at a series of accelerating voltages (5kV, 10kV, and 20kV.) The Casino 

simulation program was used to determine the depth of the sampling volume for each 

accelerating voltage. These values are given in Table 13. A detailed description of the 

simulation results are provided in Appendix 3. Estimated B concentrations from the EDS 

results are plotted along with XPS data in Figure 54. 
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Figure 53. XPS results for ZrB2-30 vol% SiC oxidized at 1500°C for 10 (open symbols) and 

100 (closed symbols) minutes in stagnant air. Both conditions showed lower B content at 

the surface then inside the borosilicate scale. 100 minutes of oxidation showed decreased 

quantities of B with a corresponding increase in Si compared to oxidation for 10 minutes. 
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Accelerating 

voltage 

(kV) 

B 

concentration 

(at%) 

B2O3 

concentration 

(mol%) 

Simulated average 

sampling depth 

(nm) 

5 7.6 12.98 220 

10 11 18.67 770 

20 18.5 30.96 2900 

 

Table 13. Concentration results from EDS performed at varying accelerating voltages, 

showing increased B concentration deeper in the borosilicate scale. 
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Figure 54. XPS and EDS results showing increased B deeper into the borosilicate glass for a 

specimen oxidized at 1500°C for 100 minutes in stagnant air, showing the first 5µm of the 

scale. Dotted line indicates B concentration using B diffusion coefficient from best fit to 

EDS results. Dashed line indicates B concentration using B diffusion coefficient from best 

fit to XPS results. Solid line indicates B concentration using calculated B diffusion 

coefficient from ICP-OES results.  
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Calculated B Concentration Gradient 

The borosilicate glass layer formed after oxidation of ZrB2-30 vol% SiC was 

approximated as a binary, semi-infinite system, and the error function solution to Fick’s 2
nd

 Law 

was used to calculate the B concentration gradient 
91

: 

         ( )     [6.1] 

  
 

   
      [6.2] 

   ( )  
 

√ 
∫     

  
 

 
     [6.3] 

where CB is the concentration of B at distance x into the borosilicate glass from the gas interface, 

C∞ is the equilibrium concentration of B at the oxide/base material interface, D is the diffusion 

coefficient of B in the borosilicate glass, and t is time. The following boundary conditions were 

used:  

BC1: CB=0 at x=0 

BC2: C∞=0.289mole fraction (fixed by stoichiometry of ZrB2-30 vol% SiC) at x=20.2µm 

These boundary conditions are reasonable as XPS shows a very low B concentration (<1%) on 

the surface, and O2(g) diffuses through the borosilicate and forms new oxide rapidly in 

comparison to B diffusion outward, so the concentration of B at the borosilicate glass/base 

material interface is constant. Choosing a fixed time, the B diffusion coefficient was determined 

using: 

   
 (  

    
  

)
√   

 
  

 
     [6.4] 

Solutions were obtained for a specimen oxidized at 1500°C after 100 minutes, which forms a 

borosilicate layer 20.2μm thick (BC2), since ICP-OES, XPS, and EDS compositional 

information are available for this oxidation condition. The average B concentration in the 

borosilicate glass after this oxidation treatment given by ICP-OES was 15.387 mol%, and the 
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concentration at the oxide/base material interface is assumed to be equal to that given by 

equilibrium, 28.9 mol% (BC2). The B diffusion coefficient was found to be ~1.2x10
-10

cm
2
/sec. 

This diffusion coefficient represents an avearge B diffusion coefficient in borosilicate glass 

resulting from ZrB2-30 vol% SiC oxidation at 1500°C for 100 minutes. B diffusion coefficients 

were also calculated which provided best fits to the XPS data and the EDS data and were 1x10
-13

 

cm
2
/sec and 5x10

-12
 cm

2
/sec, respectively. The DB values will be discussed below. Resulting B 

concentration profiles are shown in Figure 54. 

16
O2-

18
O2 Double Oxidation Experiments: ToF-SIMS/EDS/SEM Characterization 

1500°C 

SEM/ToF-SIMS results for a specimen oxidized at 1500°C for 10 minutes in 
16

O2 and 9 

minutes in 
18

O2 are given in Figure 55. 
18

O was present throughout both the borosilicate and 

ZrO2+C layer.  Figure 56 shows a line scan of the 
18

O demonstrating relatively constant 

concentration of 
18

O throughout the scale. Figure 57 compares ToF-SIMS 
18

O and EDS 

compositional mapping to demonstrate that 
18

O is found in ZrO2 grains at the ZrO2/ZrB2 

interface. The O2 exchange rate at 1500°C in ZrO2 was estimated, assuming that 
18

O2 permeates 

through the borosilicate and between the ZrO2 grains quickly. After 19 minutes of oxidation at 

1500°C, ZrO2 grains near the ZrO2/ZrB2 interface were approximately 3µm in diameter, so 
18

O2 

needed to diffuse at least 1.5µm for the grain to be fully exchanged. The 
18

O2 exposure was 9 

minutes, providing a lower limit of the diffusion rate on the order of 10
-10

cm
2
/sec.  
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Figure 55. SEM/ToF-SIMS results for 

ZrB2-30 vol% SiC oxidized at 1500°C for 

10 minutes in 
16

O2 and 9 minutes in 
18

O2. 
18

O2 is found throughout both the 

borosilicate glass and the ZrO2+C layer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 56. Line scan of 
18

O through oxide 

formed on ZrB2-30 vol% SiC exposed at 

1500°C for 10 minutes in 
16

O2 and 9 

minutes in 
18

O2. Dashed lines mark 

approximate location of interfaces. 
18

O2 is found to be relatively constant 

through borosilicate glass.  
18

O2 gradient 

in ZrO2+C layer may be artifact of line 

scan thickness.
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Figure 57. SEM/ToF-SIMS/EDS results for ZrB2-30 vol% SiC oxidized at 1500°C for 10 

minutes in 
16

O2 and 9 minutes in 
18

O2, showing 
18

O throughout the ZrO2 grains even at the 

ZrO2/ZrB2 interface. Scale bar indicates 10µm. 
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1650°C 

SEM/ToF-SIMS results for a specimen oxidized at 1650°C for 29 minutes in 
16

O2 and 45 

seconds in 
18

O2 are given in Figure 58 . These maps clearly show 
18

O present at the 

gas/borosilicate glass interface, as well as at the borosilicate glass/depletion layer interface. The 

18
O in the surface borosilicate layer was not evenly distributed, though SEM/EDS analysis did 

not detect any microstructural/compositional variations between 
18

O rich areas and 
16

O areas. 

Figure 59 shows the region oxidized with 
18

O near the depletion layer, demonstrating the 
18

O 

was located in the borosilicate glass, which at that location was surrounded by ZrB2 grains. 

There was no evidence in this specimen of 
18

O in ZrO2 grains. This microstructure is very 

localized at the depletion layer and will be discussed in more detail later. 

SEM/ToF-SIMS results for a specimen oxidized at 1650°C for 45 minutes in 
16

O2 and 5 

minutes in 
18

O2 are given in Figure 60 and Figure 61. As observed in the 1500°C (10+9 minutes) 

specimen, 
18

O was seen throughout the borosilicate layer and the ZrO2 grains. The O2 exchange 

rate at 1650°C in ZrO2 was also estimated, again assuming 
18

O2 diffusion to the edge of the 

grains is rapid. After 50 minutes of oxidation at 1650°C, ZrO2 grains near the ZrO2/ZrB2 

interface were approximately 5µm in diameter, so 
18

O2 needed to diffuse at least 2.5µm for the 

grain to be fully exchanged. The 
18

O2 exposure was 5 minutes, providing a lower limit to the 

diffusion rate on the order of 10
-11

cm
2
/sec.   
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Figure 58. ToF-SIMS/SEM results for ZrB2-30 vol% SiC oxidized at 1650°C for 29 minutes 

in 
16

O2 and 45 seconds in 
18

O2. 
18

O2 has exchanged with 
16

O2 in initial borosilicate scale, and 

permeated through the borosilicate glass and formed new Si
18

O2 at the borosilicate 

glass/SiC depletion layer interface. Scale bar indicates 100µm. 
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Figure 59. High magnification of ZrB2-30 vol% SiC oxidized at 1650°C for 29 minutes in 
16

O2 and 45 seconds in 
18

O2, showing 
18

O in SiO2 at the no depletion/SiC depletion interface. 

Scale bar indicates 10µm. 
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Figure 60. SEM/ToF-SIMS results for ZrB2-30 vol% SiC oxidized at 1650°C for 45 minutes 

in 
16

O2 and 5 minutes in 
18

O2. 
18

O2 was found throughout the borosilicate glass and ZrO2 

grains. Scale bar indicates 100µm. 
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Figure 61. SEM/EDS/ToF-SIMS results for ZrB2-30 vol% SiC oxidized at 1650°C for 45 

minutes in 
16

O2 and 5 minutes in 
18

O2. The circle marks an area in 
18

O map showing less 
18

O in in borosilicate glass. Scale bar indicates 20µm. 
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Discussion 

B2O3 Concentration in Borosilicate Glass 

Assuming a linear concentration gradient from 0.289 mol% B (0.61 mole fraction B2O3)  

at the glass/zirconium diboride interface (which corresponds to ZrB2-30 vol% SiC) to zero at the 

gas/borosilicate glass interface, the average B2O3 mole fraction is 0.305 which is intermediate to 

the results obtained at 1400°C and 1500°C, shown in Table 12. This suggests that the ICP-OES 

results are reasonable. The ICP-OES results confirm a higher depletion of B2O3 at 1500°C 

relative to 1300°C, consistant with expected B2O3 volatility. Comparing the mass gain behavior 

of the specimens (Table 11) to the total mass generated by the oxides in Figure 51 corroborates 

this B2O3 volatility.  

B Concentration Profile 

The B diffusion coefficient is expected to vary with borosilicate composition and will 

therefore vary with position in the oxide scale. The coefficient determined for the average 

composition from ICP-OES after oxidation at 1500°C for 100 minutes was 1.2x10
-10

cm
2
/sec. The 

estimated EDS data, which is nearer to the surface and thus lower in B content, was best fit with 

a boron diffusion coefficient of 5x10
-12

 cm
2
/sec. The compositional data from the XPS represents 

the lowest B concentration due to proximity to the surface and was best fit with a boron diffusion 

coefficient of 1x10
-13 

cm
2
/sec. All of these diffusion coefficients are higher than previous 

measured values for B diffusion through borosilcate, which are on the order of 10
-14

cm
2
/sec 

when extrapolated to 1500°C 
47, 49, 92

. The higher values of DB are explained by the very high 

B2O3 concentration (average of 27mol%). The high values of the B diffusion coefficient 

estimated in this work are reasonable since borosilicate glass  with 27mol% B2O3 is liquid at 

1500°C as shown in the SiO2-B2O3 phase diagram in Chapter 1 (Figure 2.) The estimated B 
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diffusion coefficient of 1x10
-13

cm
2
/sec, obtained from best fit to the XPS data is reasonable as 

these data were taken near the surface where less B is present. The glass here will be more 

viscous and lower diffusion rates are predicted. Figure 54 compares B concentration profiles 

based on best fit for the ICP-OES average composition, XPS data, and EDS estimates. 

 Note also that the average B concentration determined by ICP-OES is a lower bound for 

B concentration. Bruckner
70

 states that 95% of B2O3 is removed from borosilicate glasses by a 

warm water leach, however Adams and Evans
93

 state that only 30% is removed. It is not possible 

to confirm the extent of B2O3 leaching in warm water at this time since ZrB2 disolves in HF. If B 

leaching in H2O is incomplete, the average B composition in the borosilicate scale would be 

higher and the calculated B concentration would increase, bringing it in closer agreement with 

the XPS and EDS results in Figure 54.  

A  B2O3 concentration gradient in the borosilicate layer is proposed in Figure 62, for the 

first time providing compositional information about this layer. The B2O3/SiO2 ratio at the 

oxide/substrate interface is assigned to be equal to the B/Si ratio in the base material. This is 

justified by two observations. First, XPS analysis showed that B-O and Si-O bonds are both 

observed on the oxidized surface after only 10 seconds, indicating both oxides are forming 

simultaneously at the start of oxidation (Chapter 4.) Second, a nearly uniform oxidation front is 

observed between ZrB2/SiC and the oxides, as shown in Figure 63. The presence of the ZrO2+C 

layer between the glass layer and the base material is neglected in Figure 62 and is not thought to 

affect the B/Si boundary condition at the interior glass interface. The B2O3 gradient in the plot 

was calculated by converting the B concentration gradient estimated from ICP-OES in Figure 54 

to oxide. The discontinuity at the borosilicate/ZrB2+SiC interface results from the use of the 

average B concentration determined by ICP-OES to calculate an average diffusion coefficient.  
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Figure 62. Approximate B2O3 concentration (mol%) throughout borosilicate glass scale 

formed during oxidation of ZrB2-30 vol% SiC. (Values given are for specimen oxidized at 

1500°C for 100 minutes in stagnant air, using average B concentration (ICP-OES) to 

determine the average diffusion coefficient.) A majority of the borosilicate glass is shown to 

have sufficient B2O3 concentration to be liquid at the oxidation temperature. 

 

 

Figure 63. Cross-sectional view of ZrB2-30 vol% SiC oxidized at 1500°C for 100 minutes in 

stagnant air with a nearly uniform oxidation front between ZrB2/SiC and the oxides. 
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Implications for Oxidation 

 It is emphasized here that considerable B2O3 is retained in the glass layer which has 

important effects on oxidation, assuming the rate limitating step is oxygen diffusion in the 

borosilicate glass layer 
19, 30

. Chapter 1 shows the B2O3-SiO2 phase diagram (Figure 2) 
94

. At 

1500°C, the liquidus curve lies at approximately 95 mol% SiO2. The surface of the glass layer 

depleted in B2O3 will be solid whereas the interior of the glass layer with higher B2O3 content 

will be liquid of decreasing viscosity towards the base material. The calculated average B 

diffusion coefficient is much lower than the 10
-6

cm
2
/sec for O2 diffusion through borosilicate 

glass obtained by extrapolating Schlicthing’s results to 1500°C 
30

. Temperature effects on 

oxygen transport will thus be very complex. Increasing temperature depletes the borosilicate 

glass in B2O3, slowing oxygen transport by compositional effects at the surface, but at the same 

time increases oxygen transport since it is an activated process. The apparent activation energy 

then reflects some combination of B2O3 vaporization, B2O3 transport outward due to the driving 

force induced by the B2O3 concentration gradient, and oxygen transport inwards in the non-

uniform glass structure. 

Oxygen Diffusion Pathways- Double Oxidation Experiments 

1500°C 

After oxidation at 1500°C for 10 minutes in 
16

O2 and 9 minutes in 
18

O2, the tracer ion is 

seen throughout the borosilicate scale. This result indicates that either network diffusion in the 

borosilicate glass is responsible for oxygen transport or that a combined permeation/exchange 

process occurs. 
18

O2 is also seen in the ZrO2 grains in the ZrO2+C layer (Figure 57), indicating 

that 
16

O2 in the ZrO2 has also exchanged with the 
18

O2. Exchange in the ZrO2 grains throughout 

the scale thickness indicates oxygen transport in ZrO2 is significant at this temperature, on the 

order of 10
-10

cm
2
/sec. However, no new ZrO2 oxide enriched with 

18
O2 was observed, indicting 
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electronic transport may limit oxide growth. This result agrees with the current model of ZrB2-

SiC oxidation, which assumes that the oxygen transport in ZrO2 can be neglected for <100ppm 

dopants and only diffusion through the borosilicate glass and pores is allowed 
26, 34, 95

.  For 

>100ppm of dopants, oxygen diffusion is known to be rapid, though electronic transport is still 

slow 
95

. The lack of a gradient in the 
18

O2 throughout the oxide further supports exchange within 

both the borosilicate and ZrO2 grains. 

1650°C 

After oxidation at 1650°C for 29 minutes in 
16

O2 and 45 seconds in 
18

O2, the 
18

O2 was 

found on the very outside of the borosilicate layer and along the base material/oxide interface. 

This indicated that a combination of network exchange at the surface and permeation through the 

borosilicate glass control the oxygen diffusion, in agreement with the literature for SiC oxidation 

55, 59, 60
. In addition, extrapolation of Schlichting’s oxygen diffusion rate to 1650°C (5x10

-

6
cm

2
/sec), does allow for 

18
O2 to have permeated through 100μm of oxide in 45 seconds 

30
. The 

presence of the 
18

O2 in the borosilicate glass at the interface with the depletion layer is consistent 

with this borosilicate forming when the SiC grains at the bottom of the depletion layer actively 

oxidized to SiO(g) (Reaction 2b), which then permeated up through the pores. This is shown 

schematically in Chapter 5 (Figure 49.) Figure 64 provides a schematic of two possible reactions 

for incorporation of 
18

O2 into the borosilicate formed just above the depletion layer. Either 
18

O2 

reacts with SiO(g) to form SiO2 via: 

Si
16

O(g)+1/2
18

O2(g)=Si
16

O
18

O     [6.5] 

Or 
18

O2 is responsible for the active oxidation reaction via: 

18
O2(g)+SiC=Si

18
O(g) +C

18
O(g)     [6.6] 

And the SiO(g) subsequently reacts with O2(g) to form SiO2 (Reaction 2.1.) 
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Figure 64. Schematic of 
18

O2 diffusion through the borosilicate glass to form new SiO2 at 

the ZrO2/ZrB2 interface. 

 

The 
18

O distribution in the borosilicate glass was found to be non-uniform after both the 

short and long 
18

O2 exposures (Figure 58 and Figure 61.) While this could be an artifact of the 

technique, the uniformity of the total ion count suggests that surface roughness does not account 

for the differing 
18

O intensities observed in some locations. If the 
18

O concentration in the 

borosilicate glass is actually non-uniform, regions of the glass must a have higher exchange rate 

of oxygen. Karlsdottir et al. suggest compositional variations in the borosilicate glass occur due 

to localized formation of B2O3 and varying ZrO2 solubility in borosilicate glass with B2O3 

content 
76

. Variation in B2O3 content of the borosilicate glass has been shown already with 
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changes of depth into the oxide, as described above. B2O3 content has also been shown to have a 

high impact on oxygen diffusion rates through borosilicate glass 
30

. Thus, glass regions higher in 

B content would have more ready access to 
18

O2 and would likely exchange with 
18

O2 earlier 

than silica rich regions. However, 
18

O-rich regions of the borosilicate glass were not found to 

contain more B relative to 
18

O-poor regions within the sensitivity of EDS. 

By careful observation of the intensities of 
18

O throughout the oxide layers of the 

specimen oxidized at 1650°C for 45 minutes in 
16

O2 and 5 minutes in 
18

O2, a qualitative change 

in tracer concentration between the borosilicate glass and the ZrO2 phases is noted, Figure 65. 

The ToF-SIMS map taken near the top of the oxide scale shows a higher 
18

O intensity in the 

ZrO2 grains relative to the borosilicate glass. The ToF-SIMS map taken near the depletion 

region/bottom of the oxide scale shows a lower 
18

O intensity in the ZrO2 relative to the 

borosilicate glass. This indicates that the ZrO2 grains lower in the scale have undergone less 

complete exchange than the ZrO2 grains at the surface. This reveals that 
18

O2 exchange with 

ZrO2 is not as rapid as that of the borosilicate glass.  
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Figure 65. SEM/ToF-SIMS results for ZrB2-30 vol% SiC oxidized at 1650°C for 45 minutes 

in 
16

O2 and 5 minutes in 
18

O2, showing change of 
18

O contrast from brighter in ZrO2 near 

surface to brighter in borosilicate near ZrO2/ZrB2 interface. The total ion count is included 

to show lack of microstructural influence. 
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Conclusions: 

 Significant B2O3 remains (27-43mol%) in the borosilicate scale formed during oxidation 

of ZrB2-30 vol% SiC at temperatures between 1300°C and 1500°C. Borosilicate compositions 

measured using ICP-OES (average value), EDS & XPS were used to estimate B diffusion 

coefficients in the borosilicate ranging from 10
-10

cm
2
/sec to 10

-13
cm

2
/sec for B2O3 rich and SiO2 

rich portions of the scale. The variation in B concentration across the oxide scale implies 

variations in Tm, DB, and DO through the thickness of the scale and a resulting complex 

temperature dependence for oxygen permeation leading to oxidation of ZrB2-SiC. 

 ToF-SIMS results after 
16

O2-
18

O2 double oxidation experiments have shown that oxygen 

exchange and diffusion is rapid in both the borosilicate glass and the ZrO2 grains at 1500°C (10 

minutes, 9 minutes oxidation). At 1650°C, 45 seconds exposure to 
18

O2 after 
16

O2 oxidation 

demonstrated that permeation was more rapid than exchange. Oxygen exchange with the 

borosilicate glass may be compositionally dependent, but further work is required to confirm 

this. Oxygen transport was shown to be non-negligible in ZrO2 and should be considered in 

ZrB2-SiC oxidation models. 

Recommendations for Future Work: 

1. Further investigation of the borosilicate glass composition, especially at temperatures 

above 1500°C, is important for high-temperature application of this material. This study 

was limited by the small size of the hot zone during resistive heating, which did not 

provide sufficient borosilicate glass formed at a constant temperature for ICP-OES 

analysis.  

2. A more systematic study of the oxygen diffusion pathways using 
16

O2-
18

O2 double 

oxidation experiments is required. This work was limited by available time on the ToF-
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SIMS and access to the necessary sectioning tools. With extended time on both systems, 

a more thorough analysis of the diffusion pathways could be obtained.  The question of 

uneven distribution of the 
18

O2 through the borosilicate glass which could be due to a 

compositional variation in the borosilicate glass still remains. In addition, no ZrO2 grains 

at the ZrO2/ZrB2 interface containing high concentrations of 
18

O2, as would be expected 

for new oxide growth, were seen under any of the tested conditions. Suggested 

experiments include: 

a. 1500°C for 19 minutes 
16

O2 and 45 seconds 
18

O2, to differentiate between 

exchange and permeation at 1500°C 

b. 1500°C for 45 minutes and 2 minutes, to observe ZrO2 grains before they have 

fully exchanged with the 
18

O2 at 1500°C 

c. 1500°C for 30 minutes and 10 minutes to observe the growth of new ZrO2 grains 

and resolve the diffusion pathway through the ZrO2+C layer at 1500°C 

d. 1650°C for 45 minutes and 2 minutes to observe ZrO2 grains before they have 

fully exchanged with the 
18

O2 at 1650°C 

e. 1650°C for 30 minutes and 10 minutes to observe the growth of new ZrO2 grains 

at 1650°C 

3. Separate work is needed to determine the solubility of B2O3 in warm water, as the 

literature has conflicting results. This could be done using free standing sol-gel derived 

borosilicate glasses. However, this work would not be entirely conclusive since structural 

differences may exist between thermally grown and sol-gel derived borosilicate glasses. 
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Chapter 7 Considerations for Future Modeling and Application of ZrB2-SiC 

Comparison of Findings to Assumptions in Existing Life Prediction Models 

 The most rigorous life prediction model for ZrB2-SiC in the literature was produced by 

Parthasarathy et al. and uses a number of assumptions based upon available data in the literature 

for oxidation of this material 
26

. The validity of each of the assumptions is discussed with regards 

to the new findings of this work.  

1. The microstructure assumed is the same as that presented in Chapter 5 for oxidation 

above 1627°C, with borosilicate glass filling in the regions between ZrO2 grains. This 

work has shown a different, second microstructure is found when oxidation occurs below 

1627°C, and this must be accounted for in future models. 

2. ZrO2 grains are assumed to be impermeable to oxygen when less than 100ppm of dopants 

are present. This work has shown oxygen permeation through ZrO2 at a rate of at least 10
-

11
cm

2
/sec (on the same order as B diffusion through the borosilicate glass), though the 

dopant concentration is not known. 

3. Molecular oxygen is assumed to diffuse and permeate through the borosilicate glass. The 

ToF-SIMS results for oxidation in 
18

O2 for 45 seconds after 
16

O2 oxidation at 1650°C 

support this assumption. 

4. CO(g) is assumed to diffuse or bubble out through the borosilicate glass and not be rate 

limiting for oxidation. This work also suggests that CO(g) bubbles through the 

borosilicate glass at T>1627°C. 

5. The monoclinic to tetragonal transition of ZrO2 is assumed to impact oxidation behavior. 

This transition occurs at ~1205°C, below the temperatures studied here. 
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6. The borosilicate glass thickness is assumed to be affected by viscous flow. This work 

only addressed glass viscosity at 1500°C, where viscous flow on a macro-scale was 

found to be negligible.  

7. The model assumed an infinitesimal amount of oxide to exist at an infinitesimal start 

time. The short term exposure tests performed here support this assumption, having 

shown both ZrO2 and borosilicate glass on the surface in as little as 10 seconds at 

1500°C. 

8. The concentration of B2O3 on the surface of the borosilicate glass is assumed to be a 

constant fraction of the interior composition. This work has shown that the B2O3 on the 

surface at 1500°C changes with oxidation time (10 minutes versus 100 minutes), 

although the average concentration is similar after tests of 100 minutes and 221 minutes. 

In addition, temperature dependence of borosilicate composition should be considered. 

Considerations for Future Application 

This work has quantified a number of degradation mechanisms of ZrB2-30 vol% SiC due to 

oxidation at high temperatures, that decrease its usefulness in long term hypersonic applications. 

Based on the new results and information in the literature strategies for improving oxidation 

resistance of ZrB2-SiC are evaluated. 

1. SiC depletion was found in ZrB2-30 vol% SiC after oxidation at temperatures of 1627°C 

and higher. The formation of a porous depletion layer due to active oxidation of SiC will 

lead to a decrease in mechanical properties when use temperatures exceed 1627°C. A 

lower SiC content could be used, which would decrease the interconnectivity of the SiC 

grains, preventing SiC depletion 
13, 35

. However, this would increase the B2O3 content of 
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the borosilicate glass, increasing oxygen diffusion through the protective outer oxide 

scale.  

2. Higher concentrations of B2O3 increase oxygen diffusion through borosilicate glass. To 

decrease the B2O3 content of the borosilicate glass, starting materials such as ZrC+SiC or 

ZrN+SiC could be used 
14

. However, this would increase the gas formation (CO(g) and 

N2(g)), decreasing the protective abilities of the silicate scale.  

3. Oxygen permeation through ZrO2 was found to be non-negligible. Doping with 5+ 

cations (Ta and Nb) would decrease oxygen vacancies in the ZrO2, thus decreasing 

oxygen permeation 
15

. However, this would create oxides with lower melting points 

(Ta2O5 Tm=1872°C, Nb2O5 Tm=1512°C), decreasing the use temperature of the material.  

4. The borosilicate glass has been found to provide insufficient oxidation protection. 

ZrB2+WO3 could be used with no SiC addition 
96

. This material would result in a denser 

ZrO2 scale due to liquid phase sintering. However, while this may give a slight increase 

in application temperatures, the self-healing ability of the borosilicate scale would be lost. 

In addition, the DO in ZrO2 is still too high for long term oxidation protection. 

Thus, overall this material is not suitable for long term applications at ultra-high 

temperatures, but still is of interest for short term single-use applications. 

 

  



 

112 
 

Chapter 8 Conclusions 

 This work has dramatically improved the understanding of the oxidation mechanisms and 

kinetics of ZrB2-30 vol% SiC at temperatures of 1300°C to 1800°C. A quantitative study of the 

oxidation behavior was performed in order to improve life prediction modeling. Oxidation was 

quantified by mass change and oxidation product layer thicknesses. A combination of scanning 

electron microscopy, energy dispersive spectroscopy, x-ray diffraction, x-ray photoelectron 

spectroscopy, inductively coupled plasma optical emission spectrometry, and time of flight 

secondary ion mass spectrometry was used to characterize the oxidation products.  

Two oxidation regimes were identified, low temperature oxidation below 1627°C and 

high temperature oxidation at and above 1627°C; this transition is not considered in current 

oxidation models. Transition between the low and high temperature oxidation regimes is 

explained here using thermodynamics considering a locally SiC-rich microstructure. 

 Low temperature oxidation (T<1627°C) of ZrB2-30 vol% SiC formed a two layer oxide 

which consisted of a borosilicate glass layer above a ZrO2+C layer. Variation in oxidation 

kinetics was observed and several mechanisms were explored to explain the variability. Viscous 

flow on a macro-scale and surface roughness were found to have minimal impact on oxidation at 

1500°C. The initial stages of oxidation at 1500°C were explored for the first time to try to 

understand any relationship to the variable performance oxidation observed at longer times. It 

was shown that borosilicate glass and ZrO2 formation began as early as 10 seconds when 

oxidation was performed at 1500°C but initial stage oxidation did not have a clear impact on 

distribution of oxide phases observed at longer times. A mechanism linking bubble formation in 

the borosilicate glass to oxide variability was proposed. In addition, it was shown that oxidation 
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tests >4 hours did not accurately predict material recession at longer times and a maximum 

attack rate should be considered for future life prediction models. 

The composition of the borosilicate glass formed at temperatures of 1300°C to 1500°C 

was determined and found to contain significant amounts of B2O3 (27-43mol%), except at the 

very surface of the oxide. The effects of high B2O3 contents on oxygen transport inward must be 

considered in life prediction models. Double oxidation experiments using 
16

O2 and an 
18

O2 tracer 

indicated oxygen exchanged with both the borosilicate glass and the ZrO2 grains. Both the 

presence of C in the ZrO2 layer, instead of the expected borosilicate glass, and the oxygen 

diffusion in tetragonal ZrO2 grains must be considered in life prediction models for ZrB2-SiC.  

High temperature oxidation (T≥ 1627°C) of ZrB2-30 vol% SiC resulted in a three layer 

microstructure. A borosilicate glass layer was found above a layer with ZrO2 and borosilicate 

glass. Beneath these was a porous layer of ZrB2 resulting from SiC depletion due to active 

oxidation to SiO(g). This oxidation regime was found to have much more rapid ZrO2 oxide layer 

growth than the low temperature regime, attributed to a less protective glass layer. The time and 

temperature conditions for the formation of the porous layer due to SiC depletion were 

determined. The growth of the depletion layer was explained using parabolic gas diffusion 

limited active oxidation of SiC, again considering local thermodynamics. Double oxidation 

experiments using 
16

O2 and an 
18

O2 tracer indicated that the oxygen initially permeated through 

and then exchanged with the borosilicate glass and exchanged with the ZrO2 grains in this 

oxidation regime as well. Variation in the composition of the borosilicate glass is proposed to 

explain uneven exchange of the 
18

O2 through the scale, though this requires confirmation.  

Through this better understanding of the oxidation mechanisms of ZrB2-30 vol% SiC and 

the thermodynamics and kinetics of the oxidation reactions, improved life prediction modeling is 
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possible. It is concluded that the poor oxidation resistance of ZrB2-30 vol% SiC and related 

UHTCs limits long term reusable application of this class of materials. 
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Appendices: 

Appendix 1: Resistive Heating System 

Obstacles Overcome 

While this experimental set up is based off the “ribbon method” designed by Karlsdottir, 

a number of design changes have been made and difficulties overcome during setup 
31

. The main 

design change was to enclose the heating system in a small chamber (outside dimensions 7cm x 

7cm x 7cm) to allow for control of the environment and minimize use of 
18

O2 during double 

oxidation experiments.  

To begin with, both ends of the specimen sat inside an inset in copper pieces attached to 

the current feedthroughs. These insets were lined with silver foil and the specimen either 

remained in place due to gravity and pressure from the sides or was held down with silver foil 

over top, see Figure 66a. However, this design led to cracking along the bottom edges of the 

specimen, most likely due to thermal expansion of the copper holder and specimen during test 

runs. This holder was then replaced with flat copper blocks, Figure 66b and c. The specimen was 

first held in place by silver foil clamped around the specimen, which did not work due to the 

heating of the screws. Then the specimen was held by Maycor clamps, however these stiffer 

clamps required precise alignment of the copper blocks to prevent torque on the specimen as the 

clamps were tightened into place. When the copper was misaligned, the torque caused the thin 

bridge of the specimens to snap. Next, the copper blocks were replaced by wire braid, to which 

the specimen could be clamped using alligator clips, and which did not put any pressure on the 

corners or torque on the bridge. Initially, the braid used was tin platted copper; however this was 

found to melt during test runs and was replaced with pure copper braid. At higher temperatures 

and longer times, the copper braid oxidized too greatly to conduct electricity, and had to be 
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replaced with copper wire (12AWG) which was flattened to 1.05mm thick x2.85mm wide using 

a rolling mill. This was found to be the most successful holding method (Figure 67.) 

 

a) b)  c)  

Figure 66 a) Initial specimen holder using copper blocks with insets. b) Flat copper 

specimen holder with silver foil clamps. c) Flat copper specimen holder with Maycor 

clamps. 

 

 

Figure 67. Final holding arrangement for ZrB2-30 vol% SiC bridge specimen in resistive 

heating system. Cu wire feeds the current into the system, Pt foil prevents reaction of 

copper wire with hot specimen, ZrO2 supports prevents specimen snapping upon insertion 

due to torque. Specimen is held in place using alligator clips. 
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Issues of melting were also encountered with the silver foil which, following Karlsdottir, 

was placed between the specimen and copper specimen holder to prevent oxidation of the 

copper. Due to the heat load on the thicker ends of the specimens, the silver foil melted in tests 

exceeding ~1200°C in this lab, and led to the melting of the copper braid. The silver foil was 

therefore replaced with platinum foil, with the higher melting temperature of 1768°C.  

In order to provide greater stability against torque caused by the weight of the alligator 

clips, a ZrO2 support was superglued to the side of the bridge specimens, connecting the two 

legs, and not touching the thin bridge section. This allowed for more consistent insertion into the 

system without breaking. It also seemed to decrease shifting of the specimen during the test, 

which lead to dropping emissivity and possibly incorrect temperature readings.  

Another issue frequently faced in the design of these experiments was good electrical 

contact for the specimen. This was the reason for initially using the copper with niches and then 

trying different clamps for the flat copper pieces. Upon switching to the copper braid, alligator 

clips were used to hold the specimen in place. However, the small flat mouthed alligator clips 

used for the first few runs heated up during tests and lose their clamping abilities. These were 

therefore replaced with larger clips, which had teeth. The larger size prevented loosening due to 

heating, but the teeth caused uneven pressure and therefore uneven electrical contact along the 

specimen. Therefore, the teeth were ground off to provide the best contact. The clips still 

overheated due to electrical current running through them. To prevent this, 0.8mm thick sheets of 

Maycor (a glass-mica ceramic, McMaster-Carr, Robbinsville, NJ) or stabilized ZrO2 (Ceramic 

Technologies, Inc, Houston, TX) were super glued to both inner sides of the alligator clips. 

To begin with, the specimens were machined to be 15mm long x 4mm wide x 3mm tall, 

with a 0.5mm thick bridge 3.5mm long. However, after solving the issues of holding, melting 
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and electrical contact, it was found that a maximum temperature of ~1200°C could be achieved 

for these specimens with the full current capabilities (~120Amps) of the control unit and 

transformer. As increasing the current was not feasible, the bridge specimens were cut in half 

lengthwise to ~1.5mm wide, decreasing the cross-section of material through which the current 

passed. This allowed temperatures as high as 2200°C to be achieved. 

Once it was shown that ultra-high temperatures could be achieved in this system, the 

control unit was programmed to output the correct current to achieve a quick temperature rise 

and then a steady hold temperature, without excessive overshoot. This was done using the auto-

tune function of the PID controller. Several testing iterations were made, first using NiCr wire, 

then ZrB2-30vol%SiC which was 4mm wide and then with the desired specimens of ZrB2-SiC. It 

was found that the best heating to temperatures of 1500° and below was performed with a 

Proportional Band of 1040, Intergral Time of 3 seconds, and the Derivative Time turned off. For 

higher temperatures, a Proportional Band of 2496, Intergral Time of 15 seconds, and the 

Derivative Time turned off, worked better. Both Low and High Cutback were left to auto settings 

for all tests. 

Condensation of B2O3(g) on the viewing window of the chamber was another obstacle. 

When the specimens were heated above ~1200°C, B2O3 volatilized out of the material and a 

white film formed on the window, preventing accurate reading by the pyrometer. This was 

prevented by flowing O2(g) through the chamber at a rate of 900sccm. The O2(g) flowed through 

drierite (CaSO4) to minimize possible effects from humidity.   
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Pyrometry 

A note should be made here about the temperature reading of the pyrometer. The 

pyrometer used is a Pyrofiber Lab Pyrometer which uses emissivity values measured during 

testing to correct the temperature reading. When observing the emissivity values throughout the 

tests, for some tests the emissivity stayed fairly constant in the 0.80-0.99 range, while for other 

tests it dropped during the test, in some cases as low as 0.05-0.20. This drop in emissivity 

seemed to correlate with tests where the oxide thickness results were slightly different and was 

likely due to a twisting of the specimen inside of the system. Consistent positioning of the 

specimen and strengthening using the ZrO2 support assisted in preventing this.  

It is also well known that pyrometer temperature readings are not as well trusted as those 

of thermocouples 
83

. Standard one-color pyrometers are greatly affected by changing emissivity 

values. Two-color pyrometers, which are designed to account for some changing emissivity, are 

still found to be up to 100°C off from thermocouple readings during initial oxide formation when 

the oxide layer is <2µm thick 
82

. The use of an emissivity-correcting pyrometer here, and the 

knowledge that the oxide layer quickly reaches thicknesses greater than 2µm, should lead to 

more accurate measurement of the temperature. This is reinforced by the similar behavior seen 

between box furnace and resistive heating results at 1500°C, as is discussed in Chapter 3.  
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Appendix 2: Resistive Heating Testing Conditions 

 

Specimen 

Time 

(minutes) Notes 

Set 

temperature 

(°C) 

Average 

actual 

temperature 

(°C) 

Standard 

deviation of 

temperature 

(°C) 

Emissivity 

behavior 

Bridge 18 10 

 

1300 1296 4 steady 

Bridge 19 10 

 

1500 1499 14 dropping 

Bridge 57 10 

 

1500 1499 22 wide spread 

Bridge 58 10 

 

1500 1499 5 steady 

Bridge 46 20 

 

1500 1506 14 steady 

Bridge 53 19 

10 
16

O2 

9 
16

O2 1500 

1507 

1503 

15 

13 steady 

Bridge 76 19 

10 
16

O2 

9 
18

O2 1500 

1503 

1501 

14 

19 steady 

Bridge 80 20 

15 
16

O2 

5 
18

O2 1500 

1505 

1498 

12 

16 steady 

Bridge 89 20 

19 
16

O2 

1 
18

O2 1500 

1500 

1503 

20 

14 steady 

Bridge 67 55 

 

1600 1614 24 steady 

Bridge 49 40 

 

1627 1638 27 wide spread 

Bridge 52 60 

 

1627 1636 30 wide spread 

Bridge 50 70 

 

1627 1625 10 steady 

Bridge 74 10 

 

1650 1671 43 wide spread 

Bridge 84 10 

 

1650 1648 17 dropping 

Bridge 85 20 

 

1650 1656 21 wide spread 

Bridge 93 30 

29 
16

O2 

.75 
18

O2 1650 

1653 

1607 

19 

64 steady 

Bridge 81 35 

 

1650 1651 23 dropping 

Bridge 68 45 

 

1650 1659 26 steady 

Bridge 69 50 

 

1650 1666 28 steady 

Bridge 79 50 

45 
16

O2 

5 
18

O2 1650 

1649 

1648 

11 

13 dropping 

Bridge 63 55 

 

1650 1651 15 dropping 

Bridge 73 60 

 

1650 1649 13 wide spread 

Bridge 72 70 

 

1650 1659 28 steady 

Bridge 20 10 

 

1700 1699 25 dropping 

Bridge 38 15 

 

1700 1702 30 steady 

Bridge 28 20 

 

1700 1698 37 dropping 

Bridge 45 20 

 

1700 1700 22 steady 

Bridge 37 25 

 

1700 1701 26 steady 

Bridge 32 30 

 

1700 1699 14 steady 
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Bridge 61 30 

 

1700 1702 16 dropping 

Bridge 42 35 

 

1700 1699 15 steady 

Bridge 56 35 

 

1700 1699 23 steady 

Bridge 25 40 

 

1700 1698 13 steady 

Bridge 70 40 

 

1700 1699 10 steady 

Bridge 41 5 

 

1800 1797 53 wide spread 

Bridge 33 10 

 

1800 1798 52 wide spread 

Bridge 54 10 

 

1800 1815 58 increasing 

Bridge 43 15 

 

1800 1814 41 steady 

Bridge 62 15 

 

1800 1819 38 steady 

Bridge 36 20 

 

1800 1797 24 steady 

Note 1: all tests performed in 
16

O2 flowing at a rate of 900sccm unless otherwise noted.  

Note 2: steady indicates emissivity constant around 0.90 (±0.09), wide spread indicates 

emissivity ranged from 0.60 to 0.99 throughout test, dropping indicates emissivity continuously 

fell throughout test. 

 

Table 14. Resistive heating test conditions. 

 

 

 

a) b)  

Figure 68. Plot of emissivity and temperature versus current for ZrB2-30 vol% SiC 

specimen oxidized at 1300°C for 10 minutes a) at full scale b) showing the scatter in the 

temperature and emissivity measurements. 
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Appendix 3: Casino Simulation for B Concentration Determined by Energy Dispersive 

Spectroscopy (Performed by Siying Liu) 

 The Casino simulation program was used to determine the EDS sampling depth into the 

borosilicate glass formed during oxidation of ZrB2-30 vol% SiC at 1500°C for 100 minutes. A 

series of layers were built using the compositional data determined both from XPS and EDS and 

the density data from Bruckner et al 
70

.  

The sampling volume for the EDS was determined by building a layered borosilicate 

structure. The first layer was set to be 50nm thick with a composition of 6.1mol% B2O3 

(remainder SiO2) from averaging the XPS results for the surface and 50nm into the borosilicate. 

This composition has a density of 2.21g/cm
3
. The next 100 nm was assumed to have a 

composition of 8.8% B2O3 (remainder SiO2) from averaging XPS results acquired at 50nn and 

150nm depth, with a corresponding density 2.18g/cm
3
. The next three layers were assumed to 

have a composition of 12.98mol%, 18.67mol%, and 30.96mol% B2O3 (remainder SiO2) 

respectively. These compositions were determined from mol% B and Si  measured by EDS using 

acceleration voltages of 5kV, 10kV and 20kV. The last three layer thicknesses were determined 

and adjusted using an iterative process to determine the average sampling depth for each 

accelerating voltage. Table 15 provides the layer information used to generate the Casino 

simulations. The three Casino simulations of the sampling volume at 5kV, 10kV, and 20kV 

based on final iterations of the layered structures are shown in Figure 69 through Figure 71. The 

final depth for each acceleration voltage was determined using plots of depth versus hits, as 

given in Figure 72. 
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Layer Thickness 

(nm) 

Total 

depth 

(nm) 

Measured B 

concentration 

(at%) 

Composition 

(mol% 

B2O3) 

Assumed 

density 

(g/cm
3
) 

Source 

1 50 50 0.1, 3.8 6.10 2.21 XPS at 

surface 

and 50nm 

2 100 150 3.8, 5.43 8.80 2.18 XPS at 

50nm and 

150nm 

3 70 220 7.6 12.98 2.15 EDS, 5kV 

4 550 770 11 18.67 2.12 EDS, 

10kV 

5 2130 2900 18.5 30.96 2.06 EDS, 

20kV 

 

Table 15 Layer information used in Casino simulations for EDS penetration depth 

determinations of borosilicate glass formation on ZrB2-30 vol% SiC after oxidation at 

1500°C for 100 minutes in stagnant air in standard box furnace. 

 

 

Figure 69. Casino simulation showing sampling volume in borosilicate glass formed on on 

ZrB2-30 vol% SiC after oxidation at 1500°C for 100 minutes in stagnant air in standard 

box furnace for an accelerating voltage of 5kV. 
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Figure 70. Casino simulation showing sampling volume in borosilicate glass formed on 

ZrB2-30 vol% SiC after oxidation at 1500°C for 100 minutes in stagnant air in standard 

box furnace for an accelerating voltage of 10kV. 

 

 

Figure 71. Casino simulation showing sampling volume in borosilicate glass formed on 

ZrB2-30 vol% SiC after oxidation at 1500°C for 100 minutes in stagnant air in standard 

box furnace for an accelerating voltage of 20kV. 
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Figure 72. Casino simulation of depth versus normalized hits generated for 5kV in the 

simulated borosilicate glass.  
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Appendix 4: Inductively Couple Plasma Optical Emission Spectrometry (Performed by 

Forrest Craven, Siying Liu, Bohuslava McFarland) 

Experimental  

A baseline oxidation test was conducted at 1500°C for 100 minutes. Parabolic oxidation 

kinetics were assumed, in which mass change follows the relationship:  

  
(   

  ⁄ ) 

 
                                                             [A4.1] 

where t is the exposure time, Δm is the oxidation mass change, SA  is the measured surface area, 

and kp is the measured parabolic oxidation rate constant. The exposure times necessary to create 

the same mass gain as the 1500°C 100 minute specimen were determined for temperatures of 

1300°C and 1400°C by calculating the numerator of Equation [A4.1] and using kp values of 

5.19mg
2
cm

4
/h and 4.05mg

2
cm

4
/h, respectively. Exposure times of 221 minutes and 128 minutes 

were calculated for 1300°C and 1400°C, respectively. Specimens were exposed at these time and 

temperature conditions to provide three specimens with approximately the same mass gain (and 

approximately the same oxide thickness), but different oxidation temperatures. Specimens were 

also exposed for 221 minutes at 1400°C and 1500°C to provide a series of specimens exposed 

for the same time at 1300°, 1400°, and 1500°C.  Three trials of each of these tests were 

conducted to evaluate variability of the results. One bar of material was used for each of the three 

trials for consistency within each trial.  

 Following mass change measurements, each specimen was placed in a test tube filled 

with 15mL DI H2O maintained at 35°C for 24 hours to remove water soluble B2O3. The 

specimen was then removed, dried via evaporation at room temperature and weighed. The DI 

H2O solution was retained for analysis. The specimen was then placed in another test tube also 

filled with 15mL DI H2O maintained at 35°C for 24 hours. The second leaching was conducted 
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to confirm that the bulk of the water-soluble B2O3 was removed during the first H2O soak 
70

. 

Again, the specimens were removed and dried and the DI H2O solution was retained for analysis. 

After the second leaching bath, each specimen was placed in an HF acid solution (48%-51% HF 

in H2O) at 35°C for 24 hours to dissolve remaining SiO2. In the first trial, the specimens were 

placed in 3ml of HF solution for 24 hours and then diluted with 12mL of DI H2O.  In the second 

and third trials, the specimens were soaked in a solution of 12mL of DI H2O plus 3ml of HF 

solution at 35°C for 24 hours. The specimens were removed and dried and the HF solutions were 

retained for analysis. A very minimal, ~0.05 mL, amount of solution was lost at each removal of 

the specimen and was unavoidable. 

 The three solutions for all specimens were analyzed for B and/or Si using Inductively 

Coupled Plasma Optical Emission Spectrometry (ICP-OES, Thermo-Scientific, Waltham, MA), 

which has a detection limit on the order of 1ppb for most elements. The purity of the DI H2O 

gives an experimental detection limit of 3ppb for Si. Precise composition measurements were 

made by comparison of the emission spectra from each solution to prepared standards of known 

concentrations and normalization with an internal yttrium standard. The standards were prepared 

using solutions of B and Si with concentration of 1 ppm, 10 ppm, and 100 ppm. B and Si 

quantities were determined in the H2O solutions, but only Si quantities were determined in the 

HF solutions, since ZrB2 dissolves in HF solutions, as observed by Scanning Electron 

Microscope (SEM, 6700F, JEOL, Tokyo, Japan) and described later. The total mass of all 

oxidation products (ZrO2(s), B2O3(l,g), SiO2(s,l) and CO(g)) was calculated by adding the 

observed mass gained from oxidation and the calculated vaporized mass of both B2O3(g) and 

CO(g) together. The vaporized mass was calculated using the stoichiometric relation from: 

0.61 ZrB2+0.39 SiC+2.11 O2(g)= 0.61 ZrO2+0.39 SiO2(s /l)+0.39 CO(g)+0.61 B2O3(l/g)   [A4.2] 



 

128 
 

(where 39 mol% corresponds to the 30 vol% used in this study) and the total amount of Si 

measured from ICP-OES, as described in the results section of Chapter 6. Finally, each specimen 

was carbon coated with the Precision Etching and Coating System (PECS), then examined in the 

SEM and characterized with Energy Dispersive Spectroscopy (EDS, Princeton Gamma-Tech 

Inc., Princeton, NJ) to ensure complete removal of the borosilicate glass layer. 

Example Calculation 

Oxidation reaction: 

0.61 ZrB2+0.39 SiC+2.11 O2(g)=0.61 ZrO2+0.39 SiO2(s /l)+0.39 CO(g)+0.61 B2O3(l/g)   [A4.2] 

Example calculation for: 1500° C, 100 minutes, trial 1 

Molar mass for B2O3= 69.622 g/mole 

Molar mass for CO= 28 g/mole 

Si to B ratio in starting borosilicate glass: 

 

  
 

         

       
            [A4.3] 

Total Si measured via ICP-OES: 

                                          [A4.4] 

(H2O soak 1 + H2O soak 2 +HF soak= total Si) 

Measured Si (mol): 

     
  

 ⁄  
      

        
 

   ⁄
 

  

      
               [A4.5] 

Total B (mol) consumed during oxidation, predicted from [A4.3] and [A4.5]: 

                                 [A4.6] 

Total B measured via ICP-OES: 

                        
  

 ⁄     [A4.7] 

(H2O soak 1 + H2O soak 2 = total B) 



 

129 
 

Measured B (mol): 

     
  

 ⁄  
      

       
 

   ⁄
 

  

      
              [A4.8] 

Percentage of B retained ([A4.8]/[A4.6]): 

           

           
              [A4.9] 

Vaporized B (mol): 

                                       [A4.10] 

Total B2O3(g) and CO(g) vaporized: 

 (
             

 
 

       

   
             

   

   
)  

      

  
            [A4.11] 

Surface area of specimen:
 

(             )    (             )    (             )    

                 [A4.12] 

Measured mass after oxidation minus measured mass before oxidation: 

                             [A4.13] 

Total mass of generated oxides (ZrO2+SiO2+B2O3+CO) per area: 
(              )

               
   

                    [A4.14] 
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Appendix 5: Collaborators 

 A number of collaborators assisted with the work in this thesis. They are listed in 

chronological order. 

Dr. William Fahrenholtz and Eric Neuman (graduate, MS&T) – prepared ZrB2-30 vol% SiC 

material 

Brandon Patterson (undergraduate, UVA) – ran 1550°C box furnace oxidations and performed 

statistical analysis on same 

David Lichtman (undergraduate, UVA) – assisted with sample preparation and statistical 

analysis 

Forrest Craven (undergraduate, UVA) – ran trial 1 oxidation tests for ICP-OES 

Suiying Lui (undergraduate, UVA) – ran trial 2 and 3 oxidation tests for ICP-OES and performed 

Casino simulations on EDS data for sampling volume 

Bohuslava McFarland (graduate, UVA) – ran ICP-OES 

Dr. Wayne Jennings (CWRU) – ran XPS and assisted in XPS data analysis 

Annette Marsolais (CWRU) – assisted in running of ToF-SIMS and ToF-SIMS data analysis 

Dr. David Marshall (Teledyne Scientific) – ion polished samples for ToF-SIMS 

Dr. William Johnson (UVA) – assisted with diffusion coefficient and composition gradient 

calculations 
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Appendix 6: Publications 

 

1. K. N. Shugart and E. Opila, “Initial Stages of ZrB2-30 vol% SiC Oxidation”, Journal of 

the American Ceramic Society, DOI: 10.1111/jace.12843. 

2. K. N. Shugart, B. Patterson, D. Lichtman, S. Liu, and E. Opila, “Mechanisms for 

Variability of ZrB2-30 vol% SiC Oxidation Kinetics”, Journal of the American Ceramic 

Society, DOI: 10.1111/jace.12911. 

3. K. N. Shugart, S. Liu, and E. Opila, “Determination of Retained Boria Content in ZrB2-

30 vol% SiC Oxide Scales”, in preparation for the Journal of the American Ceramic 

Society. 

4. K. N. Shugart and E. Opila, “SiC-Depletion in ZrB2-30 vol% SiC at Ultra-High 

Temperatures” , in preparation for the Journal of the American Ceramic Society. 

5. K. N. Shugart and E. Opila, “Oxygen Diffusion Pathways in ZrB2-30 vol% SiC at Ultra-

High Temperatures” , in preparation for the Journal of the American Ceramic Society. 
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