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PRESENT RESEARCH PROGRAM 
(199519%) 

The presently funded --year research program, supported by the Division of 
Materials Sciences of the Office of Basic Energy Sciences, was initiated on August 1, 
1993; during the period in which the grant will have been active, $249,561 of support 
have been provided to date with an additional $79,723 to be spent during the third, final 
year (ending July 30, 1996). The primary purpose of the program is to develop an 
understanding of heavy-particle radiation effects - a-recoil nuclei, fission fragments, ion- 
irradiations - on ceramic materials and the thermal annealing mechanisms by which 
crystallinity might be restored. During the past two years, we have completed major 
studies on zircon (ZrSi04), olivine (MgzSiO, and ten other compositions), spinel 
( M a 2 0 4  and four other compositions), and silica polymorphs (quartz, d t e  and 
stishovite), as well as berlinite (A1po4) which is isomorphous with quartz. 

The work on zircon was particularly important in that we established the efficacy of 
actinide-doping and heavy-ion beam irradiations as techniques to simulate long-term 
damage (over hundreds of millions of years) of complex ceramics (Weber et ai., 1994). 
Zircon is probably the most useful n a W y  occurring phase for such studies. Based on 
this fundamental research program, we (Ewing et al., 1995) proposed the use of zircon as 
a host phase of the immobilization of the plutonium that results from the dismantlement of 
nuclear weapons. The University of New Mexico and PNNL have applied for a patent 
based on this idea. This proposal generated considerable interest, particularly abroad, 
where zircon and monazite (CePO4) are candidate materials for inert fuel matrices for the 
"burning" of actinides separated during reprocessing of nuclear fuel. Our proposal was 
cited by BES/DOE as having a "SignifTicant Implication for Department of Energy Related 
Technologies" in the Metallurgy and Ceramics category of the 1995 Materials Science 
Research Competition. It was gratifying to see basic research frnd an important 
application. We are presently pursing the applied aspects of this work with support from 
Los Alamos National Laboratory. The basic research will continue but with a focus on 
monazite, probably the only other na tudy  occurring phase for which such study is 
practical. This will be the basis of the Ph.D. dissertation of Al Meldrum. 

The work on olivine (HCP derivative structure) and spinel (CCP structure) was in large 
part completed and a major manuscript has been prepared (Wang et al., submitted). 
Preliminary results were summarized in Ewing et al. (1995). 'Ihe very close structural 
relation between these phases, as well as the wide compositional variety of these phases, 
allowed us to examine structural and bonding controls on radiation-induced amorphization. 
One important fmding of this study is that the dose required for amorphization of a 
particular crystal structure may vary greatly with the changing composition. For 
compositions with the same structure-type, parameters such as bond ionicity, melting 
temperature, Debye temperature and free energy of formation may all be used as criteria for 
predicting the relative susceptibility for amorphization to a great extent. However, these 
criteria fail when comparing different structure-types. In close collaboration with LANL,, 
we have made the observation that MgA1204 can be amorphized at low temperatures by a 
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disordering process (Bordes et al., 1995b) after very high doses. The most interesting &d 
important result was that irradiation "resistant" structure types, such as spinel, can be easily 
amorphized by changing the composition. This was determined on an Fe-Si-spinel whic 



is thermodynamically unstable under normal pressure condition (Wang et al., 1995). ?he 
results mean that thermodynamic stability, bonding type and strength, in addition to 
topological stability, play important roles in determining the “irradiation resistance’’ of a 
material. The success of this approach will serve as a basis for the systematic study of 
silicates, phosphates and vanadates of the tetragonal zircon and the monoclinic monazite 
structure-types by Al Meldrum. Universal criteria for amorphization, which may be a 
combination of several material parameters, can only be determined when more data from 
this type of systematic study become available. 

In addition to these major studies, we continued work on a variety of complex 
ceramics: 1.) pyrochlores (Lumpkin and Ewing, 1995); 2.) zirconolite (Farges et al., 
1993; White et al., 1995); samarskite (Warner and Ewing, 1993); vesuvianite @by et al., 
1993); berlinite (Bordes and Ewing, 1995); monazite (Meldrum et al., 1995); Tl-type high 
temperature superconductors (Wang et al., 1994b; Newcomer et al., submitted). 
AdditionalIy, we have sought to apply our results to other fields, such as geochronology 
(Onstott et al., 1995) and nuclear waste disposal (Weber and Ewing, 1995). Some of these 
muits are high-lighted in this proposal, and selected publications are included in the 
Appendix. 

_. 
The analytical techniques used in the research program have involved: (1) detailed x- 

ray diffraction analysis, XRD, (2) high resolution transmission electron microscopy, 
HRTEM, (3) extended x-ray absorption fine structure spectroscopy, EXAFS, (4) x-ray 
absorption near edge structure, XANES, (5) complete electron microprobe analysis, 
EMPA, (6) scanning electron microscopy, SEM, (7) differential thermal analysis and 
differential scanning calorimetry, DTADSC, (8) thermal gravimetric analysis, TGA, (9) 
instrumental neutron activation analysis, NAA and (10) in situ ?EM analysis during ion 
irradiations. It is important to note that the HVEM- and IVEM- Tandem Facility at Argonne 
National Laboratory has become an essential facility for our research program. 

As part of this research program, Professor Ewing was a co-organizer of the Materials 
Research Society symposium, “Scientific Basis for Nuclear Waste Management X W ’ ,  
held in Kyoto, Japan in October of 1994 and co-organizer of the symposium “Radiation 
Effects in Ceramics” of the Minerals Metals Materials Society Meeting held in Las Vegas in 
February of 1995. In 1996, Professor Ewing will cochair (with W.J. Weber) a BES 
sponsored workshop on radiation effects in glasses to be held in Santa Fe in February and 
he is a member of the program committee for IBMM-96 to be held in Albuquerque in 
September. 

Much of the research during the past two and one half years was carried out in 
collaboration with individuals at other universities and laboratories: G. W. Arnold (SNL), 
C.W. Allen and R.C. Birtcher (ANL), Gordon Brown and FranGois Farges (Stanford 
University), Maryellen Cameron (NSF), Frank Clinard (LANL), R. Doremus (RPI), 
Yehuda Eyal cechnion University, Haifa, Israel), F.C. Hawthorne (University of 
Manitoba, Winnipeg), L.W. Hobbs (MIT), B. Morosin and J.C. Barbour (SNL), Takashi 
Murakami (Mineralogical Institute, University of Tokyo), T.C. Onstott and Alexandra 
Navrotsky (Princeton University), K.C. Sickafus (LANL), T.J. White (University of 
South Australia) and W.J. Weber (PNNL). 



The results of these studies have appeared in a number of publications and abstracts and 
are summarized below (student authors are indicated by an asterisk; selected papers 
included in the Appendix are indicated by ”. 
Journal Articles (1993 - present): 

Julie K. Warner* and R.C. Ewing (1993)’ Crystal chemistry of samarskite. American 
Mineralogist, vol. 78, pp. 419-424. 

R.K. Eby*, J. Janeczek, R.C. Ewing, T.S. Ercit, L.A. Groat, B.C. Chakoumakos, F.C. 
Hawthrone and G.R. Rossman (1993) Metamict and chemically altered vesuvianite. 
Canadian Mineralogist, vol. 31, part 2, pp. 357-369. 

M.L. MUeP and R.C. Ewing (1993) Image simulation of partially amorphous materials. 
Ultramicroscopy. vol. 48, pp. 203-237. 

L.M. Wang, R.C. Birtcher and R.C. Ewing (1993) Ion irradiation-induced nano-scale 
polycrystallization of intermetallic and ceramic materials. Nuclear Instruments and 
Methods for Physics Research, B: Beam Interactions with Materials and Atoms. vol. 

A F. Farges, R.C. Ewing and G.E. Brown (1993) The structure of aperiodic, metamict, 
(Ca,Th),Zr,Ti,O,, (zirconolite): An EXAFS study of the Zr, Th, and U sites. Journal of 
Materials Research. vol. 8, no. 8, pp. 1983 - 1995. 

B80/81, pp. llU9-1113. - _  

L.M. Wang, M.L. Miller*, and R.C. Ewing (1993) HRTEM study of displacement 
cascades in krypton ion irradiated silicate -- olivine. Ultramicroscopy, vol. 51, pp. 339- 
347. Presented at the “Frontiers of Electron Microscopy in Materials Science” conference, 
Oakland, CA, 1992. 

A W.J. Weber, R.C. Ewing, and Lu-Min Wang (1994) The radiation-induced crystalline- 
to-amorphous transition in zircon. Journal of Materials Research, vol. 9, no. 3, pp. 688 - 
698. 

R.C. Ewing (1994) The metamict state: 1993 - The Centennial. Nuclear Instruments and A 

Methods in Physics Research, vol. B91,22-29. 

L.W. Hobbs, F.W. Chard, Jr., S.J. W e ,  R.C. Ewing (1994) Radiation effects in 
ceramics. Journal of Nuclear Materials, vol. 216, 291-321 (cover article, only the first 
page is attached because of its length). 

A 

A S. Ellsworth*, A. Navrotsky, and R.C. Ewing (1994) Energetics of radiation damage in 
natural zircon (ZrSiO4). Physics and Chemistry of Minerals, voL 21,140-149. 

N. Bordes, K.E. Sickafus, E.A. Cooper and R.C. Ewing (1995) Structural damage in 
spinel after ion irradiation. Journal of Nuclear Materials, vol. 225, pp. 318-323. 

A R.C. Ewing, W.J. Weber and F.W. Chard, Jr. (1995) Radiation effects in nuclear 
waste forms. Progress in Nuclear Energy: An International Review Journal, vol. 29, 
no. 2, pages 63-12” (only the fxst page is attached because of its length). 
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R.C. Ewing, W. Lutze and W.J. Weber (1995) Zircon: A host-phase for the disposal of 
weapons plutonium. Journal of Materials Research, vol. 10, no. 2, pages 243-246. 

T.C. Onstott, M.L. Miller, R.C. Ewing, G.W. Arnold and D.S. Walsh (1995) Recoil 
refinements: Implications for the 4oAr/39Ar dating technique. Geachimicu et Cosmochimica 
Acta, vol. 59, no. 9, pp. 1821-1834. 

G.R. Lumpkin* and R.C. Ewing (1995) Geochemical alteration of pyrochlore group 
minerals: Pyrochlore subgroup. American Mineralogist, vol. 80,732-743. 

A N. Bordes, L.M. Wang, R.C. Ewing and K.E. Sickafus (1995) Ion-beam induced 
disordering and onset of amorphization in spinel by defect accumulation. Journal of 
Materials Research, vol. 10, no. 4, pages 981-985. 

L.M. Wang, W.L. Gong, N. Bordes and R.C. Ewing (1996, in press) A comparative 
study on ion beam induced effects in spinel structure-types. Nuckar Instruments and 
Methoh in Physics Research B. 

A.N. Sreeram*, L.W. Hobbs, N. Bordes and R.C. Ewbg (196, in press) Irradiation- 
induced amorphization of AlPO4. Nuclear Insmments and Methoh in Physics Research. 

A. Meldrum*, L.M. Wang and R.C. Ewing (1996, in press) 
amorphization of monazite. Nuclear Instruments and Metho& in Physics Research. 

G.R. Lumpkin* and R.C. Ewing (1996, in press) Geochemical alteration of pyrochlore 
group minerals: Betafite subgroup. American Mineralogist. 

Ion beam i n d d  

A W.L. Gong, L.M. Wang, R.C. Ewing and Y. Fei (1996, in press) Surface and grain 
boundary amorphization: Thermodynamic melting of coesite below the glass transition 
temperature. Physical Review B. 

P.P. Newcomer*, L.M. Wang, J.C. Barbour, R.C. Ewing, M.L. MiUer and B. Morosin 
(submitted) Temperature dependent microstructural modification in ion irradiated Tl-type 
high tempera- superconductors. Physicu C, Superconductivity. 

Symposia and Conference Proceedings: 

R.C. Ewing (1993) The long-term performance of nuclear waste forms: The use of 
Waste Manwtuent natural materials - Three case studies. &e n h f k  Basis for Nuclear m. C.G. Intenante and R.T. Pabalan, Eds., Proceedings of the MRS, vol. 294, 

Pittsburgh, Pennsylvania, pp. 559 - 568. 

. .  

L.M. Wang, RC. Ewing, W.J. Weber and R.K. Eby* (1993) Temperature and ion-mass 
dependence of amorphizition dose for ion beam irradiated zircon (ZrSiO,). Beam -Solid 
btmctigns : Fundwe ntals and m c a t ~ o m  . M. Nastasi, L.R. Harriott, N. Herbots and 
R.S. Averback, E&., Proceedings of the Materials Research Society, vol. 279, Pittsburgh, 
Pennsylvania, pp. 451-456. 

Y. Eyal and R.C. Ewing (1993) Impact of alpha-recoil damage on dissolution of thoriated 
glass. Proceedings of the International Conference on Nuclear Waste Management and 
Environmental Remediation, Vol. 1, Low and Intermediate Level Radioactive Waste 

. .  

10 



Management, Eds., D. Alexandre, R. Baker, R Kohout and J. Marek, sponsored by the 
American Society of Mechanical Engineers, Prague, Czech Republic, September 5 - 11, 

L.M. Wang, M. Cameron, W.J. Weber, K.D. Crowky and R.C. Ewing (1994) In situ 
TEM observation of radiation induced amorphimtion of crystals with apatite structure. 
Hvdroxvapatite and Related Materials. P. W. Brown and B. Constantze, Eds. (CRC 

pp. 191 - 196. 

PASS) pp. 243-249. 

Rebecca X. Ai, Nicole Bordes, E.A. Cooper, €LE, Sickafus, R.C. Ewing, and Michael 
Nastasi (1994) Dislocation loops in spinel crystals iuadhed succesSively with deep and 
shallow ion implants. Materials Synthesis and processlnp Usinp Ion Beams, R.J. 
Culbertson, O.W. Holland, K.S. Jones and Karen Maex, W., pn>ceedm gs of the 
Materials Research Society, vol. 316, pp. 147-151. 

A L.M. Wang, W.L. Gong and R.C. Ewing (1994) Awxphizaton and dynamic recovery 
of 40, structure types during 1.5 MeV krypton ion-beam inadiation. Materials 
SVntJlesis and ~ o c e s s  inp - Using Ion Beams, RJ. Culbertson, O.W. Holland, ICs. Jones 
and Karen Maex, EMS., Proceedings of the Materials Research Society, vol. 316, pp. 247- 
252. 

A L.M. Wang, P.P.Newcomer*, R.C. Ewing and B. Momsin (1994) Quantitative analysis 
of displacement cascade damage in ion irradiated TLBa$X%O, superconductor by digital 
HRTEM.Pr0ceed in~s of the 13th International Conmess on Qectron Microscopv, B. 
Jouffrey and C. CoUiex, Eds. (les &itions de physique. Les Ulis, France) pp. 957-958. 

- -  
J - I- 

A R.C. Ewing, L.M. Wang, W.J. Weber (1995) Amorphization of complex ceramics by 
heavy-particle irradiations. J’vlicrostructure o f ImdW Mate&&. LM. Robertson, L.E. 
Rehn, S.J. Zinkle and W.J. Phythian, Eds., €%weedm - gs of the Materials Research 
Society, vol. 373, pp. 347-358. 

N. Bordes and R.C. Ewing (1995) AppricatiOn of channeling techniques and high 
resolution transmission electron microscopy to ion-beam damaged zircon. Microstrucm 
of Irradiated Mate &. I.M. Robertson, L.E. Rehn, SJ- Zinkle and W.J. Phythian, Eds., 
Proceedings of the Materials Research Society, vol. 373, pp. 37 1-376. 

N. Bordes and R.C. Ewing (1995) Ion-beam and electron-beam induced amorphization of 
berlinite (AlPO,). .Microstructure of IrradiM LM. Robertson, L.E. Rehn, 
S.J. Zinkle and W.J. Phythian, Eds., Pmceedm gs of tk Materials Research Society, vol. 

A L.M. Wang, W.L. Gong, N. Bordes, R.C. Ewing and Y. Fei (1995) Effects of ion 
dose and hdiation tempem- on the micmtmcane of three spinel compositions. 
Microstructure o f Irradiated Materials. LM. Robertson, L.E. Rehn, S.J. Zinkle and W. J. 
Phythian, E&., Proceedings of the Materials Research Society, vol. 373, pp. 407-412. 

W.J. Weber and R.C. Ewing (1995) Radiation effecs issues related to U.S. DOE site 
remediation and nuclear waste storage. &e ntdk Bass - for Nuclear Waste Man= ment 
X u ,  T. Murakami and R.C. Ewing, Eds. Promedm - gs of the Materials Research 
Society, vol. 353, pp. 1389-1396. 

373, pp. 395-400. 

. .  

T.J. White, RC. Ewing, L.M. Wang, J.S. Forrester and C. Montross (1995) Temperature 
dependence of amorphization for zirconlite and petovskite inadiated with 1 MeV krypton 
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, T. M~uakami and R.C. ions. W b f i c  Basis for Nuclear Waste Management XVID 
Ewing, Eds. Proceedings of the Materials Research Society, vol. 353, pp. 1413-1420. 

. .  

* P.P. Newcomer*, L.M. Wang, M.L. M e r  and R.C. Ewing (1995), Crystallization of 
nano-size thallous oxide during ion irradiation of Tl-Ba-Ca-Cu-0 high temperature 
superconductors. JMSA Proceed ings: Microscopv and Microanalp is 1995, G.W. Bailey, 
M.H. Ellisman, R.A. Hennigar and N.J. Zaluzec, Eds. Jones & Begell Publishing, New 
York, pp. 214-215. 

* L.M. Wang, R.C. Ewing and W.J. Weber, mTEM Study of ion beam irradiation 
induced amorphization in Ceramic materials, JMSA ProceedinFs: Microscopv an d 
Microanalvsis 1995, G.W. Bailey, M.H. Ellisman, R.A. Hennigar and N.J. Zaluzec, Eds. 
Jones & Begell Publishing, New York, pp. 360-361. 

R.C. Ewing, W.J. Weber and W. Lutze (1996, in press) Crystalline cer;rmicS: Waste 
forms for the disposal of weapons plutonium. NATO Workshop Proceedings, E. Men, 
Editor, Disposal of Ex-WeaDons Plutonium as Waste, Kluwer Academic Publishers, 
Dordrecht, The Netherlands. 

L.M. Wang, W.L. Gong, R.C. Ewing and W.J. Weber (1996, in press) On the roles of 
interface and temperam on solid state am+hization. Thermodynamics and Kinetics of 
Phase Transformation, J.S. Im, B. Park, A.L. Greer and G.B. Stephenson, Eds. 
Proceedings of the Materials Research Society. 

W.J. Weber, RC. Ewing and W. Lutze (1996, in press) Performance assessment of 
zircon as a waste form for excess weapons plutonium under deep borehole burid 
Scientific Basis for Nuclear Waste Management XIX, W.M. Murphy and D.A. Knecht, 
W. Proceedings of the Materials Research. Society. 

Book Chapters 

R.C. Ewing and J. Akimoto (1995) "The Metarnict State" in Higher Mineralogy. A.S. 
Marfunin, Ed., Springer-Verlag, Germany. 

Volumes or Books Edited 

Rodney C. Ewing and W. Lutze [guest editors] (1994) Special Issue on Nuclear Waste 
Disposal. Materials Researc h Society Bulletin, vol. XIX, no. 12,72 pages. 

T. Murakami and R.C. Ewing [co-editors] (1995) Scientific Bas is for Nuc lear Was& 
Management X W ,  Parts 1 and 2, Proceedings of the Materials Research Society, 
Pittsburgh, Pennsylvania, vol. 353, 1,455 pages. 

Abstracts 

(over 50 abstracts were published during the period 1993 to present) 
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Invited Presentations 

"The Future of Mineralogy: The Role of Materials Science" (R.C. Ewing): Aarhus 

"Radiation Effects in Minerals and Ceramics: The Centennial" (R.C. Ewing): Aarhus 

University, Denmark, March 1, 1993. 

University, Denmark, March 3,1993. 

"Radiation-Induced Amorphization of Materials" (R.C. Ewing): Princeton Materials 
Institute symposium on "Materials Under Extreme Conditions", Princeton University, 
May 17, 1993. 

"Radiation Effects in Nuclear Waste Forms" (R.C. Ewing): International Summer School 
on the Fundamentals of Radiation Damage, University of Illinois at Urbana Champaign, 
August 4, 1993. 

"The Metamict State: 1993 - The Centennial" (RC. Ewing): Radiation Effects in Insulators 
- 7, Nagoya, Japan, September 6,1993. 

"Radiation-Induced Amorphization of Zircon" (R.C. Ewing): Department ~f Geological 
Sciences, University of Texas, Austin, October 14,1993. - - 

"Crystalline Ceramics: Future Uses as Radioactive Waste Forms: A Review and 
Comparison" (R.C. Ewing): symposium on Emerging Technologies in Hazardous 
Waste Management VI sponsored by the American Chemical Society, I&EC Division, 
Atlanta, Georgia, September 20,1994. 

"Radioactive Waste Forms: A Review and Comparison" (R.C. Ewing): seminar on 
Radioactive Waste Management Practices and Issues in Developing Countries sponsored 
by the International Atomic Energy Agency, Beijing, China, October 13,1994. 

"The Development of Ceramic Nuclear Waste Forms" (R.C. Ewing): seminar presented at 
the Beijing Institute for Nuclear Engineering, Beijing, China, October 17,1994. 

" Amorphization of Complex Ceramics by Heavy-Particle Irradiations" (R.C. Ewing): 
symposium on the Microstructure of Irradiated Materials, MRS, Boston, MA, 
November 30,1994. 

"Amorphization of Coesite Induced by Electron- and Ion-Beam Irradiation" (W.L. Gong): 
symposium on Radiation Effects in Nonmetals, TMS 1996 Annual Meeting, Las Vegas, 
NV, February 13, 1995. 

Wgital Analysis of HRTEM Images of Ion-Beam Damaged Ceramic Materials" (L.M. 
Wang): symposium on Radiation Effects in Nonmetals, TMS 1996 Annual Meeting, 
Las Vegas, NV, February 13,1995. 

"Zircon: A Host-Phase for the Disposal of Weapons Plutonium" (R.C. Ewing): workshop 
on the Elimination of Weapons Plutonium, sponsored by the German-American 
Academic Council Foundation and the U.S. National Academy of Sciences, Bonn, 
Germany, March 22,1995. 
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"Radiation-Induced Amorphization in Ceramics" (R.C. Ewing): research conference on 
Kinetic Processes in Minerals and Ceramics, sponsored by the European Research 
Conferences, Blankenberge, Belgium, March 25, 1995. 

"Zircon: A Host-Phase for the Disposal of Weapons Plutonium" (R.C. Ewing): seminar at 
Plutonium Facility, Los Alamos National Laboratory, April 12,1995. 

"Crystalline Ceramics: Alternative Waste Forms for the Disposal of Plutonium" (R.C. 
Ewing): NATO Advanced Research Workshop on "Disposal of Weapons Plutonium - 
Approaches and Prospects", St. Petersburg, Russia, May 15,1995. 

Annual 
meeting of the American Crystallographic Association, M o n W ,  Canada, March 29, 
1995. 

"Radiation-Induced Amorphization in Nuclear Waste Forms" (R.C. Ewing): 

"Radiation Effects in Nuclear Waste Forms" (R.C. Ewing): IVEM Workshop on Major 
Issues in Irradiation Effects Research organized by the Electron Microscopy Center for 
Materials Science at Argonne National Laboratory, October 25,1995. 

"Where Is the Materials Science in Radioactive Waste Disposal?" (R.C. Ewing): - *, Fall meeting, Materials Research Symposium X, "Frontiers in Materials S c  * 

Society, Boston, MA, November 29, 1995. 
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PROPOSED RESEARCH PROGRAM 
(1996-1999) 

FUNDAMENTAL ISSUES 

The interactions between heavy particles (alpha-recoil, fission fragments and implanted 
ions) and complex ceramics are more complex than in metals, semiconductors and 
intermetallics Secause of variations in structure-type, complex compositions and mixed 
bond type. In addition, ceramic materials are often structurally anisotropic so &at damage 
effects may be channeled and are certainly orientation dependent. Four fundamental 
questions arise in such a research program: 

0 What is the process, at the atomic level, by which a ceramic material is transformed 
from the periodic, crystalline state to the aperiodic, metamict, state? The process must 
inevitably invdve the formation of isolated defects and defect aggregates (e.g., collision 
cascades) followed by relaxation and recovery. In the case of alphadecay damage, the 
defects include interstitials that result from the alpha particle and "aggregates" c - x d  by the 
alpha-recoil nucleus. Migration and recombination of point defects in complex structures 
are expected to be more difficult than in simple structures, because of the existence of many 
unique structural sites which make replacement events less likely to occur. The 
identification of the types of defects, the kinetics of defect mobility, the effect of defect 
overlap, and the annealing kinetics of the defects - all affect the process by which damage 
ingrowth develops and affect the change in the physical and structural properties of the 
material with increasing dose. The temperature dependence of these processes is critical to 
the final state of the irradiated material. 

0 What is the structure (both short-range for nearest-neighbor coordination 
geometries and long-range at the rndecular component scale) of 'the final damaged state? 
F. C. Hawthorne (1985) has demonstrated that crystalline structures can be characterized 
by the polymerization of "fundamental building blocks." An important contribution to the 
understanding of radiation effects would be the determination of whether these 
"fundamental building blocks" persist from the crystalline state to the fully damaged 
aperiodic state. HRTEM of microlite (Lumpkin and Ewing, 1988a) and zircon (Murakami 
et al., 1991) and EXAFS of zirconolite parges et al., 1993) suggest that these structural 
elements persist in highly damaged materials. There is also the question of whether the 
aperiodic state goes through further transformations with increasing dose beyond the 
"apparent" saturation dose (i.e., complete loss of crystallinity). 

0 What are the mechanisms and kinetics of annealing for point and aggregate defects? 
To what extent do the kinetics of the annealing or relaxation processes determine whether 
some phases continue to exist in the crystalline state (e.g., U& despite high doses), or 
whether they become polycrystalline or aperiodic? Recent work at UNM by Newcomer et 
al. (submitted) has correlated changes in thermal conductivity with the formation of either 
aperiodic or crystalline domains within cascades. What are the structural and compositional 
controls on the annealing process? Can we use a basic or derived material parameters as 
criteria for predicting the susceptibility of materials to amorphization? 



0 What are the products of recrystallbation of the h a l  damaged state? From 
previous studies (e.g., titanite, Hawthorne et al., 1991), it is clear that the proportion of 
damaged material can have a profound effect on the results of recrystallization experiments. 

These are the same fundamental questions that we posed in our proposal three years 
ago. Although we have made important progress in answering each of these questions, 
these issues still remain the principal guides to our proposed fbture work. A much larger 
data base is required to answer these questions and to test and extend the existing models., 

FUNDAMENTAL APPROACHES 

The fundamental approach in our previous work was to focus on ~ t u r a u y  occurring 
phases (e.g., zircon, titanite, pyrochlore and uraninite) and to use a combination of 
techniques (mainly detailed x-ray diffraction (XRD), high resolution transmission electron 
microscopy (HRTEM) and extended x-ray absorption spectroscopy (EXAFS)/x-ray 
absorption near-edge spectroscopy (XANES)  to follow the transition from the periodic to 
the aperiodic state. The progression of techniques provided a view on a frner and h e r  
scale of the damage accumulation process. ?-;Q limited most of our work to an 
examination of radiation effects in nahual phases caused by a-partide and a-recoil nuclei 
in the uranium and thorium decay series. We believe that now, with the important 
exception of monazite (CeP04), we have exhausted the important work that can be 
completed on natural phases. 

During the past three years, we have used the HVEM-Tandem Facility at Argonne 
National Laboratory to study the temperature dependence of the critical amorphization 
doses of many compositions with specific structure types (olivine, spinel and zircon) under 
various ion beams. This approach allowed us to expand our study to include structure 
types which do not contain U and Th in their naturally occurring, analogous structure type. 

We propose to continue our studies of ion beam irradiation on moE fundamental 
structure types of various compositions Fisted in the next section) concentrating on the 
crystalline-to-amorphous (c-a) transformation under well controlled experimental 
conditions. The recent addition of an intermediate voltage electron microscope 
with a higher spatial resolution to the HVEM-Tandem Facility at Argonne National 
Laboratory (IVEM-Tandem) has provided us with a great new tool to follow the 
microstructure change at a much smaller scale in situ during ion irradiation. Although the 
resolution of the IVEM is still limited as compared to most high resolution "EMS of the 
Same voltage because of the larger pole-piece gap required for the ion interface, it is 
adequate for lattice imaging of many of the complex ceramic materials proposed in our 
study, which generally have much larger unit cell parameters than metals and 
semiconductors. The lattice imaging is especially important as it allows us to study the 
initial stages of the amorphization process, the role of interfaces and the morphology of 
surviving displacement cascades. The old HVEM-Tandem system is still very usem to our 
studies because of its wide temperature range (25 K to lo00 K) and its high energy electron 
source (up to 1.2 MeV). The wide temperatUte range is needed for determining the 
temperature dependence of critical amorphization doses (D,) and the critical amorphization 
temperature. From the Dc-T curve, an activation energy assoCiated with a dynamic defect 
annealing process can be determined based on a model developed by Weber et 1. (1994). 



The high energy electron source is required for determining the displacement energies of 
the phases under investigation by the method outlined by Inui et al. (1990). Thus, we plan 
to make extensive use of the HVEM- and IVEM- Tandem Facilities at Argonne National 
Laboratory in order to follow the amorphization process in well selected targets. 

We also plan to do cross-sectional TEM (XTEM) studies on bulk samples irradiated 
using the ion beam facilities at LANL and SNL and to study the depth dependence of 
irradiation effects to better understand the role of free surfaces on amorphization. Although 
surfaces may act as point defect sinks resulting in a defect denuded zone in most irradiated 
metallic materials, we have obtained evidence that free surfaces are more favorable sites for 
nucleation of amorphous volumes in complex ceramics (Wang et al., in press). This 
phenomenon may be associated with a certain irradiation temperature and may also be 
related to the high ionization energy loss of ions at the irradiation surface. The present 
sample geometry for irradiation in the HVEM-Tandem Facility prevents a detailed study on 
the role of free surfaces. X'IEM study can also provide information on the extent to which 
the data obtained from the in situ i~adiat iodEM study are valid for the bulk material. 

Data collected from the above studies will be compared with the material parameters 
(e.g., structure-type, bond type and strength, t'iern_Opyr_lamic data, etc.), previous results 
from pressure induced amorphization studies and claj;i&.l glass formation studies in order 
to extract insight into the controlling mechanisms for amorphization of complex Ceramic 
materials. 

PHASES PROPOSED FOR STUDY AND JUSTIFICATIONS 

The principal considerations of irradiation effects in ceramics include point and 
aggregate defect production; the crystalline-to-amorphous transition; dimensional, 
mechanical and thermal property alteration; and changes in electronic, magnetic, and optical 
properties. Comparison of irradiation results in ceramics has revealed a wide variation in 
susceptibility to amorphization. Gupta (1993) considered a topologic parameter, freedom 
for alternative structural arrangement, in the evaluation of glass-formation ability. Based 
on the parallels between glass-formation and amorpbtion, Hobbs (1994) proposed that 
this structural topology parameter be used to evaluate the susceptibility of ceramics to 
amorphization. However, the structural topology does not consider chemical influences on 
irradiation-induced amorphization. The structure-types proposed for study comprise a 
large number of compositions so that chemical and thermodynamic parameters, such as. 
bond-type and strength and free energy of formation, can be used to evaluate the 
susceptibility to amorphization under the condition of a fixed topology. Also included in 
the proposed phases are polymorphs of fmed composition, so that the effect of structural 
complexity or topological stability can be studied without the confusion introduced by 
variations in chemical composition, as has been encountered in previous studies. 

1. Monazite and zircon structure types (ABOd): 

There are a wide variety of AB04 structure types wuller and Roy, 1974; Aldred, 1984) 
that include silicates (zircon, ZrSiO4 and thorite, ThSi04), phosphates (xenotime, YPO4 
and monazite, Cer9.4) and vanadates (REEVO4). The phases selected for study are 
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orthosilicates, that is the BO4 tetrahedra are not polymerized, but exist as isolated tetrahedra 
bonded across comers and edges to the A-site cation coordination polyhedra. There are no 
bridging oxygens in such structures. Based on studies of a-decay damage in natural 
phases, one may anticipate a different response when comparing silicates and phosphates 
(Lumpkin and Chakoumakos, 1988; Chakoumakos et al., 1990). Bond energies for the P- 
O bond are roughly 200 kJ/mol lower than for the Si-O bond. Thus, phases with a greater 
proportion of P - 0  to Si-0 bonds have a lower energy barrier to recrystallization. This 
point has been emphasized by Robinson (1983) using MARLOWE to simulate collision 
cascades in monazite (a phase under study, see fater section). Although cascades produced 
by different types of ions may vary in their structure and effect on the periodic structure, 
Robinson concludes that it is unlikely that the crystal structure of the target itself plays more 
than a minor role in the structure of the collision cascades. The differences between the 
response of different minerals must be attributed mainly to the stability of the defect arrays 
produced in the collision cascades, not to processes occurring during cascade production. 
There is also recently cited evidence that some phosphates are amorphized as a result of 
electronic processes during ion-beam amorphization (Sales et al., 1992), although we have 
found that the electronic energy loss had little effect in the amorphization of zircon Wang 
and Ewing, 1992). Additionally, different structure types (e.g., the monoclinic monazite 
vs. tetragonal zircon) have different susceptibilities to heavy particle irradiations and 
metamictizatioa The monoclinic structure type (e&, monazite) is not found in the 
metamict state, while the tetragonal structure type (e.g., zircon and thorite) are often 
metamict (Pabst, 1952). Thus, the AB04-structure types offer a wide variety of 
stoichiometries and structures for the investigation of effects of bond-type on 
arnorphization and defect annealing. A comprehensive study on zircon (ZrSiO4) as been 
completed in collaboration with W.J. Weber (Weber et al., 1994). We propose to study 
the following phases for comparison to zircon. 

(a) Xenotime (YPOa is tetragonal and isostructural with zircon @wing and 
Chakoumakos, 1982), but xenotime has not been found in the metamict state, suggesting 
low-temperature annealing of this phosphate. For xenotime, we propose to complete a 
series of in-situ ion irradiations and HREM investigations that are identical to the conditions 
used in the irradiation study of zircon. We want to investigate the importance of bond type 
on the amorphization process by comparing isostructural silicates and phosphates. 

(b) Thorite (ThSiO,) is tetragonal and isostructural with zircon (Ewing and 
Chakoumakos, 1982) and commonly found in the metamict state and often displays low 
t e m p e m  alteration and annealing effects leading to the4formation of secondary thorite 
phases containing H20 and the substitution of 4H+ for Si in the B-site (Frondel, 1953; 
Robinson and Abbey, 1957; Speer, 1982; Lumpkin and Chakoumakos, 1988). Structure 
refinements of the ThSiO, polymorphs were completed by Taylor and Ewing (1978), md 
observed radiation effects in natural materials were discussed by Ewing and Haaker (1980) 
and Ewing (1994). Ion bombardment (Kr' and Ar+) experiments were completed on 
monoclinic ThSiO4 and tetragonal ZrSi04 powders (Karioris et al., 1981; Cartz and 
Foumelle, 1979) and both became metamict at fluences of 5 iodnm2 (3 MeV). We 
propose to further characterh (using HRTEhQ the structure of partially metamict and 
completely metamict thorite. These results can then be compared to ion irradiation 
experiments (HVEM Tandem Facility, ANL). In addition, we want to complete an 
ExAFs/xANES study of the Th-coordination polyhedron with increasing a-decay dose. 
Results by Farges et al. (1991, 1993) suggest that there is a difference in distortions 
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observed in the Zr-coordination polyhedron of zircon and the Thcoordination polyhedron 
of thorite with increasing a-decay dose. The nearest neighbor structure is readily distorted 
during the damage ingrowth process of thorite, but apparently this is not the case with 
zircon. This is a good system to study the effects of bonding, structural topology, and 
molecular water on the radiation damage ingrowth process. 

(c) Huttonite (monoclinic polymorph of ThSi04) is isostructural with monazite and in 
nature is always found in the crystalline state. We propose to characterize natural samples 
by HRTEM and to compare the results to those obtained on tetragonal thorite. We will 
complete parallel irradiations (1.5 MeV Kr' in a temperature range of 20-800 K) and in-situ 
"EM and HRTEM examination of both thorite and huttonite. 

(d) Monazite ((Ca,Ce,Nd)P04) in nature is always found in the crystalline state 
(Boatner and Sales, 1988) despite relatively high concentrations of Th and U. Samples 
from Amelia, Virginia (300 million years old) contain up to 20 wt. 96 ThQ and remain 
crystalline up to doses of approximately 6X1Ol6 alpha-eventdmg. Monazite has, until 
recently, been the only single phase crystalline material proposed to be a waste form for 
high level nuclear waste. Its remarkably low dissolution rate, its negative temperature 
coefficient of solubility, its high physical and chemic4 durab-aty, and its ease of annealing 
make it an attractive nuclear waste form. Insofar as the physical properties of a material 
may change signrficantly as a result of amorphization, this research is important in that the 
amorphization and annealing processes can affect nuclear waste form properties. The 
response of monazite to irradiation also has important implications for geochronology. 
Monazite t y p i d y  has undisturbed U-Pb systematics relative to zircon, the phase most 
frequently used in the U-Pb age dating of geological materials (Parrish, 1990). 

We propose to characterize alphadecay damaged monazite specimens by HRTEM and 
to complete in situ annealing experiments on these samples. Again, we will also complete 
parallel irradiations and in-situ TEM examination of the amorphization process for 
monazite. Our preliminary results from the in situ irradiation study have shown that 
although monazite amorphized at lower ion doses than zircon at temperatures below 
-360K, it has a much lower critical amorphization temperature than zircon (430K vs. 
1100K) (Meldrum et al. in press; see figure 1). This and the results from an earlier 
comparative study on apatite (Wang et al., 1994c) indicate that the defects anneal much 
faster in phosphates than in silicates at elevated temperatures, although monazite (a 
phosphate) has a much higher melting temperature (2045OC) than that of zircon (a silicate, 
1676OC). 

(e) Rare earth vanadates (MV04), such as LnVO4, CeV04 and NdVO4, have the 
tetragonal zircon structure but are not found in nature. The structure of many rare earth 
vanadates have been solved by Chakoumakos et al. (1994). It has been found that V-O 
distance decreases slightly with increasing Z of the metal cation in the Ln series. The 
displacement of the oxygen atoms about their mean position in the vanadates is 
considerably higher than for the corresponding phosphates: this difference has been 
attributed to the more compact and rigid nature of the PO4 relative to the V04 tetrahedron 
(Chakoumakos et ai., 1994). A comparative ion irradiation study between silicates, 
phosphates and vanadates with the same zircon structure-type provides a wonderfid 
opportunity for understanding the role of bonding and anion tetrahedron types on the 
susceptibility of complex ceramics to amorphization. 
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Figun 1. Comparison of temperame dependence of critical amorphization dose of 
monazite and zircon under 1 5  MeV Kr+ irradiation (Meldnun et aL, in press). 

2, Perovskite structure type (ABOJ): 

There are a huge number of compositions with the perovskite structure-type 
(Navrotsky, 1989; B m ,  1989): 

(1) A%”@ 

(2) A ’B 03 

(3) A+B 0 3 

A=IaCe,FV,Nd,Sm,Eu,Gd,Dy,Ho.Er 
B2= Al, Ga, Cr, Fe, In, Ni, V, Co, Sc 

A = Mg, Ca, Sr, Ba, Cd, Pb, Mn, Fe, Zn 
B =Ti, Zr, Mn, Sn, Ce, Th 

A=K,Li 
B=Nb,Ta 

ambient pressure. 

k 2+ 

(4) High pressure polymorphs of MgSiO, and CAkQ which are metastable phases at 

The ideal cubic structure of perovskite is a network of regular BO6 octahedra linked by 
their comers that extend symmetricaUy in three dimensions. The A-site cation occupies the 
cubic cavity formed by the eight octabedm and each is mounded by 12 nearest neighbor 
oxygens. Due to variations in ionic Size and smalj displacements of atoms, the actual 
structure found in a majority of perovskita is a pseudosymmetric variant (hemtype) of the 

20 



ideal (arktotype) arrangement ( P d m ) ,  resulting from a small distortion of the unit cell and 
a reduction of the overall symmetry. This distortion is responsible for the ferromagnetic, 
and ferroelastic properties of perovskites (Rao et al., 1977). The polymorphic phase 
transition of perovskites can be exemplified by BaTi03. On cooling from high- 
temperature, the structure of BaTQ undergoes three displacive phase transitions with 
atomic movements of 0.1 A or less. At the Curie temperature of 130 O C ,  the point group 
symmetry changes from cubic m3m to tetragonal 4mm. The tetragonal structure, with 
spontaneous polarization along [Ool], persists down to 0 OC, where it transforms to 
orthorhombic symmetry (mm2). On further cooling, the orthorhombic structure transforms 
to rhombohedral (3m) near -90 OC. 

Perovskite structure-types have a wide range of engineering applications in modem 
industry (Newnham, 1989) as optoelectrical and microelectrical materials. The perovskite 
structure-type can also be developed for a new generation of catalysts (Tejuca, 1989). 
Microelectric and optoelectric devices of perovskites may be operated in irradiation 
environments, such as nuclear reactors and during space exploration. The irradiation effects 
in perovskites for these devices must be thoroughly understood, as irradiation may cause 
significant modification or degradation (Chen et al. 1994, Rankin et al. 1995). Ion-beam 
processing technology is capable of controlling crystallinity, comp,;i+ion, and 
characteristics under nonthermal equilibrium conditions and produces high-performance 
materials and devices, such as ion-beam modification of opto-electronical crystals for better 
performance. Basic aspects of irradiation effects in the perovskite structure-type such as 
irradiation-induced effects on physical properties and microstructures and irradiation- 
induced amorphization are of critical importance in engineering applications of perovskites. 
Additionally, perovskite is one of the primary phases in the ceramic nuclear waste form, 
SYNROC (Ringwood et al., 1988). Perovskite is the primary host phase for Sr and 
trivalent actinides, thus, radiation effects as a function of perovskite structute type (e.g. 
cubic, orthorhombic or rhombohedral) are of critical importance in waste form evaluation. 

From a thermodynamic point of view, the enthalpy of formation of perovskite 
represents the energy requirement for recrystallization of perovskite from the amorphous 
state, that is, the stability of crystalline perovskite under irradiation. If this is true, we 
should be able to predict the relative susceptibility to amorphization of perovskite phases 
based on a rather complete set of thermodynamic data available in the literature (Takyama- 
Muromachi, 1988). For example, for the ATQ system, the order should be: CdTiO3, 
PbTiQ, CaTiO3, SrTiO3, and BaTia,  with BaTiO3 being the most stable phase because it 
has the highest enthalpy of formation. Naturally occurring perovskites 
(Ca,Na,Ce,Th)(Ti,Nb)03 are sometimes found to be metamkt due to a-decay damage. 
Fenoelectric PLZT, (Pb,La)(Zr,Ti)03, has been completely amorphized after a dose of 
1 .9~10'~ iondcm by 1.5 MeV krypton irradiation at room temperature (Wang et al, 
19924). Even more interesting, a series of other important parameters are available in the 
literature for many perovskite phases, such as the Madelung energy (Navrotsky, 1989), the 
tolerance factor, Debye temperatures (Anderson, 1995), N k l  temperatures (Burns, 1989), 
thermal expansion coefficient (Touloukian et al., 1977) and elasticity (Liebermann et al., 
1977). The tolerance factor, a useful parameter related to the stability of perovskite 
structures, is given by 
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where rA, Rg, and RO ate empirical radii of the respective ions. By geometry, the ideal 
cubic structure should have t = 1. These parameters may be closely linked to the relative 
susceptibility to amorphization for the various compositions within the perovskite structure 
types- 

In addition, we will study the nonstoichiometric influences on irradiation-induced 
amorphization using selected nonstoichiometric perovskite compositions. Most crystalline 
materials have a well-defined phase with a chemical composition precisely reproducible and 
are referred to as stoichiometric. However, some compounds are characterized by a single 
phase over a range of chemical compositions, and these are r e f e m  to as 
nonstoichiometric. Compared to the corresponding stoichiometric compound, the 
nonstoichiometric composition has a higher concentration of inherent defects. The energy 
associated with these extra defects may make a significant contribution to the total energy 
required for irradiation-induced amorphization. Electron microscopy may be used to 
advantage in characterizing the detailed structure of defects in nonstoichiometric materials 
(Hayes and Stoneham, 1985). One of the nonstoichiometric perovskite phases under 
consideration is CaTia, which can tolerate excess Ca, as the Ca + ion is small enough to 
substitute in small amounts for Ti in the octahedral cation sites (Smith, 1987). 

3. MgO-Al203-Si02 ternary system phases: 

The MgO-A&Cl&& ternary system is an important and well studied system in both 
ceramic sciences and mineralogy. Many irradiation experiments have been performed on 
some of the phases in this system, e.g. Mg2SiO4 olivine and MgAl204 spinel. However, 
there has not been a systematic irradiation study of the phases in this system as a whole. 
The irradiation study of well selected phases ,in this system can provide important insights 
into the relationship between classical glass formation and irradiation-induced 
amorphization, as well as the topological control on amorphization of ceramics. 

Very recently, we have noted a parallel behavior between ion beam induced 
amorphiation and classical glass formation in oxides based on preliminary results from 
several phases in the MgO-Al203-SiO2 ternary system (S. Wang, in preparation; see Figure 
2). In the classification of simple oxides for glass formation, Si@ is a network former (or 
glass former), Al&& is an intermediate, and MgO is a network modifier. The role of a 
network modifier is to make a network easier to crystallize. The roles of oxides in glass 
formation can be determined by the use of field strength measurements, as introduced by 
Volf (1984). The network formers generally have a field strength >1, while good network 
modifiers have iield strength around 0.5. Our preliminary results have shown that, in a 
complex ceramic material, the higher the concentration of network formers, the lower the 
critical ion dose for amorphization. This observation needs to be further tested and refrned 
on more phases because it implies very important insights into the processes of ion beam 
induced amorphization of oxide systems. 

(a) Al2O3-Si@ binary system and related phases 

The Al203-Si0, binary includes the silica polymorphs (SiOd, a l e  (A12Q), mullite 
(3&03.2siO2), and the three aluminosilicate polymorphs (AlzSi05). 
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There has never been any previous work on radiation effects in the aluminosilicare 
structure types; however, the thtee polymorphs (kyanite, AlzOSiO4; andalusite, AlA10Si04; 
sillimanite, AlSiAlQ) offer interesting structuml contrasts. AU of the polymorphs a~ 
orthosilicates with isolated silicon-oxygen tetrahedra (in this regard simii to zircon, 
olivine and garnet). In all three structures, the Si is in tehahedml coordination, and one of 
two A” cations is in octahedral yrdination. A major difference in the structures is tbe 
coordination of the remaining Al , being four-coordinated with oxygen in sillimantite, 
five-coordinated with oxygen in andalusite, and sixcoordinated in kyanite. This difference 
is indicated in the manner the formulas are expressed. ?he polymorphs also differ in tbe 
degree of polymerization of the octahedra. Kyanite consists of “sub-chains” of edge- 
shared octahedra that are parallel to the [Ool] direction. Andalusite has isolated chains of 
edge-shared octahedra parallel to [Ool]. Sillimanite is similar to the andalusite structure, 
but the AI-site occupancy of the octahedral chains is different The chains may also be 
distinguished on the basis of the Al-occupancy arrangement in the octahedra. Tbe 
differences in thermodynamic stability of these tbree phases are illustrated in Figure 3. Ion 
beam irradiations of these polymorphs will allow us to evaluate the effect of coordinatioa 
geometry, poly-nerization and thermodynamic stability on the damagdamding process. 
We will attempt to use surface EXAFS on irradiated samples to evaluate whether tbe 
struca~e of the amorphous state is identical for each of tbe thnx polymorphs after tky 
have been amorphized 
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Figure 2. Vatiation of =tivation energies with ckmical composition in the Al203-SQ 
binary for the viscous flow of melts (iidicatim of the degree of difficulty €or glass 
formation) and for a dynamic defect annealing process during ion beam amorphization 
(extracted from the D,-T curves). The similarity of these two curves suggests a paraael 
between glass formation and ion beam amorphiza&im processes (Wang, S., in 
preparation). 
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Figure 3. Expetimentauy determined stability fields for the polymorphs of Al&Q 
(Holdaway, 1980). 

The high temperature and high pressure polymorphs of silica provide an excellent set of 
phases, not only for examining the effects of topology, but also for evaluating the effect of 
thermodynamic stability on amorphization. 

According to Lam and Ohnoto (1*4), in disordered crystals, atomic defects create 
signifcant static displacements, psa in addition to displacements resulting from thermal 
vibrations, pvib 'Ihe c-a transformation in such structures has been interpreted as solid- 
state "melting" which occurs when the sum of the dynamic (thermal) and static mean- 
square displacements, <p%, reaches a critical value, $&>, identical to that of melting for 
the correspondingly perfect crystalline structures: 

<p+ = <&> + <C12vib) 2 <p 2 ai' 

Lam and Okamoto (1994) have proposed that <p%' = (p2-> 2 < p 2 ~  for the 
irradiation-induced amorphization, while <p%> = <p2*> 2 <p2&> (<p*-> = 0) when an 
unirradiated compound melts on heating. The temperature effects on amorphiation were 
considered to only result in annealing, that is a recovery of the damaged structure. We 
have made a prelimimy study on the thermodynamic metastabilities of silica polymorphs 
on irradiation-induced amorphization. In the case of d t e  (a high pressure phase), there 
is a greater thermal contribution, <pznw, to irradiation-induced amorphizition (Gong et al., 
submitted), as mite undergoes solid-state amorpbizatinn by annealing alone. We 

24 



-. 

propose that the expanded thermodynamic condition for irradiation-induced amorphization 
is: 

AGta = AGbem + AG&f +AGdis 2 A G m q  
where AGtH is the total energy of the irradiated crystal; AGherm is the thermal contribution 
due to the temperature increase; AGkf and AGdh are the free energy increases due to defect 
buildup and chemical disordering caused by irradiation, respectively, and AGFw! is the 
free energy of the amorphous solid. More investigations of irradiatton-mduced 
amorphization on metastable crystalline phases are neceSSary to determine the thermal 
contribution in promoting solid-state amorphization under irradiation. 

We consider the following metastable crystalline phases to be important in testing our 
new model: 

(1) Stishovite, another high-pressure polymorph of Si@ stable above 9.5 GPa. This 
phase has the rutile structure in which Si is six-coordiuated by oxygen atoms. It is 
thermodynamically unstable relative to glass or liquid Si@ at any temperature. 
(2) The related G e a  phase with the rutile structure is also a high-pressure metastable 
phase. The d l e  structure-types of Si@ a113 Ge@ are also another good system for 
testing the structural topology theory of gla.&or&ation and amorphization, as 
proposed by Gupta (1993) and Hobbs (1994). 

From a thermodynamic standpoint., glass formation below the glass transition 
temperature raises some questions, for example, whether the structure and thermodynamic 
properties of the amorphous phase (or glass) can be regarded as an equilibrium 
undercooled liquid at its low formation temperam, which cannot be obtained by cooling a 
liquid because of slow kinetics. Kauzmann (1948) has argued that an undercooled liquid 
whose entropy falls below that of the corresponding crystalline phase must undergo 
massive "freezing" to a glass. Irradiation-induce amorphization of these metastable 
crystalline phases can be used to demonstrate the glass formation ability of these phases if 
solid-state amorphization is a process parallel to glass formation. In these metastable 
phases, Si and Ge are all coordinated by six oxygen atoms because they are high pressure 
phases. However, in the lower pressure polymorphs of these metastable phases, the 
cations are coordinated to four oxygens. Therefore, two basic questions arise concerning 
glass formation by irradiation: (i) whether Si and Ge cations in the amorphous phase 
immediately produced by irradiation have six-fold oxygen coordination; (ii) whether the 
six-fold coordination undergoes a relaxation process to four-fold coordination at lower, 
ambient pressure. These two questions are important to understanding the glass-formation 
process which can be induced by irradiation. Raman spectroscopy will be a useful 
technique for determining the coordination configuration changes in these metastable 
phases before and after irradiation. Energy-filtered electron diffraction can also be used to 
obtain quantitative results on the coordination configuration changes. 

Although rutile vi03 does not easily amorphize under ion irradiation, G G  may 
because it is known to be a good glass former. Since the field strength of G G  is smaller 
than that of Si@, it is expected that requires higher doses than Si& for 
amorphization. 
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In addition, BeF2, another isomorph of quartz is known as a good glass former, 
perhaps the best in fluoride system. Because the bond type of BeF2 is almost purely ionic, 
it is a good phase for testing the ionicity criterion for the amorphhtion of ceramics. The 
experiment on BeF2 will also be a good test of the hypothesis of the parallel between 
radiation-induced amorphization and ease of glass formation. It is important to understand 
the controlling factors on irradiation induced amorpbtion by comparing the results from 
Si&, Ge02, AlP04 (Bordes and Ewing, 1995) and BeF2. 

(b) MgO-Si02 binary system 

The MgO-Si& binary contains the refractory material periclase (MgO) and the 
compounds forsterite (Mg2SiO4) and enstatite (MgSiO3). Experiments on irradiation- 
induced amorphization of forsterite and periclase has been completed (Wang et al., 
submitted and Wang, S .  et al, in preparation). We still need to complete the dose- 
temperature curve for enstatite. This will provide a strong experimental test of the glass- 
formation hypothesis. 

(c) MgO-Al2Q3 binary system and related phases 

The MgChU2a binary contains the important phase spinel (MgA1204). Many 
experiments have been done on spinel (Zinkle et al., 1990; Yu et al. 1994) and other 
isostructural compositions (Wang et al., 1995). MgO is not a glass former, as determined 
by its low field strength value and compact crystalline structure, and MgO is very hard to 
amorphize by ion irradiation (Matzke, 1982). From the point of view of classical glass 
formation, the resistance to amorphization of MgAl2O4 spinel may be related to the presence 
of MgO. To test this hypothesis, we propose to complete a study on a related phase- 
hercynite (FeAlzO4). HerCynite has the spinel structure. Because FeO has a higher field 
strength than MgO (0.58 vs. O S ) ,  it is expected that FeAl2O4 will be easier to amorphize 
than MgA1204. Additional support for this hypothesis comes from the comparison between 
fayalite (FezSi04) and forsterite (MgzSi04), with fayalite being much easier ;o amorphize 
than forsterite Fang et al, 1994a). It is also important to compare the kAl2O.&IgAl204 
(spinel) pair with Fe$iO&4g2SiO4 (olivine) pair to obtain better a understanding the effect 
of chemistry on amorphization within the same structure type. 

(d) MgO-Al2&-Si@ ternary compounds 

Two important ternary compounds will be studied: cordierite (2Mg02Al2QSSia) and 
sapphirine (Mg2&Si010). From the high Si& mole concentration and the (Al,Si)O4- 
tetrahedral network structure, we expect cordierite to amorphize easily if the ease of glass- 
formation criterion is correct. Glass with the cordierite composition is commonly known 
(Scholze, 1991). 

Garnet is an isometric orthosilicate which consists of a distorted cubic close-packed 
array of oxygens. The polyhedral arrangement consists of a comer-sharing framework of 
alternating SiO4-tetrahedra and Y06-octahedm and XOS triangular dodecahedra fill the 
remaining structural voids. In addition to a wide variety of natural compositions in which 
endmember compositions include: X = Mg, Fe, Ca and Mn, Y = Al, Cr, and Fe, there are 
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many synthetic compositions which include lanthanides (e.g., YAG). Diffxent 
stoichiometries show a wide variation in melting points (from 800T to 1200OC) and 
considerable variation in bond-type. However, preliminary studies by Eby et al. (1992) 
using 1.5 MeV Kr+ ions, showed no regular variation of critical amorphization dose with 
melting point. In fact, in Eby's systematic study of structure-types and bond-types, the 
garnets are problematic because no systematic relationship to critical amorphization dose 
could be determined. Eby's study included only four endmember compositions for natural 
garnets. We propose to repeat Eby's study (ion irradiation/HVEM Tandem Facility, ANL), 
but to use a wider range of garnet compositions, including synthetic and natural garnets, 
and to investigate the result of simple binary changes in composition. 

SUMMARY 

The fundamental approach in this research program .--  will - to apply principally in-siac 
TEM/ion irradiations and high resolution EM, energy &em? TEM, EXAFS/XANE-S, 
and other spectroscopic techniques to the study of the transition from the crystalline-to- 
aperiodic state in mul t idon  complex ceraxnic materials (complex oxides, silicates, 
phosphates and vanadates). We are particularly interested in utilizing the HVEM- and the 
newly established IVEM-Tandem Facility at Argonne National Laboratory to systematidy 
investigate the c-a transition for a variety of complex ceramic structure types over a wide 
temperam range. DetaiIed study at the subcascade level on the initial stages of 
amorphization, effects of the grain boundary and free surfaces on amorphization will be 
canid out at the University of New Mexico with our newly acquired high-resolution "EM. 

This proposal outlines a program to study the effects of structurelbonding, chemical 
composition, thermodynamic stability, cascade energy and temperam on the 
amorphization of complex ceramic materials in order to establish unified criteria for 
predicting a material's susceptibility to amorphization. The proposed work is unique in that 
complex structure types of variable chemistries and polymorphs of fixed compositions are 
the focus of the study, so that the roles of structure and chemistry on amorphization can be 
better understood. The results from this study will provide the basis for extending current 
understanding and allow the development of new models of solid-state amorphization. We 
anticipate collabomtion with other BES-funded programs and colleagues at national 
laboratories and other universities. 
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COLLABORATIVE INTERACTIONS 

A number of collaborative efforts have resulted from this BES support d pro 
1996). We expect thaf many of the following collaborations will continue: 

G. Arnold 

C.W. Allen 
R.C. Birtcher 

L. A. Boamer 

G. Brown 
F. Farges 

M. Cameron 

F. Clinard 

R Doreums 

K. Sickafus 

Y. Eyal 

(-1 

SNL 

ANL 

ORNL 

Stanford U. 

NSF 

LANL 

RPI 

LANL 

Technion U. 
Isael 

F. C. Hawthorne U. Manitoba 

L.W. Hobbs MIT 

B. Morosin SM, 
J.C. Barbour 

T.Murakami U.Tokyo 

Alex. Navrotsky Princeton U. 
T.C. Onstott 

E. Salje Cambridge U. 

W.J. Weber PNNL 
I 

T.J. White u. south 
Aastralia 

liim (1993- 

ion implantation of silicate structure types; 
member of PbD. committee for A. Meldrum 

use of the HVEM-Tandem Facility at ANL; 

ion implantation and Rutherford 
backscatteringchanneling studies. 
member of PbD. committee for A. Meldrum 

EXAFS study of metamict zirconolite 

HRTEM study of fission tracks in apatite 

radiauon effects in nuclear waste forms 
- 

amorphization of ceramics 
(spent 95-96 academic year at UNM on sabbatical) 

ion beam implantation studies at LANL 

irradiation studies of glass; bubble 
formation 

analysis of structural distortion as 
a result of radiation damage 

irradiation study of berlinite 

radiation damage & flux pinning in TI-type 
high temperam superconductors 

HRTEiM and XRD study of metamict Zircons 

high temperature calorimetric studies of 
partially damaged %on F d  zirconolite and 
radiation effects on Art At dating 

low angle scattering studies of defect annealing in 
metamict zircon 

radiation effects in complex silicates; 
member of PbD. committee for A. Meldnun 

ion beam irradiation study of zirconolite 

28 



STUDENTS & POST-DOCTORAL FELLOWS 
SUPPORTED BY THE BES PROGRAM 

During the period 1993 to 1996, a number of students and post-doctoral fellows have 
been funded by or associated with this BES program. They are listed below with their 
present employment 

Mark Miller 

Nicole Bordes 

Peter Burns 

- . W.L. Gong 

T.J. White 

Paula Newcomer 

shixinwang 

AI Meldrum 

Research scientist University of New Mexico 

Post-doctoral fellow 
shared with LANL 

Microscopy Unit, University of Sydney 

Post-doctoral fellow 
NSERC Fellowship 

University of New Mexico 

Visiting Scholar 
Chinese Academy Sc. 

University o f  New Mexico 

Fulbright Fellow 

M.S., 1995 

Ph.D. candidate 

Ph.D. candidate 

University of South Australia 

Sandia National Laboratories 

University of New Mexico 

University of New Mexico 
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