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ABSTRACT 

The development of Silicon Carbide composite materials for structural applications in 
fusion energy systems is mainly motivated by the prospect that fusion power systems 
utilizing the material will have a much more favorable environmental impact. The research 
team at UCLA was the first IO identifv the potential advantages of SiC/SiC composite 
materials through early System Studies. Consequently, two three-year term grants have 
been awarded to the team, in order to focus on modeling the effects of irradiation on key 
properties that have been recognized by the community as fundamental to the successful 
development of the composite. Two main tasks, which are further subdivided into several 
subtasks each, have been puuued during the course of research during the period: 
December 1990 through November 1996. The fist task deals with modeling the effects of 
irradiation on the dimensional stability of Sic  (e.g. Creep and Swelling). To achieve this 
goal, a substantial effort was launched for modeling the evolution of the microstructure 
under irradiation. Rate and Ebkker-Planck theories have been advanced to model the 
complex multi-component systcm of Sic  under irradiation. The effort has resulted in a 
deeper understanding of the interaction between displacement damage components (e.g. 
collision cascades and point defects on the silicon and carbon sub-lattices), and 
transmutant helium gas atoms Utilizing the methods of Molecular Dynamics (MD) and 
Monte Carlo (MC), the energetics of defects and the basic displacement mechanisms in S i c  
have been fully delineated. An advanced Fokker-Planck approach was formulated to 
determine the phase content and size distribution of damage microstructure in Sic. 
Finally, a rate theory model was developed an successfully applied to the experimental 
swelling data on Sic. In the second task, we investigated the mechanical behavior of 
SiC/SiC composites under the h-radiation conditions of fusion reactors. The main focus of 
the second task has been on developing models for the micro-mechanics of cracks in the 
fiber reinforced matrix of the silicon carbide composite. The effects of irradiation on 
inducing inelastic deformations in the fiber and the matrix were emphasized. We also 
developed a unique method to represent the stress field around cracks in finite geometry. 
This method is based on representation of the crack by a distribution of dislocations. The 
work was applied to the conditl;ons of crack stability under the time-dependent loading and 
inelastic deformation conditions of fusion systems, and has been calibrated with high- 
temperature crack growth experiments. Constitutive equations for the mechanical 
deformation of SiC/SiC composites in the irradiation field of a fusion system have been 
successfully developed from the properties of the fiber, matrix and interface. Brief reviews 
for the results of our research trre given here, followed by copies of 26 journal publications 
resulting from the work suppor,ted under this grant. 
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I INTRODUCTION 

A national effort has b e x  launched to address key issues which must be resolved if 
SiC/SiC composite structures were to be used in fusion energy systems. UCLA participated 
in two DOE-sponsored workskops to identify feasibility issues have been conducted, and 
have resulted in identification of the following key areas for research and development: 

(1) Radiation effects on properties; 
(2) Hermeticity of the SI C/SiC at relevant fusion conditions; 
(3) Fabrication and joining; 
(4) Chemical compatibility with fusion coolants. 

At UCLA, a research award was granted by DOE to investigate the effects of 
radiation and high temperature on the microstructure, and on the mechanical properties of 
SiC/SiC composites. Two consecutive grants were awarded, the first one was for a period of 
three years, starting December 1, 1990, with the title: “RADIATION EFFECTS AND 
MICRO-MECHANICS OF SIC/SIC COMPOSITES (12/01/90 - 11/14/93)”. The 
second grant was a continuation of the first, and started in November 1993, with the title: 
“MODELING THE MECHANICAL BEHAVIOR OF SiC/SiC COMPOSITES IN 
FUSION ENVIRONMENTS (11/15/93 - 11/14/96).” During the period of the first 
grant, our research team at UCLA has addressed several key questions within the scope of 
the four general R&D areas identified by the participants of the two workshops. The effort 
has concentrated mainly on inodeling radiation effects, and on theoretical studies on 
chemical compatibility. As a result, the fusion community has now a solid understanding of 
fundamentals of the displacement damage processes, microstructure evolution in the 
complicated system of Sic, the: chemical compatibility of S i c  in fusion, and of aspects of 
high-temperature fracture of SiC under irradiation 

During the second grant period (November 1993 through November 1996), we 
continued our efforts on modeling radiation effects on the physical and mechanical properties 
of SiC/SiC composites for qualification as possible structural materials in the first wall and 
blanket components of DEMO and future fusion reactors. The work resulted in significant 
advances in our understanding of the constitutive mechanical properties of the composite 
from knowledge of the properties of the fiber, matrix and fibedmatrix interface. In the 
following, we summarize the salient achievements of this work. It is impressive to show that 
research support at UCLA during the six-year period has resulted in 26 journal publications, 
copies of which are provided at the end of this report. Figure (1) below shows a Gantt Chart 
for the various tasks within the project. 

UCLA Engineering Report 1 
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Figure I 
Gantt Chart for the proposed project on modeling the Mechanical Behavior of SIC 
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2 RESEARCH SUMMARY FOR THE PERIOD 12/01/90 through 11/14/93 93 

In this section, we will therefore summarize our research achievements in the following 
areas: ( 1) displacement damage modeling; (2 )  defect energetics; (3) microstructure evolution 
theory; (4) chemical compatibility; (5) fracture mechanics of Sic; (6) fiber pull-out and crack 
bridging in Sic. 

2.1 Displacement Damage Mlodeling 

A computational method for determining the displacement damage rates of S i c  in any 
irradiation environment was completed. The method was applied to S i c  irradiated in both 
fission and fusion irradiation neutron spectra. It is shown that the displacement damage rates 
in magnetic fusion D-T neutron spectra are 10- 15 dpa MW/m2. Although this figure is 
similar to that obtained in metallic structures (e.g. steels), the majority of displaced atoms are 
of the carbon-type. Chemical stoichiometric constraints may therefore lead to substantial 
recombination of the displaced carbon atoms, leading to greater radiation damage resistance. 
On the other hand, displacement damage rates are calculated to be 74 dpa per IO27 n/m2 in an 
FFTF spectrum, and 39 dpa per n/m2 in a HFR neutron flux. About 80% of all 
displaced atoms are found to be of the carbon-type. 

2.2 Defect Energetics in PS'C 

A computer code, based on the Molecular Dynamics (MD) method has been extended 
for calculations of defect energetics in Sic. Many-body interaction effects in this covalent 
material are accounted for b,y using a hybrid of two-body and three-body potentials. 
Calculated bulk properties on the basis of this potential are found to be within 17% of 
experimental data. A micro-wystal is constructed to represent the computational cell, and 
external forces are applied on its sides to ensure equilibrium with the solid. The potential 
energy of the unperturbed computational cell is first calculated. The cell is then set at a defect 
configuration, and the potential energy of the relaxed cell is computed. In this fashion, 
formation energies of point defects, anti-site defects, and helium-vacancy clusters have been 
computed. 

2.3 Microcrostructure Evolution Theory 

Microstructure evolution theory has been successfully developed for metallic structures 
over the past three decades. Theoretical work has greatly influenced alloy optimization for 
radiation resistance. However, and in contrast to the situation with metallic alloy systems, 
very little progress has been made on a comparable theory of microstructure evolution in 
multi- component systems, such as Sic. We have started the development of a general 
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microstructure evolution theory for description of S ic  defect clustering. Rate equations are 
used to describe the concentrations of, single point defects (Le. vacancies and interstitials of 
both Si and C, as well as helium). This set is augmented by a set of equations for computing 
dynamic nucleation rates of critical clusters in a three-dimensional phase space (vacancies, 
interstitials, and helium atoms). The growth of defect clusters is described by a time- 
dependent, 3-dimensional Fokker- Planck equation. The original Moments method developed 
by the principal investigator h(3s been extended, in collaboration with his Ph.D. student H. 
Huang, to treat this complex clustering problem. The work is still in progress, and will be 
fully implemented during the rmewal phase of this project. 

2.4 Chemical Compatibility 

The UCLA team has tlieoretically determined the chemical compatibility of S i c  
composite structures with helium coolants, containing various types of impurities. Professor 
F. J. Perez ( Departmento de C'iencia de 10s Materiales, Universidad Complutense, Madrid, 
Spain) collaborated with the principal investigator in a study of the chemical compatibility of 
S i c  with helium, in the temperature range 773 - 1273 K. In this extensivestudy, an upper 
temperature limit of 1000 '(2, on the basis of high-temperature corrosion, has been 
determined. The presence of a protective Si02 condensed phase is found to result in further 
reduction of the high-temperature corrosion of Sic. The thermodynamic stability of C and 
BN interfaces was found to be poor, and the development of chemically stable interfaces is 
identified as an important priority. 

2.5 Fracture Mechanics of Sic  Composites 

Micro cracking is a unique feature of ceramic materials, which is usually associated 
with the poor fracture toughness, as compared to metallic alloys. In composites, however, the 
matrix, which contains micro-cracks, can still hold itself well, and may have the ability to 
carry mechanical or thermal lo ads. Conventional fracture mechanics methods are difficult to 
apply in this situation. We therefore developed in a series of two important articles a new 
method in the fracture mechanics of orthotropic composites. First, we were able to find the 
Green's function for the elasticity problem of a dislocation in an orthotropic finite domain. 
Then, this fundamental soluticn is utilized to describe cracks of any shape by appropriate 
distribution functions of dislocations. Thus, the stress fields of arbitrary shape cracks in finite 
orthotropic media can be computed. The model was coupled with crack bridging micro- 
mechanics to predict the growth speed of cracks in S ic  under fusion conditions. 

2.6 Micro-mechanics of Fiber Pull-out and Crack Bridging 

A micro-mechanical model was developed to study fiber pullout and crack bridging in 
fiber-reinforced SiC/SiC composites with time-dependent thermal creep, irradiation creep, 
and irradiation swelling. By analyzing the thermal creep data of CVD S ic  (matrix) and that 
of SCS- 6 S i c  fibers in the temperature range 900-1250 'C, the matrix thermal creep rate was 
found to be negligible, and can be ignored. Visco-elasticity theory is used to develop time- 
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dependent relationships between the pull-out stress and the relative sliding distance between 
the fiber and the matrix. Relationships are also established for the bridging stress and the 
crack opening displacement. Tne analysis is applicable to the conditions of Nicalon fibers, 
which exhibit creep characteristics similar to those of SCS-6. During the renewal period of 
the project, a concentrated effort will be made to integrate radiation effects (Le. differential 
matrix and fiber swelling rates, and irradiation creep) with those of thermal creep strains. 

3 RESEARCH SUMMARY .FOR THE PERIOD 11/15/93 through 11/14/96 

3.1 Overview 

During this period, research efforts on fusion materials at UCLA has focused on 
continuation of work in two general areas of importance to the development of Low- 
Activation SiC/SiC composites. These are: (1) Radiation Damage and Effects, (2) High- 
Temperature Fracture of SiC/SiC Composites in the Fusion Environment. 

In the area of radiation damage, we used the Molecular Dynamics (MD) technique to 
study the energetics of point and clustered defects in an effort to ascertain the characteristics 
of formation, migration and staliility of these defects. Most, if not all macroscopic responses 
to radiation are related to these defects. Collaboration between UCLA, SNL, and LLNL has 
resulted in an evaluation of defect energetics, as they depend on the nature of the interatomic 
potential. Formation energies of vacancies and anti-site defects are found to be in good 
agreement with first principles calculations, while self- diffusion energies of carbon and 
silicon vacancies are in good agreement with experiments. This work has evolved from our 
efforts during the 93/94 funding period. We made a critical evaluation of defect energetics, 
using the Modified Embedded Atom (MEAM), the Pearson potential and the Tersoff 
interatomic potential. We also developed a general method for the solution of defect 
clustering problems (dislocation loops, voids, and bubbles) in multi-component material 
systems, such as Sic. With this method, the distribution function of defect clusters, as well as 
their stoichiometry can be determined under any irradiation conditions. The clustering work 
was started in 93/94, but was fu..ly completed in 94/95. 

3.2 Molecular Dynamics of L,ow-Energy Collision Cascades 

The dynamics of point 'defect production in S ic  was studied with the Molecular 
Dynamics (MD) Technique. A hybrid pair/ three-body potential developed by E. Pearson et 
al. is used to model interatornil: forces. The displacement energies are found for Si and C 
atoms along the < 11 1 > tetrahedral gaps. Focused collision cascades along the close-packed 
(1 1 1) directions are found to contribute to displacement damage production. However, 
replacement collision sequences are determined as unlikely to occur in Sic, because of the 
strong nature of the covalent bonding between C and Si atoms. In most cases, displaced 
atoms have been found to lie in hexagonal or tetragonal interstitial sites in-between (1  11) 
planes. On the other hand, triva1:ancy clusters are found to form on (1 11) carbon rich planes. 
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Thus the equilibrium cascade configuration is determined to be highly non-stoichiometric, 
with the majority of displacements being of the C-type. 

As a follow-up on our previous work on Molecular Dynamics studies of the 
displacement threshold surface in Sic, we started to extend the Tersoff potential to high 
energy interactions by a Spline: technique. The low energy end of the potential is treated the 
with Tersoff approach, while high-energy collisions are treated with the Universal Scattering 
potential. A cubic spline method is developed to bridge the two extremes, and provide energy 
and force continuity at the matching boundaries. This work will continue to study radiation- 
induced amorphization in Sic. 

3.3 Molecular Dynamics Calculations of Defect Energetics 

In this effort, the Pearsori potential has been modified to accurately fit the sublimation 
energy of Sic, and interatomic potentials among Si, C, and helium atoms are also developed. 
A micro-crystal is constructed to represent the computational cell, and external forces are 
applied to the boundaries so as to simulate the effects of an infinite surrounding medium. The 
potential energy for the unperturbed cell is first calculated. The cell is then set at a chosen 
defect configuration and relaxed, and its potential energy is computed. The difference 
between the potential energy values in the unperturbed and perturbed states is used to 
compute the formation energiei; of point defects and defect clusters in Sic. Binding energies 
and migration energies are then deduced. The results indicate that the vacancy formation 
energies for both C and Si are quite high, on the order of 6 eV. The migration energies of 
point defects are found to be on the order of 3-4 eV, if the migration is through a newly 
discovered mechanism of anti -site assisted migration. Vacancy migration through a direct 
mechanism is found to be improbable in stoichiometric Sic. Subsequent efforts examined the 
effects of several interatomic potentials on the energetics of defects. 

Empirical pair potential;; have been successfully applied to calculations of defect 
energetics in metals, but have generally failed in describing covalent systems. We initiated an 
effort to assess the validity of some of the promising interatomic potentials in studies of 
defect energetics. The Pearsori potential, the Modified Embedded Atom Method, and the 
Tersoff potential have been used to determine the formation and migration energies of 
vacancies, interstitials, and anii-site defects. The work involved changes in the MEAM to 
calibrate the results. Defect formation energies predicted by both the MEAM and the Tersoff 
potential were found to be in good agreement with First Principles calculations, with the 
Tersoff potential being closer. ‘The MEAM appears to give better results for defect migration 
energies, and to reproduce the known stability of P-SIC against the formation of anti-site 
defects. The Pearson potentid does not seem to reproduce accurate results for defect 
energetics. 
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3.4 Dimensional Stability of S i c  Under Irradiation 

Two levels have been pursued at UCLA in this important area. The first level is 
concerned with a macroscopic rate-type theory which is phenomenological in nature, and 
which has a minimum number of adjustable parameters to fit existing data. The value of this 
approach lies in its ability to extrapolate to other regimes, which are experimentally 
inaccessible. Rate equations for four types of point defects (for Si and C), as well as for 
defect clusters produced by cascades have been analytically solved for the saturation level of 
swelling at temperatures below 1000 OC. It is found 'that small clusters produced by collision 
cascades tend to be less stable thermally, as the temperature is increased, leading to a linear 
decrease in the saturation valut: of volumetric swelling with irradiation temperature. On the 
other hand, on-going work indicates that the swelling rate at higher temperatures can be best 
described by a void swelling phenomenon, as observed in many materials. The second level 
of modeling for the dimensional stability is based on the development and solution of 
Fokker-Planck equations representing the evolution of the size distribution function with 
irradiation fluence. 

A comprehensive study of neutron-induced swelling of S i c  has been undertaken during 
the funding period 94/95, as a continuation of effort on this task during 93/94. The results of 
this study, together with a phenomenological model of swelling were presented in ICFRM-7. 
A swelling mechanism explaining the low- temperature (<lo00 "C) saturation behavior of 
S i c  has been proposed, and is aitributed to the effects of cascade overlap and interstitial loop 
cluster growth. With these simplifying assumptions, saturation of swelling with dose, and the 
linear dependence of swelling on temperature can be explained. 

3.5 Fokker-Planck Theory of Atomic Clustering 

One of the major achievements, which we made to the theory of radiation effects, has 
been the development of the F'okker-Planck theory to treat both nucleation and growth of 
defect clusters. Instead of dividing the problem into nucleation and growth, the stochastic 
description with Fokker-Planck is more fundamental, and avoids the unsuccessful outcome of 
nucleation theory. In Sic, we have vacancies and interstitials of two different species, as well 
as helium atoms. We were able to extend our work, and publish a fundamental paper on the 
solution of the Fokker-Planck problem in multi-component systems. 

3.6 Phenomenological Inelastic Constitutive Equations 

In this area, the available experimental data on irradiation-induced dimensional 
changes and creep in p-SIC anti S i c  fibers are analyzed. The objective of this analysis is to 
develop constitutive equations for this class of materials at high-temperatures and under 
irradiation. The data analysis, includes empirical representation of irradiation-induced 
dimensional changes in S i c  mai:rix and fibers as function of irradiation time and temperature. 
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The analysis also included forrnulation of simple scaling laws to extrapolate the existing data 
to fusion conditions on the basis of physical mechanisms. Inelastic constitutive equations are 
then developed for SCS-SIC fibers, NICALON fibers and CVD Sic. The effects of applied 
stress, temperature, and irradiation fields on the deformation behavior of this class of 
materials are simultaneously represented. Numerical results are given for the relevant creep 
functions under the conditions of the fusion reactor ARIFS IV first wall. The developed 
equations can be used in deterrnining the macro mechanical properties of Sic-Sic composite 
systems as well as in performing time- dependent micro mechanical analyses that are 
relevant to crack bridging and fiber pullout under fusion conditions. 

3.7 High-temperature Mechanical Properties 

In the area of high-tempmature fracture, we studied a number of problems relevant to 
understanding life-limiting fracture processes when the composite is used in a structural 
capacity. Experimental data on irradiation-induced dimensional changes and creep of a- S i c  
and S ic  fibers were analyzed for the purpose of developing constitutive equations for S i c  
under high-temperature neutron irradiation. The analysis included the development of simple 
scaling laws for extrapolation of the existing database to fusion conditions, and as an aid to 
experimental planning and interpretation. The constitutive equations have then been 
incorporated into micro-mechanical models of fiber pullout experiments in a number of 
conditions (post-irradiation, high-temperature and concurrent neutron irradiation). Visco- 
elastic analysis of mismatch stresses in SiC/SiC composites under high- temperature neutron 
irradiation has been performed to determine the effects of fibedmatrix differential swelling 
and creep effects on the build-up and relaxation of residual stresses. In some important cases, 
fiber shrinkage is shown to result in matrix debonding, thus reducing the effectiveness of the 
composite to carry structural loads. It may be possible to "engineer" the composite in such a 
way as to eliminate this problern under irradiation. 

Our work on micro-mecianics during 93/94 has culminated in the development and 
implementation of models for crack nucleation and growth under high-temperature creep 
conditions (both irradiation and thermal) during the 94/95 funding period. Comparisons of 
our work with crack growth experiments have been made. Our technical efforts in the area of 
high-temperature fracture have allowed us to organize an International Symposium during 
the summer meeting of the An-erican Society of Mechanical Engineers (ASME). The main 
theme of the Symposium was on Plastic and Fracture Instabilities, thus leading to high 
visibility of the fusion materials research work in this area, as it applies to SiC/SiC 
composites. 

Crack bridging, matrix crack deflection, fiber debonding and pullout, and other minor 
effects contribute the toughne 3s of ceramic matrix composites. Crack bridging relies on 
fibers being intact close to the crack tip, while pullout toughening depends on energy 
dissipation in debonding and fr d o n  along the fiber-matrix interface. The frictional forces at 
the interface are functions of the interface roughness and the normal pressure between the 
fiber and matrix. This, in turn, is induced by the evolution of in-elastic mismatch strains 
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debonding and pullout toughness in SiC/SiC composites vary significantly with neutron 
irradiation fluence and temperature. Optimization of the fiber-matrix composite system must 
therefore consider the evolution of complex stress states during irradiation. During 
irradiation, however, dimensiclnal changes in the fiber-matrix system will generally induce 
time-dependent mismatch stresses. The effects of thermal creep, irradiation creep, and 
volumetric swelling on the build-up and relaxation of the interfacial pressure and residual 
stresses in the fiber-matrix system are investigated. Residual mismatch stresses are 
determined as functions of temperature and neutron exposure time. It is shown that fibers 
with low initial density, such as NICALON, will debond from the matrix due to excessive 
irradiation-induced densificaticm. 

3.8 Micro-mechanics of Bridged Cracks 

Under high-temperature neutron irradiation, any cracks in the S i c  matrix will be 
bridged by fibers, which defo1.m by a number of in-elastic relaxation processes. These are: 
irradiation-induced swelling, irradiation creep, and thermal creep. To understand how 
mechanical loads are shared between the fiber and matrix, one must investigate the 
micromechanics of a represe:ntative unit volume. For this purpose, we first developed 
phenomenological in-elastic constitutive equations for S ic  and SIC fibers under irradiation. 
With this contribution in hand, we were able to develop a model for post-irradiation fiber 
debonding and pull out. We used this basic ingredient in an extensive model of visco-elastic 
mismatch stresses in ceramic matrix composites under high-temperature neutron irradiation. 
Finally, the overall creep deformation of the composite was calculated in terms of the creep 
rate of fibers, the elastic resplonse of the matrix and the debonding/slip behavior of the 
interface. 

3.9 Incubation Behavior of Bridged Cracks 

The effects of fiber thermal creep on the relaxation of crack bridging tractions in 
SiC/SiC ceramic matrix composites were considered in our work. We showed in this work 
that sub-critical cracks may become critical as bridging tractions relax by creep processes. In 
this work, the time elapsed before the stress intensity reaches the critical value for crack 
propagation was calculated as a function of the initial crack length, applied stress and 
temperature. Stability domains of matrix cracks have been defined to provide guidance on 
high-temperature crack propagation experiments. 

3.10 Crack Propagation Rate!; 

The stability and evolutjon of crack systems in materials which involve energy 
dissipation mechanisms (e.g. fiber creep, interfacial energy dissipation, fiber/ matrix 
debonding) have been formulaLed in our work published in reference { 9). The formulations 
enable the study of the evolution and propagation of matrix cracks, and the associated system 
of debonding cracks in SiC/SiC composites. The work was applied to two conditions: (1) 
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time-dependent, and monotonically increasing external load (Le. load control); (2) fiber creep 
under time-independent external load. 
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