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ABSTRACT

The oxidation kinetics of MgO-SiC composites in air over the temperature 

range from 1200 to 1500°C are described in terms of the thickness of the oxidized 

product scales. Oxidation leads to the formation of three subscales: an inner dark layer, 

where Si is present, an intermediate porous layer, and an outer MgO columnar grain 

growth layer. The use of samples doped with trivalent cations as well as SIMS results 

indicate that the MgO columnar grain growth is formed by magnesium diffusion to the 

surface where it is oxidized. The overall oxidation process is controlled by several 

processes, influenced by the formation of the subscales.
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1. INTRODUCTION

An increasing importance has been given to ceramics, especially ceramic 

matrix composites reinforced with particulate and fibers (whiskers), as high- 

temperature structural materials. The excellent oxidation resistance exhibit by SiC, due 

to the formation of a protective coherent layer of S i02, as well as the remarkable 

increase in toughness of ceramic bodies reinforced with it, creates great interest of its 

use as reinforcement. Despite of the emerging interest in such materials, only limited 

data on oxidation resistance are found in the literature.

Even though there is no commercial interest in MgO-SiC composites, MgO 

was chosen as the matrix material for several reasons. The most important of them is 

that MgO can be regarded as an ideal material for studies of mass transport 

phenomena in ceramics, due to the relatively large amount of data in diffusional 

processes existent in the literature. Stability at high temperature in oxidizing 

environments, the lack of a low temperature eutectic glass phase with S i02 , and the 

ability to be easily fabricated into a dense composite microstructure also aided in the 

choice of MgO as matrix material.

In this work, the kinetics of the oxidation of MgO-SiC composites in air are 

analyzed as a function of SiC content of the composite. The mechanism of reaction is 

described in terms of the phases within the reaction layers on the basis of microscopy 

observations. The influence of doping MgO with tnvalent cation ions (Sc3+ and Al3+) 

in the oxidation behavior of these composites is also evaluated. SIMS (Secondary Ion 

Mass Spectroscopy) is used to investigate some possibilities regarding the oxidation 

mechanism.
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2. LITERATURE REVIEW

The discussion of mass transport phenomena is closely related to the 

interpretation of diffusion data available in the literature. Magnesia has been relatively 

well studied in this field, either by experimental or by lattice simulation techniques. 

Since the main purpose of this work is the investigation of mass transport in ceramics 

by studying the oxidation of a composite material which has MgO as the matrix, it 

appears to be convenient to start this section with the discussion of some aspects 

concerning bulk diffusion, defect structure, and grain boundary diffusion in magnesium 

oxide. The oxidation behavior of composite materials, and more specifically, oxidation 

of magnesium oxide-silicon carbide composites will be also reviewed.

2.1 Self-Diffusion Studies in MgO

The random motion of atoms in the absence of a concentration gradient is 

termed self-diffusion. Studies of self-diffusion are usually accomplished by 

introducing an isotope with a small natural abundance. In the case of isotopes as 

tracers, the difference in diffusion coefficients is related to the isotope mass difference1 

by:

D/D - 1 = f, [(M/Mt)12- 1]   2.1

where f, is a value that depends on the crystal structure and mechanism of diffusion, 

Dt is are the isotope diffusion coefficient, M̂  is the isotope mass, D and M are
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diffusion coefficient and mass of the species of interest respectively.

Even though some diffusion processes, such as the exchange and ring 

mechanisms, do not require the presence of defects, diffusion is usually discussed in 

terms of point defects, either vacancies or interstitials. In the presence of impurities, 

two regimes can be distinguished. The first, which is purely temperature controlled, is 

termed the intrinsic region, and the thermally generated vacancies are called intrinsic 

defects. The region which is dominated by impurities is termed extrinsic.

The Arrhenius relationship describes the temperature (T) dependence of the 

diffusion coefficient (D):

where D0 is a temperature independent constant, R the gas constant and Q is the 

activation energy. Q is given by the summation of the enthalpies of formation and 

mixing (AHf + aI ^ )  when the material behaves intrinsically or Q is simply when it 

shows an extrinsic behavior.

The tracer diffusion coefficient (Dt) is related to the defect diffusion coefficient

where f  is the correlation factor (1 for interstitials, <1 for interstitialcy and vacancy) 

and cd is the fractional concentration of defects.

D = D0 e Q/(RT) 2.2

(Da) by

Dt = f  cd Dd 2.3
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2.1.1 Cation Self-Diffusion in MgO

Studies on cation self-diffusion in MgO were done with either 28M g3-4,5 or 26M g4 

as tracers. Problems associated with the introduction of impurities via the tracer 

solution in 28Mg are discussed by Harding and Price.5 Data obtained with 26Mg lead to 

activation energies for cation self-diffusion of 2.76 ± 0.08 eV.

Calculations made by Mackrodt7 with the shell-model approach suggests a 

value of 2.1 eV for cation vacancy migration in MgO. These values are in good 

agreement with those obtained by Sempolinski and Kingery,8 2.28±0.21 eV, and 

Dulclot and Déportés,9 2.3 eV, by measurement of the ionic portion of the conductivity 

in MgO.

In a review of self-diffusion in MgO, Wuensch10 pointed out that the vacancy 

diffusion coefficients calculated with the Nemst-Einstein relation were found to predict 

the magnitudes of the measured cation self-diffusion coefficients if an appropriate 

concentration of extrinsic vacancies is assumed. Concentrations of 100 to 200 ppm 

provides agreement with the data of Wuensch et al.6 and 1000 ppm reflects the results 

obtained by Harding and Price.5 It appears to be a general agreement that the cation 

migration in MgO proceeds by a vacancy mechanism and that the vacancy 

concentration is fixed by accidental impurities.11-12

2.1.2 Anion Self-Diffusion in MgO

Data for oxygen self-diffusion have similar levels of agreement as those 

obtained for cation migration. Three sets of results obtained by gas-exchange
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technique are presented in Figure 2.1. The data obtained by Hashimoto et al.15 using 

polycrystalline samples with two different particle size provide interesting evidence for 

enhanced oxygen diffusion at grain boundaries. As discussed by Wuensch10, a 

computation of diffusion coefficients within the particles, including corrections in 

terms of oxygen partial pressure, brings the activation energies values obtained by 

these authors to values in good agreement with 2.71 eV reported by Oishi and 

Kingery13.

Lower values of activation energies have also been reported in the literature. 

Among those, there is a value of 2.42 eV obtained by Shirasaki and Hama15 using the 

gas-exchange method and 2.4 eV estimated theoretically by Mackrodt.7 Higher values, 

including one of 3.24±0.13 eV obtained over a temperature range of 1000-1650°C for 

diffusion of 180  out of an epitaxial single crystal layer of Mg180 , are also reported.17

2.2 Defect Structure in MgO

As previously mentioned, the movement of atoms in a crystal occurs due to the 

existence of defects in the crystal structure, either vacancies or interstitials, although 

defect complexes may play a role. When considering ionic crystals, the existence of at 

least two sub-lattices produces additional possibilities for different diffusion paths than 

those found in simple metals. These defects are schematically presented in Figure 2.2.

MgO is a highly stoichiometric material with a Schottky formation energy of 

approximately 740 kJ/mol, implying that intrinsic behavior can not be observed at 

temperatures below the melting point, even in the purest samples (aliovalent impurities 

in the order of 60 ppm).8 The concentration of electronic defects is very low with a
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Figure 2.1 - Oxygen self-diffusion coefficients for MgO plotted as a function of 

reciprocal temperature. The three sets of results were obtained at different oxygen 

partial pressure. To facilitate comparison, data have been scaled to a pressure of 150 

Torr assuming a 1/6 power dependence.10
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Figure 2.2 - Defects which play most prominent role in ionic crystal, listed more or 

less in the order of importance. Vc= cation vacancy; VA= anion vacancy; V2C= cation 

divacancy; V2A= anion divacancy; VAC= anion-cation divacancy; VNA= non- 

stoichiometric anion vacancy; Ic= interstitial cation; Is= split interstitial; IA= interstitial 

anion; VNC= non-stoichiometric cation vacancy.19
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calculated value for the oxidation of vacancies to form holes of about 4 eV.7

Impurities or dopants can enter in the lattice as interstitial atoms, substitutional 

atoms, or, in same cases, as both. Results of calculations considering different cation 

ions as dopants in MgO are presented in Table I, and they support that the presence of 

cation dopants as interstitials are highly energetic unfavorable. Therefore, basically, in 

the absence of defect association, doping by subvalent or supervalent cations are 

compensated by formation of vacancy defects, that can be written with use of Krôger- 

Vink notation18 as:

X20  ** 2 XMg + OJ + V0 ; for a monovalent oxide .................  2.4

X20 3 ** 2 XMg + 3 05 + V^g ; for a trivalent oxide ...........................  2.5

When iso valent cation are used as doping element only size effects are present.

Three limiting situations can be distinguished regarding the dilution of the 

dopant in the host structure. At one extreme, which occur at high temperatures, there 

are no defect-dopant interactions. As the temperature is lowered, aggregation or 

clustering of defects occurs. Between these two extremes, a "mixed mode" solution is 

expected to form, in which the dopant is present as defect dimers, trimers and 

un associated solution ions in varying proportions.

Several point defect configurations in magnesia have been investigated by 

shell-model calculations.7,20"22 Some typical calculated binding energies are presented 

in Table II, and they suggest that four-valent impurities will be present largely as 

associates, whereas trivalent impurities will lead to a multiplicity of defects including
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TABLE I - Calculated Heats of Solution for Interstitial and Substitutional Doping of 

MgO in the Absence of Defect Interactions.7

Heats of Solution (eV) per Dopant Cation

Dopant Oxide
for interstitial doping

anion interstitial com pensation cation vacancy com pensation

Na^O 12.1 5.1

MgO 19.5* 11.9

a-Al20 3 26.4 14.9

Ti0 2 41.6 26.4

for substitutional doping

in terstitial com pensation vacancy

com pensation

hIa2O 5.1 3.0

a-Al20 3 6.0 2.2

oH

7.3 3.5

Energy for interstitial disorder 

’’ Frenkel disorder
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TABLE II - Calculated Association Energies of Cation Impurities with Vacancies in 

MgO.7

Defect Association Energy (eV)

Li -V -1.4
Mg 0

Na - V -1.3
Mg 0

Na - V +0.7
Mg Mg

Ca - V -0.2
Mg Mg

Srx -V -0.3
Mg Mg

Ba* - V -0.4
Mg Mg

A L X  <10° i -0.9

Sc -V -0.8
Mg Mg

Y -V -1.0
Mg Mg

In -V -1.0
Mg Mg

Ti -V -2.0
Mg Mg

Ge - V -1.5
Mg Mg
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free vacancies, dimers and trimers. These calculations are not sensitive to the cation 

size. The interpretation of the results obtained in such calculations is restricted by 

experimental information available for comparison. Two sets of data support the 

calculations for doping with trivalent cations. For the association of Cr vacancy dimer 

in MgO, Weber et al.23 deduced a value of 0.88 eV, while Kingery and Sempolinski8 

obtained 0.73 eV for the corresponding scandium defect association. Overall 

calculations involving impurity migration seem to provide satisfactory agreement with 

reported experimental values.

2.3 Grain-Boundary Diffusion in MgO

For a through understanding of diffusion-controlled processes in polycrystalline 

specimens, it is important to know whether bulk or grain-boundary diffusion 

predominates in the temperature range of interest. As previously mentioned, the 

evidence of a gram boundary acting as preferential path for oxygen diffusion in MgO 

has been demonstrated in studies of tracer measurements in a temperature range of 

1020 to 1450°C.15 No study of tracer diffusion of Mg in polycrystalline MgO is 

available. By analogy with the diffusion of Na in NaCl24, and based on results 

obtained for diffusion of different cations in by crystals and polycrystalline MgO25'27, 

no enhanced grain boundary diffusion is expected, at least in precipitate-free grain- 

boundaries.

As discussed by Kingery,28 the ionic nature of ceramic oxides leads to the 

formation of electrostatic potential on grain-boundaries, which depends strongly on 

defect structure, impurity concentration, and temperature. Direct observations of MgO 

grain-boundaries showed that microscopic and submicroscopic solute precipitation at
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these grain-boundaries is common even in "high purity" materials.29"31

"If grain-boundary diffusion is most rapidly, electrical neutrality 
requirements will lead to bulk diffusion occurring almost completely 
in the region immediately adjacent the boundary, under steady state 
conditions. Under these circumstances, the activation energy will 
correspond to volume diffusion, but the absolute rate will depend on 
the details of impurity concentration and resulting space charge".32

2.4 Oxidation Behavior of SiC and Related Oxide Matrix Composites

2.4.1 Oxidation of SiC

SiC exhibits two kinds of oxidation behavior depending on oxygen partial 

pressure at high temperatures. Passive oxidation occurs at moderate to high pressures 

and is characterized by the formation of a protective S i02 layer accompanied by mass 

gain. The oxidation reaction is given by:

SiC(B) + 3/2 0 2(g) - f  S i02(s) + CO^ . . .  2.6

Active oxidation occurs at lower oxygen partial pressures and is characterized by a 

loss in mass due to the formation of gaseous species according to the following 

reaction:

S.C(s)+ 0 2(g) ^  S ,0 (g) + CO(g) . 2.7

A review on the literature for the active-to-passive oxidation transition of SiC 

was carried out by Vaughn and Maahs,33 and is presented in Figure 2.3. An important
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remark concerning the plotted data is related to the apparent scatter in the data of 

Narushima et al.,35 which is in fact a result of the effect of varied flow rates imposed 

during the experiments. Data obtained by Vaughn and Maahs33 are close to those 

reported by Hienze and Graham40, Keys41, and Narushima et al..35

Several studies have been done on oxidation of SiC with wide variations in the 

reaction rates and morphology of the reaction products been observed. Direct 

comparison of these data should be done with restrictions since materials with different 

impurities and manufacturing techniques have been used. In addition, a variety of 

oxidation conditions have been used. Briefly and selectively, a few conclusions 

emerge:

• Parabolic or near parabolic oxidation kinetics have been observed for the 

oxidation of SiC with calculated activation energies varying from 85 to 500 kJ/mol.42-52 

There is no general agreement regarding the rate-controlling step;

• The oxidation of SiC whiskers depends on their crystallographic orientation, 

with higher rates on the carbon-rich (oool) face than on the silicon-rich (oooi) 

face.45-4""3

• The first product of reaction appears to be amorphous S i02, which devitrifies 

to spherulitic cristobalite during the growth of the scale.48-51,54 A much higher 

susceptibility to crystallization is exhibited by polycrystalline SiC compared with 

single crystal SiC.48

• Above a certain temperature, around 1400°C, an increase in activation 

energies is observed suggesting a change in the oxidation mechanism.47,48,54 Even 

though crystallization was not observed in the studies conducted by Zheng47 using SiC 

single-crystals, Costello et al.48 and Jorgensen et a l/4 have suggest a relation between 

the change in activation energies and the S i02 crystallization phenomenon;

• A dependence of oxidation rate on oxygen partial pressure exists47,51 and
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appears to increase with decreasing in temperature, with apparent independence when 

1500°C is reached.51

• The appearance of gas bubbles is reported in sintered and hot-pressed 

materials,51,52 but not referred to in studies of SiC single crystals.

2.4.2 Oxidation of SiC Reinforced MgO Composites

Hallum55 studied the oxidation kinetics in air of MgO-SiC composites. Samples 

with five, ten and fifteen volume percent of as powder or whiskers were investigated 

by thermogravimetric analysis. In the temperature range from 1100 to 1500°C, a 

parabolic oxidation behavior was observed, strongly dependent on the amount of SiC 

present in the matrix, and almost independent of the type of SiC used. A comparison 

between activation energies calculated and data from the literature suggest diffusion of 

magnesium ions as the rate controlling step of the reaction (Table III). Diffusion 

coefficients determined from his data also support this conclusion.

In terms of microstructural features, Hallum observed the formation of a scale 

as a product of reaction, which was formed by two distinct layers: an outside white 

layer and an inner dark (black) layer (Figure 2.4). SEM also indicates the presence of 

a columnar grain growth layer on the surface of the sample, followed by a porous 

region (Figure 2.5). The presence of forsterite in the grain boundaries was also 

observed by TEM (Figure 2.6).

Based on that, Hallum suggested a model in which SiC reacts with oxygen 

from MgO to form S i02 and gaseous carbonaceous species. S i02 further reacts with 

MgO to form forsterite (Mg2Si04). Mg2+ cation ions diffuse out and react with oxygen



T - 4 6 3 6 16

TABLE III - Activation Energies Values for Lattice and Grain-Boundary Diffusion in 

MgO, and Oxidation of SiC.

Process Type

Temperature

Range

(°C)

Activation Energies 

(kJ/mole)

Diffusion in 

MgO

grain-

boundary

diffusion

1107-1527

1066-1250

1066-1250

24458

252^

11151

Oxygen lattice 

diffusion

1300-1750 26113

1050-1438 252'*

1020-1450 234**

magnesium

lattice

diffusion

1156-1387 33110

1132-1500 309"

1905-2342 340*

1450-2400 266*

Oxidation in 

MgO-SiC 

composites

Mg?» 

diffusion in 

MgO

1100-1500 311-410**
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Figure 2.4 - Optical micrograph o f polished cross section o f MgO through polarized 

light containing 5 volume percent SiC whiskers oxidized at 1400°C for 1.5 hours.""
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Figure 2.5 - Columnar grain growth layer and pore formation on MgO sample 

containing 5 volume percent SiC whiskers oxidized at 1500°C for 1.5 hours. SEM 

micrograph on fracture surface."3



Figure 2.6 - M g2S i0 4 particles and SAD pattern from oxidized surface o f  MgO 

containing 15 volume percent SiC whiskers oxidized at 1500°C for 20 hours. TEM 

micrograph.""
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in the atmosphere to form the columnar MgO layer. The gaseous species formed 

account for the porosity observed in the oxidized samples.

2.4.3 Oxidation of SiC Reinforced Oxide Matrix Composites

There are only a few studies in the literature on the oxidation of oxide matnx- 

silicon carbide composites. Alumina,60'64 mullite63"65 and alumina-zirconia66,67 are used 

as matrices, and SiC as particles or whiskers as the dispersed phases. Most of the 

studies support parabolic oxidation rates61"66 in the range of temperature of 1200 to 

1500°C, and therefore diffusion through the reaction product as a step controlling the 

oxidation rate.

Studies on the influence of the amount of SiC in the oxidation kinetics are not 

conclusive. Two independent systematic studies in this area were conducted by Lin et 

al.61 and by Luthra and Park64 using alumina and mullite matrices composites. Lin, 

Marieb, Morrane, and Nutt61 varied the amount of SiC in an A120 3 matrix and observed 

an increase in the oxidation rate with the decrease in whisker content. They attributed 

the slowing down observed in the samples with more than 25 volume percent SiC to 

the formation of SiC, In contrast, Luthra and Park64 obtained parabolic constants 

essentially independent of the composite composition when expressed on the 

basis of the thickness of the reaction layer products for both A120 3 with up to 50 

volume percent SiC and mullite with maximum of 28 volume percent.

Activation energies for oxidation of these composites have been reported in 

most works to be in the range 420 to 540 kJ/mol. Only Borum et al.63 reported smaller 

values of 90 kJ/mol for A1,03 matrix composites and 120 kJ/mol for the mullite matrix
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compositions. Even though they do not account for values as low as those obtained by 

Borum et al.63, Osendi's results64 support that the oxidation rate is very dependent of 

the impurities present in the SiC. Working with three different sources of SiC as 

reinforcement, he observed similar results for both SiC particles and whiskers, with 

activation energies values of 487 and 437 kJ/mol, respectively. In contrast, SiC 

whiskers from a third source gave a broad range of activation energy from 279 to 517 

kJ/mol. Matrix impurities also affect the activation energy values as reported by Wang 

et al.66 Increasing amounts of additives decreased the activation energies for oxidation 

of A120 3- Z r02-SiC composites from 420 kJ/mol to 350 kJ/mol.

In terms of microstructure, the formation of bubbles is observed for all matrices 

and they have been attributed to CO(g) evolution. The increase in the amount of 

bubbles with the increase of amount of SiC and temperature was reported by Luthra.

In A120 3 and mullite matrix composites the only crystalline phase formed as product of 

reaction is mullite. The presence of amorphous and crystalline S i02 were reported by 

Wang et al.66 and Backhaus67 in A120 3- Z r02-SiC composites as well as ZrSi04. Glassy 

aluminosilicate products occurs in all composites, predicted as a metastable species in 

the Al20 3-Si02 phase diagram.68,69 The presence of carbon was also observed using 

TEM by Lin et al.60 and Backhaus67 in A120 3 and Al20 3-Zr02 matrices, respectively.

In both studies, the occurrence of carbon was observed in a black scale subzone of 

the oxidized scale, visually identified by a darker color than the bulk material (Figure 

2.7(a)) and characterized by the presence of partially oxidized SiC. Precipitates of 

crystalline or amorphous carbon were often found in this region in contact with the tips 

of SiC. Even though, normally, mullite has already formed in the vicinity of the 

partially dissolved whiskers, in some rare cases amorphous silica or silica-rich pockets 

have been observed (Figure 2.7(b)) in Backhaus07 work. Karimamthy70 also observed 

carbon as a product of the decomposition of SiC in the oxidation of 60 to 75% dense
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amorphous carbon

Figure 2.7 - Polished cross section of Al20 3-Zr02-SiC composite samples oxidized at 

1500°C for 53 hours - light micrograph (a), and partially dissolved SiC whisker within 

the black scale - TEM micrograph (b).67
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Al20 3-SiC composite at 1000°C for one hour. Results of chemical analysis by pyrolysis 

indicated an increase of about 1% in the free carbon content in the darkened areas of 

oxidized samples with more than 25 volume percent SiC whiskers.
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3. EXPERIMENTAL PROCEDURE

3.1 Sample Preparation

This study used magnesium oxide-silicon carbide (MgO-SiC) composites with 

SiC as particles or whiskers dispersed in a MgO matrix. Samples with SiC whiskers 

were provided by Dr. D.W. Readey's former student,* and those with SiC powders 

were prepared exclusively for this study. All samples were made with high purity 

MgO from the same supplier (Fisher Scientific). Chemical analysis of the lots used in 

each case are shown in Table IV. The MgO lot referred to as "Lot #1" was used for 

preparing MgO-SiC composites with whiskers.55 "Lot #2" is the one used in the 

current work.

Magnesium oxide-silicon carbide whisker (MgO-SiCw) composites samples 

were prepared with p-SiC single crystals (Tateho Chemical Ind.) having nominal 

diameter of 0.5 pm and length of 10 to 40 pm in amounts of five, ten and fifteen 

volume percent (5, 10, and 15 v/o). Samples were hot pressed at The Ohio State 

University and the mam parameters used as well as sample final densities are 

summarized in Table V. Details of preparation and characterization of these 

composites are given in Reference 55.

Magnesium oxide-silicon carbide powder composites (MgO-SiCp) were 

prepared with cubic SiC powder, 99.8% pure from Johnson Matthey. A120 3 and

* Gary W. Hallum
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TABLE IV - Chemical Lot Analysis of MgO Powder.

Impurities Lot #1 
(wt.%)

Lot #2 
(wt.%)

Barium (Ba) 0.005% 0.001%

Iron (Fe) 0.003% 0.002%

Chloride (Cl) 0.001% 0.005%

Calcium (Ca) 0.001% 0.01%

Manganese (Mn) 0.0003% 0.0003%

Potassium (K) 0.001% 0.001%

Sodium (Na) 0.1% 0.1%

Strontium (Sr) 0.001% 0.002%

Sulfate (S04) 0.01% 0.01%

Heavy Metals (as Pb) - 0.0006%

Nitrate (N 03) - 0.001%
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TABLE V - Hot Press Parameters and Final Density of MgO-SiCw 
Composites.

Sample Hot Press Parameters %  Theoretical 
Density*

amount of 
SiCw(v/o)

pressure
(MPa)

time
(min.)

temperature
(°C)

5 27.6 60 1530 > 99  8

10 27.6 120 1680 > 98.1

15 27.6 90 1750 > 98.0

•Densities measured by Archimedes' method in isopropyl alcohol.
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Sc20 3, 99.9% pure powders, from the same supplier, were used to prepare doped MgO 

powder. The procedure to prepare the doped MgO powder as well as the composite 

samples will be described in the following sections.

3.1.1 Doped MgO Preparation

The doped MgO powders were prepared mixing either 5.51 or 5.38 weight 

percent of the doping element for A120 3 and Sc20 3, respectively. In order to ensure a 

well-defined extrinsic system, it is necessary to have cation dopants in solid solution at 

concentrations in excess of those due to background impurities. The existence of a 

saturated solid solution was expected to be guaranteed by these concentrations and the 

presence of a second phase in the microstructure. Scandium was chosen because it has 

a high solubility in MgO allowing a higher doping level.8 The solid solubility of Sc20 3 

in MgO ranges between 0.005 and 0.044 mole fractions in the temperature interval 

from 1270 to 1600°C.71 The maximum solubility of 0.15 mole fraction of Sc20 3 in 

MgO is observed at the eutectic temperature of 2260°C.72 On the other hand, the 

M g0-Al20 3 system has a spinel, MgAl20 4. The solid solubility of A120 3 in MgO has 

been determined only for temperatures in the range 1277 to 1977°C,73’74 with a 

maximum solubility approximately 0.008 mole fraction of A120 3 occurring at the 

eutectic temperature of 1995°C (Figure 3.1).

A mixture of MgO and 5.51 weight percent of A120 3 was dry ball milled in 

polyethylene bottles one-half full of A120 3 balls for 24 hours. The amount of each 

oxide was calculated from a density of 3.58 g/cm3 for the MgO, and 3.97 g/cm3 for 

A120 3. The mixture was calcined in a MgO crucible (Custom Technical Ceramics) at 

1100°C for 24 hours in a Lindberg furnace capable of 1700°C. The resulting product
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Figure 3.1 - Calculated Mg0-Al20 3 phase diagram. Dashed curve is a metastable 

miscibility gap in MgO.74
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was further ball milled for 24 hours and evaluated by x-ray diffraction (XRD) on a 

Rigaku rotating anode diffractometer with Cu Ka radiation of 0.154179 nm 

wavelength. The XRD pattern showed a small amount of unreacted A120 3 (Figure 3.2) 

and a second calcination step was introduced at 1650°C for 20 hours. Since the XRD 

pattern of the resulting powder did not show peaks characteristic of unreacted alumina 

(Figure 3.3), the procedure was considered satisfactory.

The same procedure used for Al-doped MgO was followed to prepare the Sc- 

doped MgO. The density value of 3.864 g/cm3 for Sc20 3 was used to calculate a 5.38 

weight percent Sc20 3-Mg0 mixture. In this case, the resulting second phase is Sc20 3, 

as shown in the XRD pattern in Figure 3.4, which is in agreement with previous 

studies.30'71

3.1.2 Green Pellet Preparation

SiC powder was mixed with pure (undoped) MgO in 5, 10, and 15 v/o 

amounts. The percentages were calculated assuming the density of 3.21 g/cm3 for SiC. 

The mixtures were ball milled in polyethylene bottles with A120 3 media for 24 hours. 

The resulting mixture was weighted to give the volume of a disc with 24.4 mm in 

diameter and 50 mm thick considering the densities referred to before. The weighted 

powder was pressed into a green pellet disc with a diameter of 24.4 mm for 30 

seconds at an applied pressure of 87 MPa with an hydraulic laboratory press. Green 

pellets of doped MgO were mixed to 10 v/o SiC powder. The percentage of SiC was 

calculated based on the assumption that all 5.51 weight percent of A120 3 reacted to 

form MgAl20 4. For the Sc-doped MgO, all the 5.38 weight percent Sc20 3 added was 

assumed to be present as Sc20 3 second phase. These samples will be referred as Al-
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Figure 3.2 - XRD pattern of : (a) MgO powder as-received, (b) A120 3 powder as- 

received, and (c) MgO-5.51 weight percent A120 3 mixture calcined at 1100°C for 24 

hours.
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received, and (c) MgO-5.51 weight percent A120 3 mixture resulting from a two step 

calcination cycle.
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received, and (c) MgO-5.38 weight percent Sc20 3 mixture resulting from a two step 

calcination cycle.
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doped MgO-10 v/o SiCp and Sc-doped- MgO-10 v/o SiCp. Ball milling and 

consolidation of green pellets were the same as before.

3.1.3 Composite Consolidation and Characterization

A schematic representation of the hot press facility used to consolidate the 

composites is shown in Figure 3.5. The green pellet was mounted in the graphite die 

with a graphite foil 0.01 mm thick (grafoil - Union Carbide Corp.) as a liner between 

the pellet and the graphite parts (punch and sleeve). Temperatures were recorded with 

W-W5%Re / W-W26%Re thermocouple interfaced to a digital thermometer and a 

chart recorder. Starting vacuums were in the order of 0.003 to 0.005 MPa (30 to 50 

millitorr), and a vacuum gage was used to monitor the pressures during the hot press 

cycle.

The system was heated to 1000°C at a ramping rate necessary to keep the 

pressure below 3.3x1 O'5 MPa (250 millitorrs) . A pressure on the order of 34.5 MPa 

(5000 psi) was applied then to the powder, and temperature was raised to 1635°C with 

a ramping rate of l°C/min. Densification was carried out at 1635 ± 10°C for 90 

minutes. The power supply was then shut down and the pressure released only when 

the temperature had decreased to 1000°C. The hot pressed disks obtained were ground 

with SiC paper to remove residual grafoil. Figures 3.6 to 3.10 show etched and 

fractured surfaces of all hot-pressed samples reinforced with MgO-SiCp . Table VI 

summarizes data on theoretical densities, measured by Archimedes' method in 

isopropyl alcohol (Appendix I), and average gram size of the composites (Appendix 

II).
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Figure 3.5 - Schematic representation of the hot-press equipment.
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Figure 3.6 - SEM micrographs of MgO-5 v/o SiCp composites: (a) polished and

etched (high concentration HC1 solution) surface and (b) fractured surface.
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Figure 3.7 - SEM micrographs of M gO-10 v/o SiCp composites: (a) polished and

etched (high concentration HC1 solution) surface and (b) fractured surface.
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Figure 3.8 - SEM micrographs of M gO-15 v/o SiCp composites: (a) polished and

etched (high concentration HOI solution) surface and (b) fractured surface.
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Figure 3.9 - SEM micrographs of Sc-doped M gO-10 v/o SiCp composites: (a) polished

and etched (high concentration HC1 solution) surface and (b) fractured surface.
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(4

(b)

Figure 3.10 - SEM micrographs of Al-doped M gO-10 v/o SiCp surface of doped MgO-

SiCp composites: (a) polished and etched ( H N 03/H20  (50/50) at 50°C) surface and (b)

fractured surface.
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TABLE VI - Average Grain Size and Densities of Composite Samples.

SAMPLE
AVERAGE GRAIN 

SIZE

% THEORETICAL 

DENSITY

MgO-5 v/o SiCp 0.4 ± 0.09 pm > 9 8  8

MgO-10 v/o SiCp 0.4 ± 0.11 pm > 9 9  9

MgO-15 v/o SiCp 0.3 ± 0.04 pm > 9 8  8

Sc-doped MgO - 

10 v/o SiCp
2.0 ± 0.37 pm > 9 8  5

Al-doped MgO - 

10 v/o SiCp
2.1 ± 0.32 pm > 99.4
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Figure 3.11 presents the results of x-ray mapping obtained for Si on the SEM 

for the undoped composites samples containing 5, 10 and 15 v/o SiCp. The spots 

represent the detected x-ray signal for Si in a longitudinal section of the hot-pressed 

disks. As expected, a qualitative increase in the Si signal is observed as the amount of 

SiC added goes from 5 to 15 v/o.

3.2 Oxidation Experiments

Samples for oxidation were prepared by cutting the hot-pressed composites into 

small slabs into the range of 2 by 2 by 3 mm to 5 by 5 by 5 mm with a diamond 

wafermg blade. The cut surfaces were finished on SiC abrasive paper. The samples 

were cleaned ultrasomcally in acetone before oxidation. The oxidation experiments 

were carried out in a single-zone tubular furnace (Lindberg able to reach 1500°C) in 

an alumina tube. Two different procedures were applied based on the atmosphere used.

3.2.1 Oxidation in Air

Samples oxidized in air were used for obtaining data on evolution of the 

oxidized regions as a function of temperature and time. A schematic of the 

experimental set up is shown in Figure 3.12. In the first step the furnace was brought 

to the desired temperature. A Pt-30%Rh / Pt-6%Rh thermocouple was used to control 

the temperature in the region in which the sample would be oxidized. In a second step, 

the thermocouple was replaced by an alumina rod with the sample hanging on a 

platinum wire (Figure 3.12(b)). Oxidation times used were 5, 10, 20, and 30 hours. 

Oxidation temperatures were 1400°C, 1450°C, and 1500°C for the undoped MgO
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(a)

(b)

(c)

Figure 3.11 - X-ray mapping of Si in the undoped composites samples: (a) MgO-5 v/o 

SiCp, (b) MgO-10 v/o SiCp, and (c) MgO-15 v/o SiCp. SEM images.
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FIGURE 3.12 - Schematic representation of the oxidation experiments carried out in 

air: (a) temperature checking stage and (b) oxidation stage.
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composites, and 1200°C, 1300°C and 1400°C for the doped ones. Oxidation 

temperatures for the different composites were chosen as a function of the oxidation 

kinetics and limited by the thicknesses of the hot-pressed disks which were around 5 

mm.

3.2.2 Oxidation in 180 2/160 2 Mixtures

The following procedure was used to prepare samples for SIMS (Secondary Ion 

Mass Spectroscopy) analysis. The atmosphere used for these oxidations was a mixture 

of 50% 180 2 (95-98 atom%) and 50% 160 2 (99.993 atom%) from Icon Services Inc. In 

these experiments, the sample was placed at room temperature in the alumina tube 

hanging on a platinum wire in a small crucible . The tube was sealed and evacuated. 

The mixture of gases was then inserted in the tube and the system was heated up to 

the desired temperature. The experimental apparatus used is shown in Figure 3.13.

One stage and two stage oxidations were used to prepare samples for SIMS. Details of 

the prepared samples and oxidation cycle used are presented in Table VII.

3.3 Analysis of the Oxidized Samples

The samples oxidized in air were analyzed mainly with light microscopy and 

SEM. XRD, energy dispersive X-ray spectroscopy (EDS), and transmission electron 

microscopy (TEM) were also used to characterize the compositions of reacted regions.

Cross sections of oxidized samples were prepared for light microscopy by 

mounting in cold mount resin. Mounted samples were polished with a sequence of
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Figure 3.13 - Schematic representation of the experiments in 180 2/160 2 mixture.
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TABLE VII - Oxidation Experiments in 180 2/160 2 Gas Mixture.

Sample Oxidation

cycle temperature time atmosphere

MgO- 15 v/o 

SiCp

1 stage 

only
1400°C 30 hours '* 0 /" 0 2

MgO-15 v/o 

SiCp

stage #1 1400°C 20 hours air

stage #2 1400°C 10 hours '8o / " o 2

Sc-doped MgO 

- 10 v/o SiCp

1 stage 

only
1400°C 25 hours ^ o 2/^ o 2
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abrasive SiC paper and A120 3 slurry of 1.0 and 0.5 pm. The oxidized layers were 

observed under polarized light on a Neophot metallograph able to reach 1000 times 

magnification. The thickness of the oxidized layers was measured on a Leco 2001 

image analyzer. The color mode available on this apparatus was used to get a better 

definition on the end of each layer as demonstrated in Figure 3.14. During the 

measurement procedure, special care was taken to avoid regions near the 

edges of the sample. The resulting values correspond to an average of at least four 

measurements.

SEM analyses were performed on the as-fractured surface. The image analyzer 

from SEMICAPS was used to measure the length of the columnar grain growth layer, 

with a minimum of 30 measurements per sample in regions far from the comers of 

samples. The main features of the different layers as well as appearance of the 

oxidized surfaces were also investigated with the SEM.

TEM analysis of whiskers was made possible by means of mechanical 

extraction of the whiskers from the sample surface. In order to remove them, an 

acethil-cellulose plastic film (BIDDEN) was applied in the sample surface previously 

embedded in acethil-acetone. The acethil-acetone dissolves the plastic film that became 

mushy involving the whisker particles. Since acethil-acetone is extremely volatile, in a 

few minutes the plastic film recovers its strength and can be pulled out to extract some 

of the whiskers from the sample surface. Carbon is then evaporated at the surface of 

the plastic film containing the extracted whiskers. Finally, the plastic film is totally 

dissolved in acethil-acetone leaving a carbon film containing the extracted whiskers. 

The obtained carbon extraction replicas for whiskers were observed at TEM revealing 

their morphology by means of selected-area electron diffraction and multiple 

orientation methods.



T -4 6 3 6 48

Figure 3.14 - Oxidized layers o f the M gO -10 v/o SiCw after oxidation at 1400°C for 10 

hours: (a) light micrograph o f the as-polished cross section under polarized light; (b) 

image from (a) obtained in the color mode in the Leco 2001 (not actual colors). 

Digitalized images.
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STEM was used to characterize the sub-layers of the oxidized scale. Plane 

section of white, dark and grain growth layer were prepared by grinding both sides of 

the sample to obtain a sample of each region of interest. SiC and A120 3 abrasive paper 

and A120 3 slurry were used in this step. Samples were submitted to dimpling and ion 

milling steps at National Renewable Energy Laboratories (NREL). STEM microscopy 

was also carried out at NREL.

Secondary Ion Mass Spectroscopy (SIMS) was conducted at two different 

laboratories. Imaging SIMS were carried out at National Research Council in Canada. 

Step Scan profile of 180  and C were done in the Center for Microanalysis of Materials, 

University of Illinois.
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4. RESULTS

4.1 Characterization of the Oxidized Laver

4.1.1 - Microstructural features of the oxidized samples - Light microscopy

The oxidation product observed after the different oxidation treatments carried 

out in this study was characterized by the formation of a scale on the surface of the 

oxidized composite that could be visually subdivided in two distinct and uniformly 

deep layers: a white outer layer, and a black inner region, that is darker than the 

matrix, as shown in figure 4.1. The thickness of each layer as well as the relative 

thickness of each were dependent on the chemical composition of the sample and the 

oxidation treatment used, as will be discussed later. A higher magnification view of 

these samples shows that the white region includes a thin outside region as shown in 

figure 4.2, not always distinguishable at lower magnification. Figures 4.3 and 4.4 

present a higher magnification view within the white, black and matrix regions, 

respectively, for both undoped and Sc-doped composite reinforced with 10 v/o SiCp. 

The microstructures suggest that the black region corresponds to a partially oxidized 

region and that the white region is a porous layer. A comparison between the white 

layer in these two samples indicates a difference in the porosity throughout this region 

with smaller pores in larger number occurring in the undoped sample.
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(a)

(b)

?

Figure 4.1 - Oxidation product observed on samples oxidized at 1400°C for 30 hours

and prepared for light microscopy: (a) MgO-10 v/o SiCp and (b) Sc-doped MgO-10 v/o

SiCp. Polished cross-section surface. Light microscopy.
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Figure 4.2 - Oxidation product scale observed under polarized light: (a) M gO-10 v/o 

SiCp and (b) Sc-doped M gO-10 v/o SiCp. After 20 hours o f oxidation at 1400°C. 

Polished cross section surfaces. Light microscopy.
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Figure 4.3 - Micrographs showing: (a) white layer, (b) dark layer, and (c) matrix

regions for a MgO-10 v/o SiCp sample oxidized for 20 hours at 1400°C. Polished cross

section surface. Light microscopy.



Figure 4.4 - M icrographs showing: (a) white layer, (b) dark layer, and (c) matrix 

regions for a Sc-doped MgO-10 v/o SiCp sample oxidized for 20 hours at 1400 C. 

Polished cross section surface. Light microscopy.
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4.1.2 - Micro structural features of the oxidized samples - SEM of fractured surfaces

Sequences of SEM microstructures of fractured surfaces along the oxidation 

scale are shown in Figures 4.5, 4.6 and 4.7 for a MgO-10 v/o SiCp, MgO-10 v/o SiCw, 

and Sc-doped MgO-10 v/o SiCp samples, respectively. They indicate that the white 

layer can in fact be subdivided in an outer columnar grain growth layer and an inner 

porous region. The black layers have the same features as those exhibited by the 

matrices.

In terms of the white layer, a direct comparison between the porous region of 

the Sc-doped and the undoped composites is shown in Figure 4.8. A higher porosity, 

characterized by smaller pores occurs in the un doped sample as previously suggested 

by light microscopy. In addition, a thicker grain growth layer was formed in the Sc- 

doped composites. A similar result emerges from a comparison between samples 

reinforced with SiC whiskers and powders. A thinner grain growth layer and larger 

amounts of porosity occur in the powder-reinforced composite (Figure 4.9). 

Independent of the type of SiC dispersed in the matrix, increasing amounts of SiC 

results in an thicker grain growth layer, but do not change drastically the overall 

microstructure and porosity of the white layer (Figures 4.10 and 4.11).

Oxidation of Al-doped MgO-10 v/o SiCp composites leads to a more complex 

microstructure. In this case, black and grain growth layers show the same features as 

in the undoped and Sc-doped samples. However, in addition, whiskers appear on the 

surface of the oxidized samples as shown in Figure 4.12.
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Figure 4.5 - Micrographs showing: (a) white layer, (b) dark layer, and (c) matrix

regions for a MgO-10 v/o SiCp sample oxidized for 20 hours at 1400°C. Fracture

surface. SEM microscopy.
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Figure 4.6 - Micrographs showing: (a) white layer, (b) dark layer, and (c) matrix

regions for a MgO-10 v/o SiCw sample oxidized for 30 hours at 1400°C. Fracture

surface. SEM microscopy.
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Figure 4.7 - Micrographs showing: (a) white layer, (b) dark layer, and (c) matrix

regions for a Sc-doped MgO-10 v/o SiCp sample oxidized for 20 hours at 1200°C.

Fracture surface. SEM microscopy.



Figure 4.8 - Micrographs showing the white layer in the transition between grain 

growth and porous layers: (a) MgO-10 v/o SiCp composite and (b) Sc-doped MgO-10 

v/o SiCp composite. Samples oxidized at 1400°C for 20 hours. Fracture surfaces. SEM 

microscopy.
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(a)

(b)

Figure 4.9 - Micrographs showing the white layer in the transition between grain 

growth and porous layers: (a) MgO-10 v/o SiCp composite and (b) M gO-10 v/o SiCv 

composite. Samples oxidized at 1400°C for 20 hours. Fracture surfaces. SEM 

microscopy.
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Figure 4.10 - M icrographs showing the white layer in the transition between grain 

growth and porous layers: (a) MgO-5 v/o SiCp composite, (b) MgO-10 v/o SiCp, and 

(c) MgO-15 v/o SiCp composite. Samples oxidized at 1400°C for 20 hours. Fracture 

surfaces. SEM microscopy.
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Figure 4.11 - M icrographs o f fracture surface o f samples oxidized at 1400°C for 10 

hours showing the white layer in the transition between grain growth and porous 

layers: (a) MgO-5 v/o SiCw composite, (b) MgO-10 v/o SiCw, and (c) MgO-15 v/o 

SiCw composite. SEM microscopy.



Figure 4.12 - M icrograph showing whiskers formation in the surface o f the sample. 

Al-doped MgO-10 v/o SiCp sample oxidized at 1300°C for 30 hours. Fracture surface. 

SEM microscopy.
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4.1.3 - Other observations on oxidized samples

Phase determination analysis (x-ray diffraction patterns) of oxidized sample 

surfaces for undoped MgO composites as a function of temperature and time of 

oxidation are presented in Figures 4.13, 4.14 and 4.15 for MgO-10 v/o SiCp samples, 

MgO-15 v/o SiCp, and MgO-10 v/o SiCw samples, respectively. It is to be noted that 

the x-rays have been diffracted from the surface of an oxidized sample. As a result, 

the influence of the oxidized layers, particularly the outer layers increases with 

increasing amount of oxidation. The first observation that emerges from these results is 

that the columnar layer is mainly MgO and has a preferential growth orientation, such 

that (220) planes are parallel to the oxidized surfaces. Forstente (Mg2Si04) also 

appears as a product of oxidation of these composites. Due to the large number of 

peaks that occur in forsterite, only those presenting I/I0 greater than 40% were labeled 

in the diffraction patterns.

SEM micrographs of the surfaces of oxidized samples are shown in Figure 

4.16, 4.17 and 4.18 for MgO-10 v/o SiCp samples, MgO-15 v/o SiCp, and MgO-10 v/o 

SiCw samples, respectively. A stepped structure was observed on the samples 

reinforced with SiC particles which have a thinner columnar grain growth layer and 

smaller initial grain size.

In contrast, samples reinforced with SiC whiskers show a flat surface. In 

addition, a large number of precipitates occur at the gram boundaries in these samples 

and EDS suggests that those precipitates contain calcium (Figure 4.19). A possible 

phase compatible with the x-ray diffraction pattern is CaO. For all samples, some 

porosity can be observed, as well gram growth as a function of oxidation time and 

temperature.
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Figure 4.13 - X-ray diffraction patterns for MgO-10 v/o SiCp composites: (a) non

oxidized sample, (b) after oxidation for 30 hours at 1400°C, and (c) after oxidation for

30 hours at 1500°C. Sample surface.
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Figure 4.14 - X-ray diffraction patterns for MgO-15 v/o SiCp composites: (a) non

oxidized sample, (b) after oxidation for 30 hours at 1400°C, and (c) after oxidation for

30 hours at 1500°C. Sample surface.
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Figure 4.15 - X-ray diffraction patterns for MgO-10 v/o SiCw composites: (a) non

oxidized sample and (b) after oxidation for 30 hours at 1400°C. Sample surface.
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(b)

Figure 4.16 - Micrographs of oxidized surfaces of MgO-10 v/o SiCp samples oxidized

for 30 hours at: (a) 1450°C and (b) 1500°C. SEM microscopy.
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Figure 4.17 - Micrographs of oxidized surfaces of MgO-15 v/o SiCp samples oxidized

for 30 hours at: (a) 1400°C and (b) 1500°C. SEM microscopy.
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(b)

Figure 4.18 - Micrographs of oxidized surfaces of MgO-10 v/o SiCw samples oxidized

for 20 hours at (a) 1300°C and (b) 1400°C. SEM microscopy.
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(a)

(b)

Figure 4.19 - EDS/SEM spectra withm the grain (a) and for precipitates (b) presented

in (c). MgO-10 v/o SiCw oxidized for 20 hours at 1300°C. SEM microscopy and

microanalyses.
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A preferential orientation of the grain growth layer was also exhibited in 

surface x-ray diffraction patterns of Sc-doped MgO-SiC composites (Figure 4.20). 

However, it has a different orientation with (200) planes parallel to the surface. As 

expected, Sc20 3 was detected in the non-oxidized sample (Figure 4.20(a)), with the 

maximum intensity peak occurring at approximately two theta equals to 32°. The third 

most intense Sc20 3 peak which occurs at two theta around 62° coinciding with MgO 

peak and has I/I0 of only 33%. Mg2Si04, scandium silicate (ScSi009O09g) and scandium 

oxide (Sc20 3) also appear as possible oxidation products in the white layer when the 

grain growth layer is removed by mechanical grinding (Figure 4.21). SEM micrograph 

of oxidized surfaces are presented in Figure 4.22 and show flat grains which grow 

with oxidation time and temperature. Whiskers are not observed on Sc-doped sample 

surfaces.

X-ray diffraction patterns for Al-doped MgO-SiCp are presented in Figure 4.23 

and show similar results of those found for the Sc-doped MgO-SiC composites. Again, 

preferential orientation of the grain growth layer with (200) planes parallel to the 

surface was observed. Similarly, the occurrence of forsterite as a product of oxidation 

is also detected in those samples when the grain growth layer was removed by 

mechanical grinding previous to the X-ray analyses. This is shown in Figure 4.24 for 

an Al-doped sample oxidized for 30 hours at 1400°C. MgAl20 4 as a second-phase 

which is present in the non-oxidized samples appears to be unreacted. EDS 

microanalysis results suggest that the grain growth layer is mainly MgO (Figure 4.25), 

and that the whiskers, which have a "ball" in their tips, are also MgO whiskers 

regardless of the temperature at which they are formed (Figures 4.26 and 4.27). TEM 

analysis results confirm such observations and they are presented in Figures 4.28 and 

4.29 for the two extreme temperatures used for oxidation of these composites, 1200°C 

and 1400°C, respectively.
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Figure 4.20 - X-ray diffraction patterns for Sc-doped MgO-10 v/o SiCp composites: (a)

non-oxidized sample, (b) after oxidation for 05 hours at 1200°C, and (c) after oxidation

for 30 hours at 1400°C. Sample surface.
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Figure 4.21 - X-ray diffraction patterns for Sc-doped MgO-10 v/o SiCp oxidized at 

1400°C for 30 hours: (a) surface after oxidation, (b) after removal of the grain growth 

layer, and (c) same as in (b) with a smaller scale range to facilitate minor phase 

identification.



(b)

Figure 4.22 - Micrographs of oxidized surfaces of Sc-doped M gO-10 v/o SiCp samples

oxidized for: (a) 20 hours at 1200°C and (b) 20 hours at 1400°C. SEM microscopy.
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Figure 4.23 - X-ray diffraction patterns for Al-doped M gO-10 v/o SiCp composites:

(a) non-oxidized sample, (b) after oxidation for 05 hours at 1200°C, and (c) after

oxidation for 30 hours at 1400°C. Sample surface.
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Figure 4.24 - X-ray diffraction patterns for Al-doped MgO-10 v/o SiCp oxidized at 

1400°C for 30 hours: (a) surface after oxidation, (b) after removal of the grain growth 

layer, and (c) same as in (b) with a smaller scale range to facilitate minor phase 

identification. Sample surface.
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Figure 4.25 - EDS/SEM spectra (a) from the grain growth layer presented in (b). Al-

doped M gO-10 v/o SiCp sample oxidized for 20 hours at 1400°C. SEM microscopy

and microanalyses.
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(a)
:v

h_r

Figure 4.26 - EDS/SEM spectra (a) for whiskers formed in Al-doped M gO-10 v/o SiCp

sample oxidized for 20 hours at 1200°C and presented in (b). SEM microscopy and

microanalyses.
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(a)

Figure 4.27 - EDS/SEM spectra (a) for whiskers formed in Al-doped M gO-10 v/o SiCp

sample oxidized for 20 hours at 1400°C and presented in (b). SEM microscopy and

microanalyses.
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Figure 4.28 - Electron diffraction pattern (a) for whiskers formed in Al-doped M gO-10

v/o SiCp sample oxidized for 20 hours at 1200°C and presented in (b). TEM.
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(b)

3 0 0 nm

Figure 4.29 - Electron diffraction pattern (a) for whiskers formed in Al-doped M gO-10

v/o SiCp sample oxidized for 20 hours at 1400°C and presented in (b). TEM.
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STEM of the grain growth layer was performed on Sc-doped sample oxidized 

for 30 hours at 1400°C for 20 hours. The microstructure is shown in Figure 4.30 with 

large MgO grains and Sc-rich particles, possible Sc20 3, in the grain boundaries. It is 

believed that such particles precipitation occur during cooling due to the presence of 

Sc20 3 in solid solution.

Thin film for the porous layer was prepared using MgO-15 v/o SiCp sample. 

STEM showed a porous structure, substantiated by the presence of A120 3 particles 

from the slurry used during the sample preparation steps (Figure 4.31). Forsterite, 

previously identified in the x-ray diffraction patterns, appears as precipitates as 

indicated by EDS (Figure 4.32).

Thin film for the black layer was prepared using also a MgO-15 v/o SiCp 

sample oxidized for 30 hours at 1500°C. The only second-phase particles found by 

STEM were of Si, as shown in Figure 4.33, and identified by the diffraction pattern 

and EDS. This Si particle embedded in the MgO matrix (Figure 4.33) also showed the 

presence of some carbon signal for a EDS done in the grain boundary region (Figure 

4.34). Complementary x-ray diffraction of the black region surface prepared by 

breaking the sample and removing the matrix until the black layer also indicate the 

presence of Si in this region (Figure 4.35). Si is also observed in the Sc-doped sample 

oxidized for 30 hours at 1400°C (Figure 4.36). Forsterite is observed in both cases, 

possible due to the occurrence of this phase in the white layer. Other phases such as 

carbon and magnesium carbonate might be present based on the x-ray diffraction 

possible obtained. In the case of the Sc-doped samples, scandium silicates and 

carbonates might also be present. Due to the large number of diffraction peaks, its is 

impossible to be sure of the existence of these phases.
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(a)

TEM. EDS inclusion

K«V U » LOO

Figure 4.30 - EDS spectra for the precipitate (a) present in (b). Sc-doped M gO -10 v/o 

SiCp oxidized for 30 hours at 1400°C. STEM microscopy and microanalyses o f the 

columnar grain growth layer.
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Figure 4.31 - EDS spectra for particles inside the pores (a) present in (b). M gO -15 

v/o SiCp oxidized for 30 hours at 1500°C. STEM microscopy and microanalyses o f the

porous layer.
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Figure 4.32 - EDS spectra for precipitates (b) present in (a). M gO-15 v/o SiCp

oxidized for 30 hours at 1500°C. STEM microscopy and microanalyses of the porous

layer.
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Figure 4.33 - Electron diffraction pattern and EDS spectra (a) within the second-phase

particle presented in (b). M gO-15 v/o SiCp oxidized for 30 hours at 1500°C. STEM

microscopy and microanalyses of the dark layer
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Figure 4.34 - EDS spectra at the gram boundary (a) and within the MgO grain (b) 

indicated in figure 3.33-b by arrows 1 and 2 respectively. MgO-15 v/o SiCp oxidized 

for 30 hours at 1500°C. STEM microscopy and microanalyses of the dark layer.
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Figure 4.35 - X-ray diffraction pattern for the black layer of the M gO-15 v/o SiCp

sample oxidized for 30 hours at 1500°C.
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Figure 4.36 - X-ray diffraction pattern for the black layer of the Sc-doped M gO-10 v/o

SiCp sample oxidized for 30 hours at 1400°C.
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4.2 Oxidation Kinetics

The thickness of the oxidized layers, measured by light microscopy under 

polarized light, increases with reaction time and temperature in a nearly parabolic 

fashion. Plots of the thickness of white and total oxidation product layers are shown in 

Figures 4.37, 4.38, 4.39, 4.40, 4.41, and 4.42 for 5 v/o SiCp, 10 v/o SiCp, 15 v/o SiCp, 

10 v/o SiCw, Sc-doped, and Al-doped samples, respectively. Note that the white layer 

includes both the porous and grain growth layers, and that total layer embraces both 

the white and dark layers. Measurement errors were usually less than 5%. A 

comparison between the total oxidation product layers suggests that the thickness of 

the dark layer increases with the amount of SiCp dispersed in the matrix. Samples 

reinforced with SiCw showed slower oxidation kinetics, with thicker partially oxidized 

layer (dark). The oxidation of doped MgO-10 v/o SiCp samples presented higher 

oxidation rates than the MgO-10 v/o SiCw, with considerably thicker white layers. 

Oxidation kinetics is faster for the Sc-doped samples than for the Al-doped ones.

The grain growth layer evolution as a function of oxidation time and 

temperatures are shown in Figures 4.43 to 4.48. Generally, it was observed that 

increasing time and temperatures enhances the thickness of the grain growth layer. 

Nevertheless, this behavior was not as obvious for samples where the grain growth 

layer was very thin as in the case of undoped MgO samples reinforced with SiCp. The 

error in measurement was lower than 5% for samples with layers thickness greater 

than 10 pm; it was considerably higher, up to 33%, in the samples with the thinner 

grain growth layers. Those measurement uncertainties lead to the variations in grain 

growth layer thickness with time as shown in Figures 4.43, 4.44 and 4.45.
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Figure 4.37 - Evolution of the thickness of white and total oxidation product layers for

partially oxidized MgO-5 v/o SiCp samples as a function of oxidation time at different

temperatures: (a) 1400°C, (b) 1450°C, and (c) 1500°C.
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Figure 4.38 - Evolution of the thickness of white and total oxidation product layers

for partially oxidized M gO-10 v/o SiCp samples as a function o f oxidation time at

different temperatures: (a) 1400°C, (b) 1450°C, and (c) 1500°C.
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Figure 4.39 - Evolution of thickness of white and total layers for partially oxidized

M gO-15 v/o SiCp samples as a function of oxidation time at different temperatures: (a)

1400°C, (b) 1450°C, and (c) 1500°C.
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Figure 4.40 - Evolution of thickness of white and total layers for partially oxidized

M gO-10 v/o SiCw samples as a function of oxidation time at different temperatures: (a)

1300°C and (b) 1400°C.
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Figure 4.41 - Evolution of thickness of white and total layers for partially oxidized Sc-

doped M gO-10 v/o SiCp samples as a function of oxidation time at different

temperatures: (a) 1200°C, (b) 1300°C, and (c) 1400°C.
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Figure 4.42 - Evolution of thickness of white and total layers for partially oxidized Al-

doped M gO-10 v/o SiCp samples as a function of oxidation time at different

temperatures: (a) 1200°C, (b) 1300°C, and (c) 1400°C.
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Figure 4.43 - Evolution o f thickness o f grain growth layer for partially oxidized MgO-

5 v/o SiCp samples as a function of oxidation time and temperatures.
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Figure 4.44 - Evolution of thickness of grain growth layer for partially oxidized MgO-

10 v/o SiCp samples as a function of oxidation time and temperatures.
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Figure 4.45 - Evolution o f thickness of grain growth layer for partially oxidized MgO-

15 v/o SiCp samples as a function of oxidation time and temperatures.
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Figure 4.46 - Evolution of thickness of grain growth layer for partially oxidized MgO-

10 v/o SiCw samples as a function of oxidation time and temperatures.
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Figure 4.47 - Evolution of thickness of grain growth layer for partially oxidized Sc-

doped MgO-10 v/o SiCp samples as a function of oxidation time and temperatures.
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Figure 4.48 - Evolution of thickness of grain growth layer for partially oxidized Al-

doped MgO-10 v/o SiCp samples as a function of oxidation time and temperatures.
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4.3 SIMS Results

The 180  signal obtained by imaging SIMS for a MgO-15 v/o SiCp sample 

oxidized for 30 hours at 1400°C in a mixture of 180 /160  (50%/50%) is presented in 

Figure 4.49. It suggests that the gram growth layer was formed with oxygen from the 

atmosphere. Charging effects in the inner region of the sample makes it difficult to 

analyze the rest of the white layer.

The imaging SIMS result obtained for a two-stage oxidation of a MgO-15 v/o 

SiCp, consisting of 20 hours oxidation in air at 1400°C followed by 10 hours oxidation 

in the same temperature in a mixture of 180 /160  (50%/50%) is presented in Figure 

4.50. As expected, only a very thin outside region of the grain growth layer has high 

concentration of 180 , which corresponds to the amount of gram growth layer grown in 

the 180  enriched atmosphere. Even though charging was also present in this result, 

diffusion of oxygen through the grain boundaries of the columnar layer was evident 

for this sample. This result suggests that, in fact, a small concentration of 180  exists in, 

at least, the white layer. This result is confirmed in the 180  imaging SIMS result 

obtained for a Sc-doped composite. Figure 4.51, in which an 180  enriched grain growth 

layer as well as some 180  in the porous region of the white layer are observed. A step 

scan profile from the edge to the inner regions of the sample is presented in Figure 

4.52, with signals for 180  and C referenced to 160  secondary ion signal. The noise 

signals before 130 pm are off the edge of the sample. The resolution of the counting is 

in the order of 10 pm. An increase in the 180  content is observed in the region 

correspondent to the grain growth layer which decreases up to the normal abundance 

of the 80  The C signal follows the opposite trend.
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Figure 4.49 - SIMS images showing O signal for a MgO-15 v/o SiCp oxidized for

30 hours at 1400°C in a mixture of 18O/l0O (50%/50%).
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Figure 4.50 - SIMS images showing lbO signal for a MgO-15 v/o SiCp submitted to a 

two-step oxidation consisted o f 20 hours at 1400°C in air followed by 20 hours in 

mixture o f W O  (50%/50%) at I400°C.
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Figure 4.51 - SIMS images showing 180  signal for a Sc-doped MgO-10 v/o SiCp

oxidized for 25 hours at 1400°C in a mixture of 180 / 160  (50%/50%).
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Figure 4.52 - Step scan profile plot of 180  and C signals, referenced to 160 , for the Sc- 

doped MgO-10 v/o SiCp oxidized for 25 hours at 1400°C in a mixture of 180 /160  

(50%/50%).
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5. DISCUSSION

5.1 Introduction

The existing model proposed by Hallum1 for the oxidation mechanism of MgO- 

SiC composites is schematically presented in Figure 5.1. This model assumes that 

oxygen from MgO reacts with SiC present in the matrix to form S i02, and Mg2+ cation 

ions diffuse out through the MgO matrix toward the sample surface where it is 

oxidized by the oxygen from the atmosphere growing a columnar MgO layer. The 

driving force for this process is the oxygen activity gradient across the scale, or more 

precisely, the magnesium activity gradient across the oxidized layer. S i02 further 

reacts with MgO from the matrix to form forstente as discrete pockets at the grain 

boundaries. Porosity appears in the oxidation scale product as a result of formation of 

gaseous species, CO or C 02. Hallum observed a parabolic rate law for MgO-SiC 

composite oxidation, with weight gain varying as the square root of time. A correlation 

between weight gain and oxidation depth was also obtained assuming that the 

oxidation product is a partially oxidized layer.

In the following sections the results obtained in this research will be discussed 

based on the existing model for the oxidation process of these composites.

5.2 Influence of Amount of SiC Dispersed in the Matrix

The influence of the amount of SiC particles in the oxidation behavior of
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oxidation of MgO-SiC composites.
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MgO-SiC composites is shown in Figure 5.1, where the total oxidized layer thickness 

is plotted as a function of oxidation time at 1400, 1450 and 1500°C. An increase in the 

thickness of the oxidation layer with decreasing amounts of SiC content was observed. 

The same kind of trend was also observed by Hallum in both MgO composites 

reinforced with SiC particles and with SiC whiskers, containing the same range of SiC.

A more detailed analysis of the influence of the amount of SiC is possible by 

considering the oxidized product as multiple layers, since it is not expected that each 

layer will necessarily contribute to the oxidation process in the same way. As 

previously presented in the results section, the total oxidation layer can be divided, 

macroscopically, into two regions: a white outer region and a dark inner region (Figure 

4.1). The white layer can be further subdivided into a porous and a columnar grain 

growth layer (Figure 4.5a). Therefore, the influence of the amount of SiC can, in fact, 

be analyzed considering each one of these layers.

Representative data for the influence of SiC content on the thickness of the 

different oxidation scales are shown in Figures 5.3 to 5.6, where thicknesses of total, 

white, dark, and grain growth layers are presented. For simplicity, only data for the 

two extreme temperatures and times used in these experiments are considered. A 

decrease in total oxidized layer thickness (Figure 5.3), and the white layer thickness 

(Figure 5.4), with increasing amounts of SiCp were observed. It is evident that samples 

with 5 and 10 v/o SiCp had very similar oxidation behavior, while much smaller layer 

thicknesses occurred for the sample with 15 v/o SiCp. Increased temperature produced 

increased layer thickness in all cases.

A significant change in behavior is also clearly observed when the thickness of 

the dark layer is considered (Figure 5.5). A decrease in the dark layer occurs with an
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composites containing different amounts o f SiCp dispersed in the matrix as a function
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Figure 5.3 - Thickness of total oxidation product layer as a function of amount o f SiCp
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increase of SiCp from 5 to 10 v/o, followed by an increase in the dark layer thickness 

with further increase in the amount of SiC from 10 to 15 v/o.

In terms of the grain growth layer (Figure 5.6), while the magnitudes of these 

differences are somewhat uncertain due to the scatter in the data, the overall trends are 

relevant. Here, increasing temperatures seems to not affect significantly the thickness 

of the grain growth layer for samples with 5 and 10 v/o SiCp, but leads to some 

increase for the 15 v/o SiCp sample. Increasing oxidation times increases the thickness 

of the layer independent of the SiCp content. Since the thickness of the grain growth 

layer is very small compared with thickness of the white and the total layer, no 

significant change in behavior is observed when the porous layer is considered instead 

of the white layer or the total layer is considered as a summation of porous and dark 

(Figures 5.7 and 5.8). The complete set of data obtained for these samples as a 

function of amount of SiC dispersed in the matrix are plotted in Appendix III.

From the data analyzed so far, the overall kinetics are not only affected by 

different SiC additions, time and temperature, but also by the formation of the 

sub-scales. No simple correlation between any of the oxidized layers and amount of 

SiC dispersed in the matrix could be established. Further consideration regarding 

oxidation mechanism will be discussed later.

5.3 Influence of the Doping Elements

According to the proposed model for oxidation of MgO-SiC composites, not 

only an increase in the overall oxidation rate should be observed with the introduction 

of a trivalent solute into MgO lattice, but also a significant growth of the columnar
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grain growth layer, which results from Mg2+ ions migration through the MgO lattice 

to the surface.

In particular, with Sc20 3 as a source of tri valent solute atoms in MgO, V^g is 

the charge-compensating species formed according to the following equation:

MgO

S0 ;O, 2ScMe + 305 + VMg   (5.1)

At the temperatures and dopant concentrations used in this work, some association of 

scandium ions with free vacancies to form less mobile defects is believed to occur8 to 

some extent. Such association can be represented by:

ScMg + VÛB = ( Sc"MgVMg ) . . .  (5.2)

Thus mass and charge balance will be given, respectively, by:

[SctoJ  = 2 [ScMg] + [( ScMgVMg )'] ................................................................  (5.3)

3[Sc,;el = 2 rvY.J- [( Sc'MgVMg )1 ................................................................... (5.4)

where "[ ]" is the site concentration of defects. Therefore, despite of the presence of 

defect association, an increase in V^g is expected with subsequent increase in Mg2+ 

cation ion diffusivity leading to thicker gram growth layers and higher overall 

oxidation rates in doped samples.

A direct comparison between results from Sc-doped and undoped composites 

reinforced with 10 v/o SiCp is shown in Figure 5.9, where both total oxidation product
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and grain growth layer thicknesses are plotted as a function of oxidation time at 

1400°C. In order to compare these results, a couple of assumptions need to be made. 

First of all, the presence of second-phase and its influence in the oxidation are 

neglected. In addition, the starting MgO matrix grain size should be considered 

irrelevant in the process of gram growth layer formation. It turns out that neither of 

them may be good assumptions. In terms of overall kinetics, even assuming that the 

Sc20 3 second-phase is inert in the oxidation process, it is necessary to account for an 

increase in thickness due to the presence of Sc20 3. The thickness of the total 

oxidation product layer (Figure 5.9a) in a doped sample is around twice those 

measured in the undoped samples. Similarly, considering that the grain growth layer 

nucleates in the existing MgO grains of the matrix, which appears to occur, a plot of 

grain growth layer thickness subtracting the starting MgO grain size. Figure 5.10, 

suggests that a huge increase in thickness occurs in the doped sample.

As previously mentioned in Section 5.1, it is also important to consider sub

scale formation in the oxidation process. Comparative plots of dark and white layers 

are presented in Figure 5.11 a and b, respectively. The most striking observation from 

these data is that most of the total oxidized layer appears as dark layer and the white 

is, in fact, very small for the Sc-doped sample. This trend is similar to the one 

observed with increasing amounts of SiC: increase in the dark layer thickness 

associated with decreasing thickness of the porous layer and increasing thickness of 

the grain growth layer.

Similar analyses can be done for oxidized Al-doped samples. The overall 

process can be written as:



T - 4 6 3 6 122

(a)

I

I
Ï

1000

800

600

400

200

01
25 30 355 10 15 200

Time (hours)

(b)

I
I
1
e1

60 -
Sc-doped

undoped

25 30 355 10 15 200

Time (hours)

Figure 5.9 - Comparison of oxidation scales thickness for partially oxidized MgO-10 

v/o SiCp and Sc-doped MgO-10 v/o SiCp as a function of oxidation time at 1400°C : 

(a) total oxidation product layer and (b) columnar grain growth layer.
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Figure 5.10 - Thickness of modified grain growth layer, obtained by subtracting the 

starting MgO matrix grain size from the measured grain growth layer thickness, for 

partially oxidized Sc-doped and undoped sample reinforced with 10 v/o SiCp as a 

function of time at 1400°C.
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MgO

A lA  -» 2A1L, + Vug + 30S .............................................................. (5.5)

Comparative plots of Al-doped samples and undoped composites reinforced 

with 10 v/o SiCp are shown in Figures 5.12, 5.13, and 5.14. Here, again, the doped 

samples exhibit higher overall reactions rates (Figure 5.12a) and thicker grain growth 

layers (Figure 5.12b) even when the starting grain size is taken into account (Figure 

5.13). Thicker dark layers and thinner white scales were observed for Al-doped 

samples (Figure 5.14). Although data obtained for Al-doped samples showed the same 

trends as those obtained for the Sc-doped ones, the magnitude of the effect for A1 

doping was smaller. The inefficiency of A1 as a dopant, when compared with Sc, 

might be explained in some extend by the lower solid solubility of A120 3 in MgO. On 

the other hand, the formation of whiskers in these samples suggest that a liquid phase 

is probably present in this case and that additional phenomena is occurring with 

possible influence in the overall oxidation kinetics.

Regarding the columnar gram growth layer formation, different preferred 

orientations were identified for the doped samples compared with the undoped ones, as 

shown in the x-ray diffraction patterns in Figures 4.13, 4.14, 4.20 and 4.23. The 

reproductibility of the x-ray results is shown in Appendix IV. The reasons why such 

changes occur are not clear. However, it has been shown that segregation of impurities 

and defects can occur at {100} surfaces of MgO. This segregation could alter relative 

surface energies of grain growth rates. Black and Kingery75, studying segregation of 

aliovalent solutes adjacent surfaces in MgO crystals in the single-phase region, showed 

experimentally that Fe3+, Sc3+, and Cr3+ segregates in a region of few hundreds 

angstroms thick adjacent to {100} surface of a quenched MgO, and that the amount 

and thickness of this segregation decreases as the quench rate increases. The
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v/o SiCp and Al-doped MgO-10 v/o SiCp as a function of oxidation time at 1400°C :

(a) total oxidation product layer and (b) columnar grain growth layer.
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Figure 5.13 - Thickness of modified grain growth layer, obtained by subtracting the 

starting MgO matrix grain size from the measured grain growth layer thickness, for 

partially oxidized Al-doped and undoped sample reinforced with 10 v/o SiCp as a 

function of time at 1400°C.
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formation of a space-charge layer due to the presence of aliovalent solutes in the 

MgO, resulting from a lower free energy of cation vacancy formation than that for 

anion vacancies, was then used to explain the segregation occurrence. Results obtained 

by Colboum and Mackrodt22 for calculated defect structure of bulk and {100} surface 

for MgO doped with Sc3+ also predict the formation of a negative space charge region 

at the surface, due to higher stability of ( Sc^g- V^g ) at the surfaces and a lower 

energy for Sc^g in the bulk. In contrast, calculations for MgO doped with Al3+, 

indicate a depletion of impurity concentration at the surface relative to the bulk. On 

the other hand, this approach should not be compared with experimental results since 

Al3+ segregation at the surface is accompanied by spinel formation which was not 

considered in the calculations.22

5.4 Influence of the Presence of SiC Whiskers

During this study some of the samples made by Hallum55 were oxidized. It is 

convenient to compare the measured depth of the oxidized layer with results on the 

same material in his work. These results are shown in the plots in Figure 5.16 where 

both white and total oxidation layer depth, obtained for MgO-10 v/o SiCw, are 

compared with the total oxidized layer depth obtained by Hallum. The first observation 

that emerges from these comparisons is that values for the total oxidation product layer 

thickness in the present work are measurably higher than those obtained by Hallum.55 

The data also indicate that the deviation from the parabolic law proposed by Hallum 

increases as the fraction of white layer in the total layer thickness increases.

The most probable source of discrepancy between the current data and Hallum's 

data is the fact that Hallum determined the oxidation depth indirectly from weight loss
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measurements. These measurements assumed that a constant fraction of SiC was 

oxidized to S i02 and either CO or C 02 throughout all the oxidized scale. His analysis 

ignored the fact that the dark layer represents a region of partial oxidation and that the 

white layer is a fully reacted layer. Therefore, it is not surprising that oxidation depths 

measured in this work are larger than his at a given time and temperature.

Comparative plots of thicknesses of the different layers as a function of 

oxidation time at 1400°C for composites reinforced with 10 v/o SiC powders and 

whiskers are shown in Figures 5.17 and 5.18. Even though Hallum1 did not observe 

any influence of the type of SiC, i.e. whiskers or powders, in the oxidation kinetics, 

here a clear difference in behavior occurs with thicker dark and grain growth layers as 

well as thinner white layers being observed with whiskers. The total oxidized layer 

product is slightly thinner than those obtained for MgO-SiCp.

It is most likely to assume that the presence of impurities, introduced by SiCw, 

might be responsible, at least in part, for the change in behavior mentioned. Even 

though divalent cations can not account for the results obtained for these samples, 

calcium had been identified in the sample surface as a discrete second-phase at the 

grain boundaries for the MgO-SiCw samples (Figure 4.18 and 4.19). The phase 

corresponding to those precipitates is not clear. Although no intermediate compound is 

expected from MgO-CaO system, several intermediate compounds would be expected 

from the S i02-CaO phase diagram (Figure 5.19). The position of Si in the EDS 

spectrum is almost coincident with the Au peak does not allow a positive identification 

of the presence of Si in this phase. X-ray diffraction did not show any of the possible 

compounds in CaO-Si02 system, and it in fact suggests that those precipitates may be 

CaO. It is most likely to assume that the second-phase is just a result of precipitation 

of CaO present in solid solution in MgO at high temperatures.
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Another big difference between the samples reinforced with SiCp and those 

reinforced with SiCw is related to starting matrix gram size. Samples reinforced with 

SiC powders had much smaller grain size, in the order of 0.5 pm, whereas those 

reinforced with whiskers were on the order of 5 pm.55 At least in the first stages of 

oxidation, the thickness of the grain growth layer might delay the formation of the 

porous layer. Preferred orientation of growth of the gram growth layer was the same, 

regardless the type of SiC reinforcement used (Figures 4.13, 4.14 and 4.15)

5.5 Reaction Mechanism

A parabolic rate law is expected when the oxidation process is limited by 

diffusion. For Hallum's proposed model for oxidation of MgO-SiC composites, with 

Mg2+ diffusion through the matrix as the rate-controlling step, a parabolic law would 

be expected. A schematic representation of the oxygen potential gradient across the 

oxidized scale in such a situation is shown in Figure 5.20a. On the other hand, linear 

laws are usually attributed to the formation of nonprotective scales. The gradients of 

oxygen through the product scale would be essentially zero (Figure 5.20b) and the 

oxidation rate controlled by an interface reaction.

Parabolic kinetics were not obtained for all samples, as shown in Figures 5.21 

to 5.26. Doped MgO-SiCp samples and MgO-15 v/o SiCp exhibited parabolic behavior. 

A nearly parabolic law was obeyed by MgO-10 v/o SiCw samples. Anticipating 

parabolic oxidation, these data were plotted as the square of the oxidation thickness 

versus time (Figures 5.21, 5.22, 5.23 and 5.24). Alternatively, samples reinforced with 

5 and 10 v/o SiC showed linear oxidation behavior for times greater than 5 hours. 

Such plots are shown in Figures 5.25 and 5.26. The results of fittings are summarized
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Figure 5.20 - Schematic representation of oxygen potential gradients across the

oxidized scale when the oxidation is assumed to be: (a) controlled by diffusion and (b)

controlled by an interface reaction.
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Figure 5.21 - (a) Parabolic fit for total oxidation depth as a function of oxidation time

and temperature for Sc-doped MgO-10 v/o SiCp composites and respective fit plotted

against experimental data in (b).
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Figure 5.22 - (a) Parabolic fit for total oxidation depth as a function of oxidation time

and temperature for Al-doped MgO-10 v/o SiCp composites and respective fit plotted

against experimental data in (b).
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in Tables VIII and IX. Based on these results, a change in behavior from a parabolic 

to linear behavior occurs, which appears to be related to the formation of different 

subscales.

The results of phase determination carried out for the dark layer indicates the 

presence of MgO (matrix). Si and a third phase containing C, which neither EDS nor 

electron diffraction techniques were able to identify due to the difficulty to isolate this 

phase from the matrix. X-ray diffraction results do not rule out the presence of both C 

and MgC2 , but the uncertainty is very high as a result of the interference of peaks 

from other present phases. Thermodynamic calculations for MgC2 is presented in 

Appendix V and it suggest that MgC2 is not very likely to occur. Based on these 

results, it was considered that the black color of the dark layer is due to the presence 

of Si formed by the decomposition of SiC. (Note that SiC was not detected by x-ray 

diffraction in the dark layer). Residual carbon could also account for the color of this 

layer. X-ray diffraction of the dark layer for Sc-doped samples also shows the presence 

of ScSi0 02O0 98 which is reported to be the result of the reduction of Sc20 3 by Si. Plots 

of the dark layer as a function of time for all samples are shown in Figures 5.27 and 

5.28, with a nearly parabolic behavior being observed .

Based on the results of phase determination carried out for the porous layer by 

means of EDS/STEM (Figures 4.34) and x-ray diffraction (Figures 4.35 and 4.36), all 

the Si and C present in the dark layer are oxidized in the white layer. Si reacts with 

MgO and oxygen to form forstente, and the remaining C combines with oxygen to 

form gaseous species, CO or C 02, accounting for bubble formation generating the 

observed porosity (Figures 4.8 to 4.12 and 4.31). The actual pressure needed to form 

gas bubbles is a complex function of surface tension and the ease of bubble nucléation 

and growth. Bubbles will form when the combined pressure of gaseous compounds exceeds
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TABLE VIII - Summary of Fittings Obtained in the Description of Oxidation Kinetics 

of Doped MgO-SiCp and MgO-SiCw Composites.

SAMPLE TEMPERATURE
(°C)

LINEAR FIT 
y = a + bx

KINETICS
LAW

Sc-doped 
MgO-10 v/o 

SiC,

1200
a=2135 
b=1257 
r=0.978

for a=0 
b=1354

parabolic 
reference: 

Figure 5.221300
a=-1586
b=7031
r=0.995

for a=0 
b=6959

1400
a=-30554
b=23377
r-=O.98O

for a=0 
b=21983

Al-doped 
MgO-10 v/o 

SiCp

1200
a=98.4 

b=690.2 
r =0.997

for a=0 
b=694.7

parabolic 
reference: 

Figure 5.231300
a=1349
b=3190
r=0.999

for a=0 
b=3252

1400
a=-10873
b=13271
r=0.993

for a=0 
b=12775

MgO-10 
v/o SiC^

1300
a=1095
b=846.1
r=0.993

for a=0 
b=896.0 nearly 

parabolic 
reference: 

Figure 5.25
1400

a=-7270
b=5097
r=0.969

for a=0 
b=4756
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Table IX - Summary of Fittings Obtained in the Description of Oxidation Kinetics of 

Doped MgO-SiCp and MgO-SiCw Composites.

SAMPLE TEMPERATURE
c o

LINEAR FIT 
y = a + bx

KINETICS
LAW

MgO-05 
v/o SiCp

1400
a=97.69
b=13.60
r=0.999

linear after 5 
hours 

reference: 
Figure 5.26

1450
a=128.9
b=23.22
r=0.995

1500
a=163.4 
b=36.56 
r=  1.000

MgO-10 
v/o SiCp

1400
a=79.97 
b=13.56 
r=  1.000

linear after 5 
hours 

reference: 
Figure 5.27

1450
a=l 17.5 
b=21.22 
r=0.997

1500
a=124.2
b=35.14
r=0.990

MgO-15 
v/o SiCp

1400 a=1352
b=3270
r=0.978

for a=0 
b=3331

parabolic 
reference: 

Figure 5.24

1450 a=126.8
b=6304
r=1.000

for a=0 
b=6310

1500 a=836.9
b=10302 
r =0.999

for a=0 
b=10340
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Figure 5.27 - Thickness of the dark layer as a function of oxidation time at different

temperatures for : (a) MgO-5 v/o SiCp sample, (b) MgO-10 v/o SiCp sample, and (c)

M gO-15 v/o SiCp sample.
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Figure 5.28 - Thickness of the dark layer as a function of oxidation time at different

temperatures for : (a) Sc-doped MgO-10 v/o SiCp sample, (b) Al-doped MgO-10 v/o

SiCp sample, and (c) MgO-10 v/o SiCw sample.
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substantially that in the gas phase. Linear kinetics are obeyed for the formation of 

the white layer as shown in the plots of Figures 5.29 and 5.30. Note that for the 

samples in which a thick gram growth layer is formed in the early stages of oxidation 

(plots in Figure 5.30) a delay in the porous layer formation is observed.

Experimental results are in agreement with Hallum's proposed model for the 

columnar grain growth formation. SIMS results support it in that 180  enrichment 

occurred in the grain growth layer. The presence of trivalent doping elements, 

expected to favor Mg2+ diffusion due to increase of VMg , also occurred.

Figure 5.30 shows that the gram growth layer growth rate became close to zero 

at critical values of the thickness of the porous layer around 150pm independent of 

the sample considered. Even though the grain growth layer growth rate for the 

undoped samples reinforced with SiCp are similar, doped samples and samples 

reinforced with SiCw showed different growth rates for porous layer thinner than the 

critical value. Based on this it is reasonable to believe that the presence of doping with 

trivalent cations indeed enhanced the diffusion out of Mg2+, but that the formation of 

the porous layer destroys the integrity of the oxidized layer due to porosity formation 

and stops the growth of the grain growth layer for long oxidation times.

Since a mixed control process is occurring, little significance could be attached 

to calculate rate constants under these circumstances, and further work is needed to 

evaluate the complex process, influenced by the formation of the subscales.
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Figure 5.29 - Thickness of the porous layer as a function o f oxidation time at different
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MgO-15 v/o SiCp sample.
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Figure 5.30 - Thickness of the porous layer as a function of oxidation time at different

temperatures for : (a) Sc-doped MgO-10 v/o SiCp sample, (b) Al-doped MgO-10 v/o

SiCp sample, and (c) MgO-10 v/o SiCw sample.
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Figure 5.31 - Grain growth layer growth rate as a function of thickness of the porous 

layer for composites samples oxidized at 1400°C: (a) undoped samples reinforced with 

SiCp and (b) Sc and Al doped samples reinforced with SiCp and samples reinforced 

with SiCw.
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6. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

Oxidation of SiC-MgOp composites leads to the formation of three oxidation 

subscales: a dark inner layer, a porous white layer and an outer columnar grain 

growth layer.

The dark layer is a non-porous layer where Si is present as a second-phase 

accounting for the black color. Carbon and magnesium carbide are possibly 

also present in this layer at the MgO matrix grain boundaries.

The porous layer is mainly an MgO matrix with forsterite particles formed as a 

result of the reaction between Si and MgO in the presence of oxygen from 

the atmosphere.

The columnar MgO layer exhibits preferred crystallographic orientation that 

depends on whether the sample is doped or not.

Additional phases occur in the doped samples and samples reinforced with 

whiskers.

More complex micro structures are formed in the case of Al-doped samples 

with the formation of MgO whiskers on the surface. The reasons why those 

whiskers occur are not clear and the morphology suggests that they were 

formed due to liquid phase.
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Sc20 3 and A120 3 doping enhances the growth of the columnar grain growth 

rate in agreement with Hallum's proposed model for the formation of this layer.

SIMS results indicate an enrichment in 180  in the columnar grain growth layer, 

supporting again Hallum's proposed model of magnesium diffusion accounting 

for the formation of this layer.

In terms of the overall oxidation mechanism, it appears that a mixed controlled 

process is occurmg and further work needs to focus on the influence of matrix 

grain size and characterization of the subscales .
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7. APPENDICES

APPENDIX I - Density Measurements

Densities of the hot-pressed composites were determined by the Archimedes' 

principle. The samples were weighted dry and saturated in isopropyl alcohol. The 

following equation gives the apparent density of the samples:

P, =  W d.p, /(W , - W J

where p a is the apparent density , W d is the weight of dry sample, p, is the density of 

the liquid (isopropyl alcohol), Ws is the weight of the sample suspended in the liquid, 

and W ss is the weight of the saturated sample.

The theoretical density of the composites were calculated from the rule of 

mixtures and knowing the density of each component. The relative theoretical density 

is given by the ratio between apparent and theoretical densities. Three measurements 

of densities were carried out for each sample. Since the supplier gave a range for the 

isopropyl alcohol density, 0.781 to 0.783 g/cm3, the lowest value was used to infer the 

minimum density of the hot-pressed samples. Theoretical density of doped samples 

were calculated assuming that all doping addition remains as a second phase ( Sc20 3 in 

the case of Sc-doped sample and MgAl20 4 for the Al-doped composite). An example 

of calculation follows:
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TABLE X - Densities Values Obtained for the Hot-Pressed Composites.

SAMPLE % THEORETICAL 
DENSITY 

DETERMINED

% THEORETICAL 
DENSITY 

(value assumed)

MgO-5 v/o SiCp 99 84
> 9 9  8100.14

100.33

MgO-10 v/o SiCp 100.80
> 9 9  9

100.71

100.68

MgO-15 v/o SiCp 99.11
> 9 8  8

98 96

98 82

Sc-doped MgO-10 v/o 
SiCp

99.45
> 98.5

98.91

98 53

Al-doped MgO-10 v/o 
SiC

99.40
> 99.4

99 42

99 46
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For MgO-5 v/o SiCp :

Pc = vf(Mgo) pMgo + vf(SiC) Psic . where p is the density and vf the volume fraction of

each specie.

Assuming: pMg0 = 3.58 g/cm3 and pMg0 = 3.21 g/cm3 , pc = 3.5615.

Weight measurements : 1st sample 2nd sample 3rd sample

wire used (w) 0.4981 0.326 0.326

dry sample (Wd) 4.402 1.9285 1.9285

sample saturated 4.9011 2.2541 2.2541

suspended in air (ssa)

Ws= ssa-w 4.4030 1.9281 1.9281

wire suspended (ws) 0.49 0.3171 0.3170

sample saturated and 3.9262 1.8229 1.8236

suspended in alcohol (ssl)

Wss = ssl-w. 3.4362 1.5058 1.5066

From these data the apparent densities of the composites were calculated:

for pi = 0.781 1st sample 2nd sample 3rd sample

pa= 3.5361 pa = 3.5864 pa= 3.5350

which compares to

the theoretical density as 99.8% 100.2% 99.5%
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For doped samples the same procedure was followed knowing that doped powders 

were mixed using 95 v/o MgO and 5 v/o of doping oxide.

Therefore, for Sc-doped MgO-10 v/o SiCp :

Pc = (Vf(Mg0) pMgo + v f(sC2o3) Psc2o3) + vf(SlC) pSlC , where p is the density and vf the 

volume fraction of each specie.

Assuming: pMg0 = 3.58 g/cm3, pSc203 = 3.864 g/cm3 and pSlC = 3.21 g/cm3 : 

pc = 3.5558.

Weight measurements : 1st sample 2nd sample 3rd sample

wire used (w) 0.326 0 326 0.3261

dry sample (Wd) 0.3192 0.2858 0.3191

sample saturated 0.6452 0.6117 0.6453

suspended in air (ssa)

Ws= ssa-w 0.3192 0.2857 0.3192

wire suspended (ws) 0.3171 0.3172 0.3171

sample saturated and 0 5658 0.5400 0.5658

suspended in alcohol (ssl)

Wss = ssl-ws 0.2487 0.2228 0.2487

From these data the apparent densities of the composites were calculated: 

for p! = 0.781 1st sample 2nd sample 3rd sample

pa= 3.5361 pa= 3.5486 pa= 3.5350

which compares to

the theoretical density as 99.45% 98.91% 99.53%
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APPENDIX II - Grain Size Determination

Average matrix gram size was determined by the modified intercept procedure 

(ASTM Standard E1 1277). The method consists in counting the number of intersections 

of a circle reproduced in a plastic sheet, when it was placed in the microstructure. 

Twenty micrographs of etched samples were used. Three circle applications were done 

per micrograph. The total number of grains considered on each sample microstuctures 

used varied between 942 and 1323 grains. The gram size (measured on each circle 

application) distribution obtained, as well as the average grain size (x), standard 

deviation (s) and total number of circle applications (n), are presented in Figures II. 1 

and II.2.
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Figure II. 1 - Grain size distribution obtained for undoped MgO-SiCp composites: (a) 15

v/o SiCp sample, (b) 10 v/o SiCp sample, and (c) 5 v/o SiCp sample.
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doped sample and (b) Sc-doped sample.
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APPENDIX III - Additional Plots

Figures III.l to III.6 show the influence of SiCp content on the thickness of the 

different scales.
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Figure III.l - Thickness of total oxidation product layer as a function of amount of

SiCp dispersed in matrix for MgO-SiCp samples oxidized for 5, 10, 20 and 30 hours at:

(a) 1400T, (b) 1450°C, and (c) MOOT.
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Figure III.2 - Thickness of white oxidation product layer as a function of amount of

SiCp dispersed in matrix for MgO-SiCp samples oxidized for 5, 10, 20 and 30 hours at:

(a) 1400T, (b) 1450°C, and (c) MOOT.
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Figure III.3 - Thickness of dark oxidation product layer as a function of amount of

SiCp dispersed in matrix for MgO-SiCp samples oxidized for 5, 10, 20 and 30 hours at:

(a) 1400T, (b) 1450°C, and (c) MOOT.
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Figure III.4 - Thickness of grain growth layer as a function of amount of SiCp
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APPENDIX IV- Reproductibility of X-Ray Results

The reproductibility of the x-ray observation regarding the existence of a 

preferential orientation is shown in Figures IV. 1 and IV.2, where x-ray diffraction was 

conducted on three different surfaces for an undoped sample reinforced with 15 v/o 

SiCp and in a Sc-doped MgO- 10 v/o SiCp sample, respectively.
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Figure IV. 1 - X-ray diffraction patterns obtained in three different sides of a MgO-15

v/o SiCp sample oxidized for 30 hours at 1500°C.
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Figure IV.2 - X-ray diffraction patterns obtained in three different sides of a Sc-doped

MgO-10 v/o SiCp sample oxidized for 20 hours at 1200°C.
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APPENDIX V - Thermodynamic Considerations

The presence of Si in the dark layer may be possible if:

1) Si is not oxidized, so the maximum p0l is given by:

Si + 0 2 = S i02 at 1427°C or 1700%  AG°(Si02)= -145,611 cal/mole 

-Assume Si02 is in forsterite, 2 MgO.Si03 aSl0! = 0.333 

so, aSl0: / ( aSl . p02 ) = exp( -AG°/RT)

Po2 = = 0.333 exp( -AG°/RT) = 0.333 exp( -145,611/1.987 x 1700)

Po: = ao, = 6.33 x 10"20 atm 

2) Conditions for C 02 and CO formation:

C + 0 2 = C 02; AG° = -94,746 cal/mole 

Pco, = Pq2 exp( 94,746/1.987 x 1700) = 9.61 x 10"8 atm 

C + 1/2 0 2 = CO; AG° = -62,315 cal/mole 

Pco "  (6.33 x 10"20 ) exp( 62,315/1.987 x 1700) = 0.026 atm 

3) Mg + 0 2 = MgO; AG° = -91,317 cal/mole 

aMg = a0j exp( -AG°/RT) = (6.33 x 10"20 ) exp( 91,317/1.987 x 1700) = 7.22 x 10'3

AG°(MgC2) = 22,406 cal/mole 

AG0(Mg2C3) = 25,543 cal/mole 

AG°(SiC) = -14,263 cal/mole 

AG°(Mg2Si) = -4,046 cal/mole 

2SiC + MgO = 2Si + MgC2 + 1/2 0 2(g);

AGr° = 22,406 + 2 X  14,263 + 91,317 = 142,249 cal/mole 

p021/2 = exp( -142,249/1.987 x 1700) = 2.6 x 10 32 atm 

4)C + MgO = CO(g) + Mg(g)

AGr° = - 62,315 + 91,317 = 29,002 cal/mole 

pMg = pco = exp( -AG72RT) = exp(-29,002 / 2 x 1.987 x 1700) = 1,37 x 10'2 atm
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