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Preface

This volume is a record of the first Joining and Adhesion of Advanced Inorganic
Materials Symposium, held on April 12-14 at the 1993 MRS Spring Meeting in San
Francisco, Califoria, We brought together for this symposium an international group
of researchers working in every aspect of materials joining and adhesion, from
fundamental theoretical aspects of adhesion to joining techniques being applied in the
commercial world. Adhesion of thin films and coatings was discussed at the
atomic/electronic level, as well as on the practical level of coatings for wear resistance.
Joining of a broad range of materials was discussed, including ceramics and ceramic
nmatrix composites, metals and metal matrix composites, and semiconductors, A variety
of novel joining techniques wore described, many of which are destined to bcomie
commercially important technologies in the near future.

Funding for this symposium was provided by the U.S. Office of Naval Research
and the U,S, Department of Energy, Assistant Secretary for Energy Efficiency and
Renewable Energy, Advanced Industrial Materials Program. The encouragement and
support of these institutions is gratefully acknowledged, The organizers would like to
thank Dr. R, Loehman at Sandia National Laboratories for help with promoting the
symposium, and Mr. S. Johnson at Penn State University for help with preparation of
the proceedings.

Altaf Carin
Dan SclhwartLRichard Silborglitt

June 1993

Ix



Acknowledgments

No MRS sy mpusiuin would flow smoothly, nor could the proceedings be published
in a timecly fashion, without the combined efforts of a large number of pol.The
symposium organizers would like to thank the following people fr gsraciously
contcibtuting their time and expertise to the manuscript peer review process and/or
helping with the symposium by serving as Session Chairs.

1. Ahmad
W, Baeslack
R. Brow
D. Dunford
N, Eustathopoulos
M, H-alvarsson
J, Hawk
A, Houssais
J. Howe
C, Lee
ft. Lin
Z. Ma
M.G. Norton
T, Orling
(I. Pinnou
B. Rabin
3, Smith
K. Suguniuma
H. Tlmsit
R. Wilson

Al



MATERIALS RESEARCH SOCIETY SYMPOSIUM PROCEEDINGS

Volume 279-Beam-Solid lnteractions-Fundantentals and Applications, M.A. Nastasi,
N, Herbois, L,R, Harriett, R.S, Averback, 1993, ISBN: 1-55899-174-3

Volumne 280-Evolution of Surface and Thin Film Microstructure, HA. Atwater.
E. Chason, M. Grabow, M. I.Rgally, 1993, ISBN: 1-55899-175-1

Volume 281-Semiconductor Heterostructures for Photonic and Electronic Applications,
D.C. Houghton, C.W, Tu, R.T, Tung, 1993, ISBN: 1-55899-176-X

Volume 282-Chemtical Perspectives of Microelectronic Materials III, C.R. Abernathy,
C.W. Bates, D.A, Bohling, W.S. Hobson, 1993, ISBN: 1-55899-177-8

Volume 28.1-Miroc'ystalline Semticonductors-Materials Science & Devices,
Y. Aoyagi, IT, Canham, P.M. Fauect, 1, Shimizu, CC, TIsai, 1993,
ISBN: 1-55899-178-6

Volume 284-Amorphous Insulating Thin Films, J. Kanicki, R.A,B. Devine,
W.L. Warren, MA Mutsumura, 1993, ISBN: 1-55899-179-4

Volume 285-L-Aser Ablation in Materials Processing- Fundamentals and Applications,
B. Braren, J. Dubowski, D , Norton, 1993, ISBN; 1-SS899-180-8

Volume 286- Nanophase and Nanocomposite Materials, S. Komarneni, J,C. Parker,
G. Thomas, 1993, ISBN: l-55899-181-6

Volumie 287-Silicon Nitride Ceiamics-Scientific and Technological Advances,
I-W. Chen, PP., Becher, M, Mitomio, G. Putzow, T-S, Yen, 1993,
ISBN: I-55899-182-4

Volume 288-Higli-Temporature Ordered litermetallic Alloys V, I, Baker,
J.D. Whiutenberger, R., Darolia, MI-I. You, 1993, ISBN: 1-55899-183-2

Volume 289-Flaw and Microstructure of Dense Suspensions, L.J. Struble,
C.F. Zukoski, G, Mnitlaiid, 1993, ISBN: 1-55899-184-0

Volumec 290-ynamics in Small Confining Systems, J.M. Drake, 1),D, Awsclialoni,
J. Kiafter, R, Kopelman, 1993, ISBN: 1-55899-185-9

Volumie 291-Materials T'heory and Modelling, P.1D, Bristowe, J,1.Brotighton,
J.M, Newsarn, 1993, ISBN: 1-55899-186-7

Volume 292-Bioniolecular Materials, sT.r Case, J.H. Waite, C. Viiiey, 1993,
ISBN: 1-55899-187-5

Volume 293-Soid State Ionics Ill, G-A. Na'.ri, J-M. Tarascon, M. Armand, 1993,
ISBN. 1-55899-188-3

Volumec 294-Scientific Basis foz' Nuclear Waste Management XVI, C.G, Interrante,
R.T, Pahalan, 1993, ISBN: 1-55899-189-1

Volume 295-Atomic-Scale Imaging of'Surflices and interfaces, D.K. lBicgclson'
D.SY, Tong, I).J. Smith, l993, ISBN: 1-55899-190-5

Volume 296.-Structure and Properties of Ever getic Materials, R.W. Armstrong,
J.J. Gilman, 1993, ISBN: 1l55899-191-3



MATERIALIS RE"SEARCH SOCIF"TY SYMPOSIUM PROCEED)INGS

Volume 297-Amorphous Silicon Techrtology-1993, E.A. Schiff, M.J. Thompson,
P.G. LeComber, A, Madan. K. Tanaka, 1993, ISBN: 1-55899-193-X

Volume 298-Silicon-Based Optoelectronic Materials, R.T, Collins, M.A. Tischlcr,
G. Abstreiter, M.L. iliewalt, 1993, ISBN: 1-55899-194-8

Volume 299-Infrared Detectors-Materials, Processing, and Devices, A, Appelbaum,
L.R, Dawson, 1993, ISBN: 1-55899-195-6

Volumet 300-Il-V Electronic and Photonic D~evice Fabrication and Performance,
K.S. Jones, 83., Pearton, H, Kaniber, 1993, ISBN: 1-55899-196-4

Volume 301-Rare-Earth Doped Semiconductors, (3.5. Ponircnke, P.B, Klein,
DW, Langer, 1993, ISBN: 1-55899-197-2

Volume 302- Semniconductors for Room-Temperature Radiation Detector Applications,
R.B, James, P. Siffert, TE. Schlesinger, L Franks, 1993,
ISBN: I-55899-198-0

Volume 303-Rapid Thermal and Intcgrated Processing 11, I.C. Gelpey, J.K. Elliott,
J.J. Wortman, A, Aimera, 1993, ISBN: 1-55899-199.9

Volume 304-Polymer/Inorganic Interfaces, R.L. Opila, AW. Czanderna, FiJ, Boerio,
1993, ISBN: 1-55899-200-6

Volume 305- High-Performance Polymers and Polymner Matrix Composites, R.K. Eby,
R.C, Evers, D., Wilson, M.A, Meador, 1993, ISBN: 1-55899-201-4

Volume 306-Materials Aspects of X-Ray Lithography, G.K. Coller, JR. Maldonado,
1993, ISBN: 1-55899-202-2

Volme307Apleations of Synchrotron Radiation TeChn1iqueCs to Materials Science,
.1,Perry It. Stockbaueor, N. Shinn~, K. D'Aniico, L. 1'erminello,

1993, ISBN: 1-55899-203-0
Volume 308-Thin Films-Stresses and Mechanical Properties IV, PH Townsend,

J. Sanchez, ('-Y. Li, T.lP, Weihls, 1993, ISBN: 1-55899-204-9
Volume 309-Materials Reliability in Microelectronics 111, K, Rodbell, 13. Filter,

P). Ho, H. Frost, 1993, ISBN: I-55899-205-7
Volume 310- Ferroclectric Thin Films 111, UER. Myers, BhA. Tuttle, S,13. Dosu,

I',. Larsen, 1993, ISBN: 1-55899-206-5
Volume 31 1- Phase TranIS formaUtions in Th in iIm-Ihroyacsand Kinetics,

M. Atznion, JM.E, Harper, AL, Greer, M.R. Libera, 1993,
ISBN: 1-55899-2U7-3

Volume 312-Common 'lhenies and Mechanisms of l,-pitaxial Growth, 1P. Fuoss,
J. Tsao, D,W, Kiskei, A. Zangwill, T.,". Kuecli, 1993,
ISBN: 1-55899-208-1

Volume 31 3-Magnetic Ultrathin Films, Multilayers and Surfaces/Magnetic
Interfaces-Physics and Characterization (2 Volie Set), C. Chap pert,
R.F.C. Farrow, 13.1. Jonker, It. Clarke, 11. Giiburg, K,M, Krishnan,
s. 'rsunashima/iE.E. Marinero, TI. Egami, C, Riu, S.A, Chambers,
1993, ISBN: 1-55899--21 1-1

Volume 314-Joining anid Adhesion of Advanced Inorganic Materials, A.H. Carim,
1).S. Schwartz, RS Silberglitt, RE, Looehman, 1993,
ISBN: 1-55899-212.X

Volitme 31 5-Surface Chemical Cleaning anid Passivation for Semiconductor
Processing, U.S. Higashi, E.A. Irene, T'. Ohmi, 1993.
ISBN; 1-55899-213-8

11o ai'alah Revarc soifivlito laeIulv ~im oce

avaiabl by opiaingMatrkil Reearc Solei



PART I

Fundamentals and Overviews of
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FIRST PRINCIPLES STUDY OF INTERFACIAL ADHESION:
THE Mo/MoSi2 INTERFACE WITH AND WITHOUT IMPURITIES

T, Hong*, J, R, Smith" and D. J. Srolovitz*
"Department of Materials Science and Eng.. University of Michigan, Ann Arbor, MI 48109
**Physics Departments, General Motors Research and Development Center, Warren, MI
48090

ABSTRACT

Adhesive properties of the Mo)(00l)//IM2(00l) hetorophase interlace with and without
C, 0, B, S. and Nb impurities are calculated using a first principles lucal density functional
approach. The adhesive ener.4y and interfacia strength of the impurity-free interface are 10% to
1.5% smaller than the respoctive values for cleavage6 along the (001)) planes of Mo and MoSi2-

All of the impurities were found to decrease the Mu//MoSi 2 adhesive energy. The substitutional
impurities S and Nb decrease the interfacial strength, white the interstitial impurities C, 0, and

*B increase it. All of the impurities increase the irtterfacial spacing in proportion to their covalent
radii, The impurity effects on adhesion may be described in terms of competing bonding and

* strain effects.

INTRODUCTION

The adhesive energy or- work of adhesion of an interface is the energy required to
separate the two malterials that Meet at the interface, in the absene of any dissipative processes
(such as distocation motion). In tthis sense, the adhesive energy is the fundamental quantity
which describes the strength of the bend between two materials. It is this adhesive energy, that
determines the fractture properties ofnmaterials within the simple thernodynAmniC model of brittle
fracture due ito Griffith)' While more modern theories of intcrfaciat fracture are capable of
including a range of other physical phenomena (e.g. plasticity, segregation. etc.), they all
require. at their most fundamental tevel, a description of the oere y or force requiredl to separate
the nterial at the interface - i.e., tile adhesive energy. As a aesult of the centrality of the
adhesive properties in fracture, the adnesive energy becomes a focal point of an increasing
number of studies involving physicists, chemists, and mat.,rials scientists. As the search for
high performance materials continues, it is common to combine two or more Materials With

complimentary properties in order to optimize properties. This has led to considerable interest
in the fracture behavior of composites and the interfaces between the dissimiiar tmaterials within
them. The present study focuses on the udhesive energetics ot heterophase interl'aces in a
Imetal/internmtattic composite, Trhis work is part of an ongoing effort to obtain a m~icroscopic
understanding o1'the mechanisms that control adhesion in order to provide a rational basis for
the design of increasingly complex materials.

Ill thiq paper, we report thle results ot a fully three dimensional, first-principles study of'
adhesion at a lieteronhase interface, Tile electronic struicture and total energy of thle Mo(tll ) 1/
MoSi 2(t0tl) initerface is calculated as a function of interfacial spacing by using tile first
principko.. :!elf-consistent u.I orbital (SCLO) method. 2 To determine thie adhesive energetics,
tile recently proposed tour-point metlhod i 4 then emiployed to fil. thle calculated energy Values La
differetnt interfacial separations ito a universal-binding-energy relation (UBE R).4 The ideal
work of adhecsion (or adlifsive energy), the peak inter, Iwial strength (the peak derivative of the
enerlgy Withi respect to thle separation of the solids at thec in terface), and tile lull adhesion curve
arv all obtained by performing calcitlationS ait aS few as tour interfacial secparations. The
adhesive energy and the pertinentI surface energies are combined to analyize the relative
conligutationalmsability oh ilffrent possihle interlfacial geomnetries.

Mo Si 2 is Of particular interest for high- tetnpuerature strulct ural app lieu ttons.5 The
inhL'iently low ductility of pure MoSi2 has led several groups 5 to creatte a composite of MoSi2and oter tougher metals (such as Mo and Nb) in order Lo achieve higher ductility through
ductile phase toughening. MoSi2 crystallizes !in the body-centered tetragotiall StrilCt1ire With)
eXperimlental lattice Cojnstants6 a=3.2t)2A, c=7.85 t A. The experimental lattice constant of bc

Mat. Ras. Soc. Symp. Proc. Val. 314.,A'1993 Materilts Rosuaroh Society
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Mo is7 a=3.14A aid. hence, the lattice mismatch for the 1100111001 ((X)1) planes of the two
materials is then loss than 2%. In this configuration, little atomic relaxation is expected (other
than the formation of a grid of dislocations spaced approximately 160A apart) and hence this is
an ideal candidate metal/intermetallic system for studying heterophuse interfaces using first
principles methods.

In addition to examining a clean htetrophase interface, the aim of the present work is
also to determine how Impurities siffeet interfacial bonding and adhesion between two different
solids, The SCLO mathod 2 is again employed to compute the total energies, the electronic
structure, and the electron density distribution of the Mo((X)I) // MoSt2((X)I) heterophase
interface with representative impurities, namely, interstitial C, 0, and B, and substitutional S
and Nb, The impurity atoms C, 0, B, and S were chosen hecause they represent some of the
more common interfacial impuritics in metallic alloys, Nh is of interest also because it has been
found8 to facilitate bonding between MoSi2 and another metal, Cu. Because of its relatively
large size, Nb was taken to be a substitutional impurhty. Various tudies have shown that C and
B occupy the octahedral sites in bce Fe.0 s te loc.al environment at the Mo/MoSI2 Interface
resembles that in a hc solid (In the absence of experinental data), It i,; reasonable to assume
that these same sites would be occupied at the Mo/MoSi2 inter'ace by these non-metal
impurities. These are the 4-fold symmetric surface sites on the Mo(001) surface, The
impurities were introduced above these sites at a monolayer coverage and at a height that was
determined by minimizing the energy with respect to the separation between the clean Mo
surface and the impurty monolayer. To detemine the relative stability of the substitutional and
the interstitial configurations for non-metal Impurities, total energies were computed for both
configurations for B and S. which are the larger non-metal impurties. I We found that the
lower energy configuration for S is substitutional, whereas B strongly favors the interstitial
configuration. This suggests that the smaller C and 0 impurities are also interstitial. Detailed
results will be discussed later in this paper. To simplify discussions, results from only the
lower energy confi guration (ie., substitutional for Nb and S and interstitial for C, 0, B) are
included in the resufts presented below, except as otherwise noted.

METHOD

As mentioned earlier, we employ the first principles SCLO method2, bused on the local-
density approximation 12, in the present stddy, This method has been successfully applied to
explain and, in some cases, to predict surface phenomena involving transition metals The
localized basis set includes all core orbitals, and for the valence orbitals a minimum basis set is
augmented by more diffuse orbitals - containing much of the flexibility of the quantum
chumi.t s di ble-zeta-plus-polarization basis sets. The Ceperley-Aldert 3 lorm of the exchange-
corrolation potentiai is used. Self-consistent iterations are continued until changes in the
election 'igenvalucs are less than 5 mcV.

Dt)tals on the optimnization of the outermost s, p, and d orbital parameters for Mo and Si
are discussed in Re'. 14. Because of the similarity between Mo and Nh, the optimized orbital
parameters for Mo were also used for the Nb impurity atom. The procedure lo' optimizing
orbilal parameters of non-metal impurities is somewhat more complicated, however. It was
presumed important to optLmiz,,e the impurities in a solid-stae environment. Thus slabs
consisting of three layers ol Mo with a mortolayet of impurity atoms chemisorbhd on each
surface (maintaining inversion symmetry) were chosen l'or the optimization procedure. The
distance between the impurity monolhye'r and the Mo layers is initially chosen to make the
neatest imputm'ty-Mo distance equal to the sumi of the covalent radiusl I of thec impurity and the
metallic r'adius of' Mo. The total energy of' slabs contaitning each impurity atom is then
minimized with respect to the parameters determining thlo oaitLrMOst impurity s and p orbitals.
These are the s and 3p oritals 'or C 0, wnd B and the 4s atd 4. orhitat lot S. 'his is
ref'ered to as step 1.

While keeping the orbital parameters of impurity htms fixed at ths optist mizcd value.,
the total energy ofMeach system is then minimized with respect to the distance between the
impurity and Mo layers (ieoerred to as step 2). Using these optimized distances, step I is
sepeated for alt impurities. Fortunately, the now optimized orbital parameters ate citrt the
same as or vety close to those from step I lot ti of th impurities. This ttves us Iom further
iterations ofstep I andstep 2. The key to avoiding numerous itenotius of step I and step 2 is
appatently a good initial value of interfaciail separation between the impurity layer and thle Mo
layer's. It appears that the sumt of the respective radii is a good approximation. Th c 3d orbital
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of S is constructed following the satite prescription as that for the Md orbital (q S1.14 These

an Molyrs is 'ionduc ted without the presene0'teMS2 etcluain eeas

doe top thsne rpulsive teti alfrM-murt itnesls hnth qiiru
s'aato a4d te fac that th'oM 

2 ahson tends" oe h muiy ae lsrt h
in Ref 3.Thi lads to te fooin exprs wtin fadeienrypruitufa ra(B)' as a fntono cn:erfaca eearti n t

E a c c -E 0 re se(be

Tequlbumntraatseparation ans dehee byc thaat the corresondin adhesivntnst oc teiprtae enoery isth

M-MO~i (Bitberfca eratoaefted to the idealrsadheinive energy hec'r).Telsalion, legt disae
fing Rei3hlaste hie prois aeasuresso of the asi haacerticr oith muuateraTh
stEss i ie as th dfuicativ ooteeefyBwt esett h interfacial separation d

a* ( - ) 3 2

wher eielpek Interfacial srtiongh(euntaeofiera) hw is denated todoun the corsodn deidealgyi
a-E,)('Ewl erfrvlt steIeluhsive energy 11B0 at~) by cliglnthIi

andhressaI deed is the astie of the nateral E waith setto earir se puraters d.y
ke ro-eadtrmionriong iofa ahesv for piis

e peding penteca strengt seunie nea the interface, thux re atdistinct interf al

and k ~SI weeeitead ofotoe/natirol whereth A e ndoubl e d slash iesrse toee theanterfpacea

Whil e ndn only thos ei lai clset nc to a the interface , th r eedt distingisthera

interfacil arrangements are listed, one might also wonder how thick die films should tic to
adequately represent adhesion. Both Mo and MoSi 2 are metallic. Since short electronic
screening lengths are charactcristic of metallic systems, effectively limiting interfacial electronic
effects to one or two layers of the interface, it is reasonable to model the interface by slabs
containing a few atomic laiyers.

in order to examnine the dependence of interracial properties upon the thickness of the
slabs and interfacial arrangement, four different Mo-MoSi 2 Interfacial configurations are
considered in this study. To simplify the calculation, reflection symmetry in the direction
perpendicular to the interfaco is maintained in all configurations. The stacking sequences of the
four configurations starting from the mirror Plane are MoMo//siMoSi, MoMo//SiMosiSi,
MoMoMo//Si MoSiSi, and MoMo//SiSiMoSi, respectively. The first three configurations all
correspond to arrangement where the first MoSi2 layer is Si and the second is Mo but with
different Mo and MOSi2 slab thicknesses. The lust configuration corresponds to the



arrangement in which the first two MoSi2 lay ,.s adjacent to the interlace ate Si. For purposes
of' comparison, results for ideal adhesion in pure MoSi2, cleaved along a (W01) plane are also
reported. The twa possihle MoSi 2 (001) cleavage planes are MoSi//SiMoSi and
MoSiSll/MoSiSi, The MoMo//MoSiSi interfacial arrangement is not included in this study since
this case will be nearly indistinguishable from that of cleavage in purv Mo.

The calculated values of the ideal adhesive energy (Eo), the peak interf'acial strength
(auxthe equilibrium interfacial separation (do), and the scaling length (1) for all six

intertfacial geometries described above are reported In Table 1. By comparing the adhesion
results for the three geometries In which a single Si layer is at the Interface, it is clear that the
thickness of slabs does not substantially affect the ideal adhesive energy, tho peak interracial
strength, or the equilibrium interfacial separation. The MaMa//S IMaSiSI and
MoMoMo//SIMoSiIi B0o, a1niax, and dt0 all agree to within 3%. This indicates that a three layer
slab is adequate. for modeling bulk Mo, This is a dirct manifestation of the very, short
screening length in metals. The somnewhat larger ditfferences between the result.% with two
different MoSi2 slab thicknesses, on the other hand, are largely due to the smaller interplanar
spacing In MoSi 2 than in Mo (appro xi mately 1511) in the 10011 direction. Based upon the
above discussion, we assume that at slab oif MoSi 2 of four layers is suffiecn to represent the
bulk MaSi 2 ,

TABLE 1. Calculated ideal adhesive energy (120), peak Interracial strength (Cia)
equilihrium separation (do), and the scaling length (1) for tour difrent Mo-MoSi2
configurations and for pOteUt M0812 crystals4, Stacking configurations all start at the
mirror plane, while actual Slabs Contain twice the number at layers shown.

MoMo/ MoMo/ MoMoM o/ MoMo/ MoSi/ MoSiSi/
/S- hMosi IsMosisi /SiMosisi /9isiMosi /SiMosi /NMosiSi

j'InM 2) 41WX 3591) 35WX 461 t 3'860) 46WK

[raax (O]Pa) 51.6 4(18 39,6 53.0 43.8 49.4
do(A 1,37 14 1.44 1.36 1.28 1,36

I() 1 0.59 0.65 0 65 0.64 0.65 (1.68

ItI is not posstble, based upon the data in Table 1, to unequtvocally establish which
Mo(OO l )//MoSi2((XII1) interface (i~e. MoMo//SiMoSiSi or MoMo//SiSiMoSi) has the lowest
energy and hence Is thermodynamically stable. This is because the energies are sufficiently
close that we would have to guarantee the same stoichiomectry for all o1'the silicide segments
considered. That would necessitate the treatment of thicker film,%ins which is beyond our current
computatiornal capabilities. A comparisoni of results for the MoSi//SiMoSi and MoSiSi//MoSiSi
interfaces shows that the MoSi//SiMoSI repres4ents the lower energy configuration for the free
M0Si2. If we were to bting this equilibri"um MoS12 surface in contact with a Mo surface at
sufficiently low temperatures, then we would expect the stacking to remain unchanged, i.e.,
MoMoMo//SiMoSiSi. If the energy difference between MOMoMo//SiMoSiSi and
MoMaMo//SiSiMoSi were sufficiently small, then it would be likely that in any
MO(00l)//MOSi 2((X)t) composite both interlaces would be present, This assertion is bused

upnthe, neulbimntr l opst rcsigadtemne nwihitrae

material Eaiaino al eosrtsta h ooo/ioiiitraeI
substantially weaker than the MoMoMa//SiSiMoSi interface, based on both the adhesive ener y
E. and the peak interfacial strength Uinax. For all of these reasons we will focus on the
MoMoMo//SiMaSiSi interface for the remainder of the present study.

The Ideal adhesive energy and peak interfacial strength for the MoMo/SIMoSiSi
intfLe are between 10% and 15J% smaller that tho.', for crystalline Mo(00) atd MOSi2((XJI).
Trhis suggests that the MO/MOSi2 interlace will fail under stress before either the Mo or MoSi2
ctystals. However, since this comparison was made on the basis of ideal adhesion, it is only
conclusive in the absonee of plasticity.

In erder to examine the validity of the universal binding ciergy relation (UBER) (Nl. I)
for adhesion between two dissimilar metaillic mateials, the UDER form Is fitted to the calculated
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energy values at different interfacial separations and plotted in Fig. I for the six interfaces
analyzed In Table I. In all cases, the UBER provides an excellent fit to the data. The
MoMo//SiMoSiSi and the MoMoMo//SiMoSiSi adhesion curves are very close over the entire
tange of the interfacial separation, reflecting thi, short-screening effect in Mo, is discussed
earlier. Strikingly, the adhesion curves for the MoMo//SiSiM oSI and MoSiSi//MoSiSi
interfaces are nearly the same over a wide range of the interfacial separation. This suggests that
the /MoSiSl surface energy is similar to that of the pure Mo (0()1) regarding adhesion,

A detailed analysis of the bo|ding at the Mo/MoSi 2 interface has been presented in Ref,
14, where both electron density and interfacial density of states results may be found, The
interfacial adhesive bonding is attributable to the combination of a nearly uniform band of
charge accumulation at the interface and directional charge accumulation between atoms across
the interface.

Me/MoSb Interfa c with Impurities: Adhesion

As discussed in the Introduction, we assume that the impurities are either fixed lit a 4-
fold symmetric, interstitial site or as a substitutional site (see Fig. 2). Our total energy
calculations show that the largest (covalent radii) impurities, Nb and S are in substitutional
sites, while the smaller C, 0, and B impurities occupy interstitial sites. When the hettophase
interface is formed (or cleaved), we explicitly assume that the impurity remains bound to the Vo,
crystal,

Calculated values oft' the ideal adhesive energy (K)), the peak interfacial strength (ax),
I and the equilibrium interfacial separation (d 1 are 'listed In Table II for the undoped

(MoMo//SiMoSiSI) and all of tho impurity-doped caes, In all cases, do is the equlihri um
distance between the plane through the nuclei of the surface transition-metal atomic layer and the
plane through the nuclei of the surface Si layer, The transition-metal surface atomic layer is Mo
except fbr the Nb substitutional case.

TABLE I, Calculated ideual adhesive energy (E(,), peak interfacial strength (amax),
equilibrium interfacial soparatiou (do), and sealing length (1) for the undoped and all the
impurity-doped cases, Also listed are the chemical energy (13) and strain energy (Es),
which are defined in the text.

undoped Nb C 0 B S

Eo (mI/m 2) 3500 323(0 3160 2860 27(X) 1770
rnax (]Pa) 39.6 33.2 59.0 50).2 40.8 20.6
do (A) 1.44 1.60 2.26 2.17 2.37 2,72
1(A) 0.65 0.72 0.39 0.42 0.49 0.63

E_ (mJ/m 2) --- 180 -920 -430 -660 .-320
Es (mj/m2) --- ,90 1260 1070 1460 2050

It is evident from the data in Table 11 that all of the impurities reduce the adhesive energy
and Increase the equilibrium intertacial separation, The reduction of the ideal adhesive energy
upon doping is a very strong effect. S doping reduces the ideal adhosive energy of the
Mo/MoSi2 interface by nearly a factor of two. Comparison of results lbr difflerent dopants
shows that, among the non-metal impurities, larger reductions in the ideal adhesive energy are
caused by atomk of larger atomic size. The magnitude of the increase, in the equilibrium spacing
do or local strain is simply related to the covalen|t radius I t , as may be seen in Fig. 3. Note that
the value of do in Fig, .4 for the Nb-doped case is the value from Table I plus Lhe Mo(2)-Nb
interplanar spacing, where the labeling of the atomic planes is as per Fig. 2. This corresponds
to the equilibrium interfacial separation between the Mo(2) atom and the Si(l) atom, i.e., th.
Nb-doped case is treated here on an equal fooling with the cases involving non-metal
Iml)urities. The interfacial spacing is, to a good approximation, a linear ilunction o1 the covalent
radius of the atoms of the impurity layer. This suggests a rather simple picture of the effects of
the non-metal impurities, That is, the impurities act as spacers at the interface, pitshing the two
surfaces apart. The bonds across the interface are presumably stretched and weakened as the
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undoped interface except that
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two crystals move apart, Consequently, the adhesive energy is reduced. This is consistent
with the apparent weakening of the Mo-Mo bond (the electron charge accumulation between the
Mo(3) andMo(4) atoms when the interface is fonned) across the interface in the impurity-doped
cases compared with the undoped case, Ls discussed below. Since Nh is an element which is
similar in nature to Mo, its effect on the adhesive bonding is somewhat different than that for
the non-metal impurities, While Fig, 3 shows that Nb increases the Mo(2)-Si(l) spacing the
most, the charge density plots (see below) show that a Nh-Mo(4) bed is established which is
quite similar to the Mo(2)-Mo(4) bond for the undoped interface, This wuq the rationale for
taking the eq ilibrium spacing in Table 11 to be the Nb-Si(l) spacing, putting the Nb-dopcd
interface on the same footing as te undoped interface.

In Fig. 4, thu calculated adhesive energy (E) us a function of interfacial separation d is
plotted for the undoped and doped interface cases, Since the increase in the equilibrium
interfacial spacing can be thought of as a local strain, the E versus d curve may he used in
dividing the dopant effects into strain energy and chemical energy terms. Since the presence of
impurities increases the equilibrium Mo-MoIt2 crystal spacings do, we define the strain energy
(E,, cf, Table, II) as the energy difference between E(doUlidoIod) and E(ddolld), where E(d) is
the undoped M0/MoS12 adhesion curve, In other words, we define the dopant contribution to
the strain enery E% as the change in energy of the undoped Mo/MoSi 2 systum when the spacing
between the Mo and MoSt2 crystals is increased to the extent caused by the dopants, d1dOP42
-the minimum of the impurity adhesion curves, The strain energy is found to be positive
definite, One could define a chlemical energy as the difference between two energies at the
strained spacing, i.e., at the spacing corresponding to the minimum of the doped curve, We
define the chemical energy as the difference in energy between the minimum of the Impurity-
doped curve and the Mo/MoSi 2 curve at the same spacing -d(,doped. The sum of the strain and
chemical Unergies is then the adhesive onerpy difference between the minima of the impurity-
doped curve and the Mo/MoSi 2 curve. This is not a unique definition of the strain and chemical
energics, hut one which greatly simplifis our understanding of the adhesion unergetics. Larger
strain energies Eg colespond to smaller adhesive energies, while larger chemical energies B5 are
conelated with larger adlesive energies, both as expected.

Examination of each impurity-doped case reveals the distinctive roles played hy the
diflfrent type, of impurities. The Nh-Si(f) spacing (do in the Nb column ot Table I1) is
somewhat larger than the Mo-Si(I) spacing in the undoped inter'ace. This is consislgint with
the fact that the lattice constant of bce Nb (3.29A) Is larger than that of bce Mo (3.14A). Both
the strain energy and the chemical energy in the Nb-doped case are small, reflecting the
similarity between Mo and Nb. The small positive chei Ical eorgy term indicates that Nh
utoms form slightly weaker bonds with MoSi 2 atoms across the interface than do the Mo atoms,
This is consistent with the surface energy of Nb((X)) being smaller than the surface energy of
Mo( 1(0).3

For the nol-metal impurities, some interesting trends can be deduced from Table I. The
ordering of the strain energies E3 caused by the different impurities at the interface is 0 < C <
B < S, whereas the ordering of the absolute .alue of the chemical energies Be is S < 0 < B <
C. Th se two energies along with the Ec+E, are plotted in Fig, 5 as a function of the covalent
radius of the non-metal impurities. It is perhaps not surprising to find that the strain energy is a
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monotonic function of the covalent radius, as the effects of impurity sizc arc expected to be
incorporated in the strain energy, However, the linear dependence of Es on the covalent radius
may be attributed to the nearly linear form of the undoped MO/MoSi 2 adhesive energy versus
separation d curve (Fig, 4) over the range of separations corresponding to the equilibrium
separations of the impurity doped interfaces. The chemical energy is a more complicated
function of the covalent radius, This Is because the chemical interaction between atoms is not
directly related to the atomic sizes, rather it is a function of chemical parameters such as
clectronegatdvity. As discussed above, the sum of the chemical and strain energies gives the net
effect of an impurity on the adhesive energy E((undoped)-EL(doped), It is clear from 14g. 5
that the effects of non-motal impurities can be best described as a strong strain effect modulated
by a modest chemical interaction, This supports the concept proposed earlier that the non-metal
impurities act as spacers of the Mn and MoSt 2 crystals,

It turns out that a complete picture of the impurity effects on adhesion is not that simple,
however, This becomes evident after comparing the peak lntarfcial strength (ef, '3mtx In Table
11) for all of the Intertacial impurities, Although all itpur'ties reduce the ideal adhesive energy,
B slightly increases the interfacial strength, andO and C significantly strengthen the Interface,
On the other hand, both subgtitutional Nb and S decrease the interfacial strength, In particular,
S causes the largest reduction (by almost a factor of 2) in both the ideal adhesive energy and the
peak interfacial strength. Recalling the dependence of the peak interfacial strength on'the ideal
adhesive enorgy Eo and the scaling length I (Eq, 4), it is not difficult to see that the Increase of
the peak Interlacial strength in the C-, 0-, andB-doped cases is primarily due to small scaling
lengths in those cases, whereas the low peak interfacial strengths of the S-doped interfaces is
att butable to the low E0 value, The reduced cm value associated with the Nb doped interface
Is attributable to both an increase in I and a decrease in E.

Mo/MoSi, Interface with Impurities: Chare Dunsity

Inipurities are expected to affect electron charge distributions, Nevertheless, it is still
quite striking to the dogree to which they bring about dramatic changes in the electron charge
arrangement at the ME and MoSi2 InteriAce. Since the focus of the present study is Interfaciat
adhesion, we focus on the changes in the electron charge profiles when the Mo/MoSt2 interface
is formed by bringing the Mo and MoSI2 crystals togi-ther from large separations (i.e., d is
changed from otbctively d=- to d0), In Figs. 6(a-d) the electron charge density rcarrangemenw
due to the formation of the Interface is plotted for the undoped Mo/MoSt2 interface and that
Interface with Nb, C, and S respectively. The electron charge density plots for the 0 and B
impurities are very similar to that of C and may he found in Ref. 15, These plots are generated
by subtracting the electron charge density distributions at large interfacial separation from those
at the equilibrium separation so they represent the net effects of charge rearrangement caused by
the ideal adhesion. In all cases, electron charge eatlangetnent becomes quite small at distances
larger than Cli, or two atomifc layers from the interface. This again demonstrates that the
metallic sreening length is quite small.

Comparison of the charge rearrangement for the undoped Mo/MoSl2 interface plot (Fig.
Oa) with that for the Nh doped case (Fig. 6b) shows that the two cases hear a strong
resemblance to each other, This reflects the similarity in physical properties between elemental
Mo and Nb, In both cases, a substantial accumulation of electrons is found to sproad over all
parts of the interface between Mo (or Nb) and MoSl2 atoms when the interface is formed, This
is indicative of the adhesive nature of die Interfacial bonding.t 6 In addition to a uniform band
of electron accumulation at the interface, there also exists contributions from strong directional
electron accumulations localized along the lines connecting atoms across the interface in the
direction normal to the Interface (i.e,, the z-direction) in both cases, This part of electron charge
accumulation bktwecen atoms surrounding the Interface is reminiscent of covalent bonding in
diatomic molecules. The parallel between the diatomic molecular bond and the bimetallic
interfacial bond has been pointed out earlier.4 Note especially the relatively large accumulation
of electrons between the surface atoms of the Me crystal (Mo(3) or Nb, Fig. 2) and the second-
layer Mo atoms (Mo(4)) in the MoSt2 film.

In the non-metal impurity-doped interface cases, the hand of interfacial elILtron charge
accumulation at the interface is reduced, or even totally eliminated in some instances as
compared with the undoped or Nb.dopnd interface cases. Additionally the strong accumulation
between the Mo(3) and Mo(4) atoms is greatly reduced, This suggests that the adhesive
bonding between the Mo and MoSi2 crystals is significantly weakened due to the Introduction
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Figure 6. Charge dessity rearrangement8 due to adhesion botweeii the (Xli) surfaces of
Mo and fMoS12: (a) the undoped case (denoted by Mo/MoSi?2), (h) the Nh-doped Case
(denoted by 'Mo/Nb/MoSi2), (C) MO/CIMOSi 2, (d) Mo/S/MOSi 2 - These contours were
determined by subtracting the charge donsitien of the system with the Interface fromi those at
effectively infinite separation. Positive contours (solid line-s) denote clOctr(on accumulation
due to idoal adhesion and negative contours (dushed lines) indicate electron df'pletion,
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of tie non-metal impurities. In the C, 0, and B doped interface cases, there is a relatively large
accuinulation of electrons around the impurity atoms in the z-directlon. This is due to the strong
chemical bonds formed across the interf ace by the impurity atoms and to the reduced atomic
hand lengths associated with the interstitial nature of the impurity atoms. Although the main
features of adhesive bonding in systems doped by these three impurities are similar, there do
exist some differences. For example, the Mo atoms one layer away from the interface in the Mo

*crystal (Mo(2)) in the C. and 0-doped cases lose d-clectrons, with z2-r2 symmetry, while
gainng omewit xzandyz ymmtry.In he -doed ase menwhlea gain of electrons
withzZ~2 ad x symetr Isevientat tosesits. ecaue o th difernt local Interfacial
geoetr inth sustiutona S-opd cseexmintio o efect de to S sugosts yet
anoter ictre.Bot theuniormban ofelecronchage ccuulaion and t c charge
accmultin btwen o aomsar copleel abentIntheS-dpe cae.Insted, owing to
theshoterdisanc bewee th Mo3) nd he i~l atms comard with the Mo(3)-
intrsttia ipurty isanc), heeletro chrg acumuaton etwenthese atoms is even

enhancedt ieatve to is counterpart in th undo cae When.... theirfce between the Mc)
and MOS12 crystals is formed, there Is a nct charge depletion surrounding the 8 sites, This is lin

*contrast to the substantial charge accumulation at impurity sites lin the C-, 0-, and B-doped
cases. The charge rearrangement around the Mo(2) and Mo(4) sites in the S-doped case
iappears weaker than the undoped and C-, 0-, and B-doped cases. All those rusults suggest that
there is a weaker interfacial adhesion in the S-doped case than in either the undoried or
interstitial-dopeod Interface cases.

CONCLUSIONS

The likely equilibrium stackin,'faoi ae tteM(XI/M~ 2 (~)itraei
MoMo//SiMoSLii stacking, Both theldeal adhesiv anr nd peak Intefaciaml strength for the
MoMo//SiMoSiSi inefc r uwu 0)and lit"X smaller thani those lor crystalline
Mo((K)l and M0812(()0I). The equilibriumi Interlayer so aration between Ma Lind MoS12 In the

ital arrango'ament was found to be intermediate botween those lin crystalline Mo and
MoSi2, The adhesive bonding at the stable Interface was Identified to he a combination ofu
uniform hand of char oe accumulation at the Interface acid directional charge accumulation
between atoms across t 'e interface.

Our first princIples electronic stitucture calculations shlow that all of1 tho Impurities
considered (Nh, C, 0,1B. and S) decreased the adhesive energy 01'the Mo/MoMi2 heterophaso
interface, The Nh-doud case resembles thie undoped catse ii many aspects and diffitrences
between the two cases arc attributahlo to the differences between elemental Mo and Nb. The
non-metallic imipurities C, B3, 0, and S have a much stronger effuct onl adhesive energies, S
was shown to have the largest effect, With at mnolayer at the M0/M0Si 2 interface decreasing
the adhecsive e-nergy by appiiximately a factor of1'2 It was found kholt the li purities Increase the
Interfacial sp acing in proportion to thie impurity covalent radius, . etc-esiydlecc
Ilot sho tat tlhe adhesive bonding across thie Interface In the undoped case is weakoned by
al of the non-metal I mpwi ties. Im1pur'ity effects were analyzeAd in 10eris of' thle Competition
between sti'ainl and Chemical cotgtcA simple pictuiv eniergeci in whichi the Impurities lower'
thie M0/M0Si 2 adhesive energ hy stretching and therelore weakening the bonds across the
Interface. No such sipl pcture was found to explain the ollects of Impurities onl peak
inter1feclal strenlgth. The in10.tettil impurities C. 0. and B Increased the Interflacial strength.
while the substilutio~ial Impurities Nb and 8 decreased It. We note that lor those impurities
which Iccruaso thle poak Interfacial strength (C, 13, and 0), thle eq uilibritcm interfacial noparation
talls neat' the point of peak interf'acial strength o1'the cone-sponding undoped case,
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MECHANISMS OF WETTING N REACTIVE METAL/OXIDE SYSTEMS

N. EUSTATHOPOULOS, B. DREVET
LTPCM, URA 29, INPO, DU, ENSEEG, BP 75, 38402 Saint Martin d'Hbres Cedex,
France

ABSTRACT

It is shown that for metal/oxide systems with weak or moderate reactivity, wetting
depends mainly on parameters related with the detailed chemistry and structure of interfacial
reaction products rather than on parameters related with the intensity of interfacial reactions.
Consequently, wetting can be promoted by alloying a metal matrix M with a reactive solute B
capahle of modifying in a favourable sense the metal/oxide interface, This can be achieved
via two mechanisms depending on the value of the Wagner's interaction parameter e o , When

00o< (moderate interactions between solute B and dissolved oxygen), the solute B can
modify the liquid-side of the interface by adsorption, an effect that can be strongly enhanced
by oxygen coming from dissolution of the oxide substrate, When eg<<0 (strong OB
interactions in M), the solute Bi can lead to the formation, at the solid-side of the interface, of
a new phase, When this new phase features metallic bonding wetting can be strongly
Improved,

I INTRODUCTION

Wettability of solids by liquids is generally described by the angle 0 formed at the line
of contact of three phases, solid (S), liquid (L) and vapour (V), 8 is related with the
characteristic Interfacial energies G of the systern by Young's equation

CO s y(SV - (sL)78 LV (1)

At high temperatures, the surface tension of the liquid (7Lv and the contact angle are usually
measured by the sessile drop technique. Prom these quantities, the following two parameters,
very Important In joint processing and properties, can be evaluated : the work of immersion

WI =OsV - 0 sL - o'LV COSO (2)

a quantity which Is needed fbr describing infiltration of capillaries by liquids, and the work of
adhesion

W = oSV + 0 LV - Cyt t O'LV (0 + COS0) (3)

a parameter which quantifies the strength of the interfacial bond between the solid and the
liquid,

For pure non-reactive meta/ionocovalent oxide systems in reducing or neutral
atmospheres, bonding Is brought about by weak interactions, which have been attributed
either to Van der Waals (1,21 or chemical interactions [3,4] localized at the Interface, Non..
wetting (0>>90 ° ) is generally observed in this case and W, represents only a few tens of
percent of the work of cohesion of the metal equal to 2Oatv [[,I].
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Both wetting and bonding can be affected by trace elements, especially oxygen even at
partial pressure levels as low as 10.5-10-10 Pa, It is now well established that when dissolved
oxygen is present in a metal M, the contact angle decreases and the adhesion energy
increases [1,6]. This is due to the fact that dissolved oxygen combines with metal atoms and
forms OM clusters which acquire a partially ionic character as a result of charge transfer
from the metal to oxygen. Such clusters can develop coulombic interactions with any
lonocovalent ceramic and, as a consequence, they adsorb at the metal/oxide interface [1]. The
resulting increase in adhesion energy is significant but rather limited (a few tens of percent).

The simplest way to enhance wettability in a non-reactive metal M/oxide system is via
the composition of the metallic phase, Using a non-reactive alloying element B, it is possible
to produce a significant decrease in 0 resulting from pure adsorption of B at the M/oxide
interface [7). The conditions to be satisfied by the metal B are a high work of adhesion, a low
surface tension and weak B-M interactions in the alloy [7]. But even in the most favourable
cases, the contact angles remain above 60'. In principle, lower contact angles, which are
needed in some cases (e,g, in joining of ceramics by brazing alloys), can be expected using a
reactive solute 9. However, the central question is how to select B, no model of general
acceptance being available relating wettability to reactivity, In the following section,
experimental results of reactive wetting will be reviewed in order to identify the governing
thermodynamic and physico-chemical parameters.

2 EXPERIMENTAL RESULTS ON PURE METAL/OXIDE SYSTEMS

In pure metal/oxide systems, the oxido-reduction reaction is generally used to discuss
reactivity [1,8], In order to simplify notations, we will now focus on the case of the reduction
of alumina by a metal M with the formation of a MO oxide, according to a reaction of the
type:

(M) + 1 3A20, €2 MO + (Al)

2 2 ~ 2(4

An approximate criterion for reactivity is the degree of progress of the interr'aclal
reaction, a,, which can be obtained by calculating the equilibrium concentration of Al in
liquid M, coming from the dissolution of AluO., aq is thus equal to the difference between
final and initial (that is zero in our case) mole fraction of Al, XAI. In the case XAI((I, the
equilibrium XAI for reaction (4) is written as follows [9]

where Y-HI(Mt is the partial enthalpy of mixing of Al at infinite dilution in M and AGOR the
standard Gibbs free energy of reaction (4). Note that, at moderate fr high values of the
quantity AOG / RT, the real reactivity consists in a simple dissolution of the oxide substrate
in the liquid metal and not in an oxidn-reduction reaction. Thus, the term A04 / RT will not
be used to quantify the real reactivity for a given system, but only to establish a rough scale
of relatlve reactivity for different symtoms,

Experimental contact angles 0 taken from conpilatlons [1,9,10,11] are reoresented in
Figure I as a function of the parameter AGU / RT calculated for a number of pure
metal/oxide couples (se [9] for more details), We observe that an increase of A(i4 / R1T is

_ I I/ [ II J , J- , .I j
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Figure 1 : Experimental contact angles versus AG / RT for pure M/oxide systems. The
reactivity increases from right to left, From [9].
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Figure 2 : Schematic representation of the reactive wetting of a metal M on a solid S with the
formation of a reaction product P according to the model of Aksay et al. [13] : variation of
the contact angle with time at a constant temperature and corresponding sessile drops.
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correlated with an increase of 0. Moreover, at high values of AG' / RT, 0 tends towards a
limit, 0 - 1400, a value typical of noble metals (e.g. Au and Ag) on alumina and silica, In
the same way, when AG / RT-> 0, 0 decreases steeply and perfeit wetting can be reached
(ex : Ti, Zr/MgOQ. A similar correlation between reactivity and wettability has already been
observed by Naid:4h [1] and by Nicholas [8] using the function AGR.

In the nrx, section, the different attempts of interpretation of reactive wetting will be
briefly presented.

3 ATTEMPTS OF THEORETICAL DESCRIPTION OF REACTIVE WETTING

Despite some progress, reviewed by Laurent [12], there is at the present time no
theory of general acceptance capable of describing satisfactorily reactive wetting, that is
wetting followed by material transfer at the solid/liquid interface, According to Laurent, the
smallest contact angle possible in a reactive system is given by

cos8,,1111 cosc -o (6)
r 'LV

where 00 is the contact angle of the liquid on the substrate in the absence of any reaction.
Aoy takes Into account the change in interfacial energies brought about by the interfacial
reaction. AGr is the change in free energy per unit area, released by the reaction of the
material contained in the "Immediate vicinity of the metal/substrate interface" [13].

Two different interpretations of reactive wetting exist, based (1) on the assumption that
the predominant contribution is the Gibbs free energy term AG, [1,13,14], i.e. a parameter
related with the Intensity of interfacial reactions, and (ii) on the assumption that the
predominant contribution is the interface energy term Aar [15,16,17], ie. a parameter
related with the detailed chemistry and structure of intei facial reaction products.

3.1 Models based on the AG,.term

This contribution to reactive wetting was first proposed by Aksay el al. [13] and by
Naidich [1] who considered that the reaction between the liquid and a fresh, unreacted, solid
surface at the periphery of the drop increases the driving force tor wetting. Aksay et al.
argued that, because the rate of interfacial reaction is maximum at the very first instants of
contact between the liquid and the solid, the effect of the AG, term is strongest during these
early instants of contact, Thereafter, the interface becomes saturated in reaction products and
the overall reaction is controlled by diffusion, Consequently, the reaction kinetics slow (town
and the contact angle would increase and gradually approach the equilibrium value (Figure
2). Note that, in practice, such a dewetting would be difficult to observe as the triple line can
be blocked by asperities (roughness) created by the reaction itself in the course of wetting,

However, major difficulties lie in the calculation of the AGr term. Indeed, the
coupling conditions of the time-dependent interfacial reaction with the kinetics of wetting are
unknown, As a consequencu, a rigorous calculation of the thickness of the reaction zone in
"the immediete vicinity of the interface" is still not possible and choices differing by a factor
of ten have been made. Clearly, such calculations can only provide order of magnitude
estimates of AGr

Despite these difficulties, Naldich [1] performed calculations of AGr assuming that
the "reactive" interface consists of two monolayers, one at the liquid-side of the interface, the
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other at the solid-side. Supposing that chemical equilibrium In this region is reached rapidly,
AG, is estimated by.

AG, = Jo dc x (7)
dot

0

where a and a., are respectively the current and equilibrium degrees of progress of the
reaction and AGR the Gibbs free energy of the reaction per unit area. Using this model,
Naidich calculated AG, for some M/oxide reactive systems like Sn/NiO, Ti/MgO and
Zr/MgO and found that the calculated values of W. agree, within a factor two, with the
experimental ones [1]. This agreement suggests that AG, represents the predominant
contribution to reactive wetting and that an intense reaction is required to obtain a good
wetting of a liquid on a solid [18,191. Thus, neglecting the Aor, term, this model provides an
explicit relation between wettability and reactivity (equations (6) and (7)), relation which
seems to confirm the empirical correlation of Figure 1.

3.2 Models based on the ACrJtrm

However, using such a purely energetical model, it is not possible to explain many
experimental results in which wettability does not correlate with reactivity via the AG, term.
To illustrate it, two types of experiments will be now presented, each of the Aor and AG,
terms being successively kept constant.
a) A series of experiments was recently carried out in which the AG, term varied while the
Aor, term was kept constant (17). In these experiments, the wetting of a CuPd-Ti alloy of
fixed composition has been studied on three oxide substrates of different thermodynamic
stability (alumina, mullite and silica). In these systems, Ti reacts with all oxides leading to
the same interfacial product (Ti. 03) but reactivity, as evidenced by the thickness of the Ti2O3
layer, differed from one oxide to other by one to two orders of magnitude. Despite this great
difference, wettability on the three substrats is nearly the same (Table 1). In this example,
wettability correlates with interfacial chemistry, not with the intensity of interfacial reactions.
b) In another discriminant experiment, the inverse situation has been obtained, i.e. a change
of interfacial chemistry occurs at a fixed value of the Gibbs free energy of the metal/ceramic
reaction. Adding Ti to NiPd alloys placed on alumina substrates, a series of wetting
transitions is observed at particular values X~r, with a change in the type of Ti-oxide formed
at the interface (Figure 3) [20]. Since when XTI = X*1 the thermodynamic driving forces for
the interfacial reactions are the same, the change AO can only be explained by a change in
AC1,

substrate On I0 interracial product thickness..(.m
alumina .34 T120O 3 0.5
mullite 32 T1203 I=

silica 35 Ti203 ,=10

Table I : Wettability and interfacial chemistry of CuPd-Ti (XT=O. 15)/oxide sessile drop
experiments at T - 1473K [17].

...
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0 particular values of the molar fraction of Ti
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From these two studies and other experiments (on Cu-TI/A1203 (151 and NiPd-Ti/C
[16]), one can conclude that at least In metal/,eramic systems with a weak or moderate
reactivity, the predominant contribution to reactive wetting Is the term aar, reflecting
interface energy change during the reaction, rather than the transient AGr term. Accordingly,
an interfacial reaction could be only a way to modify in-situ the metal/ceramic interface. In
practice, to exploit interfacial reactions as a means of promoting wetting without causing
massive reactions between the metal and the ceramic, one can alloy a non-reactive base metal
with controlled quantifies of reactive solute additions, leading to the optimum relation
between wettability and reactivity. Let us thus consider, at a given temperature, a reactive
solute B dissolved in a non-reactive matrix M on an oxide substrate, for instance an alumina
substrate. The chemical interaction in this system can be described by the dissolution of
alumina in the alloy [15,21] :

A1203 4 2(Al) + 3(0) (9)

possibly followed by the precipitation of a B oxide at the interface, for example :

2(B) + 3(0) o B203 (10)

For small values of the mole fractions of B and Al, the equilibrium mole fraction of dissolved
oxygen Xo) for reaction (9) (the superscript D stands for dissolution) will be given by the
equation :

X 3"XD -Kexp(-2FoXD) (11)

050

where K is a constant [21] and C8s Wagnzr' first-order interaction parameter between the 0
and B solutes defined by the equation
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Figure 4 Thermodynamics of matrix M-solute B/A1103 systems (v B < 0),

- curve D gives the logarithm of the mole fraction of oxygen from stoichiometric dissolution
of alumina in MB alloyi, as a function of log XB.
- curve P describes logarithmically the variation of X0 in equilibrium with 32O) as a function
of XH.
a) Only dissolution of alumina in the melt occurs, This is the case of Ni-Cr alloys at
T - 1773K [28].
b) The solute B reduces alumina on the right of the intersection point of the two curves. This
occurs for Ni-Ti at T- 1773K 129,30].

InYo - InYo(M) + E BXB (12)

where yo(m) and yo are the activity coefficients of oxygen in pure M and in the M-B alloy
respectively, and Xe the molar fraction of B in M. The more highly negative eo, the
stronger the interaction betweei B and 0, and for sufficiently high values of XB, X0
increases rapidly (equation (11)) : strong O-B interactions will promote alumina dissolution in
the melt, as expected (curves D In Figure 4).

Moreover, a solute B satisfying the condition eo < < 0 can also lead to precipitation
of an oxide &.03 by reaction with the excess oxygen in the alloy, The mole fraction of
dissolved oxygen in equilibrium with the B,0 precipitate (reaction (10)), denoted X P, is
given by :

XP- K' X-2 3 exp(-EXO ) (13)
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e (44) Figure 5 : ContAct angles of Ni-based
17) ,alloys on alumina as a function of Cr or Ti

mole fraction for Ni-Cr [28] (simple
v [ dissolution of alumina) and Ni-Ti [29,30]

t10. (dissolution-.precipitation of a Ti oxide) at

-Cr 1773K

NI-71
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40,
0 0,05 0.10 0.15 0,20
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where K' Is a constant [21]. When XS-40, XP varies as X-' 3, i.e. it is a decreasing
function of XB, However, at higher Xa values, the exponential term in equation (13)
predominates and Xo increases rapidly with increasing Xh (curves P in Figure 4), Thus, in
both cases of dissolution and precipitation, the concentration of dissolved oxygen increases
above a certain value of XB,

If for the same value of XB the inequality XD>Xg holds, the solute B will reduce the

alumina, forming B0 3 :

AI203 + 2(B) 4* B,03 + 2(AI) (14)

This condition is verified for the Ni.Ti alloy, interactions between oxyger and titanium
solutes being very strong (~~fi-100), but not for the Ni-Cr alloy (Ecr_.-23). Indeed,

additions of Cr up to 20 at,% in Ni do not lead to the formation of a chromium oxide : the
only effect of Cr in this matrix is to increase the disso!ution of alumina in the alloy, As
shown in Figure 5, Cr additions in Ni considerably decrease the contact angle of Ni on
alumina. The influence of chromium would result from two effects:
a) an increased concentration of dissolved oxygen due to interfacial reactions, i.e. an
increased concentraton of OM clusters which can be adsorbed at the metal/oxide interface,
b) an increased adsorption capability of the OCr clusters as compared with the ONI clusters.
Indeed, as chromium is more electropositive than nickel, the charge transfer from chromium
to oxygen (or, in other terms, the degree of ionicity of OCr clusters) would be greater than in
the case of nickel (on this point, see also [22]).
Note that for a solute B, the thermodynamic requirements for both a and b effects are the
same, i.e. e" < 0.

In the Ni-Ti/AI,0 3 system, due to strong 0-Ti interactions, OTi clusters in Ni must be
very tensioactive at metal/oxide interfaces, However, in this case, one must also take into
acconnt the effect on wettability of the formation of a continuous Ti203 layer at the
nickel/alumina interface by reduction of alumina. Curiently, it is genurally accepted that the
more metallic in character an oxide is, the more it will be wetted by molten metals [1,8],
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This effect clearly appears in the results of Table 2, concerning non-reactive Cuioxide
systems, the metallic-like oxide 'rio being more wettable than an iono-covalent oxide like
A12O3. Thus, in the Ni-Ti/A120 3 system, the replacement of A1203 by the semi-metallic
oxide Ti2O3 must increase W, and decrease 8. The combination of these two effects, ie. (a)
adsorption of OTi clusters at the liquid-side of the interface and (b) formation of a semi-
metallic oxide such as Ti2O3 at the solid-side of the interface can explain the strong decrease
in contact angle caused by Ti additions in NI (Figure 5),

This influence of Ti is even greater in the case of Cu-Ti alloys on alumina [15,19]
where, due to the higher thermodynamic activity of Ti, the metallic-like TiO oxide is formed
at the interface, In that case, wetting becomes nearly perfect (Figure 6-curve 2), as opposed
to the Cu-Ti/Y 203 system [191 (Figure 6-curve I) where only dissolution of Y20 3 into Cu-Ti
alloys occurs, producing a significant but limited decrease of 6 (from 140" to 80),

Unlike the effect of Ti additions, adding Ca to Al on A1203 or SiO 2 substrates has no
effect on wetting, in spite of the formation of CaO at the interface [23]. Indeed, the iono-
covalent substrate is now replaced by an oxide of the same type.

Oxide Conduction type W. () W. (mJ/m2)
A1203 insulator 128 460
Ti203 semi-metallic 113 740

Tie1.14 . metallic 82 1460
Ti~o.sd metallic 72 1650

Table 2 Contact angle and work of adhesion of copper on different oxides at 'T- 1423K [1],

140 2z 2A1208

10

/ Figure 6 Wetting and work of adhesion
. of Cu-Ti melts on Y2Oj and A1203 at

fo - T- 1423K from [19], Reactivity consists in
a simple dissolution of the oxide substrate

, ¢ f in the first case, and in a
Ti (t dissolution+precipitation of a Ti oxide at

the interface in the second case.
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4 INTERPRETATION OF RESULTS ON PURE M/OXIDE SYSTEMS

Based on the conclusion that the predominant contribution to reactive wetting is the
Aoi term, three kinds of behaviour can be distinguished on the curve of Figure 1 :
1) For AG0 / RT > >0, that is typically for values of 20 or more, M/oxide couples can be
considered, with regard to wettability, as non-reactive systems (i.e. Aur 0). In that case,
non-wetting is observed (-=120° ) and the work of adhesion W, comes from metal/oxide
interactions localized at a sharp interface and represents only a small fraction of the work of
cohesion of the corresponding metal (typically 25 %).
2) For positive but low values of AGU / RT (of the order of 10), the corresponding contact
angles lie between 60' and 1000. A typical example is Cu/NiO (0,-68' at 1473K)
(E Ni *, -7). Thermodynamic calculations performed at equilibrium lead to the following value
-)f the molar fraction of oxygen coming from the dissolution of NiO [9] : X X = 1.5
10.2. X D is not high enough to produce precipitation of the copper oxide Cu'O (Xo -4

10"2). Thus, the only possible effect in the Cu/NiO system is the adsorption of dissol~ed
oxygen. This adsorption leads to a much lower contact angle than for the Cu/AI.O 3 system
[6] for the same value of X0 (680 against 100°). This can be explained by an increased
adsorption capability of ONi clusters with respect to OCu clusters, as indicated by the
negative value of eol.

Wettability in systems like Sn/Fe3O4 (Eo' -- 50 [24]), Cu/FcoO 4 (e
' -540 [24J) or

Fe/Cr2 03 (41 - -10 [25]) can be interpreted in the same way, Moreover, the positions of the
AI/A1203 and Si/AI2O1 systems on Figure 1 suggest that these couples, considered previously
as non-reactive systems [10], fall into the same category, in spite of the very low solubility of
oxygen in Al and Si respectively.
3) For values of AOh / RT close to zero or negative, reaction produces a new phase at the
interface, Nevertheless, wettability will depend on the bonding character of this Interfacial
layer and two cases can be distinguished !

3.a) The first case corresponds to the replacement at the interface of an iono-covalent
oxide by another of the same type. For this kind of systems, no Important improvement of
wetting is expected. Al on SiO 2 provides an example of intense reactivity, involving the
reduction of SiO 2 to form A1203 at the interface, and a slight liquid enrichment in Si. As the
lono-covalent oxide SO, is replaced by an oxide of the same type, the contact angle of Al on
S102 (0-80±5' at 1073K) is therefore close to that of Al on A120 3 [26,27]. The same
explanation is valid for the Al-Ca on A1203 or SiO 2 systems previously mentioned, for which
Ca additions do not improve wetting because the interfacial product (CaO) has roughly the
same bonding character than the substrate,

3.b) The second ca~e corresponds to the replacement at the interface of an iono-
covalent oxide by a metallic one. A typical example of this situation is Ti/MgO [I]. Liquid
titanium can dissolve a large quantity of oxygen (a few at,% 0) and form a metallic-like
oxide, such as TiO, even solid solutions of Ti with high oxygen contents. The perfect wetting
observed for this system (Figure 1) can be explained by the double in-situ modification of the
interface : the adsorption of oxygen at the liquid-side and the formation of a metallic-bonded
phase at the solid-side.

These features can also explain the excellent wetting obtained for Sn on NiO or Coo
(Figure 1). The reduction of these substrates by liquid Sn is possible and the amnount of
dissolved Ni or Co produced by this reaction is greater than that needed to precipitate the
intermetallics Ni3Sn or Co3Sn2 at the temperature of the experiment.
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5 CONCLUSION

For systems with weak or moderate reactivity, the governing parameter of reactive
wetting appears to be the term reflecting interfacial energy change Acr, rather than the
transient Gibbs free energy term AG,. However, the importance -and even the
predominance- of this last term must not be excluded in some cases, for instance when an
intense reaction strongly localized at the triple line occurs.

Pure metal/oxide systems can be divided into three categories
1) In systems for which 4iGC / RT > >0 (typically greater than 20), e is about 1200, Weak
metal/oxide interactions are localized at a sharp interface,
2) In systems characterized by AGa / RT - 10, an improvement of wetting is obtained with
regard to the preceding case (6,80°), due to the effect of adsorption at the interface of
oxygen, produced by the dissolution of the oxide substrate. This effect, which is greatly
enhanced by the formation of metal-oxygen clusters, leads to energetically moderate
interfaces,
3) When AGk / RT <0, both dissolution of the oxide substrate and precipitation of a new
phase at the interface occur. Wetting will depend on the nature of this new phase : for lone-
covalent compounds, a case 2) benaviour will be observed whereas for metallic compounds
(metallic-like oxides or Intermetallics), nearly perfect wetting can be expected associated with
energetically strong interfaces,

In order to produce a strong improvement of wetting of a non-reactive metal by an
alloying element B, two conditions have to be satisfied
a) The thermodynamic parameter eo must be very negative. Then, the solute B can modify
both liquid and solid sides of the interface, forming at the liquid-side an adsorption layer rich
in OB clusters and at the solid-side a new phase,
b) This new phase must be at least partially metallic-bonded,

Despite the significant improvements in our knowledge of reactive wetting in
metal/ceramic systems gained in the last few years, further work is needed, especially for the
very reactive couples in order to evidence experimentally and to model theoretically the
transient contribution to the wetting driving force, AGr, predicted by general considerations.
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BONDING, STRUCTURE AND PROPERTIES OF METAL/CERAMIC INTERFACES

JAMES M, HOWE
Department of Materials Science and Engineering, University of Virginia, Charlottesville, VA22C0

ABSTRACT

This paper reviews the effects of chemical bonding, reaction, interfncial structure,
fabrication, speoimen geometry and testing conditions on the strength and fractum behavior of
metal/ceramic interfaces, It is shown that a number of important properties of metal/ceramic
interfaces such as tie wetting behavior and work of adhesion can be qualitatively predicted from
simple bonding models based on the elements in the metal and ceramic, In addition, the
Interfacial structure can often be predicted from principles of equilibrium themodynamics and
minimization of interfacial ellergy for relatively thick metal/ceramic layers, More quantitative
description of interfacial structure employing atomistic calculations has been performed for
simple interfaces and this area is progressing, The fracture behavior of metal/ceramic interaces
is a complicated process which deapends in many factors such as the specimen geometry and
loading conditions, strength of the interfacial bond, thermal, elastic and fracture properties of
the metal and ceramic, thickness of the metal layer and testing environment, Advances in this
area include the development of favorable specimen geomutries for measuring interface
properties and an understanding of the relationship among the phase avugla of loa ing, crack
trajectory and interface fracture energy for these geometries, Conversely, little is known about
the stress corrosion and fatigue behavior of metal/ceramic interfaces although data on these time
dependent failure modes aue beginning to appear in the literature. Much progress has been made
but coasiderably more work is needed to understand the properties of metal/ceramic interfaces,

INTRODUCIION

Understanding the relationship among the processing, structure and properties of
metal/ceramic interfaces is becoming increasingly important as performance requirements
demand a combination of these matei als in applications ranging from electronic packaging to
high-temperature aircraft structures [11. The purpose of this review is to assess tho current
understanding of the relationship among the processing, structure and properties of
nmetal/c~ramic interfaces, emphasizing work on planar metal/ceramic interfaces produced by
diffusion bonding, This particular ara was chosen in order to focus the review and because
considerable work has been performed on this type of interface. However, it is importent to
note that many of' the topics that are discussed in this review apply to other types of'
metal/ceramic interfaces,

Table I lists some of the main factors that are involved in fabrioating, testing and
understanding the behavior of metal/ceramic interfaces, There are sixteen subheadings in this
list, and it Is not all inclusive, which serves to illustrate the complexity of the problem. Tile
topics in Table I were divided into three categories for convenience and this review largely
follows the order of topics shown in Table I.

CHEMICAL BONDING

Cheinical bonding is defined as bonding in which there I'; only charge trans port as opposed
to mass transport across a metal/ceramic interface, Excellent reviews of this sub ect wth regard
to metal/ceramic interfaces have been published [2,31. The purpose of the following discussion
is to outline somo physical principles which can be used to understand chemica bondiaig at
metal/cetalc interfaces.

Mat. Res. So. Symp, Pros, Vol. 314. 1993 M1111l0ls Researoh Goalely
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Table I, Some factors involved in the behavior of diffusion bonded metal/ceramic interfaces,

I, Chemical Bonding

a, Surface energies of metal and ceramic
b, Interfacial energy and work of adhedon
c. Experimental measurement and calculation of work of adhesion
d, Orientation relationships across metal/ceramic interfaces
e. Segregation to metal/ceramic interfaces
f, Effect of the above on interface proerdes

H, Chemical Reaction

a. Thermodynamics of reaction
b. Kinetics of reaction
c. Bonding conditions - time temperature, pressure, surface roughness
d, Effect of reaction layer on properties

HI. Fracture Behavior

a. Geometry of test specimen
b. Fracture energy (toughness) of interface
c, Dependence of crack path on mode of loading, elastic properties of metal and

ceramic, metal thickness, reaction layer, etc.
d, Residual stresses
e, Stress corrosion cramcidng
f. Fatigue

Surface Eneralem of Metals and Ceramics

Energy is required to create a solid or liquid surface because the surface atoms or ions
experience unbalanced bonding forces, This Imbalance is reflected in a number of phenomena
which allow experimental measurement of surface energies [4], Experimental values for the
surface energies of solid metals have been correlated with physical property data such as the
heat of sublimation and modulus of elasticity 15,61, Surface energies of metals generally
increase linearly with the heat of subiimation ranging from about 1-3 J/ml and dorease linearly
with temperature at about 0.02%/. Expermental measurements of the surface energies of
ca are less abundant than those of metals but they tend to range from about 0,5-I /m
and display a similar correlation with the modulus of elasticity [3].

MetlcerWUJAmic W InRf n neraXv and Work of" Adhexion

The driving force for tie formation of a metal/ceramic interface is the decraKe in free energy
AG that occurs when intimate contact is established between the metal and ceramic. In the case
where only chemical bonding occurs at the inteface and interfacial separation proceeds without
plastic deformation of the metal or ceramic, the change in free energy ,G is identical to the
work of adhesion Widj required to separate a unit area of interface into the two original surfaces,
In this case the relationship between the Interfacial energy V," and work of adhesion is given by
the equation [4,71:

mc - Ym 
+ V - Wad (I)

where V. and V. are the surface energies of the metal and ceramic, respectively, Equation (1)
shows that Vm decreases as W.1 Increases and that strong metal/ceramic interfaces are generally
low energy interfaces. Another useful relationship is given by the equation:
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W R Vi (I + coS 0) (2)

where 0 is the contact angle between the metal and ceramic. Equations (I) and (2) provide a
number of useful insights Into the behavior of metal/ceramic interfaces, For example, Eqn, (2)
indicates that the work of adhesion increases with the surface energy or melting point of the
metal and this is observed experimentally [2,31, Equation (1) also shows that there is little
chance of producing a strong metal/ceramic interface when both Ym and Y, are low and that a
high value of Vm may be necessary to produce a strong interface If V, is very low,

Further qualitative estimates of the wetting characteristics of ceramics by netals can be
obtained by using a relationship such as that of Pauling [8) between the ionicity and
electronegativities of the component elements, In general, highly ionic ceramics should be
difficult to wet since their electrons are tightly bound and their surfaces represent large
discontinuities in charge, Such behavior is supported by experiment [3,91, where the contact
angle tends to increase in proportion to the ionfccity (heat of formation) of the ceramic, Metallic
and covalent bonds are similar in character and covalently bonded ceramics should be more
easily wet by metals than highly ionic ceramics and this is also supported by experiment [101,
Some fairly simple relationships to estimate the work of adhesion of both oxide and non-oxide
ceramics have been developed [11-131, More quantitative data has recently been obtained for
some model metal/ceramic interfaces such as AgjMgO and Ti/MgO using ab Iintto local density.
functional calculations and image potentials [14] and this area of research is advancing rapidly,

Orientainn Relationshlps at Metal/Ceraric hiterfaces

Orientation relationships have been observed to form across many chemically bonded
metal/ceramic interfaces 115.171 similar to the case of metal/metal interfaces [18-201, The
orientation relationships result from interfacial energy minimization, including the effects of
strain, and low-energy close-packed planes and directions are often found to align between the
metal and ceramic across the interface, Exceptions to this have been found in the case of some
noble metals on ionic crystals, where alignment of close-packed rows of atoms dominate the
Interfacial structure [161, Slight deviation of an interface away from a perfect low-index
interface plane can be accommodated by periodic steps in the interface and misfit dislocations
can also form at metal/ceramic interfaces to accommodate differences in lattice parameters or
orientation across the interface [211, To first approximation, H{ appears that prediction of the
interfacial structures of a number of metal/ceramic interfaces can be approached using some of
the same geometrical techniques that have been established for interphase boundaries in
metal/metal systems with appropriate consideration for the possibly dominant influence of the
nonmetallic component in the ceramic [22-241, Exceptions to this do occur, and in these cases
predictions must employ other models or atomistic calculations,

The theory of impurity segregation to surfaces and grain boundaries in metals is well
underetood and several different models have been proposel to predict segregation behavior 14-
6,25-27], The theory is less well developed for ceramics but considerable pro ress has been
mad e (28, In contrast, the theory of impurity segregation to heterophae interfaces in metalshas just recently been developed [29] and there are currently no quantitative theories to predict
segrgation behavior to metal/ceramic interfaces, which is even tore coriplicated due to thenature of the metal/ceramic bond. Segregation is known to occur, as demonstrated by the
formation of various reaction products at nterfaes in metal/ceramic composites [30] and by the

addition of Ti to Ag-braze alloys [31], for example, Segregation should occur to metal/ceramic
interfaces when it results in a decrease in the interfacial energy, In the case of metals,segregation has been found to depend ou the bond energy, the elastic strain energy and theenthalpy of mix of of the impurity element, aiid similar factors may be important tnunderstanding the segregation of impurities to metal/ceramic interfaces, Considerably more
work is needed to understa' this area.
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Effect on Interface Prupsrtirs

Evaluation of the correlation between the interfacial strength and bonding reported for many
metal/ceramic systems is difficult because the interfacial structure, extent of reaction at the
interface and the testing techniques used to measure the interface strength vary considerably.
There have been very few studies where all of these features have been sufficiently controlled to
fully establish this correlation, However, sonic data on reasonably well-characterized
metal/A120 3 systems support the bonding/strength relationships discussed above. For example,
work on Nb/AI2O3 single-crystal interfaces [32,33] has shown that the interface fracture energy
is highest when the metal/ceramic interface parallels the close-packed planes and directions and
that t decreases for other orientations, as expected from the viewpoint of interfacial energy
minimization, Further, mom-temperature tensile data on various metal/A1203 systems indicates
that the interfacial strengths increase with the work of adhesion and melting points of the metals
as predicted from Eqn. (2), Lastly, data for the maximum strengths of several pure metals and
and Ni alloys versus the 0 affinity of the metals or alloying elements shows that the chemical
affinities of the elements across the interface can be used to estimate the strengths of
metal/ceramic interfaces in some systems t34], again in agreement with the principles described
previously. In summary, it appears that the qualitative bonding arguments presented &,bove are
generally useful for estimating the behavior of many metal/ceramic interfaces although it is much
more d cult to be quantitative about such relationships,

CHEMICAL REACION

Chemical reaction occurs when there is mass transfer across an interface and this often leads
to the formation of Interfacial reaction layers with properties that differ from those of either the
metal or ceramic components. Such reaction products can have a drastic effect on the Interface
properties, Whether or not new phases form depends on the thermodynamic properties of the
metal/ceramin system and on the reaction conditions such as time, tempsratura, pressure und
atmosphere, This section begins with discussion of the thermodynamic and kinetic aspects of
chemical reaction, and this is followed by the effects of bonding conditions and reaction layers
on interface properties.

Theirmodynamies of Chemicil Reaction

The driving force for chemical reaction is the chemical potential of the the atomic species
involved, Although chemical reaction is an irreversible process, chemical reaction at
metal/ceramic interfaces is usually considered from the viewpoint of equilibrium
thermodynamics, where the possible reaction products and conditions for chemical reaction are
determined from equilibrium thermodynamic data available for various systems as a function of
time, temperature mid pressure [35], Excellent reviews of chemical reaction at metal/ceramic
interfaces have been published by Klomp [2,33,36] with emphasis on two important cases of
reaction, namely, when there is a reduction-oxidation reaction with accompanying dissolution of
one ur both of the ceramic elements into the metal ad when there is a highly reactive metal and
ceramic, Several important points that arise from these analyses are that in metal/ceranic
systems where the ceramir contains a gaseous species, such as A1203 and Si3N4, the reaction
can be controlled by changing the activity of the gaseous species in the surroundings, In
addition, in many situtions, the compressive loads applied during fabrication of metal/ceramnic
interfaces establishes intimate contact at the interface which can prevent gaseous species from
reaching the interface, Lastly, the thermodynamics of some systems predict reaction under all
conditions so that the reaction cannot be controlled by outside means,

Warren and Andersson (37] have reviewed the equilibrium thermodynamics of SIC with a
number of common metals and they provide a simple scheme to divide metal/ceramic interfaces
into two classes, reactive and stable, based on the phase diagrams of the systems, In reactive
systems, SiC reacts with the metal to form silicides and/or carbides and C, with reactive metals
including Ni, B, Ti, Cr, Fe, Zr, Nb, Mo, Ta and W. The most Important characteristic
associated with the phase diagram of a reactive system is that a two-phase field, which shows
SIC in equilibrium with the metal, does not exist in the ternary phise diagrams for these

F
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elements, In vontrast, for stable systems, SIC and a metal can coexist thermodynamically and a
two-phase field exists in the ternary diagram, Examples of this are SiC with the metals Al, Au,
Ag, Cu, Mg,, Pb, Sn, and Zn. Thus, equilibrium thermodynamics are quite useful for
detening whether or not reaction is likely in relatively thick metal/ceramic couples. However,
the effects of stress on the thermodynamics of thin films and interfaces are just beginning tobe
understood [38] and this Is an area associated with reaction at metal/ceramic interfaces that has
not been examined.

Kinetics of Ileaction

Most kinetic data on relatively thick (greater than one micrometer) reactive metal/ceramic
interfaces indicate that reaction can usually be described by a simple parabolic growth law
[37,39-42]. Parabolic growth indicates that the reaction is diffusion controlled and the parabolic
rate equation is:

x - kt1/2  (3)

where x is the average thickness of the reaction layer, k is tho parabolic rate constant and t is the
reaction time a patticular temperature [43], Certain alloying additions to Ti in Ti/TiB1
composites were found to reduce the parabolic rate constant by more than an order of magnitude
and this is one way to control chemical reaction [42], Kinetic data for reaction layers which are
discontinuous or only tens of nanometers thick have not been studied systematically and it is not
known if these initial reaction layers display parabolic growth behavior.

In many metal systems such as Al, it is not possible to reduce the stable oxide film at the
metal/ceramic interface in a reasonable time below the melting tomperature and the solubility is
too low to effect dissolution into the metal. Hence, in order to present a nascent metal surfack to
the ceramic for bonding. it is necessary to destroy the oxide film by plastic deformation of thu
metal during the bondirig process. The main variables in the bonding process are the pressure,
temperature, time and surface roughness, These variables are not independent, but they are
discussed separately bilow in order to emphasize the most important factors associated with
each one,

In addition to establishing contact between the metal and ceramic, an important role of
pressure is to destroy the surface oxide on the metal and this has a large effect on the Integrity of
the metal/ceramic bond [44-47]. The exact pressure that is needed depends on the metal/ceramic
system, thickness of the metal layer and on the bonding temperature, It general, good bonding
is favored by a relatively high pressure which reduces the thickness of the metal layer by at least
a factor of four [46].

Temperature increases interaction across a metaVceramic interface by increasing the mobility
of atoms and also the mobility of dislocations in the metal during bonding. Since the mobility of
dislocations increases with temperature and the flow stress correspondingly decreases, the
F ressure required for bonding decreases with increasing temperature [45,46]. Therefore, an
increase in bonding temperature should generally, enhance bonding of a metal/ceramic interface
for a given pressv're and time, provided that the time is sufficiently short to prevent devolopment
of detrimental reactien products at the metal/ceramic interface. Data on various meta/A1203
systems shows that there Is a direct correlation between the percent of bonded interface on the
temperature and deformability of the metals and that in most cases a temperature of at least 0.9
of the melting poirt of the metal is necessary for good bondir.& (strength) r, the interface
[2,3,45],

A relatively Oort bonding time is usually required to tori a strong bond between a metal
and ceramic undet temperature and pressure conditions that are sufficiendy high to cause rapid
deformation of the metal [471, In the case of chemical bonding, the time required to deform the
metal is often tie limiting parameter, For the case of chemical reaction, the time that the
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temperature and pressure are applied can have a great effect on the interface properties and a
high deformation ratu and short bonding time help to limit the formation of thick reaction layers.

When a surface is rough, deformation of the metal differs greatly from the case of a smooth
surface, which was assumed above, In general, asperities prevent large-scale plastic
deformation at thc surfaco because the metal is anchored between :he aspehities. This greatly
limits the development of rascent metal/ceramic contact and adversely affects the strength of the
interface [44,46). Techniques such as friction and ultrasonic bonding [481 tend to break up
surface oxides and fill in holes and defects in the surface and these techniques show potential
for minimizing chemical reaction and breaking up tenacious surface oxides In chemically
reactive systems,

Effect of Reaction Laver on Prinerfies

The effect of a reaction layer on the interface strength depends on a number of factors such
as the mechanical properties of the ieaction layer, its thickness and morphology, the strength of
the interfocial bond and the mode of loading at the interfac , Many of these factors ae discussed
in tho following section so thnt only the effect of the thickness of the reaction layer is
emphasized here, Reotio0t furntd at metal/ceramlc interfaces include solid solutions,
amorphous phass, crystalline phares with low-energy orientation relationships with the metaland ceramic as wvel as crystalline phases wtih no apparent orientation relationship [47,49-5 1].
Each of these reaction products produces a different type of inturface between the metal and
ceramic and the relative effevtiveness of these various types of reaction products on the strength
of metal/ceramic interfaces is not fully understood. However, most reaction layers are brittle andtherefore petially detrimental to the interface properties,

Metcalfe [42] established a theoreticl framework for understanding the effect of reaction
layer thickness and properties ththe fracture behavior of Ti-B filament composites and some of
the fractur mechaics concpts aseciated with these results a e pertinent, In this system,
reaction resul ted In growth of a TiB2 layer at the interface and the mechanical properties wereanalyzed asuming that the flaw si""e for crack initiation is proportional to the reaction layer

thicknens, that cracks dlo not initiate in the matrix and that the distribution of flaws In the Bfilament is constant as the reaction layer thickens, When the reection layer is thin, the size and

quantity of flaw.s i.n this layer is less than the existing population in the filament and fracture is
cc'nrolled by the filament, As the reaction layer thickens, a point is reached where the stressintensity asoeted with a reaction zcne cracks exceeds that In the filament and the filament fails
at a stress that decreases as th 0 thickness of the layer incrcas. With increasing reaction, a
second critical thiness Is reac whe th e filament falls the istant the reaction layer cracks
This type of behavior was verified experimentally (42] and demonstrates the detrimental effectof thick. brittle reaction layers on interface properties. Although there are limited data of this

type for diffusion bonded .etal/ceramic interfaces, data on other types of interfaces generally
showar that riely thin reaction tayers (less than one micrfmeter, perhas iessthan a tenth of a
micrometer) may have a beneficial effect on interface properties by forming a stwng tnterfacial
bond, while relativel r ar than about one microni etes) reaction layers usually degrade

the interface properties [42,A7,49, 2,53].

FRACTURE BEHAVIOR
The mechanical roperties if a inetaeeramic nteface d isrnd upon many factors such is the

elamtic properties of the metal and ceramic, the thickness of the metal layer, the specimen
gcuety and thu mode of l ding, In addition, residual strains due to elastic a d thermal
mismatch are associated wt most metal/ceramic interlaces and these must be minimized in
order to opta rsze the properties of the interface. It is paricaly important for design purposes
to know not only the fractre strength but also the fracture resistance and fracture energy of an
interface, and the effects of cyclic loading and envronpent on the fracture behavior. These
topie armc discussed below.
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GQaner of Test S=ecin =

In the pat, interface strengths have often been assessed by pull-off or shear-off tests, which
the oad at which the bond is ruptured, In these tests, failure occurs by spreading of a

crack from the most severe flaw in the bonded interface. Thesc tests depend on the flaw size
distribution, which varies with processing conditions, and thus do not provide a good
measurement of the inherent bond strength or toughnesi of a metaVceramic interface. In ozder to
avoid crack nucleation as the critical event, several notched or precracked specimens have been
developed with different modes of loaing. Some of the most popular specimens currently
include a double-cantilever-beam (DCI) specimen with nominally mode I loading and
sandwich-type 3- or 4-point bend .pecimens with mixed mode loading [54-57], With these
specimens, It is possible to quantity the mode of loading as well as to assess the interface
strength in terms of an interface fracture onergy Go also called the generalized critical energy
release rate [54,551.

Since the reversible fraction of the interface fracture energy Go is equal to the work of
adhesion W 1 In Eqn (1), fracture energy measurements can be used to determine the amount of
rreve~taibly dissipated energy accompanying interface fractuie if Wad Is known. Only a few

such studies have been perfomed [54,581, but the results of these studies indicate that the work
of adhesion in Eqn. (1) represents only a small fraction of the interface fracture energy, with the
fraction of irreversibly dissipated energy typically comprising more than 98%, Most of the
irreversibly diss ited energy is due to pltstc deformation of the metal during fracture. Since a
large part of the interface fracture energy is due to plastic deformation processes in the metal, it
is Important to understand the effect of metal layer thickness on the interface fracture energy.
This effect was examined by Reimanis et al. [59i'using thin Au foils diffusion bonded between
two thicker AI20 layers in a flexure specimen geometry with mixed mode loading. In this
study, both the fracture initiation resistance and the sabsequent growth resistance were found to
increase with the metal layer thickness. This behavior was largely attributed to crack shielding
caused by bridging metal Igaments in the crack wake during fracture, These investigators also
developed a semi-empirical expression which includes the role of the work of adhesion, the
metal flow stress and the metal layer thickness on the fracture resistance.

The effects of interface toughening due to crack-tip shielding mechanisms was clearly
demonstrated in a set of experiments where controlled arrays of implanted microcracks were
used to induce crack bridging by Cu at a Cu/glass interface and increase the toughness by a
factor of 8-80 times over that of a plain Cu/glass interface [60,61). The contribution to
toughening was also shown to depend on a compromise between the spacing of the microcracks
and the thickness of the bridging metal ligaments, and emphasizes the importance of metal
ductility on interfacial toughness. These results demonstrate that the interface fracture energy is
enhanced by interfacial microcracks which are out-of-plane with respect to the main interface
crack and that the toughness of sunh interfaces can greatly exceed the toughness of the brittle
ceramic component.

Crack Path Versus Mode of Lnading

The previous section emphasized the important contributions of the crack path, including
crack bridging, crack deflection and metal ductility to the interfacial fracture energy. The path
that a crack follows along a metal/cerami interface is determined by a number of factors
including the mode of loading, the elastic properties of the metal and ceramic, the metal layer
thickness and the presence of a reaction layer. Rigorous analytical treatment of the relpt'r.nship
between crack path selection and the interfacial fracture energy for several model Interfaces has
been performed by Evans [621 and others [63,64], and these studies show that the crack
trajectory depends on the phase angle of loading Y, which is a function of the ratio of the
interface fracture energy to the fracture energy of the brittle component of the interface and the
relative shear v to opening u experienced by the interface crack. In the case of two brittle solids
where the elastic Dundurs parameter p - 0 [65], the phase angle of loading is given as:

,k
_ _ _ __i_ _ _ _ _...........~
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V- tan- (u/v) tan-' (Kn/K0 (4)

where K1 and K11 e the mode I and mode It stress intensity factors. Since V -0 for mode I
loading and v/2 for pure mode II loading, the value of Y is a direct measure of the relative
amount of mode II loading (mixity of loading) on the interface crack [62,65], For this type of
interface, cracking out of the interface Is most likely to occur into the lower modulus material
(say the metal) when the phase angle 4'a 700 [62].

A second situation of Amportance in metal/ceramic systems occurs when one of the materials
is ductile and the other ts brittle, In this case, the fracture behavior and the interface fracture
nrgy arc highI sersitve to the ign of the phase angle and different types of behavior are

phe phas angle has a positive sig n te fraure energy of the brittle
n much less tan that of the interface, te reatve ncience of cracking out of the

interfaceidentical to that of the all-brittle system just described. However, when the phase

angle is negative, e th a a er th ductile material compared to the interface
prohibits crack propagation out of the interface. In this situation, one of twoosslblites should
occ r depending on e yield strength of the ductile matedal, For a ow y -streng t material,

plastic blunting of thc interface crack occurs and alure proceeds by ductile mechanisms

nvolving hole nucleation at the interface. Alternatively, for a high yield-strenzth material, thestress field of the ii terface crack interacts with preexisting flaws in th brittle material causing

cracks to grow from these flws back toward the Interface, resulting i chips of brittle material

~attached to the fracture surface, All of these types of ,raking have been reported in the literature
and sum atries of possble crak paths as a functon of variables such as th e e rof loadg,

* interface strength and reaction layer strength are provided by Evans [56,62] and Suga and

! S hinr [66],
Since the test configuration determines the sign and magnitude of the phase angle of

loading, which i n governs the crack path and thus the mechanisms that contribute to the

iuterface fracture energy, it is essential that the test geometry, mode of loading ,nd mechanisms

of cracking be con.ider in izterpretin values of the interface fractu ct nergy m

Edges and comers are a, major source of failure for metal/ceramic interfaces when there is a

mismatch in either t thermal expansion or elastic modulus of the metal and ceramic 67].

When a metal has either a larger termal expansion coeffcieit or a lower modulus than the

ceramic or both (which is often the case), the unconstrained metal develops a smaller lateral

dimension at the interface than the ceramic, In order to maintain continuity at the interface, the

metal must be uniformly extended by the application of edge tractions Surface forces which are

equal in magnitude but opposite In sign must then be applied to the metal in the bonded state to
anhieve stress-free conditions at the surface and this introduces large normal and shear stresses

near the e of the metal/ceramic Joint [68], Thermal expansion mismatch usually induces

tensile stresses In the ceramic adjacent o the interface that promote failure of the ceramic, In

addition, large shear stresses also exist near the edge along the interface for both thermal and

elatic mismatch o that a substantial mode II contribtion to edge failure should occur in all

situations. It is important to note that for the case of thermal expansion mismatch, the stresses

decrease In magnitude as thre relatv metal thickness decreases so that thin mtaesl layers can be

used to reduce thermal expansion mismatch [681. Conversely, a mismatch In modulus omnerates

interfacmal tehsile sresses at the edge regardless of the sign of the mismatch and thus always

enhanc s the propensity to fracture.

Sugaon at ahe (66] used finite element calculations to investigate the effects of thermal and

eastc mismath on interface stresses and y the fon ta the local tensile and shear stresses at

the edge of a bonded ntterface can be described by the stress intensity factors K 1* and Ki *

whih a-e proportional to the thermoelastic parameters ladeT and hear* s respectively,

when rc, E (and E) and tT represent the differences in t8 Termal expansion coefficients

d elastic moduli of the metal an d cramid the t o emperaturerespectively. Thus, once the
siutos Iti motn ont htfrdecs ftemlepninmsactesrse
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thermoelastlc constants and size of the components in a metal/ceranic joint are given, the local
stress field in the edge region can be estimated without any calculation using the data provide in
the paper, These results are quite useful for estimating residual stresses at metal/eranic joints.

Streti Corrniinn Crackine

The susceptibility of metal/ceramic interfaces to stress corrosion cracking is important in
structural applications where some water is present In the environment, such as in air orcombustion gases, since most ceramics are susceptible to stress corrosion by water f 59,60,69],

There are two possible eases for stress coresion cracking of a metal/ceramic interface, one is
related to dIrect ttack of the interatomic bonding at the interface and the other involves damage
to the itierfaciul region, including some volume of the metal, ceramic or both, Few studies have
been performed on the stss corrosion behavior of metal/ceralc interfaces but recent work byOh et al. [60,70] indicates ore behvior that may be oblered.

Oh et al, [60,70] performed subcritical rack-growth studies on DCB specimens containing a
thin Cu fim between glass substrates with and without patterned microcracks, similar to the
specimens described previously [61]. Suboritical crack-growth testing was performed under
constant displacement conditions in various gaseous atmospheres spanning a range of relative
humidities. The Cu/glass interfaces were found to display three regimes of behavior, similar to
environmentally assisted crack-growth behavior in metal and ceramics [69,71], Interfacial
crak-growth rates were much higher and apparent crack-growth thresholds were much lower in
a moist environment than in a dry one. Aditionally, crack velocities along the interface were
found to be more sensitive to the stress intensity and greater than three orders of magnitude
faster than suboritical crack-growth data for bulk soda-lime glass tested in water vapor,
Comparison of the plain and patterned Cu/glass interfaces in both wet and dry environments
showed that the subcritical growth rates are many orders of mapitude slower for the patterned
interfaces and that the patterned interfaces displayed threshold interfacial fracture energies that
a increased by a factor of six to seven over those of the plain interfaces, Although detailed
nicrostrtictural investigations of the meehanisms of interfacial crack growth were not performed
In these studies the Increased resistance of the patterned interfaces appears to be attributable to
crack bridging as discussed in the section on frcture energy.

It appears that only one study has been performed to examine the fracture behavior of
metal/ceramic interfaces under cyclic loading (fatigue) conditions [72], again using the plain and
patterned Cu/glass interfaces mentioned above and also an Al-M/A 1203 interface. Those
interfaces displayed markedly different fracture behavior with fallure occurring at the
metal/ceramic interface under a rekatively low load for the Cu/glass specimen and generally
within the ceramic under a much higher load for the AI-Mj/A 0 3 interface, The limited data
Indicate that fatigue crack-growth rates ca be many orders of magnitude faster than suboritical
crack-growth rates at cqulvalent levels of crack extension force and occur at much lower
thresholds than under monotonic loading but this behavior may vary widely depending on the
particular metal/ceramic interface. The presence of implanted n'crocracks ladto much improved
crack-growth resista ice due to crack biring of the interface by metal-film ligaments, While the
fracture behavior of the two types of interface was much different, in both cases, plastic
deformation appeared to constitute most of the fracture energy with crack bridging playing an
Important role in the fracture process,

CONCLUSIONS

Many factors are involved in determining the relationship among the bonding, structure and
properties of diffusion bonded metaceramic interfaces. The eflets of some factors, such as the
therimodynai c and kinetics of reaction, on the behavior of diffusion bonded mea/ceramic
interfaces are reasonably wel understood. The effects of other factors, such as segregation,
stress corrosion and cyclic loading, on the properties of metal/ceranic interfaces are just
hbeginning to be understood.
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DIFFUSION BONDING OF ADVANCED AEROSPACE METALLICS

DAVID V. DUNFORD AND ANDREW WISBbY

Materials and Structures Dept., Defence Research Agency, Farnborough, Hants, UK

ABSTRACT

Advanced aluminium and titanium alloys, metal matrix composites (MMC's) and
intermetallic compounds are of considerable interest to the aerospace industry. These
materials offer significant mechanical improvements over many conventional materials,
Appropriate joining technologies are being developed to utilise the advantages these materials
offer in aerospace applications. Diffusion bonding offers considerable potential as a joining
process. This keynote paper will review diffusion Uonding with reference to these advanced
metallic systems.

INTRODUCTION

Considerable advances in metallic systems pertinent to the aerospace community have
been made in recent decades, The goals of lighter and stiffer airframe structures have led to
potential applications for lower density aluminium - lithium alloys and the rapid development
of both continuous fibre and particulate reino'rced metal matrix composite systems, Higher
temperature and lower density metallic systems are being developed for gas turbine
applications to improve thrust to weight ratios and engine efficiency. The development of
improved manufacturing technologies, such as superplastic forming, has enabled complex
structures to he fabricated from expensive materials cost effectively by maximising material
utillsaton, To preserve these improvements and allow successful incorporation into
aerospace structures, advanced joining techniques are required, Conventional fusion welding
may cause unacceptable microstructurall damage and poor mechanical properties, Solid state
joining can offer significant advantages for some advanced materials. Several solid state
processes depend on high pressures and large scale deformation; for example pressure
welding, roll bonding and explosive bonding for example, These processes are used to
produce semi-finished products such as clad sheet or plate but are generally unsuitable for
MMC's. In friction and ultrasonic welding, intense deformation confined to the bond
interface region raises the temperature and disrupts and disperses the oxide films before
welding. These processes are discussed in detail in reference 1,

In diffusion bonding (DB), through thickness deformation is usually small (5 or less),
low pressures (much less than the macroscopic yield stress) and high temperatures (> 0, 5 T ,
where T. is the absolute melting point) are typical, Hence the deformation is confined
primarily to surface asperities [2], DS by hot Isostatie pressing (HIP) under inert gas pressure
as the unique advantages of high pressure (up to 300 MPa) and temperatures (up to 20009C)

with minimum total deformation giving greater flexibility in component shape. This process
is used extensively for consolidating powders. Compared with other joining processes,
diffusion bonding offers [3]:

I) joint strengths approach or equal parent material strength
I low deformation and distortion lead to accurate dimensional control
) joints can be fabricated between thick and thin sections

iv) large bond areas lead to lower service stresses
v) corrosion resistance is the same as the base material or selected interlayer, with

no fluxes required.
vi) dissimilar materials, metastable alloys and MMC's may ie joined

In this paper the mechanisms of diffusion bonding will be discussed together with the
development of diffusion bonding processes for advanced metallics currently of interest to the
aerospace industry.

Mat. Res. Soc. symip. Proo, Vol 314. 1093 Materials Reserch Socielty
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MECHANISMS

The various diffusion bonding techniques available are summarised In Fig, 1[4]. Diffusion
bonding can take place either in the solid state or via a transient liquid phase (TLP). Stable
surface films (present on aluminium alloys) or brittle Intermetalic compounds (formed
between dissimilar materials) can lead to lowjoint strengths. To permit DB of such materials,
interface uoatings or foils may be employed.

DIPIFUSION BONDING TUCHNIUI]

_..1dt. eleent L M alloys produced by diffuion

L L ,oI__1

Filutn 1. Summary of diff sion bonding techniques [41

The solid state bonding process can be divided into two stages corresponding to a stress
dependent stage I and stross independent stage 2, The sequential operative mechanisms in
these stagoes are:

a) instantaneous plastic deformation on loading,
la!rkwiated with surface asperities Stage 1

b) icp deformation I
c) diffusion across the bond interface Stage 2
d) recrystnllisation and grain boundary migration

Modi-IUlng of stage I is besd on the relationship;

i-Ao'exp(--) .... (1)

where e - creep rate, o. - applied stress, Q, - activation energy for diffusion, A and n
are constants with n in the range 3-4 for a typical titanium alloy. For a fine grained
superplastic alloy n is in the range 15 - 2, indicating a lower temperature stress dependence
and strain hardening rate which aids bonding in stage 1. At the onset of stage 2 the bond
interface consists of bonded areas and residual volds. Hydrostatic pressure can accelerate
plastic deformation and the closure of large voids, but elimination of small voids ( < 20 Am)
depends only on surface, volume, or grain boundary diffusion, Stage 2 is therefore diffusion
controlled and is accelerated by a fine grain size and high temperature, Recrystallisation and
yrain boumdary migration leading to a non-planar bona interface is deirable for maximum

ent oes not alway occur The time reuired iS usually much greater for stage 2
than or stage 1. Diffusion bendin, models based uPOn idealised surface geometries and the
above mechanisms have been successful in predicting the effect of pressure on time to
produce a 95% parent metal bond strength in both titium and copper (5-8]. More complex
models are required to explain bonding in the presence of oxide fIms and for dissimilar
materials.
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In diffusion bonding the major bonding parameters (pressure, temperature and time) are
interdependent and control the deformation. "ose variables are optimised to reduce bonding
time and therefore cost. In practice the wvin'mum temperature Is limited by the onset of
liquation or excessive grain growth, and bonding pressure is limited by safety (gas pressure
bond),ig), cost considerations, or excessive deformation (thick section and platen pressure
bonding).

When the temperature or pressure required to obtain good surface contact prohibits solid
state DB, liquid phase (LP) DB offers an alternative Joining method. This process relies on
interlayers or coatings at the bond Interface, Thtee either melt, or diffuse Into die base metal
to create a transient liquid phase (TLP), at a temperature well below the melting point of the
base metal. This process has some advantages of conventional brazing (low pressures, short
times) and of diffusion bonding (b "t metal microstructure and strength),

DB TECHNIQUES

Diffusion bonds in components can be divided into those made by massive DB and those
made between thin sheet; DB in thin sheet is frequently asociatod with subsequent
superplastio forming (SPF) [9j, DB of thin sheet prior to SPF is often performed using argon
Pas pressure (2-3,5 MPa (300-500 psi)) for Ti alloys, but similar platen pressures may also
be used. Massive DB involves the joining of thick section mahined parts uinder higher
pressure (e.g. 14 MPa, 20C0 psi) applied by mechanical meins or by hot isoptatio pressing
(HlPing). For HIPing the component is sealed in an ovacuatod can before the pressute is
applied. After DB the can is removed, unless It is an Integral part of the component.

DB TEST METHODS

For successful exploitation of DB in structural component design strength data (eg,
tensile, shear, impact, fatigue) have to be obtained. Strengths reported for DB joints can
show a wide variation depending on bonding parameters, bonding techniques and test piece
design, The tatter being particularly important since the test piece must provide meaningful
strength datm to enable the effects of metallurgical and processing variables on bond strength
to be aas:sw4, To measure the strength of a diffusion bond it is esseotial that failure occurs
In the bo)nd inte'facial regicn. Failure in the base metal awYay from the bond interface may
provide information on joint design, but does not help lii the evaluation of the bonding
process. Tensile tests are used for thick section diffusion binds, but have been shown to be
insensitive to the presence of voids in the bond interface [10], However, impact tests appear
particularly sensitive to bond quality [101. For thin sheet, shear tests are used, Unfortunately,
these test pieces experience large out of plane bending or peel stresses, with large stress
concentrations at the ends of the joint [111. Constrained tensile [11] and compre.sive [12]
shear tests have been developed to prevent out of plane bending. Peel tests have also been
used, particularly at elevated temperatures for aluminium alloys [13], to assess the quality of
DB in thin sheet regarding potentiel DB/SPF processing, Corrosion and oxidation studies on
DB joints may also be required.

TITANIUM ALLOYS

Titanium absorbs its own surface oxide film above about 750'C and alloys are readily
bonded in vacuum or inert gas. Figure 2 shows the ,nicrostructure of a DB joint in the high
temperature Ti alloy IMI 834, The mechanical properties of DB joints in IMI 834 (Table
1)1[121 show that parent metal tensile, shear and impact strengths are attainable even in this
creep resistant alloy. As the 0-transus temperature for titanium is approached, rapid grain
growth occurs, the creep rate decreases and the bonding time may increase, For example in
Ti-6A1-4V alloy, at a typical bonding pressure for this alloy (300 psi, 2 MPa), tie time to
produce a pore free bond increased six fold when the grain size increased from 6.4,um to
20um [9]. Other product forms, such as plate or forgings, have a coarser grain size when
compaied to sheet, consequently different bondfng parameters are required. The enhanced
bonding associated with fine grafn materials can be exploited using fine grain interlayer foil(s)
for bonding thick Actions of coarser microstructure, or by surface working, which induces

...... ..-.-........



Figure 2. Diffusion bond In IMI 834, 990"C (0.5 hour) 5 MPa. Bond line at arrows.

Tablo 1. The tensile, shear and impact propurties of IMI 834 and DB joints produced
under various conditions [12]

Material eondition/Doaditig Bulk TouftI Properties show Impact
paramenters Defm. Strengtha Hour j

* 0.2% PS U73S Eloag, MPa
MPs Mph %

I.As recuived 0 946 1083 14.3 4.2

2. Thermal cycle 99VC 0.5 hr 0 870 1029 16 663 5.4

S.DD 95OV(0Shr) 5MPA 0,2 I2=12 2.3 2114141311 2,2

4. DO 990C (0.5 hr) We~ 1.0 8U4 1039 17,1 675 4.9

5. 1311 as 3. + 1020C (6 hr) + 0.2 913 1032 16,5 4.3
700C (2 hr),I

fine recrystallised grains at the bond Interface when heated to the DB temperature.
Accelerated bonding Is also achieved under superplastic conditions, reducing the bonding
pressure by a factor of 4, welding time by a factor 6-30 and the temperature required by 50

W5C [141. Crystallographic texture and microstructure morphology may also affect the rate
of bond formation (15]. For example, an acictar microstructure requires lonlger bonding
times or higher pressures than an equiaxed microstructure,

Small bond defects may not affoct the tensile or &hear strength of the bond but may
greatly affect othe - mechanical properties such as fatigue or -impact strength, impact
properties are most sensitive to bond quality, Fine pores, ats small as t~in, can reduce the
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impact strength. The distribution of pores is known to affect both impact and fatigue
properties, for example clusters of pores reduce fatigue properties [16],

For near net shape components low bulk deformation during DB is required. Joints may

be made at low temperatures and for short timos (eg 800°C, 15 minutes and 5 MIa for T -
6AI-4V) to produce a partially bonded interface with high porosity and then annealed at
temperatures just below the 3 transus for extended times, Voids are eliminated and parent
metal tensile strength and increased impact values obtained (Table 11)[12],

Table 11. Mechanical properties of DB joints in Ti - 6AI - 4V, (ND - none detected)

Liquid phase DB of Ti alloys using Cu, Cu base and other alloy Interlayers can produce
almost parent metal mechanical properties, A 13 titanium alloy, 1i-21V.4A, bonded with a
TI-2OZr-2OCu2ONi interlayer had a tensile strength of "700 MPa, Subsequent ageing increased
this to 1400 MPa [17],

Diffusion bonding of Ti alloy sheet ,an be conveniently combined with superplastic
forming (SPF) to produce structures with significant cost and weight savings pomaed to
conventional manufacturing routes, Complex three and four sheet structures may be made
using stop-off compounds to prevent bonding in predetermined areas and, after bonding,
formed into shaped dies to produce honeycomb type structures (Fig 3) [18], Some bonds may
also be made after SPF, giving great flexibility to this manufacturing route. However,
surfaces for DB after SPF ae exposed to the gaseous environment longer Ithn the primary
bonds with a greater risk of surface contamination; oxygen and water must therefore be
removed from the argon pressurising gas, Several thousand Ti alloy DB/SPF components are
in service, for example wing access panels on Airbus aircraft [19] and other civil and military
applications (20], A critical DB/SPF component is the fan blade for civil gas turbine engines

t

50 MM

Figure 3. Four sheet diffusion bonded / superplastically formed Ti- 6A1 - 4V stru~cture,
showing diffuision bonded joints between skin and core sheet at A, and between
core sheets at B. (Courtesy of British Aerospace Warton),

..i. ..... ....- - -- . - - -. . - -- . - . . . . . .
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Ordered intermetallic Ti alloys for use at temperatures above those for conventional Ti
alloys ( > 'C) are of particular interest currently, There is little quantitative published data
available, but the TI)AI based alloys seem to diffusion bond readily at temperatures of 100-
1501C bWlow the alloy 0 transus (1065-11300C) to give parent metal microstructures [22], It
is expected that parent metal mechanical properties should be obtained. Higher pressures,
compared to TI alloys, are required for DB of titanium aluminides due to the higher flow
stresses of these intermetallics, DB of the TiAI based alloys is more difficult than the Ti1AI
based alloys since aluminium modified titanium oxides are formed and these may restrict
grain boundary migration at the bond interface, Bonds in a TiM alloy with a planar interface
had a tensile strength of '40 MPa less than the parent metal P.t 800'C and 100(C test
temperatures. Plastic deformation of the surface before bonding can cause recrystallisation
at the bond Interface and enhance bond strength (23],

ALUMINIUM ALLOYS

The diffusion bonding of aluminium alloys is primarily under consideration for sheet
applications, especially with the development of superplastic aluminium alloys, Massive DB
of" aluminium a loys, as used with titanium alloys, is virtually unknown, Aluminium alloys,
unlike titanium alloys, are difficult to diffusion bond because of their stable oxide film. This
alumina rich film even forms in inert gas atmospheres or in vacuum and can be stable up to
the alloy melting point, At bonding temperatures this film is a barrier to the diffusion of
solute elements, Removal or disruption of surface oxide films is necessary for successful
bonding, Fracture and dispersion of the oxide, as occurs during rol! bonding, is prtcluded
at low deformations, High strength diffusion bonded joints have been obtained using surface
coatings or interlayers. For example, after argon ion sputter cleaning and ion plating with I
Am thick silver layers, clad aluminium alloys have been diffusion bonded in the solid state
at temperatures of 300-4100C (24]. The reduced concentration of silver within the clad la er
during subsequent diffusion, prevented the formation of silver rich iritermetallics, This
bonding route may be alo suitable for rapidly quenched metastabie alloys where low bonding
temperatures (< 3506C) are required; for example, continuous SiC fibres coated with an
AI-Cr-Fe metastable alloy matrix have been consolidated to form an MMC via a surfacecoating of silver (25], Transient liquid phase bonds have been made using zinc and copper
interlayers to form a eutetc phase at 420C and 548°C, respectively. The solubility of t es
elements in aluminium at the bonding temperature allows interlayer element concentrations
at the bond interface to be reduced to low values ( < 2 wt%) by a post bond anneal.

Superplastic AI-Zn-Mg 7475E alloy has been bonded successfully in the solid suite at
500*C and 2.76 MPa using 5052 AI-Mg alloy as an interlayer [26] Bond shear trength was
found to improve with increased deformation from 3 to 15% and increased bonding times of
60 minutei. Studies without interlayers at bonding temperatures of 5160C for 4 hours using
0.7 MPa pressure gave parent metal shear strengths (331 MPa) [27]. This was due to
recrystallisation at the bond interface (induced by prior surface peening) leading to a
non-planar interface.

Diffusion bonding of aluminium-lithium alloys has been reviewed [28] and is particularly
attractive because these alloys combine high specific stiffness and strength with superplastio
behaviour. Aluminium-lithium alloys may be bonded without inter a ors since lithium
compounds disrupt the surface oxide. However, because of the more rapIdthermal oxidation
of these alloys, particular care is required to avoid surface contamination during heating to
the bonding temperature. A DB joint made in vacuum without interlayers is shown in Pig.
4. Thisjoint exhibited parent metal compressive shear strength in theT6 conditior ('230 MPa)
and a 90* room temperature peel strength of 54 Nmm" (peak) and 18 Nmm" (plateau); this
can be compared with corresponding strength values for adhesive joints of 30-40 MP& (shear)
and 8 Nmm" (peel). Careful control of solid state bonding parameters is required for joint
reproducibility and consequently TLP DB may be attractive. Studies using Cu, Zn or complexmultilayer systems utilising Al-Cu-Si as the melting phase, have reported strengths
approcaching those of the base metal [28,2,9]. A TLP bond in 8090 Al-Li alloy is shown in

. Care must be taken to ensure that the interlayer can be diffused away from the bond
interfae, For both solid state and TLP diffusion bonds joint stiffening gave peel strengths
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Figure 4 Section (optical) through Figure 5, Section (optical) through
solid state diffusion bond in Al - LI 80 0 TLP diffusion bond in Al - Li 8090 alloy,
alloy. Bond interface Is at A - A. Bond interface in coarse grained region ,

at su erlastic forming temperatures sufficient to allow combined DB and SPF [30],
In comrparison with titanium alloys DB of aluminium requires procedures of greater

complexity and any process deviation can lead to poor reproducibility of joint quality, The
ptential advantages for weight saving and structural efficiency when combined with SPF are

however very attractive.

DISSIILAR MATERIALS

Thle need to combine high strength with high toughness, to provide surfaces with
corrosion, wear or oxidation resistance and to conserve expensive materials, has led to
growing interest in dissimilar material joints, Diffusion banding is particularly suited for such
joints because It provides close ccntro of the process variables. Metal/metal, metal/ceramic
or ceramic/ceramic joints are possible via DB. it is difficult to obtain sufficient interface
contact or diffusion for cerarnic/ceramic bonding below about 1000"C, However many
ceramics can now be bonded ecither to themselves or to thicker metallic supports using
reactive metal interlayers (containing Mg, U~, Zr or Ti) and either solid state or hqiuid phase

thnqe[311, Mismatch of thermal expansion coefficients (CTP), which can give riso to

te h iq e [. 
" 'T ~.

high thermial stresses and cracking at the bond interface. This problem is particularly
pronounced for ceraimic/metal joints, To overcome this mismatch an interlayer, or
combination of interlayers, may be used to decrease the stress gradient across the Interfa~ce,
The laminated Interfaces may be several mlillimetres thick,

in dissimilar etal Ijoints the greater stress relaxation available means that tlherinal stresses
due to Cre mismatch may be less severe than in mnetal/cerarnic joints. Care mlust be taken
to ensure chemical compatibilitt and minimum adverse re~actions between the materials to
maximis joit strength. The mechanical properties are particularly Imtportant, since dissimilar
metal joints ,may bc heavily loaded. The interlayev's should ideally exhibit mutual solid
solubility without internietallic formation, a wide temnprature range fur bonding and

.. . . . .. . . . . . . . ... . . .. . . .. . . . .. . . .
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Figure 6 Sectionl (optical) through a Ti3AI (Super a) nickel alloy (HIS 242) .DB j~lint,
using tantalum and nickel Interlayers to adbonding.

60 Matrix
coated60 fibre

40 so 120 100

Edge-to-edge fibre spacing (pIM)

Figure 7 Frequency v. magnitude of edge-to-edge inter-SiC fibre spacing forcom~posites made by different routes,
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compatible CTE and Young's modulus. An example of this type ofjojrt is shown in Pig.6,
The TiAI alloy (Super c) has been diffusion bonded to the wear resistant Ni bat HS 242
alley using 2,5pm thick Ta and Ni interlayers. This joint had a compressive shear atrength of
480 MPa (compared to -390 MPa wiihout interlayers) despite the formation of a Ni Ta

intt-metaltic. Joints between Ti-6AI-4V alloy and Co-based Stellite HS6 using similar
interlayers had tensile strengths of 100 MPa, compared to '600 MPa without interlayers.
Ductile interlayers may alio enhance the toughness of joint interfaces, Many alloy
combinations have been joined by diffusion bond'ng for example; titanium alloys to stainless
steels And NI alloys, and steels to Co base alloys f3].

Different alloys of the same base element may be diffusion bonded, for example a high
temperature Ti alloy IMI 834 has been diffusion bon.ied to.a Ti3AI alloy. This is a relatively
straightforward procedure for titanium allkys and steels using DR parameters for the lower

* temperature alloy of the couple. Future developments may exploit the potential of bulk macro
and micro-laminates produced by the bonding of stacked sheets r toils of dissimilar
materials,

Figure 8 Ti - 6AI - 4V / 80 vol. % SiC fibre composite made by MCF procesz [25],

MLTAL MATRIX COMPOSITES

Advanced continuous fibre or particulate reinforced metal matrix composites can lead to
increased strength and stiffness at ambient and elevated temperatures. Aluminium MMC's
c-sn be made by melt infiltration but reactive metals are restricted to solid state processing.
Diffusion bonding has an important role in both solid state procet.sing and joining,

Processing of continuous fibre materials is extremely important since any fibre/fibre
contact can drastically reduce the mechanical properties [32], This is especially true for large
diameter fibres (e, "100pum SIC). Commercial processing routes for titanium based MMCIs
have been reviewed [33), All of the piocessing routes require DB to affect final
consolidation. DB has been carried out using conditions similar to those for bull: titanium
a-lloy . i)he most widely used method is the foU-fibre (F-F) lay-up in which unidirectional
mats of SiC fibre are ardwiched between foils of the required alloy. Titanium alloy and Ti
alumin;,dc MMC's are crrently being produced. Many matrix systems are precluded by the

- ______I___
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0 0.1 0.2 0.3 QA. '. 46 .6 "Ol i0.9 1

Volwmo, Fraction SIC (%)

Figure 9 Vertical contruto'on normal to M~ra axes &tring conpositb ironsinlidation of
sheet when no glisp)%cemnt allowved io .,lieet planz v. SiC volume fralatknn

M F-metal cobted fibre, FPF - foil - flbre, 71ht affect of fibre spatcing (wAl
and foil L6kkness (h) oii contraction in F - F cojipasitot xr- also shown.

Figlre 10 Section (optiual) througli a solid state ditfusion bond between 8090 I 20 wt%
SiC parniciiiiatc reiforced metal marixc compoite (MMC) sheet. Bond
interface at A - A, particle I particle contact at B.
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unavailability of alloy foils, During consolidation, fibres move giving non uniform fibre
-distribution in the finished composite (Fig, 7). Similar problems with uniform fibre
distribution occur for the powder-fibre process, in which the foil is replaced by a cloth like
m.terial, produced by rolling a mixture of the alloy powder and an organic binder. For both
processes the maximum practical fibre -contont is about 45 % by volume. Plasma s raying has
been ued to introduce the matrix material onto the fibres. Although a more unform fibre
.istiribution is achieved (when compared to the F-F process), the fibres or their thin protective
coatings may be damaged by impact of the plasma spray droplets. The matrix coated fibre
(MCV) route involves coating thp fibe with the matrix alloy usmg physicalvapour deposition
(PD) procses such as evaporation oi sputtering. A composite made by 9DB of MCF is
showni In Fig. 8. .iC fibres were pr-coated by electron beam evaporation and vapour
deposition (fBEVD), Compooites produced by the MCF route have uniform fibre distribution
(Fig. 7, 8) with no fibre- fibre contact. Numerous alloy systems, including metastable alloys,
can be used as the matrix and fibre volume fraction is controlled by varying the coating
thickness, Fibre volume fractions as higl as 80% have been reported (Pig, 8) [25]. Another

advantaje of the MOF prcess, when uompared to the F-F prcess, is that shrinkage during
consoli ation is independent of volume fraction and can be predioted, depending only on fibre
packing/lay-up (Fig. 9), Thi5 is particularly important where near net shape processing to
final component size is required, DB, either solid state or liquid phase may also prove to be
the best means of incorporatiug titanium MMC components into structures.

Joining MMC's, particularly for elevated temperature applications, to p reserve advantageous
mechanical proper ties will require DH. For example solid state and TLP DB processes have
been used for partculate reinforced aluminium MMCs (34]. Higher bond strengths were
obtained when partiolelparticle contact (B in Fig. 10) at the bond interface was avoided,
either by the isertion of an interlayer (solid state) to create particlematrix interfaces and
provide a ductile interlayer, or by TLP melting at the bond interface,

CONCLUSIONS
The relection of eppropriate joining processes depend on the materials, the joint, strength and
quality requirements, and cost. For demanding applications, or advanced materials, diffusion
bonding offers many advantages and may be the only option for MMC's. Increased
application of DB/SPP technology wi.l depend upon accutate and repro. ible process control
and the grater availability of large vacuum hot presses and HIP pressure vessels or
manufacturing large components. This is pariularly important if DB is to he considered for

mass production application3, eg, in the atutomotive industry.
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RELIABILITY FACTORS IN CERAMICIMETAL JOINING

KATSUAKI SUGANUMA
I' National Defense Academy, Department of Materials Science and Engineering,

Hashirimizu 1-10.20, Yokosuka 239, Japan,

ABSTRACT

This paper reviews the processing factors in joining ceramics to metals concerning
the reliability, Thermal expansion mismatch has a great influence not only on the
absolute value of strength but alma on the reliability of joints, Large thermal Atres
increases the scatter of joint strength becaime of the presence of defect induced during
joining process, One should insert an appropriate interlayer to relax the streas
between a ceramic and a metal, Surface roughness also has some influence on the reli-
ability, A roughly ground bond face leads large scatter in strength, Scratches must be
removed before joining, Unjoined area reduces joint strength especially in aolid-state
joining, In brazing, the homogeneity in the braze layer should be also controlled care-
fully, A slight applied pressure during brazing can preserve the integrity uf joints.

INTRODUCTION

Ceramics have been gradually expanding their applications into structural materials
replacing the conventional metallic materials since the beginning of the 1980's., In fact,
one can find several establishments using ceramic parts in the commercial fields as
shown in Fig, 1 Silicon ceramics, especially S13N4, have been intensively examined and
developed fur the structural uses because of its high toughness in addition to light
weight character, good wear resistance, high strength and modulus up to 1000 "C, etc.
The establishment of ceramics as structural materials has been not only dependent
on the improvement of their prop.
erties but ala greatly an the ad.
vnnces in joining technology of
ceramics to metallic materials,
Even though properties of ceramics
have been improved drastically,
they still have problems of hard
workability and of poor reliability
compared with metallic materials,
Inevitably, they arused in a small
volume combined with metallic
parts, Then, in practice! adoption J,
of ceramic products, it frequently ,
lecomes one of the major interests
whether the reliability of a joint Flig.1 SiN4 prduots for automobile engine oompoanentm
structure le adequate for a certain (Courtesy to Nieman Motor, Co.Ltd,), The arrows point

requirement or not, to S 8N4
The reliability of a ceramic/metal joint structure has not been surveyed comistently

yet, Because most ceramic/metal joints fracture in a quite brittle manner, the scatter
in strength can be treated by the Welbull statistics, The statistical treatment of
strength data has provided us useful information on joining parameters. Factors
Influencing the reliability of a joint can be classified into several categories, Fig.2
shows the schematic illustration of several important defect categories, which may

Mat, Re. So. 5lmp. Proc. Vol, 314.91095 Materiais Hemra lolely
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cause scatter in strength di-
rectly. From the microscopic
view, the reaction structure
caused by wetting or by chem- Ceramic
ical and physical bond-ability
between two faces may be of
concern, These factors will Inaluelonm Interface flaw
reflot the distribution of un. *.

joined or weakly bonded is. Uriolnod lmard.

land-lik. defects on interfaces
resulting in substantial reduc. -- into oerama
tion in joint strength, From
the more macroscopic view,
when a reaction layer grows It.actn .ays
thick, cracking in the layer wlih creaka
frequently influences joint
strength to a great extent, Suac dm ed edge

T'hermal or residual stresa in
a joint becomes another im-
portant factor, The final goal Metal
for joining research will be in
establishing a technique pro-
ducing a tightly bound inter- Fig,2 Schematic illustration of various defet streture
face by eliminating these de- IS Bohmlnmt-c ilu on

fets and by accommodating

thermal stress,
The present paper concentrates on reviewing the factors affecting the structural

integrity of a ceramic/metal joint. Especially, processing parameters influencing
structural reliability will be discussed. Processing parameters such as interface reaction
will be considered initially. Next is the physical contact and the surface damage effect.
Then the effect of thermal strew on strength will be discussed in the last section.

INTERFACE CHEMISTRY

Interface formation of a ceramic/metal system has been discussed for many decades
on the basis of reaction chemistry'. Interface characterization has been carried out
with various microstructural observation methods and, especially, with the wetting
experiment with the mist of thermodynamic considerations, Succesful results have
been achieved from such oemi-empirical works, The active metal brazing method is one
of the fruitful establishments, In a recent few years, the research has also directed
towards the lattice structure2 and the atomic binding at the dissimilar materials
interfaces 3, The"e works are, however, still at the beginning and more time will be
required to obtain the comprehensive explanation of ceramic/metal interfaces,

Turning our interests to the influence of interface chemistry on the reliability of a
joint, fewer works have been reported on this subject, There seems to be some close
relation between interface chemistry and scatter in strength, The points are not on the
absolute strength of an interface but on the homogeneity of interface bonding. If
homogeneous bonding in achieved over the whole interface, the scatter in strength is
expected to be small even though the binding at an atomic scale is weak, Then, from
the view point of the scatter in strength, one should think about the homogeneity of
interface bonding and this is influenced by reaction and wetting behavior,

In the metal/metal brazing systems, it is easy to get homogeneous wetting between
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metal substrates and
brazing metals such as
the Cu/solder system. In 08 .
the ceramic/metal brazing 9 D0

systems, It is also possible 70
to obtain similar wetting 'a .
behavior by using the 40 -acMtive metal brazes, for jo ' /y

most ceramics, There are, 20 .

however, some exceptional 7,//
brazing systems, The A l
based alloys are regarded s

as one of the active met. A I
als since Al itself is quite A1.oll'.a ---- Al-O33~Si
active against moat ce.
ramlcs, These alloys are
useful to braze ceramics/

metals in lower tempera. 'o ,L L-' LLo too 209 J0e 400 too 0o
ture range than Ag-Cu-Ti Bonding strength IMPa)
alloys. Fig, Walbull plots of bending strengths of Sl3N 4/AJ.X

Fig8 shows Welbull OCMSiMg)/UIN Jots'
plots of the SIa joints
brazed with pure AI and
AI-X (X-Si, Mg) binary dilute alloys4 ,
The scatter in strength of the SiSN 4/AI" Al0'06SI
/SiON 4 joint is small and the addition of s 0
small amount of SI does not influence It u
so much, However, a similar amount of' 1
Mg addition to the braze made the cat. oI
ter very large, These changes in 3 pure Al 0a AI.O '35
strength are closely related to the change 3

in fracture mode. Fig,4 shows the
Weibull modulus of joint strength for .2
various brazing alloys as a function of AI.U5Mg
the fraction of an Interface fracture area I
against the whole interface area, As the
fraction of interface fracture area increas-
em, the Welbull modulus decreases The 20 40 t0 60 In0
addition of Mg increasee interface r"ac-
lure, From TEM observation, it was Area of i erfadl ractur. i%)
revealed that the Mg addition changed Fig.4 Welbull moduli of 813N4 Joints braced
the Interf'ace microstructure, Fig.6 shows with various Al alloys as a function of
a schematic illustration of the Si 3N /Al kaction of interface fracture,

alloy interface and the fracture path, When Mg was not in the braze alloy, a nano.
crystalline P'-sialon layer and an AI-Si-O amorphous layer were formed at the interface,
In the case of the SiN 4/AI-Mg interface, Mg concentrated at the interface and oxide
products, i.e., a-A1203 and y-AI AO3 with Si, were discretely formed along the interface,
The fracture path primarily runs along the oxide layer, Thus, the addition of a small
amount of Mg to the Al braze promotes the oxidation of Al and the oxide layer a, the
interface grows thick, Thin microstructural change increases the scatter in strength of
the joint drastically. The reason for the increased scatter in the presence of the stable
thick oxide products can be ascribed primarily both to the weak bonding between the
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PiSA, Weibull plats of bending otr4noh of UikN4
joint* with or without additive braxod with Ai5

Filg.5 Sahsmatio Illustrations of lntarf'mo micro.

struotuiv end frnCtur* paths of Sl0N4 joints bused
with AI.Mg alloy (top) rnd with putt Al (botton,

Al oxiues and SISN 4/AI and the thermal
expoiision mismatch between SiN 4 and
the Al oxides which will he d scutned
later, on

The presence of additives in ceramics
may also influence the interface chemistry V1
and then the reliability, SiN 4 with or
without the additives Al2 0] and Y2 o3,
were brazed with pure Al and the son . .................
ttrongtlh of these joiits ware evaiutaO.
TEM "burvalton revealed that the SiN 4  +with the additiwau forined a thick AI-B-2.8 i

layer reacning 1000 nm whilo that vi thout I [
any additive formocl the sayer 400 nm
titck Fig,O ahows th. Welbull olots of 0

sti.ngth, The jo;nt of si0N4 with tie 1
additive haj higher strangth and smaller 1o
aeatter In strength than the joint without I
ary additive, XFS analysis showed that '.'' 

1,. , h1 . t.:mitt..mrt'.mar
fracture of the additive free SO'4 joint
occur,'ed at the Al/reaction lekror interface Fig. 7 EW.L of pro-oxidation of KIN 4 (it, thk
.vheie the joint with the add:tive &atctur d frt of rjaidatea frN c h thr()raction ,ot tmjlned area lbrnvad cn an Intar.

in toe Al layer lhese results imply that faat of Si1,N4 joint bried with All',

the thick Al-S-() layer can cover the

. .... .
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interface between the substrate Si.N. and the Al braze layer much more uniformly
than the thin formation of the layer, Th is microstruetural difference mie to result
in changing the scatter in strength between the two cases A similar result has been
obtained by a pre-oxidation-treatment of Si'N~ before brazing,. The oxidized treatment
of SiSN 4 promoted wetting between Bi N'4 Qn Al resulting In decreasing the unjoined
area a3 shown in F %7 The oxidiv4 tntarfnae had a thick AI.Si.O, layer ms one of the
two reaction layers

It has been known that the ion mixing of a ceramic/metal interface can provide good
interface adhesionfi,9, Peteve reported the influence of ion beam mixing oti soatter in
strength of the Cr-custed aiON4/Ni-Or alloy jointg, By Xe ion irradiation on the Or.
coated surfaci a two-.fold improvement In Weibull modulus was achieved with the
improvAnient 01 the absolute strength. Though a definite reason for the Improvement
in Wasibull modulus has not been proposed yet, the improvemunt or the adhesion or Cr
film to 8 N4 0 the chemistry change due to the enhanced diffus~ion, and the annealing
out of some of the residual surfaco damage of SiAN seem to be have some role,

PHYSICAL CONTACT AT INTRFACE

In the actual joining se- BID
quences, a perfect inerae
connection over the whole I

interface is hardly achieve
within a aertain joining poriod 94
and tomperatua linited by * 6

the progress of interface reac.
*tion. Than the Initial surface i ,,

roughness and the applied 49
presture have two of the criti-

l @* 0
cal parameters which have

*great influence on achieving
Interfacial contact not only in goo~
solid-state bonding but also In *,

brazing In solid-state bond. go MiOf

Ing, interfacial contact is pro- Frtation of enjoined aren %

meted by plastic dofbrination Figrt Bonding strength of Individual A1VO,,Nb jointi uis a
in the early stage following by fucto of un~olnmd itva fI~med on Intr&ac 101

creel) deformation and diffusion in the later stage, Presgsure primarily Influenovo
achieving contact by plmwtit dfobrmation in the first stage, Unjolnod Islands are mInv.
itably forined on the Interface under it limitud pru~auro, h will be dependent on the
amnplitude of pressure, period, temperature and various maturial'sj factors such am flow
stress, FIg.8 showu the relationship between the fracture stress ane, the unjoime area.
of the solid-state bonded AI2O./Nb jointI0 . Apparently, the increase in unjoined mrea
decreases the strength of the specimen, Fig,9 shows the lnfluewn'i of the unjoied ar-ea
on the scatter in strength, of whicht data were obtained by changiag the roughness o!
the Nb bond face, The largo fraction decreased the avoragm joint strength but the
Weibull modulue did not change. Thao facts imply that the joint fracture initiated
from the same origin, Ile., the unjoined island on the intorface. The Importance of the
contact pressure during Joining on the scattor in stiailth ham been reported by uottsllg,
at al 11 They showed that the high prnusuru joining promoted the substantial reduction
of tho scatter in Btrength,

1' interfacra roaction roloasou gau as tho reation producot, the pores filled with the
get- may be left on the Intorfcev resulting in the Inhibition of contact, The SIAN/Ni
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Interface is Lnsiderd to b primarily one of thin osoa This intertace In weak due to
the presence of poe on the interfaae 19 , When NI contains nitride formini+ ulamentssuch as Cr, ko pore Is formed at an Inturface and the strength Is improved ,t

Unjoined area Is frequently egrmed at the edge of a joint am the banded region as
shown In Fig, 10. This edge defect weakens the joint extremely as it works Pa A notch
inducd an the interface Fig.1 shows the typical position dependent strength data
obtained for th SN 4/Fe MolISIN 4 joint". he interface strength was quite high
vachlng 500 MPa but It was obtained only in the central %rea of the joint, Such a
phenomienon has ben reported for various systems. The edgw unjoined defet
originattw from several reaoNW, One Is the flatnee of the ilntrfaCe, Mntchanical
finishing of bond facs inevitably cuts uxtrit volumu away from the ,dge region.
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The inhomogenolt ba deformation of the metal layer will also reflect the phenomenon,
In the cese of the reaction gus reluasinj' system, the reaction in the outer region may
be promoted by' catitinuous evacuation", This will causes excesa thinning of the
ceramic at the edge region,

In braaing, pressure also has great effect on strength and its scatter. The changes
in intorlar thickness and uniformity seem to bo responsible tor the influence, Fig,12

*shows the offot. or' brazing pressure on the strength or the SiSN 4 Joint with an Al
brazasfi. Only slight applied pressure Is onough to produce a sound joint with little
scaitter in strongth. Johnson reported tho influence or the braze layr thickness effect
on the strenigth of the Si N4 joint brazed with the Ag.Cu-TI braze. The strength ot
the joint was proportional to the Inverse ot the square root of joint thickneas when the
thickness was bulow 50 0m. This indicsas that the joint layer becomes one ot the

*detects ot which size is taken s thu thickness, Furthsr *urk Is required to prove this
effect.

* Thus, fr'om the processing stand point, an appropriate pressure both tar solid-state
bonding and for brazing should be detormined together with the other processing and
materials parameters, To remove the edge unjoined region, hydroststill pressing such
tui Hiping becomes one ot the poworibi methods. Utilizing the roughness effet of a
midtal is also Useftxl t0

D.IMAGE ON BIOND FACEI OF CERAMIC

Suef~'i roughness has several effects an tho strength of a ceramic/metal joint.
iough surface will prevent completing contact at an Intertace under a limitud pressure
and may have thti damaged la~itr in a coramic near an interface which hus deep

*noratches and evore residual stress. On the other hand, an Irregular bond tace may
hnve ain anchoring effet which promotes joining by rmchanical interlocking. In the

*actual case, these olfect.. Influence the mechanical properties of a joint in at competing
way.

i'ig.1.3 shows the Weibuli R9 -7g-
plots at tho strength at the Si N
Joint brfized with puro Al va-11A X99 1N4/Al/Sl3N1,
the surface grinding kxaaditiunll. S908
Clearly thii rougher hand fa
inado' the joint weaker, This Is
because the roughly ground batl 4 rIx.

rernaina in thea joint oven nft rtc ha aaedly0ad t - Ru,joining~ treatmont. The tlactuve £ *R..
aged layjru along the Jong ..... 10£
interftau, Thus, a -oughly 5,
ground Land face cat% weaken the
varamic/motai joint if the dam- R x.0 2
aged layer remains in the joint.
The surface flnltl;Ing mekthodsu
also have imporsit influence on 50 100 200 300 400 80W 800 I=0
the rough nose effects, To mnake 500 700 900
a certain rough 3urface by olish- S t ra ng t h (MPG)
lng iseone of tho promiusing cani. Fig.B 3. flumniosauriwoe rciughnew~ of a bonci tkwc
tians for metal ceramic Inter- on bending strongth of S B.N, jointsa bmsed with A17
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THERMAL STRESS

The distribution of thermal (or residual) stresw is not uniform in a ceramic/metal
joint even along the interface, Concentration of thermal stress becomes more sever
with proximity to the interface and to the free surface, Tho most harmful effect is
caused by the tensile part of the thermal stress at the interface or In the ceramic, The
maximum tensile stress concentrates on or near the interface and on the free surface.
Since this strews acts almost vertical to the interface, the apparent interfacial strength
measured by tensile or bending tests is substantially reduceod. The amplitude of
residual stress depends un the shape and dimension of the interface19, Pig,14 shows
the diameter dependence of the thermal stress of the SiSN_,/Inver alloy joint measured
on the surface near the interface, The larger diameter made the larger residual tess,
It Is also noteworthy that stress concentration at the corner of the rectangular bond face
joint is more serious.

100

403N

#A 40

S20[

5 10 16 20 Invar Kovar
Diameter 20 x 15 (mm)

Fig.. 4 Effect of' shze and shape of WOz~ face on residusl stress
of Si8N 4/invar alloyr Joints15 , The msidual stress was vertical
to the interf"c an the 90S4 surface.

The joint with large thermal expansion mismatch decreomee strength, However, it
occasionally happens that some specimen is strong but the other is weak uven if they
are the same kind. This depends on tho presence and distribution of internal flaws
induced by thermal stress during joining troatavint. Thje strengths of the SiON 4/invar
and 8 N4/kovar joints which are differing in the amplitude of thermal stress, were
eaemined statistically2 , The latter Joint had larger tharmal streaw than the former as
seen in Fig,14, The strengths of the joints are shown irA 14Ig15, 11wh Si N /Invar joint
exhibited good strength with small scatter, On the other hand, the SiN& Sovar joint
had distinguished two parts In the diatelbution of ittrength, While one was high
strength with jimrall scatter, the other worn weak with large dcatter, 1'Vhe latter joint
always had the interfacial flaw which was formed on cooling from the joining
tomperatue, Thus, large thermal strusm eccasionily induces flaws ihito a joint, which
do not only 1weaken the joint but also may make the scatter In strength large;, In other
words, It in very important to evaluate the scatter in strength especially for joints vith
large expansion mismatches. Several effective methods to relax the Influence of
thormal stress heat been revie%*ad In ref.[211,
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A j 
S13N4/Ai'IK.yor 1

a. $13N4/AL/Invor

(1073 K, 7rnin,0151MPo
In Ar flow 1 L.
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Vig,16 Weibull plots of bonding strangtho of 8i, 1N4/iavar and Si,Nkovar Jointa~ brazed with AJ*J

SUMMARY

Thiw paper has focused on the reliability of joinlig ceramics and metals Ospecially
an the scatter In strength. The Influences of several Important processing factorni have
been made clearer, Nu mention, however, has boon made an the reliability during the
operation of joint products, ime, tile time dependent change in the reliability, In
practical application, a coramla/motal joined component is used not only under anl
external stress but under the internal stress originating from the elastic and expansion
mismatch, Since most of engineering cerumics such am SI N4 aind sic usually Buffer
from severia thermal stress during operation because of thofr extremely email thermal
expansion oelificionto agai nst metal components, then thermal stress will be aria of the
most dornhint factors to restrict the lif1o time of joints. Thore aro other important
fautors in determining the life time, t.e., enviromentully induced degradation such as
oxidation, corrosion, stress assisted corrosion and also fatigue. Up to this tnoment, only

few worlui have boon carried out onl those subjectea 4  Further intensive works nra
roquired far a full undorstanding of the mechaniams by which joint strength decreams
in certain environments and also for establishing thJ design techoogyj for a
ceramic/metal joining system., Such efl'ortm are expectedi to acoompany both thle
development of new techniquesi and tho reflnernents of oxisting techniques.
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INTERFACE SCXENCE OF CONTROLLED METAL/METAL AND METAL/CERAMIC
INTERFACES PREPARED USING ULTRAHIGH VACUUM DIFFUSION BONDING

WAYNE E. KING, G. H. CAMPBELL, A. W. COOMBS, G. W. JOHNSON, B. E, KELLY,
T, C. REITZ, S, L, STONER, W. L. WIEN, AND D, M. WILSON
Chemistry and Materials Science Department, University of California, Lawrence Livermore
National Laboratory, Livermore, CA 94550

ABSTRACT

We have designed, constructed, and ar operating a unique capability for the production of highly
coiltrolled homophase and heterophase interfaces: an ultrahigh vacuum diffusion bonding machine, This
machine is based on a previous design wjch is operating at the Max Planck Institut fir Metalforahung,
IrrstitutftlrWerkstofwisvenschafi, Stuttgat, FRG. In this method, flat-polished single orpolycrystals of
materials with controlled surface topography can be heat treated up to 15001C in ullrahigh vacuum.
Surfaces of acnealed samples can be sputte cleaned and characterized prior to bonding, Samples can then
be precisely aligned crystaflographically to obtain desired grain boundary misorientations. Material
couples can then be bonded at temperatures up to 15000C and pressures up to 10 MPa. Results are
presented from our initial work on Mo grain boundaries and Cu/AI203 interfaces,

INTRODUCTION

The lack of well characterized, precisely oriented interfaces has been identified as limiting the
capability of the Interface Sclence community to make progress in the study of structure and properties
of interfaces. Lawrence Livermore National Laboratory and Sandia National Laboratories are developing
a multi-disciplinary, multi-institutional research effort in interface science. This resea.rch, which focuses
on the influence of impurities, flaws, and inclusions on adhesion and bonding at internal interfaces will
rely on the availability of bicrystals with well defined interfacial chemistry and highly reproducible
misorientations. The capability to produce such bicrystals did not exist within the United Statcs although
it i critical to further advancement of Interface science and technology.

BACKGROUND

To address this need we have selected the diffusion bonding approach, which was successfully
demonstrated at the Max Planck Inititut in Stuttgart, for application to the class of interface problems of
interest. 1' 2 Figure I shows arendering of the design of the UHV diffusion bonding machine. It comprises
four chambers: a surface analysis chamber, a diffusion bonding chamber, an annealing chamber, and a
surface nmlodification chamber (not shown). typically, a sample is first Introduced into the annealing
chamber via either an airlock chamber (Figure 2), The sample is annealed in ultrahigh vacuum to I 500°C
to stabilize the microstructure.

After annealing, a rail systam transports the sample to the surface analysis chamber, to the surface
modification chamber, or to the bonding chamber. A special manipulator (sec the Figure 3) moves twe
sample to the ralroad car. In the surface analysis chamber (Figure 4), sample surfaces ae sputtor-cleaned
with a 500 eV ion beam at an incidence of 15 deg. The sample can be rotated during sputtering to ensure
that material is removed uniformly. The sample can be heated at the same time to about 1 (00C to purify
its near-surface region. Surface cleanliness and levels of surface doping are assessed with Auger electron
spectroscopy, low-energy electron diffraction, and static secondary-ion mass spectronetry.

In the surfmce modification chamber (planned for 1994), the sample can berotated to fa.valow-energy
ion hnplantet. The implanter has two ion sources to provide both gas and other ions, The cample can be
further rotated to face an electron-beam evaporator or a nmagnetron sputtering source, where it can be
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FIRM$ C 2. C4afwy Viw of tht annealing chamber. Figure 3. Mud.uirslcuorJd manipulcor for
Air-lochamber it shown at right. Radio frequency manipulating samples in vacuum without samplo
(RF)firnoace is shown at top center 'Woder. The mechanical hand at thot end qtse ann IS

shown grasping a coin.

kddoto aheated sample holder. An siockis Inclue din t sdacc -wModfationcharnberfcdlo.Jlg
and wiloading samples.

In di bondiq chambe (Fgure 5), sample na stacked on the lower num of "h diftion bonding
pmsa A spaew is tinst placed on t =c and fiWe with a ozt of fingers on a precision crystal.orientation
device (Figwre6). The first samle i stacked onto die spawa, and anothe set ofters is driven into hold
dturnsple.b nxtu esplacedo n topofthef ist sample and fxedwithathirdsetof fnger.inally,
a second spac is stocked on the top of te satples and pouidor d by a final at of fingers.



Figure 4, Cut.away view of the suijace analysis Figure 5. Cutaway vlew of th d(ob Itli bonding
chambirsMs ion gut is shown at top lfl, SIMS chamber. Banding chamber amd pre.s& are 4hown at
quardupole mass sptctrometer is shown at sop right. top left

A law beam Is then reflctd off the edge of the bottom sample in the stackThe sample is rotated
with the precision crystal orientation device until a prepollshed optical flat reflects the lasar beam through
a port of the diffusion bonding chamber onto a sceen, The position of the reflaction is noted, and ti l0ar
minbeam is thra se d to intersect the upper sample, This ample is totated so that the rdection from its optic

flat coincides with the reflection front the bottom sample, The rotation gemrs of the pivf.ision crytal
orientation device are locked, and the upper ram is brought to bear upon the sample stack. A. snmll toad
is added, and the fingers are withawn. The entire stack Is then raised into the m c for bonding, An
airlock is also incorporated in the diffusion bonding chamber to facilitate removal of bonded samples,

RESULTS AND DISCUSSION

rjue of h Cu/Alumina interface

We have fabricated samples intended for fracture testing using the Ulbhahigh Vacuum Difflusion
Bonding Machine. These samples were diffusion bonds of polycrystallinte high purity copper foils,
-200 prm thick, to high purity polycrystalline alumina rods, 2,0 cm long, The foil geotrniey was a,! cted
to mininize the contribution of bulk plasticity to the fracture.resistaice measuremm Q, ,iufaccs oftle

copper foils and alumina rods were spttter mleane, i:,
situ prior to bonding, Sonding was caried out ;is a
function of temperaftie (800, 875, w. 9*C) ar tine
(1 or2 hours) at abonding loadof .0 M . R,,ultant
bondedsamplesyelddsevn4 -Intbendtestrine.,'

Vigure 7 demonstrates how this geometry wa,
fabricated such that it could be handed in ultrahigh
vacuum where the spmpes are iandlod mwic'tely with-
out sample holders, The pieces at left at the starting

Grs mwterialsflathepolised aluinarods,thlin Cu foilan

asupport ring forthe copper foil, Two sup',rt rings are
spotwelded to the rimof the Cu foil Thi,, supp rt ring
facilitates the remote handling of tie jamples in th'

Figure 0, Schematic diagram ofprecision crystal ultraigh vacuum. The bonding pi (cess proceoded as
orientation device, follows: First an alumina rod was loaded into the
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Fguiv 7, bebbrcutn qf4-pulnr bmnd awles., Alwtna r4 Cu fail, a Cu rM# at eft. As-bon&d jample at
conter. Ow of &#ve, beond ltl tample otsfom a slnk sA7,Ac at rl Paanqtd righ t bond 1 at far igh,

stwrac -analysis chambLv of the ulttlgh vacuum difftuoi bonding machine. The alumina was sputter

clenwn sng -2 x . IM Xv+ Wbia g, In order to reuce the hillock formation that is typical in sputtering,
the Ion b."n was inci dent at 150 ffotlo hdizontal and t&c sample was rotated during sputtering. After
cleuti~ag, the alurmina was tranferred ti, the diffusion bonding chamber and loaded on the lower nun of
the diffusion-bondin gres, The Cu foil was then sputter cleaned on both sides using aprocedure similar
to that used for the ilurrna except that the Cu was heated to -4001C during sputtering, The Cu foil was
ruacked atop the firt ,lumina tod in the diffusion bonding chamber. EFinally, the second alumina bar was
oleanwd trd the sample stack was comploted. A load of i.6 MPa was applied to the stack and the stack
was raise into the rayo-fequticy heater in te ciftion bondingchamboer Thetemperature w~s ttmped
to 9w set point over 25 min followed by the soak time and then sempbd back to room temperature ove
15 min, During the bonding procss, the vacuum in thediffusion bondingchambertypically did not exieed
5 x lO9 ton, Th samples at centerin FIgure7 show the as-bonded configuration, It ispoulbletopuduce
1-2 saznpim per day of tho rype After removal from the bonding machine, the each sample was cut into
seven 3 x 3 x 40 nun barsfor4-point band tesdng, This bend-tet sample configuration is shown at right.
Ihe inset figure shows a ,nicrograph of the Cu foil bonded between two alumina, barr. A human hair is
ticluded in the mlcrograph lustratU1g the thinness of the Cu foil.

Saplos werenohedfor4-po ntbndtestingusing ahigh-speedaw, Notches wincutO.5 mmdeep
with a kerf of -87 tan, Samples were loaded on a 4-point bend fixture, The mid-point deflection was
moniton i using a spring-loaded prsv fitted with two opposing clip gauges, Load and rnid-point
displacement wer monitaW as a function of time for a constant carss-head displacement rate. Figur
8 shows a typical load vs tite curve.

Ilondlpi, Kinetics of Cu with Saphire

To determine the conditions under which completely dense interfaces form, we arm studying die
evolution of bonded inteotfial area as a function of bonding temperture and time, The iystsen under
iht*etiggaion is copper/sapphire, Insight will be gained from vhis study int) th appropriate bonding

-A~ ...... ~
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conditions forcopper/alumina mechanical test
, * * * ,,,. specimens mddatawillbeobtainedonamodel

system in diffusion bonding.
In the analysis chamber of the UHV Dfu.

slon Bondg Machine, the sutoes of the
specimens to be bonded were cleaned by ion

n sputteringwithXe+ ions at I keV, The samples
- were rotated during sputtering to maintain an

0 ...... oven surflace finish. The cleaned surfaces were
__. _______ .______ ... placed together in the bonding chamber and

m m e .o m m a high purity alunina spacer blocks Wnaeted
lim (me) between the specimens and the rams of the

Figure. Typica load vs, time daajbr 4 .poini bend hydraulic press, To ensure proper alignment of
, UIsspie Shn L F'L#5N 7, the specimen stack so that the applied force is

distributed as an uniform pressure on the bond
area d top pacerblockhadaspherical radius

of curvature gmund on one end to allow point contact with the top ram. The applied force resulted in a
premu of I MP& at the bonding interface in all caes studied here,

The bonding temperature and times were varied to study their effects, The temperatures chosen were
800, 900, and 10009C andthe times were 1,2, and4 hr, Duringthe dlffulonbonding heat cyclethe pressure
in the bonding chamber never exceeded 1 x 10 torr The heating and cooling rates were 20 and 150C/
min, respectively,

The characterization of the bonded area at the interface was done by optical microscopy through the
sappir. Under normal incidence light conditions, as in the micrograph shown in Figure 9, the bonded
areas are light in contrast because the copper is confming to the polished surface of the sapphire and
reflecting light back into the objective, The micrographs were digitized and a brightness threshold was
chosen for each micrograph which corponded with the bonded area. The number of pixels above this
brightness was summed and an area fraction was calculated.

Some results are shown in the in Figure 1IN and b. The average measured bonded area Is shown along
with the high and low measures indicating the variability in bonded areadensity acrs the entire interface,
The results indicate that achieving a fully dense interface in the copperlalumina system requires lengthy
bonding times, probably 6 to 12 hr, at 1000°C or higher.
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ig~ure 9a. Fractional honded areta as a.anctlion oe tme or Figure 9b. Fraclonal bonded area as a fonvolon of
,;cowtlant temnperature and pressure, temyerture for constant lime€ and pressure,
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Cui/ri/Alumlna Interface

In this experiment, -5 A of '11 was sputter deposited on a piece of sapphire. The Ti was then covered
with -2 pa of Cu, The samples were removed from the sputter deposition machine and loaded into the
itrahigh vacuum diffiuto'bonding machine. Bulk polycrystalline oxygen-free high conductivity copper
was bonded to the coated sapphire. Surfaces of the copper and coated sapphire were sputter cleaned in-
situ prior to bonding. Bonding was carried out as at 800'C for I hour at a bonding load of 1.0 MPa.
Resultantbonded sample was cutinto the appropriate geometry foranalytical electron optical observadon.,
The Figure 11 shows a cross-section electron micograph of the bonded interface inset within the x-ray
energy dispersive spectroscopy profile.

We have fabricated two biorystals intended for grain boundary atomic-structure determination using
the Ultrahigh Vacuum Diffusion Bonding Machine, This sample was a diffusion bond of a pair of Mo
single crystals. The Mo single crystals were oriented along <3 10>, sliced parallel to the (310) plane, and
flat polished and precisely oriented to within 0.10 of (310),

The rate of diffusion bonding is controlled by surface diffusion which is a function of temperature and
pressure, We seek interfaces with controlled geometries (usually planar) and chemistries, Such interfaces
can only be obtained by minimizing the temperature, pressure, and time for diffusion bonding in order to
discourage boundary migration, defornation, and segregation of impurities to the interface, A key to
reducing bonding temperature, pressure, and time is the minimization of the volume of materials that must
be transported by surface diffusion in order to eliminate porosity at the interface, This has been
accomplished by controlling the flatness of the surface of the samples to be bonded, Typical
metallographic preparation methods yield samples with peak-to-valley deviations from flatness of
-000 run, This flatness has been significantly improved, <100 n, by using techniques used in the
polishing of precision optics, namely pitch polishing.

Surfaces of the Mo single crystals were sputter cleaned in-situ prior to bonding. Bonding was carried
out at 1400'C for four hours at a bonding load of 1,0 MPa. The bicrystal was aligned and bonded as
described above, Resultant samples were be cut into the appropriate configuration for observation in the
high resolution electron microscope. A high resolution image taken on the JEOL 4000FX at SNL,L from

a suitably thin are of a speciien (Figure
-- 12a) is shown in Figure 12b, The bound-
-*-To ary isasymnetrlctiltboundarywith [001 ]

"' tiltaxis whchforms atwin about the (310)
1o plane.The high resolution image in Figure

12b repesents a projection of the atomic
101 structure, in this case, parallel to the tilt

axis. The high resolution image is espe-
106 cially well suited to revealing any rigid

bodytranslationspresent betweeiuthecrys-
01, tals at the boundary, which is a common

feature of EAM structure predictions.
te04 Further structural details are compared to

predicted structure by using those struc-
10. tures in high resolution image simula-4 4 OM ao "w m dons, as discussed earlier,

Figure It. X-ray dispersive trave of
Al, Ti, and Cu Ka x-rays as afintkmon of position relative to
the interface between Cu (at left in inset electron
micrograph) and sapphire (at right),
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Figure 12a, Low magnificatiom Image fMo blcrstal Figure 12b. HRBM Image from section of interface in
ullwtrudng long flai regions cinftto fac, Figu 12d.,

CONCLUSIONS

The new ultrahigh vacuum diffusion bonding machine offers a number of new opportunities in the
t study of interface sclence:

0 Controlled interface crystallography uan be used to carefully investigate interface atomic
structure

. Controlled interface topography can be used to investigate the effect of flaws on
!, Interfaial toughness

* Contolled interface chemitry can be used to study the effect of impurities on Interfacial

adhesion and bonding

• Macroscopic bicrystals (as opposed to thin films) can be used to carry out mechanical
tests as well as for validation of theoretical predictions of atomic structure

* Homophase boundaries (e,g, grain boundaries In metals, intermetallics, or ceramics) and
heterophase boundaries (e.g. metal/ceramic interfaces, metal/semiconductor interfaces)
can be produced
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TOWARDS AN UNDERSTANDING OF THE REACTION Shl9IJBNCES IN BRAZEDI
JOINTS: INVESTIGATION OF THE Ti-Cu-O TERNARY AT 945 C.

0. P. KELKAR' , A. H. CARIM, and K. E. SPEAR,
Department of Materials Science and Engincering, The Pennsylvania State University,
University Park, PA 16302.

The joining of ceramics using active metal braze alloys is an attractive technique and
hits been used for a variety of material systemns, The braze alloys usually contain an active
element such as Ti which can reduce the ceramic and form a strong bond across the Interface.
Miorostructural characterizations of brazed interfaces have been widely reported, though
reasons for the formation of reaution products and their sequence is not clear due to the lack
of thermodynamic information on (te phases formed,

The A-ru-Ti/Al2O3 system contains an interface where Ti, the active element in the
braze alloy, reduces A1203 to form layers of reaction products which Include (Ti,Cu,AI)60.
an M6X typ4 ronmpound, In this study we have looked at the Ti-Cu.O systemi as a first stop
toviards uoderstandlng the AS-Cu-Ti/AIIO system. A section of the 'I i-Cu-O ternary was
investigated at 945*C, The system conitains two lyIbX type rompoundti, T14CU20 and
Ti3CuIO, which have independent single phase fields. A Ti activity diagram was generated
from the available thermodynamic hnfornzetion aiid the knowledge of the tornary section. The
two reaction sequences reported ftor such Interfaces were anialyied bosed otn the activity
diagram,

INTRODUCTION

The extreme and often contradictory demnatids on the materials in Use today has made
joining of dissimilar materials a necessity. For example, cersimics and metals car, be joined
to produce a component with uniquefrgrls Brazing of ineal shanks to cer .lc tool bits
isatypical example. Joining may as poiperties ecuneir~css limfitations5in

* the productk'n of ceramic components with complex geometries. I hus the jo-its may either
* be of the ceramic-metal or ceramic-ceramIc type, Joining techniques that are commonly

employed include metallization, shrink fitting, diffusion bonding, and brazing with variations
* for particular applications,

Brazing of two components using filler meotal Is a relatively simple tcchni ue which
*can produce a strong hermetic joint, To form a brazed joint, a metal alloy olsuitable

composition is sandwiched between the components to be joined; the asembly is then
heated, usually In a vacuum and under a nominal load, to a temperature slightly above the
melting point of the alloy, and finally cooled to room temperature. 'rhe heati ng and vooling
cycle is designed to maximize the wetting and adhesion resulting from interfacial reactions
and to minimize the thermal expansion mismatch stiesses in the joint.

The alloy used as a filler is composed of a eutectic with a melting point higher than
the application temperature of the joint. Since most metals do not wet ceramics, an active
element is usually added to improve wetting behavior, Ani active element Is defined ats one
which can reduce the cei-anii andi form a strong chemical bond at the Interface. Although
elements belonging to the 1\11, VB, and VIB groups alung with NI and Pd 11-3i are possible
candiatcs, TI. containing braze alloys are the most extensively studied in the literature [4,51.
Theo commercially avalable braze alloys (e.g., those from Wesgo, Inc., Belmont, CA)
contain a Cu-Ag or Cli-Au eutrctic as the primary component aloa~g with an active element.

This work was supported by the Center for Advanced'Materials at The Pennsylvania State
I niversity, as part of the Cocnpeiative ProgramniIn Higlh 'emperature Engineering Materials
Research, and by the Office of Naval Reseauch Young Investigator program under grant
#NOO(J14-91 -J-405 1,
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Other elements may be present either to onhan:o the activity 01 thm aotive element of to
Improve the corrosion resistance of the allog.

The microstructure at the AS-COVtA12O3 interface ha* been rtported [6,7,811. The
formation of M6X type compounds,TIjCu3O and TiaCuO, si raition products Is a
chatucteristic of this Interface, These compounds form as a '-ontinuous layer across the
Interrace and hen':e their properties. aw of ittmaut in evaluting the joint, The thermal,
mechanical, and electrical characterization of these two MaX 'nompounds in the TI-Cu-O
system have been reported elsewhere (91.

In this investigation, we have looked at the phase stability of the M6X compound.
with other phases in the Ti-CuO. system at 9450C. T'e phase stability data was culed wilh
information avuilable on the TIO binary s~ystenm to estimate the activitits of TI and 0 i h
three-phase regions. A Ti activity diagram was generated based on this !nformatdon. and was
used to justify the reaction sequencos at such interflaces,

EXPERIMENTAL PROCEDURE

The three-phase sampl,2s were miadn by mixirng powders Of Ti, Ti0 2, Cu and CuO in
proper troportions and pressing them int pellets, The pellets were then arc-melted in an Ar
Thes arelting Ax sconds ani then turned over and remelted to enmura homoje nization.

Tersligbuttons wera settled in evacuated quartz tubcs and annealed at W4 C for four
days. The samples were air-quenched while still under encupsuiatiott

The sampies were polished to a O,2Slpm finish, mounted In hakelite molds anu
analyzed In an electron miacroprobt. The elemental componitions were determined by
wavelength dispersive opectrornetry, The stadars used v ere TI metal and Tb02 for ri,ad
Cu metal for Cu. NIST (National Institute of Standards akid Tichnolog) glass K4~25 was
used as at low oxygen standard and albite (Nat-feldspar) 1vias used as At high -oxygen standard.
The compositional analysis was performed on individual phases near threei-phase Junctions,
which represent equilihrium conditions, but fat enough from the junctions tu avoid any
significant signal from the neIghboring phases.

RESULTS AND DISCUSSION

TbC2'i. gwa~n alt 9di0 C

The section of the Ti-Cu-O ternary as determined In this investigation is shown in
Figure 1. The choice of 94511C as the temperature of Interest was based on two criteri. The
TIO phase observed at the Ag-Cu-Ti/AlzO3 interfocts has been identified a, etiubiofl-TO,
and hence a temperature above 940'C had to be chusen i order to avoid th, .ormation of the
a-Tio (oolnic phae Seondy since the Tl"Cu.TiCu etuteotc has a melting point of

960,aloer temprtewacsno avod th fomaio f a olten ph w hic

would 'oact -wI the quart tube tov- hc

Th Isiainwa s re stic to t he eg maion of eera weetemo"On pha e

were in the hs il.Tenmnlcmoiin ftesmlsue o aiysis are
Rhw byfild ci~lsi th vau thee-phase rgions mrked wIt RoannueasThi line detie n tis stud arprw oilweesohrr hasse

lies Are in The n Cu in n roh sction,- hon by ope endedfo dahdnei

probaly in a liudsaea h ep ratueo Ineet Tecmpoliow f the paewee'se1o0 pot the teayscinTh e phig rmde erminec d In t nvestigation&ws b ae ion as ashaed
foesr egfour days uther wo-ris unerw tof er thea phos, hn e bfe tne
pal n al d tt t the epe re of nrteresa, compo, li3Cuor wfhicphas

observed Inconsistently In some of the samples,
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$ V

~-l*T4Cu2O \ i3cu3o '

31iT1 2CU TiCu CU
-> Atomic Percent Cu

Figure 1: A section of the TI-Cu-O ternar at 945*C. Tie lines determined In this
investigation are drawn solid while others are dawn as dashcd lines,

Analysis of the Ti-Q systemr

The earliest version of the 11-0 system was reported by Kubaschewsld and Dench(10] anid was later revised by Komarek and Silver[ll1], The free energy of solution oi 0 inTi at 9450C 111] was converted to activity values for 0, The corresponding variation in the
activity of Ti was calculated by the Gibba-Duhem Integration and the activity variations of the
two elements as a function of atomic percent of 0 are plotted in Figure 2,

A 03->a transition at low oxygen concentrations would havo introduced a plateaii inthe activity curves, corresponding to the the f3.cz two phase region, Such a transition is nutsupported by data in Figure 2 though it is reportedly present in the Ti-0 system at 9450C
(121. The data from reference [I11] was used here without any niodifica.,on, for the Gibbs-
Duhem an~alysis.

To draw an activity diagram fo Ti, the activity values of Ti in the various three phase
fields have to be known, In the abscence of direct measurements, approximations based oninformation available on the Ti-O binq system were used by the following argument. Inthe three regions marked 1, 111, and V on Figure 1, ot-Ti[Cu] is one of the phases in
ejuilibrium. The solubility~ of Cu in this phase is less than I atomice percent in all cases.

iventhesmal aoun ofCu and the weak interactions of the Cu-O and Cu-Ti pairs asCOMpae to the 11-O pair (13], we can assume that the effect of Cu on the activities of TI ando in"M-T(u] Is negligible, The data available from Figure 2 on the Ti-0 binary was used to
determine the activities of Ti and 0 in the Regions 1, d11 V based on the phase composition
of cs-Ti[CtiI.
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Figure 2 t Activity variation of 0 and Ti as a function of atondc percent 0 in TI at 9450C,

ActivityD rn

The activity diagram for a ternary system contains information imilar to the phase
diagram, the difference being that one of the elements is represented by its activity rather than
composition. A three-phase region on the ternary, which is constrained by Gibbs phase rule
to have equal activity of an element in all three phases, is represented on an activity diagram
by a horizontal line, Single phase fields are represented by finite areas,

The activity diagrams can be used to interpret reaction sequences across an interfaoe,
as has been shown for the TI/SiC and Ti/Si3N4 systems,[ 141. The activity of an elerlet at
the interface shows a continuous gradient, either increasing or decreasing. across the
interface, unless that component is forced to diffuse uphill by the diffusion of the other
elements [15, This constraint limits the possible number of reaction sequences tt the
interface from amongst all possible reaction paths based purely on the phase diagram,

The activity diagram for Ti is shown in Figure 3. The three-phase regions, whose Ti
activities were determined in this investigation, are marked by Roman numerals to
correspond to the three-phase regions on the ternary section shown in Figure 1, Single
phase regions are shown as shaded areas. Two different reaction paths are drawn as wide-
dashed lines bound by filled circles and are marked A and B,

The first type of reaction sequence is the one where the Ag"Cu-Ti braze alloy is the
only source of Ti for the reaction, e.g., at the A12O 3/A g-Cu-Ti/AI2 0 interfaces 16). The
reaction sequence reported at this interface is AL03 iOTi 3Cu/Cu, This semueice Is
represented on the activity dia rum by a dashed 1ine marked A. ?n the absence of specific
information of the activity of TI in '1O, the sequence is shown starting with an arbitrary
value of TI activity in the TIO phase field, The horizontal portions of the dashed line
represent the i'tf'13Cu30 and Ti 3Cu30/Cu transitions, in the single phase field of
T1 Cu3Q, the Ti activity ciin drop significantly and nearly all the way to zero and then move
over to nearly pure Cu. In this process, the activity of Ti has decreased monotonically as we
moved away fonn the A1203 surface,
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-1 ascd by the reduction of A1203 dissolves in the ternary compounds 16,7] and in the
I.-Cu interretallics [73 and should be accounted for in the thermodynamic analysis. It is
interesting to note that even though the effect of Al was not considered in the present analysis
for the lack of sufficient thermodynamit. information, we were able to justify the fonmation of
the two different typrs of reaction sequences reported in the literature, based purely on the
Ti-Cu-O ternary system,

At the present time, the available thermodynamic information is insufficient to give us
a predictive capability for reaction sequences at such joint%. To predict the reaction paths and
end products across the interface zone, information on the activities of all elements present
and phase stabilities of the compounds in the system is required.

SUMMARY

Two different MfX type compounds, T14Cu20 and Ti3Cu 3O, were Identified In the
Tt- Cu-O system and the r phase stability with other compounds was investigated at 945 OC.
The thermodynamic information availuble in the literature on the Ti-O system was used in
conjunction with the established ternary section to estimate the activity variation of 0 and Ti
across the three phase regions where ct-Ti(O1 is one of the phases. The activity of Ti was
then combined with the phase stability Information of the ternary to generate an activity
diagram. The diagram watt successfully used to explain the different reaction sequences
reported in the literature.
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INTERFACIAL REACTIONS BETWEEN TITANIUM AND BORATE GLASS

R. K. BROW*, S. K. SAHA**, AND J. I. GOLDSTEIN***andia National Labs, Dept. 1845, Albuquerque, NM 87185
* Lehigh University, Dept. of Materials Science, Bethlehem, PA 18015

ABSTRACT

Interfacial reactions between the melts of several borate glasses and
titanium have been investigated by analytical scanning electron microscopy
(ASEM) and by x-ray photoelectron spectroscopy (XPS). A thin titanium
boride interfacial layer is detected by XPS after short (30 mi ttis)
thermal treatments. ASEM analyses after longer thermal treatmuitLs (8-
120 hours) reveal boron-rich interfacial layers and boride precipitates in
the Ti side of the interface.

INTRODUCTION

Titanium and titanium alloys have a number of attractive properties,
including outstanding strength-to-weight ratios and excellent corrosion
resistance, which make them desirable materials for a variety of aerospace
and biomedical applications. The use of titanium as a component alloy,
however, is limited by the lack of a reliable glass/Ti sealing technology.
Conventional silicate glasses readily react with Ti when sealed to form an
interfacial siltcide layer (1-3]. This weakly adhered layer significantly
reduces the mechanical strength of silicate glass/Ti seals [3] and
precludes coating titanium alloys with silicate-based bioactive glasses for
prosthetic applications [4].

Borate glasses have been recently shown to form strong bonds to
titanium and titanium alloys [3,5] and to improve the adhesion of bioactive
glasses to titanium [4]. Borate glasses can be prepared with a wide range
of thermal and chemical properties for different packaging applications.
Little is known, however, about the high temperature interfacial reactions
between these glasses and titanium.

EXPERIMENTAL PROCEDURE

A variety of different borate glasses have been examined, including
B203 and a barium aluminoborate composition (in mole%, 4UBaO 20A1203
40B203) with a nominal thermal expansion match to titanium [for details,
see refs. 3,5]. Reaction couples for analytical scanning electron
microscopy were prepared from cups and lids, machined from comercially
pure titanium (grade 2, 994), each enclosing a 6 mm diameter, 2 mm thick
glass disk. Each couple was sealed in an evacuated (I mTorr) silica ampule
and heat treated for various times and temperatures, depending on glass
composition. After heat treatment, the reaction couple was removed from
the ampule, cross-sectioned perpendicular to the Ti/glass interface,
mounted in epoxy, and polished to a one-micron diamond finish. The
interfaces were observed with an optical microscope and then a scanning
elictron microscope (SEM). Where a reasonable amount of interface was
observed, wavelength dispersive spectrometer (WDS) ma pping for each of the
elements in the diffusion couple was undertaken. A P-STE crystal was used
for the light element. B and 0 analysis. X-ray maps, 256 x 256 pixels were
obtained for each element with a dwell time of 0.2 sec per pixel. A beam

Mat. Ros. Scc. Symp. Pror Vol. 314. '923 MateeluII Research Society
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voltage of 15 kV and a beam current of -100 nA was used. The high beam
current was used to increase the x-ray count rate for B and 0, although
some contamination of the specimen surface occurred.

A number of axial seals were also made between 10 mm diameter
aluminoborate or commercial silicate (Kimble Glass TM-9) glass rods and
titanium, each joined after 30 minutes in an argon-atmosphere furnace. The
aluminoborate glass seals were formed at 670,C and the silicate seals at
950*C. These seals were fractured in air at the glass/metal interface and
both interfaces were examined by x-ray photoelectron spectroscopy (XPS).
Binding energies have been referenced to the Cls peak at 284.8 eV for
adventitto,,s carbon.

RESULTS AND DISCUSSION

The axial seals made between titanium and silicate glass could be
easily separated by hand at the glass/metal interfiace, whereas the
aluminoborate glasses adhered much more strongly to the titanium. These
latter seals usually fractured in the glass, several millimeters from the
titanium interface. These observations are in qualitative agreement with
the finding that titanium pin seals made with aluminoborate glass withstand
nearly twice the load before failure than do comparable seals made with
silicate glass [3).

Figure I shows a Si2p photoelectron spvctrum collected from the
titanium side (upper trace) and the glass side (lower trace) of a silicate
glass/titanium axial seal. The Si2p (-99 eV) andTi2p3/2 (453.6 eV, not
shown) binding energies of the species on the TI- ide of this failed seal
are typical of those reported for Ti-silicide thin films [6]. An
interfacial silicide, most likely Ti5Si3 [2], results from the reduction of
the ST0 2 component of the glass:

3Si02 (gl) + 8TI - Ti5Si3 + 3Ti0 (gl) (1)

TiO2 gl) represents the T13+/l'i4+ ions that dissolve into silicate glass
sealed to titanium [1-3]. The poor adherence of silicate glass to the
interfacial silicide contributes to mechanically weak glass/Ti seals [2,3]
and to the poor bonding of dental porcelain to Ti [7] and to the poor

Si-diBr de

I silcate'

107.0 102.0 97.0 196.0 ss1.e 1010.0

Sep Binding Energy (eV) Bim Binding Energy (GV)

Figure 1: Sip spectra of the two Figure 21 Bis spectrum of the Ti-
surfaces of a fractred side of an axial seal to
axial seal between T1 and an aluminoborate glass.
a silicate glass.
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adherence of TI-thin films to fused silica substrates [8].

Comparable reduction reactions occur when borate glasses are sealed to
titatium. Figure 2 shows the Bls spectrum collected from the Ti side of an
axial seal with a barium aluminoborate glass. These samples fractured in a
much different manner than axial seals made with silicate glasses. Most of
the titanium intewface remains bonded to a glass layer several millimeters
thick. The residual glass has a binding en rgy of -192 vV. However, a
second Bs peak at -187 eV is associated with a reduced phase that is also
adhered to the titanium. This latter binding energy is typical for metal
borides [9].

The Ti-boride interfacial reaction prodict that forms under normal
sealing conditions (e.g., 6701C for 10-30 minutes) is too thin to be
detected by SEM. (In comparison, the Ti-silicide interfacial layer is
>1 pm thick after sealing a silicate glass for ten minutes at 950C [3]).
To identify the composition of this interfacial phase and to study its
formation, glasses were reacted with Ti for up to 120 hours to yield
sufficient reaction product for study by SEM.

Figure 3a shows a back scattered electron image of the interface
between the barium aluminoborate glass and Ti after reaction for 120 hrs at
800C. The glass has crystallized but remains adhered to the titanium,
despite cracking. Precipitates can be seen extending up to 10 pm Into the
titanium, The B x-ray map (fig. 3b) of this interface shows the boron-rich
interfacial layer adhered to the Ti as well as the boron-rich precipitates
in the Ti. Figure 4 shows the backscattered electron images of much larger
precipitates extending over 40 pm into the titanium from the interface of a
1000,C/16 hr reaction couple with the barium aluminoborate glass. Similar
Ti-B reaction products were noted at the interfaces of couples to B203 and
lanthanoborate glasses, With the possible exception of lanthanum-
containing precipitates (not shown), no other glass cations are
concentrated in the interfacial reaction products,

Very little is known about the thermochemical equilibria and kinetics
of reactions between B203 and Ti. Preliminary thermochemical calculations

(a) (b)

Figure 31 a) Backscattered electron image of the interface between a barium
aluminoborato glass and Ti reacted at 800C for 120 hours; b) the
B x-ray map of the same area.
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Figure 4: Backscattered electron Image of the interface
between a barium aluminoborate glass and TI
reacted at 1000C for 16 hours.

of the B-0-Ti-Ar system have been done with the computer program SOLGASMIX
[10] using the thermodynamic properties of potential reaction products
listed in the JANAF tables [11]. At 973 K and 1 atm (conditions that
simulate the environment used to prepare the aluminoborate/Ti axial seals),
TiB 2 is a thermodynamically stflle reaction product only when the oxygen
partial pressure (PO2) is <101 atm; higher oxygen partial pressures
oxidize the titanium and procludes reduction of BO3± This P02 is well
below that estimated for the graphite furnace (~lO-'U atm) used to prepare
the axial seals that exhibit an Interfacial Ti-boride. This suggests that
the local environment of the glass/Ti interface Is significantly more
reducing then the furnace atmosphere, The dissolution of oxygen into Ti at
the reaction interface may be one mechanism for lowering the local P02.

West et al [4] report the formation of crystalline TiBO3 as the result
of the reaction between molten B203 and Ti, Using this phase to represent
T13+ dissolved into the glass, one possible Interfacial reaction that
yields TB2 is:

9T1 + 68203 (gl) 43T162 + 6TIB03 (gl) (2)

TiB03 (gl) represents the T13+ and/or Ti4+ ions that dissolve Into the
borate glass (3]. The thin borate glass layers that remain adhered to
titaniuw when axial seals are fractured are usually discolored, suggesting
that Ti + is present in the glass. The actual stoichiometry of the
interacial botride is, at present, unknown, The Ti-6 phase diagram (121
suggests that TIB, T13B4, and TB2 are possible stoichiometries.
Quantitative electron microanalysis of these reaction products are
currently in progress,

The wavy interfaces of the glass/Ti reaction couples (Figs. 3 and 4)
are characteristic of dissolution reactions. It thus appears that a
titanium boride phase nucleates at the interfAce after an initial
dissolution of Ti into the glass. Longer times and higher temperatures
cause precipitates to grow because of the concomitant diffusion of boron
from the glass into the titanium.
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The development of an interfacial boride reaction product does not
adversely affect the adherence of borate glass to titanium, in contrast to
the well-known deleterious effect of stlicide formation on the adhorence of
silicate glasses. This may be related to the relative kinetics of' the two
reactions. Considerably thicker silicido phases form when silicate glasses
are reacted than the boride interfacial phases that form when borate
glasses are sealed using comparable times and temperatures. As a result,
the silicate seals are more susceptible to tensile stresses that would
develop from possible thermal contraction and elastic moduli mismatches
between the glass, the titanium, and the interfacial phases. The relative
reaction kinetics and their effects on seal performance are currently under
study.
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MICROSTRUCTURAL INVESTIGATION OF K.MODIFICATION LAYERS
IN CVD a-AI203/K-AlzO 3 MULTILAYER COATINGS

MATS HALVARSSON*, SAKARI VUOR1NEN*- AND HANS N0RD9N*
*Department of Physics, Chalmers University of Technology, S-412 96 Odteborg, Sweden
**Research and Dcvelopment,, SECO Tools AB, S-737 82 Pagersta, Sweden.

ABSTRACT

Multi layer alumina coatings consisting of layers of either pure ax-A1203 or K-A1203, Were
deposited In a hot wall CVD reactor. In order to nucleate and grow a desired alumina poly-
morph (oar) in each layer, thin a- and ic-modifioation layers were deposited between th
alumina layers, This investigation examines the Interfacial struoture of the ic-modification and
the alumnina layers. The materials were examnined using a combination or XRD, SEM, TEM and
EDX.

The Kc-modification layers exhibited an FCC structure and were composed of (Ti,Al)(C,O).
Orientation relationships were frequently found tit the (I) cc-A12031K-mo dilatonl-2Olae
interfaces and (ii) xc-AiOSK-nodiflcation/K-A120)3 layer interfaces:

(1) (O00), 6/1 ioi cod // (01),

( [i (OO~i /(11 lO]-md// (OlictadLlb

[010Mic and [3101%2 // [1 tO0ic-mod // (OIO0ici and [310],K2

INTRODUCTION

Alumina (A120 3) is one of the most frequently used CVD (Chemical Vapour Deposition)
coating materials on cemented carbide cutting tools and is usually deposited on an intermediate
layer of TIC, TIN or TI(C,N) [ 1-31. When alumina is produced by CM. the most commonly
occurring pol morphs are the stable alpha phase ((%-A1203) and the metastable kappa phase

M~~lu ti A1203 coatings consisting of pure a-A1203 and x-A1203 layers, were deposited In a
hot wall CVD reactor, To nuclcate and grow a desired alumina polymorph (WWi$ in each layer,
thin Intermediate layers, here referred to as a- and a-modiflcasion layers, ,vere deposited
between the alumina layers, To ensure good adhesion of the first A1203 layer, thin layers - often
referred to as bonding layers - were a pplied onto TI C before the alumiAna deposition. The bond-
ingfalurnina layer Interfaces ame describe in detail elsewhere (4),

This Investigation examines the Interfacial structure of the Kc-modification and the A1203
layers. The composition of the x-modification layers and t occurrence of orientation relation-
ships between the K-modification anid the A1203 layers have been examined.

EXPERIMENTAL

Chemicanl Vapour riepoailon

The coating deposition was carried out in a computer controlled hot wall CVD reactor.
Commercial cemented carbide inserts (SNUN 120412) coated with TIC were used as substrates

*for the alumina coatings. The inserts containcd 85 wt% WC and 5.5 wt% Co, the balance being
cubic carbides; (TiC, TaC, NbC). TIC wasl deposited from a TICL4-CH4-H2 gas mixture. The
A1203 coatings were deposited using the gases AIC13, CO2 and H12. AIC13 was generated within
the deposition system through the chlornation of Al with HCl. The inlet gas compositions

Met. A*@. 11o, Symp. Proc. Vol. 314, 01593 Materiel. Research society
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Table I. The Inlet gas composition (%),

H C TIC14 CO2  HCI AIC13

TC Bal7

Em3 Bal , 5-7 1 2-3

which were used to grow TiC and A1203 are givn in Table I. All the experimental coatings
were deposited at a pressure of 5 kPa.

In this investigation the interfaces between the x-modification and the alumina layers have
been examined, The x-modification layers were deposited [5) both on an m-A1203 layer in order
to nucleate ic-A120 3 on a-A120 3 and on a %-A1203 layer in order to renucleate X-A1203 on
Y.-A1203. Hence, two different cases have been studied; (i) h%-Al203/x.moditlcation/x-A1203
layer interfaces; and (i) -A1203/A-modification he-A1203 layer interfaces,

Aa

The A1203 multi coatings were examined in a JEOL 2000 FX transmission electron micro-
scope (TEM) equipped with a LINK AN10000 energy dispersive x-ray analysis (EDX) system.
In order to study the alumina/modification layerintertaces, cross sectiot thin foils were
prepared from CVD coated inserts by a method described in detail elsewhere t1,3]. Prior to the
TEM investigation, the coatings were examined with scanning eectron mi~roscopy (SEM) andx-ray diffractometry (XRD),

Selected area electron diffraction (SAED) was used to determine the existence of epitaxy
between the A1'203 layers and the i-modification layers. Since SAED patterns can not be
obtained from regions smaller than 500 nm, it was not possible to obtain SAED patterns
exclusively from the ic-modification layer, Therefore SAED patterns from a large neighboring
AI'21 grain and the cmodification layer were obtained. The spots arising from the x-modifica-tion layer could then be identified by dark field imaging.

In order to index a SAED pattern the symmetry elements of the analysed phases, described
by their space groups, must be known (6], There are three different types of crystal symmetry
that result in the existence of reflection conditions, namely (i) centred unit cells, (i) glide planes
and (iii) srew axes. o-A1203 has a well established crystal structure and has the space group
Rc[7-91, while it was only recently determined that l-AI203 is primitive orthorhombic with
the space rup Pna2 [101. The reflection conditions for -A1203 and -AI203 are given in
Table I, The indexing of ,*-A12 0 3 is complicated by twinning of the orthorhombic unit cell,
and is further complicated by double diffraction (I 1].

RESULTS AND DISCUSSION

General microstructure

The thickness of each alumina layer was about 1 jm, The microstructure of the a-A1203
layers consisted of equlaxed grains with a large number of dislocations and poret, while the

Table II, Reflection condition,

F -A1203 a-A1203

Ok: k+l - 2P' hkiil: -h+k+l , 3n
h0l: h -2n hki0: -h+k - 3n
h00: h=2n hh2hI: lw3n
0k0 k- 2n 0001: I-6n
001: 1- 2n hhOO: h - 3n

hh0l: h+l - 3n, - 2n



Filgure 1. TEM mnicrograph of at multi *-Al 2O3 Coating. The K-A1203 layers are
separated by Cin x-roodlflcation layers.

tc-AI103 layers conulsted of column~ar, twinned grains which were dislocation and pore free, in
all layers, the ot-Al203 grains wore randomly distributed, while the prefer'red grwth direction
of ic-AI0 wa lnhe a-axis. A multi A1203 coating consisting of pure x*A 03 layers sepa-

Fig. 2 shows a TBM micrograph of the m-A12O3A-modification/le-Al2O 3 layer interfaces.
I3DX analysus of the K-modification layer showed the presence of mainly Ti, C and 0, and

300,6m

Figure 2, The ox-Al20s/.modlficatin/x.At 2031 layer Interfaces,



Figure 3. Diffraction patterns from a) the uz-A1203 grain aW b) the i-modification layer and the
ic-AIO3 grain at the k-l03/*ic-madlfltnhlcA1203 layer interfoes shown in Fig. 2.

smaller amounts of Al and therefore the composition of tht %-modification layer can be
described as (ri,AI)(CO).

A SAED pattern from the a-Al203 grain in Pig. 21is shown in FiB 3a, and a pattern from
the lc-A1203 grain and the sc-modification layer in Fig. 2 Is shown in Pig. 3b. The diffraction
pattep~.s are oriented correctly with respect to each other, The a-A1203 Pa emn can be indexed as
the [I11201-zone, while the x-modification layer can be indexed as the [11-zone for an FCC
structure., The *cA1203 pattern Can be indexed as a superposition of the [1100] and the [I1013-
zone [I11]. As can be seen in Fig. 3 several plane nonnitls are piintllol

(0006)u. /(i I 1)ic.mud/ (OO2)Kc (1)

(3300)u I (220)c.mod II(O2O)ci and (I 10)K2 (2)

where wti and ic2 stand for two twin related xc-A1203~ domains and ic-mod Is short for
*cmodification layer. Generally, orientation relationships between two phases a and b are given
in the form

(hikili)a #f (utvlw1)b (3)

[hIk212]a #I (L2v2w2ib (4)

Thus In order to express the orientation relationship (1) and (2) in the form (3) and (4), parallel
Plane normals In (2) have to be replaced by parallel directions, Directions [hkl] are not (in
general) parallel with plane normals (hkl) In non-cubic coordinate systems. For hexagonal
systemns tSe normal [defgJ to the plane (hkllP will have the indices

[defu] mh, k,i1, 30,11  (5)

For orthorhombic systems the normal [uvwl to the plane (hkl) Is given by

U a2 b2 .W C2 (6)
T .

Thus, the relationships (1) and (2) can be rewritten as

(t)O0l)a // di 1 bti-mixtll (Ol)K (7)

ii 1001a 11 Wk-nmOI [Ol1jic and [310OK2 (8)

___________________ ____________________________________ _____________ i __A
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kV,

Figure 4. TFM ilorognph from the x-AK 2O/K-modificationj/c-Al2O3 layer
interfaces,

A TEM miorograph of the x-Al203/-inodlficatioh/c-AI203 layer interfaces is shown in
Fig. 4. The EDX analyses of the x-modification layer deposited on s,-A1203 indicated a similar
composition as for the x.modification layer deposlt-d on a-A1203, that is (TiAI)(CO), with Ti,
C and 0 as the main constituents,

Fig. 5a shows a SAED pattern from the ic-AI203 grain marked KA it Fig. 4, and Fig. 5b
shows a pattern from the *. modification layer and the *- A1203 grain marked iB in Fig, 4, The
diffraction patterns ae, oriented correctly with respect to each other. The ic-modification layer
can be ir4exed as the 12]-zone fbr an FCC structure, The -A1203 pattern can be indexed as a

II

Figure 5, Diffraction patterns from a) the K-AI.,O3 grain marked xA and b) tile i-modification
layer and the K-AI23 grain marked i(B at the -A1203/x-madtficaiaon/-A120311yer interfaces ill
Fig. 4.

.. ........



...... ......

superposition of the [100J and the [1 10]-zone [11], The following orientation relationships can
be determined from Fig. 5:

(002)rA II (I).mod(ll0(02)4 (9)

(0 20 )A and (1 10)KA2 // (2 20)mod # (020 )BI and (1 10)2z (10)

where the indices xA and xb refer to Fig. 4 and the indices I and 2 refer to two twin related
n-A1203 domains, To obtain the orientation relationship in the form (3) and (4), relation (10)
has to be transformed to parallel directions by using equation (6). Thus, (9) and (10) can be
rewritten as:

(O01)VA // (i I ib*=md/#(O000 (11)

[010]Al and [310 rA2 I [I 10]).md // [010]1i and [3 01z2 (12)

CONCLUSIONS

* The -modificatio layers exhibited an FCC structure and were composed of (Ti,AIl)(C,O).

* Epitaxy was frequently found at the alumina / -modification layer interfaces and can be
described as:

(1) a-Al203/-modificadon/x-Al203

(0001)g//(l I),cnod// 1(001)

[i 100a/ [ 11K.mod // [010l%1 and [310]2

(i) -Al2O3/-modIfIoaflon/K-A1203
(W 1). //( 6 I')K.d // (001)ic

[010J1 and [310]c2l [110]hc.mod/ [010%1 and [310]a
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LOCAL MECHANICAL SIhBILITY OF THE ALUMINUM / CARBON (AMORPHOUS)
AND ALUMINUM I SiO2 (AMORPHOUS) INTERFACE AT EXTRINSIC DISLOCATIONS

E.D, McCarty and SA. Hackney
Dept, of Metallurgical Engineering, Michigan Technological University, Houghton, MI 49931

ABSTRACT

Interfaces between Al and amorphous C or amorphous SiO2 were prepared by sputter
deposition of the ceramic phases onto the sputter cleaned surfaces of large grain Al, In sitUTEM
was used to study the behavior of the extrinsic dislocations (slip traces) at the metal/ceramic
interfae formed by the motion of Al lattice dislocations which intersect the interplas boundary
plane, Tile proximity of the extrinsic lattice dislocation to the metal/ceramic interface places this
intephase boundary under a highly localized sus Relaxation behavior of extrinsic defects at
the interface region Is a function of the defect standoff distance from the interface Image stress
and the applied stress. An experimental technique is proposed to estimate the minimum shear
stress the various interfacial regions are able to withstand, Research supported by the Department
of Energy.

INTRODUCTION

The local response of bimaterial interfaces to applied loads is thought to be of great relevance
to a variety of technologically important processes. The behavior of thin film epitaxial interfaces
at the point of coherency breaking l1 and bimaterlal interfacial fracture [2] are two cases where
atomic level interfacial bonding under stress has been con idered In detail from a theoretical point
of view, The questions which arise about the local behavior of the interface appear to be
associated with what assumptions are realistic concerning continuity of stress and displacements
at the boundary between two different materials. The concepts of Interface sliding, interface
fracture, and interface modulus have been introduced into the literature in an attempt to treat the
manner in which the local interface response will contribute to macroscopic behavior. These
processes and properties are considered to be localized to the interface or the interfacial region
and the Introduction of such ideas suggests a conviction that the interfacial region will behave in a
substantially different manner than the bulk. Experimental studies of interfacial properties must
therefore be designed to extract information about the very small volume of material which
constitutes the interfacial region. Macroscopic experimental mesumments can be made on the
work required to cause the decohesion of bimaterial interfaces under tension or shear, for
example, and It tnay be possible to extract from these results the atomic scale interface response if
the work related to the defonnation of the bulk materials can be separated from the response of
the interfacial region, However, it may be of interest to attempt studies which directly examine
the local response of the interfacial region to applied stess. Th work presents a type of dynamic
transmission electron microscopy study of the local bimaterial interface response to the applied
stress field of the dislocation. The approach relies heavily on previous work [3] & [4,, which
studlud the contrast behavior of dislocation-like defects resulting from the intersection of moving
dislocations with metal-oxide interfaces formed during an electropolishing process. The work
presented in this paper is limited to the comparison of the interface region between sputter
cleaned A[ and sputter deposited, amorphous SiO1 and the interface region between sputter
cleaned Al and sputter deposited, amorphous C,

A moving edge dislocation with line direction perpendicular to the interface andl Burgers
vector in the plane of the interface will produce a shear stress at the interface due to the Al lattice
displacements associated with the motion of the dislocation. If the Interfacial reilon constrains
the shear displacement a screw dislocation is formed near the interface, These line defects are
referred to as extrinsic dislocations or slip traces. If the interfacial region does not constrain the
shear displacements, a strain free stp Is produced which would not be visible in the TEM using
traditional tochniques. Thus, TEM Imaging can be used u a tool to directy study the local
response of an interface to the stress field of a dislocation.

Mat. R. to, ymp. Proo. Vol. 314. -01*5 Malealisl Research boalely
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EXPERIMENTAL PROCEDURE

Three millimeter disks were punched from 25 micron thick, 99.9995% pure polycrystalline
aluminum foil and annealed at 450 0 C for 24 hours, The samples were electropoUlhed in a 25%
nitric acid, 75% methanol solution until perforation, Further thinning and cleaning of the foil was
performed by Ion milling both surfaces with 2 KcV accelerating voltage, 0.3 gun current, and a
gun angle of 25 to 30 degrees, Five sample groups were prepared, a control roup composed of
undeposited samples, a group with & utter deposited carbon on both sides (9YC), a Stoup withsputter deposited silica on both sides S/S), a mixed depositn rop with silica autter deposited
on one surface and carbon on the opposite surface (S/C), and lnally, a group of samples where
silica was deposited upon one surface and on the opposite surface a thin layer of carbon was
sputter deposited upon the alumiqum surface followed by a thicker layer of silica (SC/S).
Samples were examined In a JEOL 100-CX lansmission Eloctron Microscope. The orientation
of the samnple, the Burgers vector and the slip plane of Inclined dislocations were determined by
gob analysis and information relating to extinsic dislocation relaxation behavior was obtained,

EXPERIMENTAL RESULTS

Slip traces were found to relax immediately under the Influence nf the transmission electron
beam in the control samples which had not been coated by silica or carbon. Similar rapid
extrinsic defect relaxation was observed for the C/Al interfaces in C/C samples except relation
of the defects was also observed to occur by a slower piecewlse relaxation process. The
piecowise relaxation was observed to occur in thre steps. Initially, catastrophic failure of a
portion of the slip trace occurred followed by a gradual reduction in line length of the remaining
slip traces until either total relaxation occuied or small stable extrinsic dislocation pieces
remained behind, Extrinsic defects at the silica/aluminum interfaces differed in behavior from the
carbon/aluminum interfaces and the undeposited surfaces where the extrinsic dislocations were
found to resist relaxation, The S/C samples allowed for direct comparison of extrinsic dislocation
behavior where the more complete relaxation of defects at the C/A interface was atrongly evident
over the more stable extrinsic defects at the silica/Al Interface, shown in Figure 1.

Figure 1: S/C sample with increased extrinsic defect relaxation on the Al/C interface (upper
slip trace) over the silica/Al interface (lower slip trace).



Figure 2 shows the type of specimen geometry for a S/C sample where cprbon is sputter
deposited on one surface and silica is sputter deposited on the opposite surface. A moving
dislocation, inclined at some angle to the surface of the foil, is shown to create slip traces at the
intersection of the inclined dislocation with the two bimaterlal interfaces. As shown In Figure 1,
relaxation of the extrinsic dislocation is observed for the CAI interface and not the silica/Al
interface. The intersecton of the inclined dislocation with the bimaterial interface is called a
pinning point. For the TEM samples, the specimen geometry would consider a wedge shaped foil
not depicted in the following figure.

Figure.2: Specimen geome fora S/C with moving dislocation and subsequnt

fvratin o slp tcesat achof he lmacfll iterfaces

Shown in Figure 3, the presence of a thin interlayer of carbon between the silica and the
alurminum' substrate in the SC/S samples allowed for nearly complete extrinsic defect relaxation at
that interface while on the opposing vilica/Al nterface, extrinsic defects were found to exhibit
minimal relaxation.

Figure 2: SC/S sanmple with extrinsic defect relaxation on the silica-carbon/aluminum interfae
* (upper slip trace) and no relax,:tion on the silica/aluminum interface (lower slip trac).

Tble I depicts the relaxation behavior and minimum times to relaxation observed for thevarious samples described n the experimental procedure. As shown, the relaxation behavior for
the C/Al interfface s did not differ much from the control group where extrinsic defects completely
relaxed in less than one minute. Extrinsic defects at the silica/Al interfaces showed substantial,,
resistanr.e to relaxation even after fifteen minutes but with the addition of a thin interayer of

carbo|n complete relxaion was observed in less than ten seconds.!~

Ile t

•. .... ... __a

rim
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Table I: Specimen groups

Side B:
Side A: Mimm Sid-e :GMTylpo Side A Boavior 11,,, teot io n ieBBlv MhADIMManon

Control group Nea tal 0 Secoo& Na Total 10 Seconds
Relaralm afti r R elaRaido an r
15 Mlnuh 15 MINuOs

CIC(2kV) Partial 30 Soods Putla 30Seconda
Rebislaon aft' Reloaia after
15 MiuM 15 Miuteu

S/S(2kV) PaUial to Zo > 15Minute POaIto ZUG IS Mtaut"Reaatc I*IblIWI~

SIC(2kV) Pautal ozero >15 MnDtO Near al 30 Secoada
Relaut"Ou R6lation after15 Minute

SC/S (2kV) Ne tal 10 SeCsh Pial to 7ao > 30Mlnui
RayAtion Relaxation

ANALYSIS

Consideration is given only to the mathematically simple case where the atoms at the interface
are highly resistant to the elastic displacements associated with the straik field of an extrinsic
defect The image force on an extrinsic dislocation can then be easily determined from a zerodisplacement boundary condition at the interface. The zero displacement boundary condition canbe fulfilled by the use of a n image dislocation othe same sign aud equal strength. Of course, this

is a limiting case which will determine the maximum posible image fore. Any results which areobtained fr~om this analysis will then be limiting values. With this disclaimer noted, the elastic
displacement field along the a direction for the screw dislocation in the ductile phase is...b b (1)

where dis the stand-off distance ((6], (7]) and the geometry is shown in Figure 4. Equation
(I) determines a zero displacement at the interface at xu0. The important terms which arise fromth s ii s are the image stres [5], the shear ste on the real dislocation from the iagedislocation, and the stress on the interface from the extrinsic dislocation, The image stess is
determined from linear elasticity theory as....

2 x x M an ( 2(2)

which is equal in magnitude but of opposite direction to athe image fore from a free surfacei[8]. n contrast to the image force from the stress free surface, this image force pushes the
dislocation awty from the interface.

deemndfo iereatct hoya..
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" - - Figure 4: Image forcna and dislocation relative
to the beam direction T and the
direction along the interface y.

Ductile Brittle

Interface
TIe stress on the interface is determined from linear elasticity theory as .....

C .= 0 (3)

(-b) (4)

with the maximum stress magnitude occurring at yiX.
At mechanical .quilibrium, w -m and the tnterffe will have both a norms and tangential

shear strain due to the extrnsic screw dslccation. The standoff distance in equatdoni (1-4) may
be related to the opplied stress otu the dislocation at equilibrium when there is a balance between
the applied stress ant the Image stret,

., t md , -b

With tho specimen gecmtry used In this study, it is possible to make measurements which
estimate Ote applied stress on the dislocation, Since the interfAces of interest are in films of wedge
shaped cro.s suction typical of electropolished TOM specimens, the dislocations will encounter
increased line tension forces as the dislocation pstions chanSe from the thicker areas to the
thinner areas, The applied stress may be approximated by notiig the foil thickness at which the
dislocations are pinned. At thL point, the resolved stress on the dislocation is balanced by the line
tension forces on the bowed dlsfocaton (9]. The simplest form of this expression is.....:

tid*E (6)
ayrz t

where t is 1he experimentally measured distance between pinning points on the two foil
surfaces. Thus A may be detcrmined from (5) and (6) as:

t (7)

Of course, this is the maximum I which can occur for a given applied stress dtY to the
assumptions about the interface boundary condition used in determining equation (1). Thus, the
combination of equation (4) and equation (7) determines the minimum stress on the interface due
to an extrinsic dislocation for a given applied stress.

Because the resolved stress will be different on the various slip systems and even various slip
planes within the same system, it is possible to study the behavior of a given interface under
differing stand off distances and thus differing strasses. 1be experimentally observed variation of
t for different dislocations may be used to detennine the standoff distance (Equation 7) and thus

* the interfacial shear stress (Bquatioa 4). By studying the relaxation of extrinsic screw dislocations
a a function of t, it may be possible to deteimin limiting valucs of the local sheer strength of the

* interfacial layer. By determinR the Burgers vector, the slip plane and the Inclined length of a
dislocation, the standoff distance can be determined and thus an estimate of the minimum shear
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strems the inkrface sees as the result of a extrinsic dislocation at standoff distance lamda from the
interface.

Using this approach it can be found that extrinsic screw dislocations at the carbon interface
relaxes when t is between 2.1 x 10"5 cm and 2.3 x 10' 5 cm while relaxation at the silica interface
occurs when t is betweeni 1,4 x 10. 5 cm and 1,8 x I0' cm, Since the stress calculations are done
for the maximum standoff distance, and thus the minimum interfacial stress, the experimental
results may be interpreted as showing that tho shear strength of the Al/carbon interface is not less
than that calculated for t=2,3 x 10'5 cm, which is 28 MPa and the shear strength for the Al / silica
interface is not loss than that calculated for t=1.8 x 10"s cm, which is 62 MPa, A more
quantitative statement about the relative interface shear strength of the two interface types can be
made for the case where the standoff distances are the same at applied stresses lower than that
required to cause interface relaxation, In this case, the actual difference in shear strength will be
closely approximated iy the difference in the limiting values calculated above.

CONCLUSION

The Al/C interfacial region showed a substantially lower shear strength than the AI/SiO 2
interfacial region as indicated by direct comparison of extrinsic screw dislocation relaxation
behavior at the two types of intrfaces on the same grain (Figure 2), One type of interface
consisted of a twn second deposition of carbon between the aluminum layer and the deposited
silica layer, producing a carbon layer on the order of ten angstroms thick, This thin C interlayer
causer a dramatic decrease in the interfacial strength and the oberved relaxation phenomenon in
this case is clearly due to a process localized to an atomic scale region of the interface, The
implication is that the stzna from a dislocation strain field can be utilized to study the local
propertes of an interfacial region, Estimates of the shear strength of a specific interface can be
exprimentally determined by meaquring the applied stress on a dislocation and the relaxation
behavlor as a function of this applied stress.
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MICROANALYSIS OF A COPPER-TO-GRAPHITE SOLDER BOND

JAMES B. INTRATER
Advanced Technology, Inc,, 2110 Ringwood Ave., San Jose, CA 95131

ABSTRACT

SEM, x-ray microprobe and EDS analysis was performed on a uniquely prepared joint of
graphite soldered to copper with 60Sn-4OPb. The presented data shows a segregation of
chromium out from the metallization paste to the graphite/solder interface. Dot maps of the
other elemental species were also generated.

BACKGROUND

Soldering and brazing to non-metals such as graphite, can be a technical challenge, One
popular method for secure metallurgical bonds to carbon and general, conventional ceramics
is known as the "active metal" approach [1-7], This method relies on the addition of a
column IVE metal (Ti, Zr or 1-10 to conventional solder and braze compositions and firing
these mixtures in an extremely inert atmosphere (a. g., Ar or vacuum) at generally 850-9500
C at which point the active metal component will migrate toward the non-metal/filler
interface and undergo compound formation with the various ionic species present. An

* alternative, patented process for thick film metallizing ceramic materials Is termed the
IntrageneM process [8-10], This metallization is prepared through the application of a -325
mesh metallic powder mixture of tin with particular transition metals added to typically
below 8 wt. %, in an appropriate organic vehicle, This mixture is then painted or screen
printed onto the substrate of interest, dried, and the fired generally to 800-900°C for roughly
10-15 minutes at temperature, The firing atmosphere must have a presence of CO In it to
facilitate the bonding/wetting reaction, It is known, however, that by firing such a paste in an
N2 atmosphere that sufficient CO is generated locally by the binder burnout, that successful
metallization can be achieved with this atmosphere. This procedure will yield a direct
metallurgical bond of the tin-rich composition to the substrate surface and, further, the
formed metallization surface can be safely reflowed at 2320C (the melting point of tin)
without dewetting friom the surface. Through reflowing conventional solder compositions
into the metallization layer, the surface can be converted into a solder layer, tenaciously
adherent onto the substrate surface. It is presently believed that the metallization constituents
alloy and then undergo oxycarbide formation with CO followed by solution formation with
the surface of the substrate and with a substrate such as graphite, revert to a carbide structure
(with oxygen outgassing). Possible advantages over active metal methods can include
avoidance of excessive and unarrested diffusion reactions between the substrate and the
active metal, and avoidance of oxidation/competitive reaction possibilities of the final
metallization surface,

In the specific case of graphite, a composition of 5 wt, % Cr-balance Sn, is generally used
as the metallization composition. The solderable layer that the above process generates
allows for the soldering of graphite to OFIIC copper for applications utilizing the
conjunctive use of the two materials, One such application is the soldering of graphite
sputtering targets to copper backing plates, where both electrical throughput and heat
dissipation to aid from the graphite is required, respectively,

This research focused on determining the elemental distribution analysis of a graphite to
copper solder joint prepared via the described method,

Mat. Pea. So. Symp. Proe. Vol. 314. 9is Materials Research Society
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EXPERIMENTAL PROCEDURE

A piece of high purity (99,9995%)/high density (1.90 gm/cm 3) graphite' was painted
with an IntragencTM composition of j wt, % Cr-Bal, Sn and air dried at 1500C for 8 minutes.
The part was then fired in an N2 atmosphere to 9000C for 20 minutes at temperature. Tne
part was then cooled and removed, The binder had burned out from the paste and the final
graphite piece was fully metallized on the surface. The graphite piece was then placed on 't
hot plate and heated to approx, 2501C at which point the metallization layer was then
quickly thinned down in its molten state with a razor blade, Conventional solid bar 60Sn-
40Pb solder was reflowed on top of the metallizatlon surface and this part was then placed
with metallization face down, against a pre-tinned, pre-solder-wetted piece of OFHC copper,
also at 250°C. The resultant part was then cooled, sectioned and then subjected to SEM/x-
ray fluorescence analysis. Generated were backscatter and secondary electron images of the
overall-joint along with elemental dot maps for C, Cr, Pb, Sn and Cu with EDS quantitative
data collected for Sn and Pb in the solder region and Sn and Cu in their interdiffusiun zone,

RESULTS

Figure 1 shows a 300X backscatter image of the joint with graphite at top and copper at
bottom, Scratch and pit marks reflect haste in our sectioning work though this did not seem
to interfere with data collection, Five zones appear distinctly present. From the top down
they are

I-A pitch black (I, c, low atomic 9) layer (graphite)
2-An approx, 104m, thick semi-dark region
3-The bulk of the intermediate phase (approx, 1004m. thick)
4-A region between zone 3 and the bottom phase (approx, 454m, thick)
5-Bottom phase (copper)

Figura l, 300X backscatter electron Image of bond cross-section
showing 5 distinct phases present in bond.

Orad4 10510U, Toyo ''ana USA, Troutdale, OR
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Figure 2. is a 50OX secondary electron image of the joint. Figures 3-7 are the elemental
dot maps for this same region for C, Cr, Pb, Sn and Cu, respectively. Ignoring possible stray

*signals and dots due to debris effects, the same 5 regions appearing in Figure 1 can be
* described as follows:

1- Pure carbon
2-Alinost pure Cr
3-Sn-Pb solder region
4-Zone of interdiffusion of Sn with Cu
5-Pure Cu

Figure 2, 50OX Secondary electron Image of solder bond,

Figure 3. Elemental dot map for C showing graphite where expected.



Figure 4, Ulomont~d dot map for Cr showina enrichment
at tho solder/graplilte interface, Spectrum for this region
Is shown lit Figure 8. Zone is essentially pure Cr.

Figure 5. Elemental dot map for Pb showing uniform distribution
throughout the solder layer. EDS analysis showed this reoion to
have roughly 37.5 wt. %4 Pb which approximates the starting
composition,
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Figure 6. Elemental dot map for Sn showing unlorm presence
tlrouphout tile solder layer but also some diffusion with Cu.

Figure 7, lomontal dot map Cor Cu showing some diffuslon
with Sn,

Closer examination o' zone 2 (spoctrurn shown in Fig. 8) eoulu not find mare than trce
amounts of C, Sn and Pb and their proscac could not be ruled out as being duo to signal
blood-over from the udjacont zones, It appears that in order to detect the region of actual
trunsition Iom the Cr to the C, much high resolution microscopy would be required, It
should be further stated that there is soani possibility that the Cr presence at the Interface
may not be entirely due to chomilcal bonding potential but that some small amount otfCr may
segregate to that location due to sotidiflcation effcts of the bulk solder layer.
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Figure 9. Spectrum for Cr region highlighted In figure 4,

Energy dispersive speetroscopic (EDS) analysis of Zone 3 showed 62,43 wt, % Sn- 37,7
wt. % Pb .EDS is never expected to give highly precise numbers and these values arc
clearly representative of the starting solder composition. It is, nevertheless, possible that
since tese values are so close to the eutectic compositioni that there is some greater
fluorescenice being detected from the eutectic structure, It is necessary to consider a
possibility along these lines especially compensate for the additional fact that soine Sn is lost
to diffusion into the Cu and thus less than 60 wt, % Sn should be remnant in the solder layer.
This was not a crucial point in this work,

The spectrum for this Sn-Cu diffusion zone is shown in Figure 9, EDS analysis of this
region gave compositional values of 80.35 wt, % (88.42 at. %) Cu and 19,65 wt, % (11.58
at, %) Sn in this zone. I' accurate, this would correspond to a two phase mixture of almost
pure Cu and u-bronze seen in the Cu-Sn phase diagram LI 1] shown in Figure 10,

SUMMARY AND CONCLUSIONS

A solder bond between graphite and copper was prepared through netallization of the
graphite with a Sn-Cr mixtuie followed by r.flow soldering with 60Sn-40Pb, SEM, x-ray
microprobe and EDS analysis showed that Cr is enriched at the solder/graphite intarfice and
that a diffusion zone of St (but no Pb) with copper occurs at the soldericopper interface. Tie
latter finding is not at all unexpected as a natural solder joint interflie, The preferential
reaction of Sn with Cu over Pb with Cu could be duo to the physical and chemical
aggression of the preinnibg of the copper,

Meticulous reexamination of the Cr region could not verity sufficient C presence to
suggest definite carbide formation throughout. To dote t the exact nature of the Cr-C
Interaction, It Is cleat that much higher magnification microscopy work would have to be
performed, Howcvor, 5 distinct zones were identified and show a general niacrscopic,
chemilcal transition from the graphite ou the copper.
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EVALUATION OF ADHESION STRENGTH
IN A TI/A1203 COMPOSITE

HSIN-FU WANG*, JOHN C. NELSON*, CHIEN-LI LIN*, WILLIAM W.
GERBERICH*, CHARLES J. SKOWRONEK** AND HERVE E. DEVE**
:University of Minnesota, Minneapolis, MN 55455.
**Metal Matrix Composites Program, 3M Company, MN 55144.

ABSTRACT

The mechanical properties of interfaces in Ti/A1203 composites were characterized
by four point bending and fiber pushuut tests. To determine the bi-material fracture
toughness with four point bending tests, planar interfaces were evaluated as sandwich
composites. By changing the piocessing temperature from 7000 C to 1000 0C, the
Interfacial fracture energy was found to increase um to 950PC. It then decreases when the
processing temperature is further increased to 1000 C. This is because of the formation of
the Intermetallic compound (TI3AI), Interfacial shear strength and interfacial frictional
stress of 323MPa and 32 MPa were obtalned, respectively, by performing pushout tests
of the A120 3 fiber reinforced Ti mharix composites. 'These values am smaller than the shear
yielding strength of the Ti matrix which is 525 MPa,

INTRODUCTION

Continuous fiber reinforced Ti matrix comosites have received attention in the
aerospace industry as advanced structural materials cause of their high specific strength,
excellent corrosion resistance and good high temperature thermal stability[I-3]. The
macroscopic mechanical properties of these composites are controlled not only by the
mechanical properties of the constituents but also by !he adhesion strength of the
fiber/matrix interfaces. Usually, bonding and adhesion between the metel and the ceramic
ae iMfical to the nechanical properties of the composites. When a metadceramic interface
in the composite is subjected to excessive external or residual stress, failure will occur
along the interface or within one of the two constituents[4][5]. Inteifacial debonding and
sliding play an important role In determining the overall fracture toughness of the
co.nposites under tensile loading, It is recognized that the Interfacial debonding and sliding
process in the fiber composites are dominated by the interfacial fracture energy and
interfacial frictional stress respectively[6]. The main purpose of this paper is to report on
the interfacial fracture energy and interfacial frictional stress in TVAI203 composites as
measured by four point bending and fiber pushout tests, The relationship between the
mechanical properties and microstructure is also discussed.

EXPERIMENTAL, .OCEDURE

Four peint bonding tarts

The test specimen which served as a model system to evaluate the Interfacial
fracture energy consists of a bimaterial beam with symmetric precracks, as shown in
Fig.l. To make sandwich specimens for the four point bending tests, they were prepared
as follows: thin foils of TI (99.8% pure) and A1203 Plates were immersed in isopropyl
alcohol for 10 min and then cleaned in an ultrasonic cleaner for 20 min. They were
.andwiched with a 3mm gap between the two foils to form a precrack, wrapped with Ta
foIs and encapsulated In glass containers evacuated to 10 " torr. They were then Hot

Mal. Res. eo .Symp. Proc. Vol. 314. 41993 Materials Research Society
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Isostatic Press (HIP) bonded in an Ar gas atmosphere. Specimens were first heated to the
softening point of the glass under a pressure of 1.75 MPa for 30 min and then pressure and
temperature were simultaneously raised to 7 MPa and a fixed temperature which ranged
from 700*C to 1000*C. The bonding time was fixed at Ihr, After HiPing, a notch was
cut in the sandwich specimen from the A1203 side with a low speed diamond saw. Because
of the gap between the foils, this forms a well defined precrack.

notch

A120:precrack

, Ala03A110 3

Fig. 1. Specimen geometry for four point bending tests with symmetric preoracks

The specimens were placed In a four point bending fixture mounted on an MTS
machine. The crosshead speed was 0,06 mnt/min with load and displacement being
recorded during the test, A critical load drop marks the propagation of a crack along the
Interface between Ti and A1203. This critical load was used to calculate the interfaclal
fracture toughness. The details of the calculation are described elsowhere[71. After the four
point bending tests were completed, the specimens were cut perpendicular to the bonding
Interfac. with a low speed diamond saw, The exposed cross section was then polished.
Following this, microstructural observations and chemical analyses were conducted byScanning Elextron Microscopy (SEM) and Energy Dispersive X-ray Analysis (EDAX),

Fiber pushout tests

The A1203 fiber reinforced P-21S Ti alloy composites used in this test were
provided by 3M company. The diameter of the A1203 fibers was 10 tm, To reduce the
chemical reaction between the fiber and the matrix, the fibers were coated with a refractory
metal and Y203 duplex coating, the nature of which is proprietary. A sample with a
thickness of around 0,3 mm was cut perpendicular to the A120 3 fibers by using a diamond
saw. This was thinned down to 100 gm by sanding followed by polishing with 1,0 jPm
diamond paste, By utilizing a dimpler to provide the final thinning and polishing, a
thickness of 30 g~m could be achieved for the fiber pushout test.

A schematic diagram of the
setup for the fiber pushout tests Is
shown In Fig. 2. The fiber pushout Indentor
tests were performed by driving the
indentor into the fiber at a constant
rate of 0,3 ptm/s. During the test, Ih f
the load-displacement curve was
recorded continuously by using an
IBM prsonal computer and a chart
recorder. When the displacement of

Fig. 2. Setup for pushout tests
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indentor was unloaded. The loa.-displacement data was used to calculate the interfacial
shear strength and Interfacial frictional stress. Scanning electron microscopy was
performed to observe the fracture surface after the pushout test.

RESULTS AND DISCUSSION

Four paWnthMndlnytet.,

The interfacial fracture toughness was measured at different applied bonding
temperatures for a 25 Jim thickness Ti interlayer, The relationship between interfacial
fracture toughness (or Interfacial fracture energy) and bonding temperature is shown in
Fi,3. The interfacial fracture toughness ( or interfacia fracture energy ) increases to 2.66
Ma- 2  ( or 34.1 J/m2 ) as the bonding temperature Increases to 9500C. Then the
interfacial fracture toughness drops to 1.9 MPa-m tf1 ( or 16,9 j/m2) when the bonding
temperature is further raised to 1000C. A reaction layer exists between Ti and A1203
when the bonding temperature is 10000C, The composition of the reaction product at the
interface was analyzed by using EDAX with the seni-quantitative data being shown in
FIg,4. From the measured atomic % of TTi and Al, the reaction layer between Ti and A1203
Is Identified as Ti3AI. Because the 'Ti3Al intermetallic alloy is very brittle[8,9], it will
reduce the fracture toughness of the interface. It is expected that when the bonding
temperature is 1000°C. a great deal of Ti3AI is produced which will decrease the
interfacial fracture toughness of TlAI203 composites. This is consistent with Tressler and
Moore's[10, 11] results on the deterioration of Ti/AI203 composite tensile strength caused
by the presence of Ti3AI produced during processing.

* Inteifacial fracture energy
o Interfacial fracture toughness

o ............... ............. ............ 111 .1 ............. ........... I.......... ..o, o o ............... .... o "o
1.5

600 700 800 900 1000 1100
Temperature CC)

Fig. 3. The relationship between the interfacial fracture toughness (or interfacial fracture
energy) and applied bonding temperature,
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Ti

T1 74.2

* AlAl 25.8

TI

E~NERGY (KeY)

Fig, 4, EDAX analysis of the reaction product at the interface,

Fier a hout test
The load-displacement curve of a fiber pushout test Is shown as Fig. 5. At first,

the load Increased with increasing displacemar.'. This corresponds to the Initial elastic
loading, There is it critical loud drop (Pcr) at 0,3 N which means that the Initial debonding
between the fiber and the motrix occurred. Then continuing debonding and fiber sliding
hapened concurrently to a fiber sliding distance of I "m which marked the end of
debonding. After the fiber had slid another 1.5 4mi, the unloading stage was initiated,
The observation of the fiber after the pushout test is shown In Fig. 6.

0 .3 ... ........

0.25..................

0 is ..... .. .~
0 2 5.. 

... ... ..

0 1 2 3 4 5
Indentor Displacement (Alin)

Fig.5. The load-displacernent curve for the pushout tests.
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Fig, 6. SEM micrograph of the pushed-out fiber, (a) Indented side. (b) Pushed-out side.

The Interfacial shear strength (r,) and Interfacial frictional stress ( r) wire
calculated as follows:

P

where P is the load measured during the pushout test, I s the redius of the fiber, t Is the
thickness of the composite and d is the pushout length of the fiber. The relationship
between the Interfacial frictional stress and fiber dis lacement W shown In Fig. 7. The
calculated interfacial shear strength and Interfucial frictional stress are 323 MPa and 312
MNs respectively. The calculated interfacWa shear strength Is a little higher than that of a
Boron fiber reinforced TI-6-4 alloy composve3. These values are also smaller than the
shear yielding stress of the P-21S alloy which is'525 MPa[12]. From the X-ray inapping,
it was found that the interfacial fracture process occurred between th? refraictory metal andI

Y203Inteface
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Fig, 7. The relationship between the interfaclal frictional stress and fiber displacement,

CONCLUSIONS

The interfacial fracture toughness (or interfacial fracture energy) reaches a
maximum value of 2.66 MPa-mV2 (or 34.1 J/m 2 ) with a bonding temperature of 950oC for
the Ti/A1203 composites, Because the intermetallic compound TI3AI was produced during
bonding at IO0oC, it deteriorates the composites. The interfacial shear strength and
Interfaclal frictional stress in A120 3 fiber reinforced TI matrix composite are 323 MPa and
312 MPa respectively, These stresses are smaller than the shear yielding stress of the P-I
21S alloy which is 525 MPa, it was wen that the crack propagates at the interface between
the refractory metal and Y203.
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STRESS-CORROSION CRACKING AT CERAMIC-METAL INTERFACES
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ABSTRACT

It is known that the fracture resistance of glass-copper interfaces depends strongly on the
water content in ambient gseoua environments, In the present study subcritical crack growth
stimulated by water and other environmental species is investigated for such Interfaces. Tests
were conducted In various liquids, namely water N-methyiformamide, and n-butanol, All were
found to accelerate fracture with the greatest effects from liquid water, Results are considered
in the context of current models for stress-corrosion crack growth,

INTRODUCTION

Understanding the mechanical behavior of ceramic-metal interfaces Is vital to predicting
the performance and reliability of numerous components for advanced technologies.
Composite materials, microelectronic devices, wear and corrosion resistant coated components
all have mechanical properties that critically depend on the ceramic-metal Interfaces contained
within them,

The Integrity of such bimaterial interfaces is often characterized in terms of their resistance
to fracture, as defined by a critical fracture energy Goc, or fracture toughness Kc [1], However,
since components often fail at stresses far below those required for sunh catastrophic failure, it
Is necessary to consider additionally subcritical crack growth [2] and cyclically induced fracture
(3] at or near these Interfaces when predicting In service life,

It has previously been observed that glas-copper interfaces exhibit environmentaly-
assisted subcritlcal crack growth at rates that vary by orders of magnitude depending on the
water content of the gaseous environment (2]. Accordingly, the purpose of the present
ongoing study is to determine the accelerating effects of various liquid environments on such
stress-corrosion crack growth relative to that in water, Results are being compared with those
for bulk glass, rather than copper which is immune to stress corrosionin these environments
[4], with the objective of providinj some insight into the micro-mechanisms of stres%.corrosion
cracking along glau-copper interfaces,

BACKGROUND

A schematic crack velocity-driving force (t.-G) curve for stress-corrosion cracking along a
glass-copper interface (Fig, Is) displays four distinct regimes of behavior which should be
anticipated based on reported behavior [2,5], Three of the regions, labeled I, 11, and III, are
analogous to the three regions readily observed for stress corrosion in bulk glass [6 7]
(Fig., b), Models for these regions, developed largely for glas, are described briefy.
However, it Is recognized that for Interface cracks, a stress field rotation is introduced by
elastic discontinuitles [8) which makes the relationships among strain energy release rate, G,
stress Intensity factor K, and crack-tip geometry more complex. Even so, the approximate
models now available for stress corrosion crack growth should provide useful guidance
especially for nominally symmetrical far-field loading wherein shear effects are minimal-,

Ih oBalm
The threshold region, displayed in Fig. Is, is somewhat ambiguous for bulk glass.

Although there have been studies In which a threshold has been indicated for glass [91, its
existence is hard to confirm since it occurs at such low crack growth velocities that
measurements are difficult. However, ti'e observations for fracture of glass-Cu interfaces
reveal pronounced threshold-like behavlu,' becoming apparent at higher velocities than for
glass [2,5) that must be considered and further characterized.

Mat. a Soc. Symp, Proc. Vol, 314,' 1993 MattuWo Rsseoch society
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Fig, 1: Schematic diagrams showing (a) regimes of stress corrosion crack growth
anticipated for a typical ceramic-metal intertoce, and (b) behvior typically observed
for glass,

In Region 1, the crack velocity Is highly dependent on applied stress intensity and Is
thought to be controlled by the rate of a strent-dependent chemical reaction occurring v:tually
at the crack tip, where adsorbing species expeditebond rupture giving [10, 11,12]:

u xp(-di +HAG)/kr] (1)

where V Is approximately proportional to the activity of reactive species; ,A4 Is an activation
enthalpy; A, the activation area; k, Boltzmann's constant and 7, the absolute temperature,

Two distinct situations have been identified for stress corrosion in bulk glarl wherein
crack growth rates are limited by trans port of water or other reactive species, to the crack tip
[6,13], In a gaseous environment, the transport Is limited by the rate of diflson of the
reacting species through a stagnant region which extends a distance 6 behind the crack tip,
The crack velocity in this plateau region is given by [6,12]:

1),'jt t (:2)

where b is a constant dependent on bond length and number of bonds broken per unit area of
fracture wrftce, Co is the bulk concentration of the diffusing species, D is the difflisivity of the
diffusing species, which may be inversely proportional to I the viscosity of the solution,
Similar-behavior obtains for specimens immersed in inert liquids in which impurities of an
active species control crack extension, eg, for toluene containing trace amounts of H20 [7].

Tests conducted on glass in liquid water also display a plateau region; this case cannot be
described by diffUsion limitations but instead derives from viscous drag effects (13]. As the
orack extends and the crack surfaces are pulled further apart, a negative pressure develops in
the liquid immediately behind the crack tip. The negative pressure causes closing tractions on
the crack flanks thereby opposing the applied stress Intensity, Calculations suggest that the
crack-tip stress intensity, Kt, is reduced fom the far field value by the amount [12]'

AK -8. 76 v E'/2K, ]3(M)"2 (3)



where v ;s the crack length. The dependence in terms of G can alternatively be seen by using
the approximation for a homofeneous mateuial: K-(GE')'A, For plane-strain conditions,
E'-F('I- t), where E is Young a modulus and vis Po sson's ratio, This equation predicts a
gradual downturn in the v.0 curve at higher crack growth velocities, which s often losn sharp
than the transition observed between Region I and the plateau region [123,

Further models for this regime yield differences based upon the assumed profile of the
crack flank and upon whether or not the fluid Is supposed to be retained clear to the tip of the
moving crack [14,15]. However, cavitation was found to cause an abrupt transition from the
plateau region into leglion III by Michuiske and Frachette for bulk glass [16], Apparently
the is a critical crack growth velocity at which the pressure gradient created is not sufficient
to drive the fluid fat enough to keep up with the rapidly movng crack tip, Once cavitation
bubbles nucleate, they rapidly spreadand largely eliminate the viscous drag, A simple model
for the critical velocity at which cavitation first occurs is [16]:

i', [(v/, x;- x,)](4)

where y is the surface tension of the liquid, r is the radius of the cavitation bubble, p is the
atmoapheric pressure, a is the half-angle crack opening, and X2 and X1 represent the positions
of the center of the cavitation bubble and the open end of the crack, respectively,

Crack growth In Region III is dictated by thermally activated processes in which inherent
barriers associated with bond rupture at the crack tip must be overcome for brittle ceramics,
Although crack growth seems relatively independent of envirornent, weak environmental
dependencies have been studied fir bulk glass [12] The frther complexities associated with
plasticity for ceramic-metal interfiaces remain tobe understood,
Reactive Speces

Studies conducted In various liquid environments fbr bulk glass [17] showed that sp lcies
other than water promoted stress corrosion crack growth provided that they have a imilar
structure as water (proton donor on one side of molecule and lone pair of electrons on the
other) and, equally Important, that they can reach the crack tip ftee of sterts hindrances.
Fig. lb shows the difibrence between a liquid environment that enhances stress corroclon and
one where the residual impurities are responsible for any subcrticp1 crack growth, The large
differences in the velocity for Region ]l have been used to Judge whether or not a specific
liquid is active toward glass., In the filiowing, several liquids kre compared in terms of their
behavior at glass/Cu Interfaces versus that with bulk glasso

EXPERIMENTAL PROCEDURES

Studies were conducted using double-cantilever-beam (DCB) apecimens, consisting of a
I Ispm thick copper film bonded between two glass substrates (Fig, 2), Samples were
prepared by evaporating copper flilms onto each of two fused silica substrates (of size 75 by 25
byM2rMe). A ?0.20 nm layer of chromium was evaporated onto one substrate prior to the
copper in order to confine crack propagation to one interface, The .ubstrates were then
diftsion bonded at 4700C for 2 hours under a pressure of 9 MPa. These conditions lead to
interface impurities such that fracture is always exactly at the interface (2,3,5], To permit
loading of the sample, aluminum arms were attached using epoxy,

Testing in liquid environments was achieved by kim inig the bottom grip and specimen in
the liquid contained In a 500 ml dish and surrounding the whole loading apparatus with an
environmental control chamber. The chamber was purged with dry nitrogen gas (passed
through Drieriterm) ibr at least one half hour prior to the addition of each test liquid, A
constant flow of -I liter/nin was used to minimize the water absorbed by the liquids from the
surrounding environment during testing.

Both constant displacement and constant croshead-speed loading conditions were used,
In constint displacement tests, the samples were loaded to a pro-determined value and the
croshead position was fixed, The load was then allowed to relax during crack advance. The

.4 ________________
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Fig, 2: DC specimen ured to evaluate suhcritic4J fracture,

load versus time data were converted into a crack velocity versus strain energy release rate
plot using compliance relations and a computer curve fitting routine, A similar, although more
Comdex, analyala was used for the constant croashead-speed tets which are more accurate
for &her velocities, The results presented are consistent with those from direct optical
measurements of crack position (used earlier (2]), which meanA the technique is applicable for
opaque ceramic-metal couples with single Interface cracks,

RESULTS

Due to differences in bonding and chemistry introduced during fabrication, each interflce
is expected to have somewhat different fracture resistance and crack growth behavior, Thus, it
is necessary to synthesize results from several samples in a way that recognizes such variations,
u well as tl Seomotry dependencies for different crack growth regimes,

Data foe sevcral tests conducted in ambient air (-50% relative humidity) shown in Fig. 3a
exhibit marked acceleration of fracture in the moist atmosphere. Note that there is significant
sample-to-sample variation in the threshold and Region I regimes, Powever, these data are
consistent with prior results 12] indicating that the plateau (Region 11) regime remains
relatively unaffected, At lower velocities, the log tv- curves become very steep, a ain
consistent with earlier data for g las-Cu intarflaces [2,5] that show distinctly threshold-like
behavior obtains over a much wider range of crack velocities (< I X 10-7 m/s) than for glass;
for glass any indication of threshold behavior only appears at very low crack velocities
(< 4 x10-10 m/s) [9]. The positiin of the threshold shifts to higher or lower G values

depending oi the chenisatry of the interflice. Although ffurther evidence Is needcd, the
threshold Is thought to be associated with crack-tip bridging [2] or blocking proceusses,
resulting from formation of corrosion debris in the near-tip region.

A few data for tests in dr) N in Fig, 3b suggest that some thermal activation, ie, velocity
dependence, occirs in Region 11 The magnitude of G is similar to that for a few other high
velocity data in Fig. 3a, Although some sample to sample variation exists, these provide an
estimate of the inherent v-O behavior to be compared with fracture in active environments.

Linuld Environments
Three of the liquid environments used to conduct tests onI glaas-Cu interfaces were: water,

N-methylformamide, and n-butanol. These were chosen as some amides and alcohols cause
stress corrosion in glass, but n-butanol, which possesses the necessary reactive groups is not
aggressive to llass since it has too large a molecular size to penetrate through the small crack
opening to reach the tip [ 12,171.
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F12 3: Suboritical vck growth rates versus dring fbrefor SiOS.Cu interfioes, (a)
exhibits data for tests In ambient air (50% RH,) from fbur samples, including those
shown in (b)-(d), In each of (b)-(d) the data are ftom only a single specimen; for each,
part of the test was In ambient air and part was In a different liquid, respectively w~ter,
N-~met'librmamide, and n-butanol. Alto note that In (b) some of the data were taken

Water: A comparison of the water test results with those for ambient air and dry nitrogen are
shown In Fig. 3b, where the air curve is extrapolated by overlaying the cross-hatched region
(the bound of all air data) shown In Fig, 3a. The plot shows that water greatly enhanice& crack
arowtli relative to that In moist air, a much greater increas than is seen for glass [6]. This
£ncrmae may be due to the deterioration of the corrosion product film at the crack tip by the
watel.

The plateau region for the water teat appears at a much higher crack velocity than
observed for moist air, in this case, the plateau is not caused by transport limitations due to
the diffusion of the reacting species to the crack tip as for gaseous species but rather to viscous
drag effects as discussed previously.

N-Miathyitornsamidu: Tests conducted In an N-methylformamnide environment show that it
also actively causes stress corrosion cracking for gliass-copper Interfaces (Fi1g, 3o), Comparing
the resultg to those for moist air shows that the accelerating effects are comparable except st
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high crack velocities where the tbfrmamide is more aggressive. The details of the curve are
unfortunately hidden in the scatter of the data, but there seems to be a lack of a plateau region
within the range of measured crack growth velocities,

Butanol: It was lound that an n-botanol environment also causes stress corrosion crack
growth at glass-Cu interfaces (Fig, d). Again the rates In Region I are more like those
induced within H20 vapor than liquid , There is a suggestion of a high velocity plateau regime,
but it Is much less pronounced than that seen with liquild water,

DISCUSSION

Results presented in Fig. 3 are consistent with ihe situation hypothesized in Fig, I,
Although not studied in deMill here, the behavior In all etwironmenta suggests thresholl-like
behavior obtains at relatively high crack vlocitles compued with fracture of bulk glass, and at
0, 1to 0 5 of G, depending upon, the environment, The transition from threshold to Region I
may be determilied by a mutual competition between the rate of chemical reaction, which
promotes crack extension, and the rate of coTrrosion product formation, which hinders It,

For both the vapor and liquid H20 environments the crack growth curves clearly exhibit
Region I type behavor, within which crack rowthis controlled by the kinetics of a stress-
dependent chemical reaction, Using Eqn. (1), the activation area for the reaction can be
defermined from the lope of the log v-G curves; this yields A - 0 15 nm2 and 0. 12 nm2 for the
glaes-Cu intor ft6e tested in moist air and in liquid water, respectively, For f'acture within thetwo organic liquids, the activation areas are similar, By comparison, A - 0,01-0,02 nmt1 for
typical data for glsad in 120 containing environments, eg., from rell, [6,7]. The latter values
imply an ativation step involving rupture of a single atomic bond, The formner values remain
tobo explained, but are still plible for a local chemical reion. Complete explanation must

adreca the role of the residual interface impurities as well as that ofthe atmospheric species.,
For tests in liquid water, a well defined plateau Is evident at much higher velocities than

for the vapor case, For the liquid oe, the plateau at velocities ofJ.i3 x lO' m/s, reflects
viscous drae control, Howewr, the plateau, velocities reported for bulk gl s in water are
about 10 times higher [16], consistent with the extent of other Region I data for glass [6 9],
The discrepancy Ilkely results because the glass tests were penformed on samples with a
thickness of a few millimeters whereas these interfltce semples are 25 mm thick, Thus, the
plateau in many other tests t'niy be controlled by fluid flow ftom the sample sides, (parallel to
tie crack front) and so occurs at higher velocity than here,

For the n.butanol and especially the N-methylformsmde, no plateau behavior was clearly
evident, The lack of a plateau at low velocities and the accelerated cracking In the velocity
range studied combine to confirm that both species promote corrosive cracking, However,
bothliquids are more viscous than water, as shown in Table I [18 19] Thus, Regiot II type
behavior similar to that seen so clearly in lioud water is expected but at velocities reducedby
the viscosity ratio, i.e., flactors of 2-3, Although the absence o? well defined plateaus could
merely reflect scatter in the data, it may instead represent a rapid onset of cavitation near the
crack tip, From Eqn. (4), the critical velocity Is proportional to the ritlo of surface tension to

TABLE I

SURFACE VISCOSITY RATIO
LIQUID TENSION (Pus)(mn /) X P~)?/

(m/s)

Water 73 1.0 x 10- 3  73

N-Methylformarrido 38 1.7 x 10' . 23

n-Butanol 25 2,9x10 .3  8,3

. .. . .... . ... .... ... ! _ man -- i - , m, . -m . .. .. . _" .. .. . ... i I . ... .. ..... . .. . .. .........
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viscosity for the liquid, i.e., v,, w y/rI. It also depends on details of the crack-tip geometry,
which should be similar among the present tests. The values of yi/#, listed in Table I indicate
that near-tip cavitation should occur at as much as an order of magnitude lower velocity for
these organic fluids than foi liquid H20, Thus, although confirming experiments are needed, it
Is considered likely that the absence of a well defined plateau for crack growth within these
two liquids results because near-tip cavitation occurs at velocities just above those for which
viscous drag becomes appreciable,

Sterio hindrances are considered to play a major role in determining which environments
cause stress corrosion for glass [17]. Thus, N.methylformamide and n-butanol were studied
here because they are, respectively, amongst the largest molecules that are active and the
smallest that are inactive in promoting stress corrosion cracking in glass [12,17], As both are
active for g1us-Cu Interfaces, it is suggested that the limited plastic deformation at the crack
tip is sufficient to expose the critical atomic bond at the Interface to a larger reacting molecule
during cr.-ok extension, The issue is shown schematically in Fig, 4 where crack profiles are
compared for the maximum sustainable loads I e, at G and at apparent threshold conditions,
G , These are based upon continuum calculations using purely elastic behavior for the glass,

nd" supposing crack blunting leads to a crack-tip opening displacement given by CTOD
2O /uy (where c. is the yield stress) fbr the Cu side of an interface crack [20], Clearly, only
angstrom sized molecules can access the tips of cracks in glass at threshold conditions,
whereas molecules several times bigger may possibly be aggessive for the glass-Cu interfaces,
However, it should be recalled that these profiles reflect the dimensions of the load bearing
material, some adsorbate or other reaction products may reduce the access relative to that in
the schematic,

GT 

G' 
GLSSMEA

GLASS

20 A 20

Fig. 4: Calculated crack profiles for loading at G., the maximum possible force, and at
G1,, the threshold force for glass (assuming purely elastic continuum behavior) and
for glas/Cu (assuming continuum plastic and elastic behavior in the Cu and glass,
respectively).

The enhanced crack-growth rates In aqueous and organic liquids has adverse implications
for devices. The high residual stresses typically near most ceramic-metal interfaces could drive
appreciable crack growth upon even briefexposure of unloaded pieces to aggressive
environments, The resultant damuge could critically depend upon the level of the high velocity
plateau, Clearly, owing to the geometry dependence indicated for Region I, farther analysis
of this issue for small cracks that would typiI devices is needed,

CONCLUSIONS
Subcritical crack growth along glass-copper interfaces is markedly accelerated by water,

alcohol and amides, Relative to glass, the presence of the metal alters the type of corrosion
products formed and introduces plasticity that Increases the CTODs,
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Crack growth is strongly enhanced in moist air, and in the presence of liquid water is even
more rapid. This greater enhancement In liq uid is contrary to experience with cracking in bulk
glass. It may be due to the deterioration of the corrosion product film at the crack tip by the
water, either by making it more permeable or by carrying sway same of the corrosion products
and increasing access to the crack front.

Both N-methylformsmlde and n-butanol can cause stress corrosion cracking along glas-
copper interfaces, Although ilbutanol has too large a molecular size to rchteraktip In
bulk glass, the laiger CTOD due to plasticity in the metal apparently allows It to be reactive for
glass-copper interfaces. Thus, It is anticipated that mAny alcohol& and mtides Mould promote
stress coision cracking of such glass-metal Interfitces.

Mechanistic studies, still in progress, suggest that fracture Is controlled by mechanisms
similar to those that governt the stress corrosion in glass. Four distinct regions of' behavior in
glass-copper interfaces appear to occur for both iqi and vapor environments to varying
degrees. Region I is controlled by as yet unidentified, highly stress-dependent chemical
reactions at the crack tip, Region 11 is only mildly dependent on the applied sties& intensity.
Where it is controlled by difflusive transport of reactinig species to the crack tip for gaseous
environments, It is very pronounced in extent, In contrast, It may result from viscous drag in
stress corrosive liquids, but then seems often to be limited in exent by cavitation near the

crc-i~ The enviropmentally Insensitive Region III appears to be thermally activated, The
trsldregion, which is rarely observed for glass, is very apparent for glass-copper interflices

and occurs at much highler crack velocities, It likely Involves the more. extensive corrosion
products formed from the metal,
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JOINING CERAMICS USING MICROWAtrE ENERGY

IFrIKHAR AHMAD and RICHARD SILBERGLITT
Technology Assessment & Transfer, Inc., 133 Defense Highway, Suite 212,Annapolis, MD 21401.

ABSTRAC:'

In the past several years there has been an explosive growth in the use of
microwave energy for the processing of a host of materials. Microwave energy provides
rapid internal heating which results in an overall reduction in the processing time. The
important features of microwave processing are described, as well as several applications.

Microwave energy has been used by a few groups for the joining of alumina,
mullite, silicon nitrire and silicon carbide. The work performed by these groups will be
reviewed. Typically, ia single mode microwave applicator has been used to join ceramics
at temperatures Iahtih* between 1250C - 1800°C, Microwave joining of ceramics wast achieved in a matter of minutes, in contrast to hours reported by conventional methods.
The strength of the joita v ,5 equal to or greater than the as-received materials, Joining
of specimens of sintezi-,' .(l:,: n carbide (Hexoloy "') using Interlayers, and direct joining
of reaction bonded .,. . carbide (RBSC) to itself and Hexoloy"m  has been
accomplished recenily. Both single mode and multimode microwave applicators were

14. used and larger specimens of RBSC having complex shapes were joined using hybrid
* heating. The paper describes microwave joining apparatus, techniques and results.

INTRODUCTION

The use of mkrowave energy for industril applications is not new, In the past
microwave applications have been mainly confined to communications. Other uses of
microwave power include medical and biological applications, as well as heating.
Heating applications exist in the consumer, commercial, industrial and scientific areas.
The most common application is heating fooo in consumer microwave ovens.

A comprehensive historical review of microwave heating is given by Osepchuk (1].
There is little evidence of RF heating, and even less of microwave heating, before the
Second World War. However, the patent literature includes some references to using
microwave energy to affect materials properties for industrial purposes. In particular,
Kassner (having patents on a spark-gap microwave generator) believed that it is possible
to achieve useful changes in molecular state, and hence the chemistry of materials,
without heating [1].

During the Second World War, there were efforts to mcasure dielectric properties
of various materials. This work was done as a necessary task in the development of the
radar, telephone and communication systems. The work begut under Von Hippel at the
MIT Laboratory for Insulation Research and the relhvant lectures given by experts in
this area appeared as a book "Dielectric Materials and Applications" [2]. This work
provides the foundation for all future efforts in radio frequency and microwave heating.

Industrial Microwave Heating Applications

Microwave processing, which until recently dealt principally with food processing
[3], is now expanding drastically to include almost all materials. The interest in this

Met. Res, Soo. Symp. Proc. Vol. 314. "d1903 Mwilrls Reearoh Sociely
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emerging technology has given rise to a number of symposia on the use of microwave
energy as applied to materials processing. The symposia are organized on alternate years
by the Materials Research Society and the American Ceramic Society, with the first one
held by MRS only recently in 1988, Numerous Interesting applications of microwave
energy have been presented at these meetings [4-7]. Applications of microwave energy
currently being explored are growing substantially to encounter almost all materials.
Some of them are briefly described below.

In the foodindusto microwave energy is utilized for numerous processes Including
tempering of frozen foods, pasta drying, poultry processing, potato processing, baking,
cocoa bean roasting and sterilization of food (3].

In the polmeLindwi microwave energy is used for curing rubber tires and
bonding of composites, thermosets and thermoplastics, A recent overview of the
microwave processing of polymers appears in the MRS Proceedings Vol, 269 [8].

M.edi.ca allcadansLlnclude both treatment and diagnostic techniques. Medical
treatment deals with hyperthermia (deliberate elevation of body temperature) to produce
beneficial effects such as killing cancerous tumors, The medical diagnostics area
includes measuring the changes in lung water content, blood flow measurements and
microwave imaging [9],

In another application, an apparatus and process has been developed which
facilitates the exposure of all external surfaces to microwave radiation and accomplishes
sterilization in as little as 30 seconds to 8 minutes, The standard 2.45 GHz microwave
irradiation achieved sterilization of dental instruments, artificial dentures, anesthesia
nasal hoods and hydrophilic contact lenses contaminated with a variety of bacteria,
fungal and viral pathogens [10],

In the electronic induast Superwave Technology (Santa Clara, CA) is pioneering
microwave heating in the electronics industry, The Supertherm line of automated ovens
is designed for a variety of thermal processes which include curing wafer coatings, drying
and reflowing solder, and fusing laminated printed circuits [11].

For mimeral pmceessing the U.S. Bureau of Mines is looking Into means to reduce
energy for grinding (51) to 70% of the total energy used) of minerals. The Bureau has
demonstrated that many minerals absorb microwaves and are rapidly heated, thereby
inducing thermal stress cracking and improving the grindability [12].

Wastreatment and disposal of radioactive as well as municipal waste has been
investigated using microwave energy. The Living Environmental Systems Research
Laboratory, Matsushita Company of Japan, has developed a burning processor in which
the waste material is dried and decomposed Into gas by means of microwave energy.
The gas generated is burned in a sanitary way, leaving only a small amount of ash [13].
Similar processes are under investigation for the truatment and disposal of radioactive
waste [14, 15].

Ceramic proweLgU technology is still in an early stage of development,
Microwave energy is being explored to process a wide variety of ceramics, An excellent
summary of almost all the applications in the area of microwave processing of ceramics
is presented by Sutton [16]. These Include, but are not limited to ceramic dring--
particularly effective in removing water from thick ceramic bodies; udg'rzwu.w--
removal of polymers used in the ceramic forming process; sLntedrng of nutmeunts ceramics
and com.posites-including ferrites, boron carbide, titanium boide, partially stabilized
zirconia, and composites such as AI O1/SiC, A120 3/TiC, ZrO/SiC, ZrO2/SitN 4 and
AI2O3 /Si3 N4; processing and snerin, f PZT and PLZ--with high density, small grain
size and improved piezoelectric properties; process ng of supereoUg ceamic.s-
microwave processed samples exhibiting more diamagnetism than conventionally
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processed samples; combustion synthesls of ceramics and composltes--internal ignition of
combustible mixtures and controlled combustion wave propagation; fcym.L atia
gf a .-to strengthen the surface by ion exchange; and jainingof ceramics,

Imprtant features of microwave processing of ceramics

Researchers have recognized in various applications that microwave heating,
because of the rapid processing cycle, provides a powerful new tool and energy source.
Besides the savings in energy and cost, a major reason for this substantial interest is the
importance of processing.microstructure-propertlet relationships. One of the principal
advantages is the novel rapid internal heating pattern, which results in a unique
microstructure that can provide superior product quality [17,18].

The use of microwave energy in the ceramic industry provides a fundamental
change in the basic heating process. The penetrating action of the microwave energy
into the material results in the internal and uniform heating of large masses in relatively
short periods of time, Generally the Internal heating results in an Inveise temperature
gradient, which significantly reduces the thermal stresses that may cause cracking during
the processing of large volumes, In contrast, conventional heating starts from the surface
of the body and is complf-tely dependent on the heat transfer characteristics of the
material.

Another Important aspect is that different constituents (as well as phuses) absorb
microwaves at different rates, The possibility of controlled selective heating has
promising implications for improving the properties of ceramics, especially in the area
of composites, Generally, dielectric materials become more receptive to microwave
energy with increasing temperature, and as a consequence absorb greater amounts of
energy as the temperature increases. A typical example of this type of response is given
in Figure 1. The critical temperature T, gives an approximate indication of the point at
which the loss tangent increuses significantly,

Temperature (*C)
200 600 loon 1400

1rolyt0 I8N4  ot ro 97% pure

0 , 0 8 
A8-

0.008 " rja/ +

IO 08 (Glass-oergmlo)

0.004- *0
0.002

0
goo 1000 I50O 2000 2500

Temperature ('F)

Figure 1. Qualitative representation of the loss tangent (8 to 10 GHz) as
a function of temperature [19],

(Repiintod by permiusion of the American Ceanic Societyi)
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Coupling agents can be added to materials that cannot be efficiently heated with
microwave energy, The coupling agent preheats the entire sample, which at higher
temperature starts to coupi .. with microwave radiation, A common example is that of
the SIC whiskers in a low loss alumina matrix. SiC is an excellent absorber of microwave
energy, which can heat the entire composite sample, making sintering of the composite
possible.

Alternatively, the sample may be preheated to temperatures where it efficiently
couples with microwave energy. This can be convenently achieved by placing the"
sample inside a suscepior (low loss insulation lined on the inside with high loss material
such as silicon carbide). The heat generated in the silicon carbide is retained within the
insulation, which preheats the sample to above It$ critic l temperature where microwave
losses become substantial, This is referred to as 'Microwave Hybrid Heating." Usually
with microwave heating alone there is an Inverse temperature gradient, with higher
temperatures In the Interior of the sample and lower temperature on the surface because
of the enargy radiated from the surface, Microwave hybrid heating, in addition to
preheating the low loss materials, provides an external heat source and, compensates for
radiation losses from the surface. Microwave heating is generally much faster than
conventional heating. However, for low loss materials, heating rapidly with microwave

* energy alone (without a susceptor) may be difficult. This problem can be overcome with
hybrid heating, Heating rates of 750'C per minute have been reported by microwave
hybrid heatint , The sintering of alumina with thi5 method resulted in fine and uniformmicrostructures [17,18).

MICROWAVE JOINING OF CERAMICS

Ono of the important aspects of microwave processing is the joining of ceramics,
which is imperative to the widespread commercial use of these advauced materials, The
high-temperature, corrosion- and wear-resistant ceramics need to be joined to metals to
allow their use In severe environments. Ceramics can also be joined to ceramics to form
complex shpes required in industrial applications, which will eliminate the costly
machining of these hard materials,

The novel use of microwave energy for joininS of ceramics allows rapid and
proferential heating throughout the joint interface, which makes it a viable and efficient
method of joining ceramics. Microwaves can penetrate the material to rapidly providethe heat necessary to join ceramics. Conventonal proceses, on the other hand, heat the
surface of twe specimen and riy on thermal conduction to join ceramics. Sealing of
ceramics using microwave energy was first accomplished by Meek and Blake 1201.
Alumina substrates were sealed using glass as the interlayer material. Direct microwavt
joining of ceramics was reported by two groups. One of the groups was at Toyota
Central R&D Laboratories In Japan, where a 6 01Hz klyst,'on power amplifier was used
as the power source. A directional coupler was used to sample the power reflected from
the cavity. The outputs from a pyrometer monitoring the surface temperature and the
directional coupler were directed to a control system that nutomatically changed tha iris
dimension and tuned the cavity by adjusting the plunger. The feedback system was
designed specifically to control the thermal runaway that may result from the rapid
increase of dielectric loss with increasing temperature, whch can cause local melting in
the specimen. The sample was mounted transverse to th, electric field and was slowly
rotated to allow uniformity in heating. The system was equipped with a compressor and
had the provision for flowing a gas during the joining process [211.

i.. .........
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The other group was originally at QuesTech Inc. in McLean, VA, The apparatus
(now with Technology Assessment & Transfer/George Mason University) has a 2.45
GHz magnetron as the power source. Microwaves are directed through standard
waveguides to a microwave reflection bridge composed of a ferrite circulator, which
sends any power reflected from the cavity to a voltage sampling probe and power head
for measurement, An identical combination of voltage sampling probe and power head
samples the power incident on the cavity. The difference of these two power

A measurements allows determination of the power available for ceramic joining. The
surface temperature of the sample is monitored by a pyrometer and a hydraulic
compressor applies pressure on the ceramic specimens to be joined. Figure 2 shows the
block diagram of this single mode microwave joining apparatus, Provision was made to
alter the environment of the sample either by evacuating the cavity or by filling the
cavity with an appropriate gas, An important feature of this system is the acoustic probe
which allows In-situ non-destructive evaluation (NDE) of the joint. This system consists
of an acoustic transducer embedded In a stainless steel acoustic lens that forms the
bottom anvil of the compressor, The transducer is connected to a transceiver that
transmits acoustic pulses and receives acoustic echoes. The echoes are displayed on an

*i , oscilloscope, and the echo from the joint interface is identified from a knowledge of the
speed of sound In the material. The oscilloscope display is then adjusted to enhance this
echo, which is monitored continuously throughout the joining process. When a joint is
formed, the echo front the joint interface disappears, and a new echo from the far end
of the sample appears on the right of the oscilloscope [22],

Comnpressor

Magnetron AVouatA eTb CvI

Figure 2. Block diagram of the single mode microwave joining apparatus.

(RTprnlod by pcmisnion or the American Ceramic Society)
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The ceramic materials joined by these two groups include alumina, mullite and
silicon nitride. Typical microwave joining times were in minutes as opposed to hours by
conventional joining, The joints exhibited greater strength than the as-received materials
and did not fail at or near the joint. The Joints were not detectable in microscopic
observations and the microscopic homogeneity in the vicinity of the joints was retained.
There was little difference in the microstructure before and after joining. These results
clearly Indicate that engineering quality joints of both oxide and non-oxide ceramics can
be made In very short times using modest microwave power and compression with very
little surface preparation, The increased hardness and fracture toughness Implies
increased densification at the interface which suggests the diffusion-bonding mechanism
as observed in conventional heating of ceramics.

Joining of alumina substrates using AIOOH gel as the interlayer was reported by
AI-Assafi and coworkers[23]. AIOOH gel was brushed on both surfaces before joining.
The specimens that had gel as the interlayer, and were microwave heated at 1520°C for
a soak time of 10 minutes under a pressure of 0,6 MPa, exhibited good joining. The
specimens without any gel did not join under identical conditions. However, joining was
achieved in both cases, with and without gel, when the samples were heated to
temperatures of 16000C and 16500C,

Yu et al, reported simultaneous sintering and joining of alumina specimens (24].
The specimens joined were pellets of alumina dry pressed at 2800 MPa. A slip
interlayer of the same material was used to conform to the asperities under isostatic
pressure of 150 MPa. The whole body was prefired at 6001C for two hours before
microwave heating/Joining at 14000C for 14 minutes at 0,283MPa pressure. Some
defects were identified at the joining interface, but the dimensions of these defects were
similar to those in the sintered bulk material. With conventional heating at the same
temperature and pressure for 2 hours, the low density interface was clearly visible.

Sintered illicon carbide (SSiC and reaction bonded silion carbide MRBDS

The combination of high thermal conductivity, excellent thermal shock resistance
and corrosion resistance makes silicon carbide (SIC) an excellent candidate material for
a number of applications. These include structural materials for advanced heat engines,
heat exchanger tubing, radiant burner tubes and pump components. The use of this
material has been limited by the difficulty and cost of manufacturing components of
complex shapes.

Sintering and Joining of a SIC body is a difficult process. So far, it has not been
possible to sinter SIC to high densities without additives and/or external pressure. Small
additions of boron and carbon have been shown [25] to result in high densities without
the application of external pressure, This development has allowed the fabrication of
some components of SIC.

These difficulties in forming and sintering complex shapes of an excellent ceramic
material necessitate development of inexpensive and reliable methods to join ceramics,
so that complex components could be fabricated from smaller and simpler shapes, which
would be easier to reliably manufacture, One of the novel methods Involves infiltration
of a SIC preform (having excess carbon) by molten silicon at high temperatures. The
resutant material, "reaction bonded silicon carbide," (RBSC) is a nearly fully dense
ceramic with up to 15 volume percent of free silicon. The residual silicon is distributed
at the boundaries between the SIC grains.
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Joining of reaction bonded silicon carbide (RBSCI

Joining of reaction bonded silicon carbide by a conventional heating method was
reported by Iseki [26], with aluminum metal as the interlayer, No reaction layer was
detected in the micrograph of the region near the reaction bonded SiC-A interface,
Aluminum and silicon in the reaction bonded SiC formed a continuous liquid phase at
high temperature; therefore aluminum penetrated into the reaction bonded silicon
carbide. However, some cracks were found at the front of the aluminum-penetrated
region, These cracks are believed to be formed because of the difference in thermal
expansion of aluminum, SIC and silicon.

Microwave joining of reaction bonded silicon carbide with aluminum as the
interlayer was reported by Yiin et al. [27]. A single mode resonant cavity was used to
heat and Join reaction bonded silicon carbide, The joined specimen was reported to be
stronger than the as-received material, similar to the earlier microwave joints in oxides
and nitrides, A similar penetration of aluminum into Si regions between the SiC grains
as noted above was reported,

EXPERIMENTAL RESULTS

Experiments have been carried out for joining of SSic and RBSC, both in a single
mode resonant cavity (as indicated in Figure 2), as well as in a multimode microwave
oven with hybrid heating, Microwave joining of SIC (Carborundum HexoloyM), was
performed on specimens 0,9 cm in d!ameter and 0.6 cm height, as cut with a wafering
saw with no polishing, Since direct joining of SSic is difficult, two different avenues
using interlayer materials were followed 128]. The first is essentially a metallic braze
Joint using Si as the Interlayer material, The second attempts to form a SIC or SiC/TiC
composite through combustion synthesis using blended powders of Si, C and Ti, The SiC
specimens and the Interlayer material were held in place in the single mode applicator
described above by two alumina rods under a pressure of 2.5 MPa provided by a
hydraulic press, The microwave power was turned on and the movable plunger adjusted
to minimize the reflected power,

A series of joints was made using Si (powder or slurry) as the interlayer material.
Typically, the Joining temperature was close to 1450WC for 5.10 minutes with applied
power around 250 watts, Figure 3 shows the SEM micrograph of the sectioned joined
specimen, with a homogeneous but fairly thick Si interlayer (almost 50 microns when
used as powder). Joining was also achieved using the combustion synthesis of SiC/TiC
as the Interlayer, This technique resulted In a thick interlayer (around 300 inicrons) with
significant porosity (inherent in these reactions). The best results were obtained by
plasma spraying a Si layer on one of the specimens to be Joined. This Joint was made
uving a 6 Kw power supply and a 61x61 cm square multimode cavity. The specimen was
placed inside zirconia insulation and no external pressure was applied. The interlayer
region was less than 5 microns in width and no variation In Knoop hardness across the
joint was observed.

As described above [26,27] RBSC could be joined using aluminum as the
Interlayer both by microwave as well as conventional joining, Our experiments
demonstrated microwave joining of sintered SiC using silicon as the interlayer material,
Furthermore microwave heating has been observed to result in enhanced diffusion and
reaction rates. In light of these results It is evident that microwave heating should, in
principle, eliminate the need of using any interlayer material to join RBSC, The
presence of silicon at the grain boundaries of silicon carbide grains, and the enhanced



126

mass transport of silicon across the interface (the preferential heating area In microwave
heating) would result In a diffusion bonding of the pieces to be joined,
This would avoid problems caused by the mismatch of thermal expansion coefficient.
With this rationale, experiments were carried out for microwave joining of RBSC
specimens. Joining of these specimens without an interlayer was Indeed successful using
both the single mode cavity and microwave hybrid heating.

Figure 3. SEM micrograph of a sectioned joint showing a fairly thick
interlayer of Si. (Reprinted by permlssLon of the American Ceramic Soolety)

Direct joining of RBSC specimens of 0.9 cm diameter and 0.5 cm height were
performed In the single mode applicator described earlier, The specimens were enclosed
in alumina insulation (with a viewing hole to monitor temperature) and placed at the
maximum electric field position in the cavity. Microwave power was coupled to the
specimen by adjusting a plunger and an adjustable iris such that the reflected power was
minimized, In a few minutes the specimens turned red hot and the surface temperature
was monitored with an optical pyrometer. The specimens were held In the 1450 -
15001C temperature range for 10 - 15 minutes and then cooled by turning off the
microwave power. Figure 4 shows an example of the micrograph of RBSC specimens
joined in a single mode cavity,

The Interfacial region Is similar to the bulk of the specimens. A silicon rich band
of about 5 micron width is observed at the Interfacial region. Since similar patches of
silicon are seen throughout the RBSC material, the presence of this band does not
negatively impact the mechanical properties of the joint. This argument is supported by
the essentially Identical appearance of micrographs of sectioned joints that had greater
strength than as received RBSC [271.

Joining of ceramics is possible with the single mode apparatus, but there is a
linitation on the size of the specimens that can he joined. Therefore, designing of
special applicators Is essential for specific applications. Microwave hybrid heating, on
the other hand, Is more flexible for industrial applications. Specimens of varying shape

_ _ _ _ _ _ _ _ ....... ... .... . . .
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or size can be placed inside th insulation lined with a susceptor. The radiative losses
from the surface of the specimer, are compensated by the radiant heating from the
susceptor, which provides for uniformity in heating the specimen, The soak temperature
can be maintained by pulsing the microwave power, Pulsing the microwave power hplps
to level off the temperature profile within the sample. With microwave power
continuously on, although the power level may be lowered, the area in the specimen that
is at higher temperature will absorb more microwave energy, which may result ti
nonuniform heating and even thermal runaway. The combination of microwave hybrid
heating and maintaining the temperature by pulsing the power (as opposed to lowering
the power level) provides much butter uniformity.

Figure 4. SEM of RJ3SC-RBSC joint,

Short lengths (2.5 cm) of small scale (5 cm diameter) RBSC tubes Intended for
radiant burlier tuibe applications were supplivd by Coors Ceramics. These tube sections
were joined directly with and without any polishing, using the rnultimode oven with
hybrid heating 129]. The bleeding of silicon filled the void space, making the joint leak.
tight, The joined tube was installed on a vacuum line which held the vacuum (12x10*3
torr) as well as a single tube. Simrilar joining experiments were performed with surfaces
polished (by LANIL) to a 5 micron finish. Figure 5 Is a picture of these joined IRBSC
tubes. Joining Is apparent aill around the circumference with substantial bleeding of
silicon, The tubes were cut Into test bend bars (by Coors) for mechanical testing. The
specimens resulted In flexural strengths ranging up to 250 MPa with an average of 190
MPa [30]. Microwave joining of small specimens in a single mode applicator has
resulted In higher flexural strengths than the as-received specimens, in contrast to the
present results, These experiments on fairly large specimens were peeformed in a
multimode applicator with only 900 watts, some of which is absorbed by the susceptor
used for hybrid heating. It Is anticipated that if more power per unit mass were
available, the joit strengths observed in microwave joining using single mode applicators
(having very high power densities) would be attained with multimode applicators4,

_ _ _ _ _ _ __,_ _
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Figure 5. Photograph of Coors RBSC tube sections Joined In a multimode oven.

Joining of RRSC to HxoloyTm (SSiC) specimens (0.9Lm din) was first carried out
in it single mode cavity. The Joined specimens were sectioned and polished for electron
microscopy. Figw're 6 shows a low magnification miciograph of a joint between RISC
and HexotoylN. The joint is not visible in the interior of the sample (region A) but is
identified close to the edge of the sample (region U) because of the poor matching of
the two surfaces, A crack in the RBSC (region C) where the Joint is good indicates that
the Joint it stronger than RBSC, Figure 7 shows a higher magnification of region A
which is similar in appearance to that of the RBSC-RBSC joint shown in Figure 4,

Figure 6. SEM micrograph of RBSC to SIC joining. Note a 'rack In RBSC

where Joining appears to be good.
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H. ......1

Figure 7, RBSC to SSfC using a single mode applicator.

Larger diameter (2,5 cm)tubes of SSIC were joined to RBSC tubes in a
multimode applicator with hybrid heating, Micrographs of joined sections were identical
to that of Figure 7, Indicating that a similar joint can be made with either a single mode
or a multlmode applicator. This work has demonstrated the feasibility of joining RBSC
to itself and to SSIC, an important step for the fabrication of tube assemblies for high
temperature heat exchangers and radiant burners.

SUMMARY AND CONCLUSIONS

It has been demonstrated that joining of oxide, nitride and carbide ceramics can
be accomplished using microwave energy. Strong joits can be produced much more
rapidly than with conventional methods, Single mode applicators are presently restricted
to small specimens of simple configurations, However, joining of larger specimens
having more complex shapes Is possible using a multimude applicator with hybrid
heating. Current efforts are underway to scale-up the microwave applicator design to
allow joining of larger components for Industrial applications,
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TEM INVESTIGATION OF MICROWAVE JOINED Si-SiC/Al/Si-SiC AND t-SiC/AI/a-SiC.

S, ARUNAJATESAN and A, H, CARIM, Department of Materials Science and Engineering,
and T. Y. YIIN and V. K, VARADAN, Department of Engineering Science and Mechanics,
The Pennsylvania State University, University Park, PA 16802.

ABSTRACT

Electron probe microanalysis (EPMA) and transmission electron microscopy (TEM)
have been used to examine the SI C/AI interfaces in microwave Joined SI-SiC/Al/si-SiC and
a-SIC/Al/a-SIC, Both the SiC/Al interfaces display intimate contact between the ceramic and
metal and are free of porosity. EPMA of the a,-SiC/Al/cx-SiC joints reveals that no Al has
diffused into the bulk a-S!C, unlike the reported diffusion of Al in Si-SiC/AI/Si-SiC. The TEM
investigations show that while the SI-SiC/Al/Si-SiC interface is reaction-free, the
a-SIC/Al/a'-SIC joint contains Si at the interface. The 1'BM findings are correlated to the
strength data available on these joints and the possible reasons for the presence of Si in the
absence of A14C3 in the a-SIC/Al/a-SiC joint are discussed,

INFRODULrICN

Silicon carbide is an excellent candidate for advanced high-temperature structural
applications in automobile and aerospace industries, due to its toughness, high strength to
weight ratio, and good strcngth retention at high temperatures. The applications involve the
fabrication of complex SiC components, hence, the joining of SiC becomes important. One
technique employed is to join SICblocks using foils of Al or Ti as an intervening layer. At has
been widely investigated due to the good wetting, fewer reaction products, and lower
fabrication temperatures associated with it. In the conventional joining of SIC In a ftrnace, the
Al foil, due to a much htgher thermal conductivity, heats faster than the SiC bulk material,
setting up sharp temperature gradients in the ceramic. Complex heating cycles, which can prove
to be costly, are therefore required to eonute uniform heating and subsequent joining, One
alternative route, which offers features like uniform and rapidheating and consequently very
short joining times, is microwave heating,

Since ilcrowave heating is based on the in-situ" conversion of electromagnetic energy
to thermal energy within a material, It provides the possibility of uniform heating of the hulk
material, The feasibility of utilizing microwave energy as a joining technique has been explored
extensivel and the resulting joints have been reported to have strengths equal to and sometimes
exceed Ing those of the starting materials [-1

In this preliminary investigation, transmission electron microscopy (TEM) comibined
with eniergy dispersive spectroscopy (EDS) has& been used to examine the nmicrostructure at thea
SIC/Al interface formed in the microwave joining of SiC with an intervening layer of Al, To the
best of our knowledge, this is the first reported TtM investigation of microwave joints. A TEM
study of this kind uncovers important microstructural Information about the metal-ceramic
interface such as the wetting and porosity at the interface and characteristics such as the
morphology, grain size, and distribution of the phases present at the iiterface. This
Information, along with the measured properties of the joints, can lead to a better understanding
and subsequently better control of joint properties.

Two cases have been examined in this study using TEM: siliconized sitcon carbide
(Si-SiC) joined to itself using an Al foil (Si-SiC/AI/Si.S C) and single-ptase alpha silicon
carbide (c-SiC) joined to itself using an Al foil (a-SiC/Al/a-SiC), EPMA h!; been performed
at the a-SiC/Al/u-SiC interface to examine the diffusion of Al into bulk (-SiC. Fracture
strength values and Weibull moduli of both types of SiC measured before and afterjoining have
been reported earlier I II, For reference, the fracture strength values are listed In Tnble I.

Mat. Rite. Uo. lymp, Proc, Vol. 314, ,1993 Materials Research Society

.. .. . .. ... . .. . .
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Table 1. Fracture Strength data. Tal ,Compositons and Dimensions of

Materia Average Fracture material composition Dimensions

Strength (MPa)
Original 5SiSC 215.4 8i batnc SiC 30x20x~nn 3 ,

Si-SiCIAI1S-SIC 219.4
Original ct-SiC -388 ct-SiC 0,-. w% x25.6 miO

ot-SiCIAl/c-SiC 194.4 balance SiC

Al foil 15 at%* Si 16 gsm thick

balance Al
.... . ..... .......... ....... ............. .................

EXPERImvENTAL PROCEDURE

The compositions and dimer.sions of the Si-GiC, ct-SiC, and Al foil used as the
interlayer are as givetti n Table 11. The jolni,,6surftces were, polisfied and were cleaned in. an
ultrasonic cleaner,)ust before joining.

The Al foil was sandwiched bewweevt a Pa~ of SIC blocks. and the specimen was then
placed Inside the center of a multi-modte Cu c~viky, 500 W of microwavc power wnat supplied
to the cavity through a variablie iEls which wan tune d to risonate at 2.45 GHz by ar, adjustable
short. Quartz through-tubes were plarned above ano t blow the SiC Al.Sif assemibly to exert
pressure of 1.2 MPa on the systemu. The entire process was carried out in air and the system
was heated until the surface temt eratute (rneasure' b) a pyrometer) reached 125COC. The
temperature was maintained at 12500C for o~ie minute and the system was then turned off to let
the assembly cool to room temperature. After joining, cros-sectional samp'les were cut and
polished and EPMA was performed using a Cambax SX30. Sections of tht sample containing
the interface were used to riiake 'l'EM samples by standard techniques - mechanical polishing
and dimpling followed by ion-bean tHnning 141, The TEM and EDS w.-re done on a Philips
420T Instrument at 120 MV Both the EPMA and microscopy were done at the Materials
Characterization Laboratory of the Pennsylvania State University,

RESULTS AND DISCUSSION

(I) Diffusion of Al
While the presnce of Al at the SIC/SiC joint li-mts the high-temperature applicability of

the joint itself, the joincd component could tlll be subjected to higher temperatures at region&
awayfro tl~SiCAl interfacc. However, a signifiriant In-diffusion of At would seriously

restrct thu high teinperature capability of the entire SIC component . Electron probe
microanalysis (EPMA) was done on the ct-SiC/A Vc-SiC sample to exikmine the diffusion of Al
into bulk ct-SiC and Mig. 1 shows a tine scan of the Al KO signal at the ksterfave. It is evident
from tht scani profile that the concentration of Al ifalls off rapidly away from the In~terface. Point
analywes of the Al concentraiion were performed at varying distances from the Interface and it
was found that, at distances of more than 3.6 g±m from the interfitce. the amount of Al present
was less than the detection limit of he instrument (500npm).

EPMA of inimowave jo.'ned SI-SiC/Al/Si-SiC, reported earlier [21, showed extensive
diffusion of Al into tie free Si presoa'! in .he bulk Si-siC. Since Al-Si is a _utmctc system [51, it
Is possible that above the eutectic temperature of 577cC, Al diffuses through the free Si ln the
SI-SiC) through liquid phase transport. This hypothesis is supported by the absence _r
deter-table amounts of Al in the (Si free)bulk ct-SiC.
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Fig 1, EPMA scan of the A] X line iaperimposed on, thr, backscatteored imuge of the

*(Hi) Interface morphology
Figs. 2 and 3 arm TEM. tnicrogroeha of the SA.QAl inteilace in Si-SiCjAV/SiSiC and

*a-SiC/Al/a-SiC respectivoly. The boundary betiveen SiC and Ai in both cases, is completely
continuous and pore-free. it was seen that the Al a'2curately follows the contoirs of the sic
along the entire length o~f the interfaceo~bserved in the TEM., In sorne regions of the interface
exarnined in the TEM, it was found that crtovices on the SIC surface, up to a few microns In
depth, were completely filled with Al. This can be seim to a less&~ zxtentlin Fig. 2, in whieh the
Al has fully penetrated a dent, about 0,25 gt drep, on the SIC gorfaco. 'Tht pnusence of strain
contrast along the interface in Fig. 2 further emphasizes the intimte contact bztween the
interlayer and the SIC substrawe, The dlifference in the exttent of polishing o7 the two samples is
seen in the different surface roughness at the Interfaces. The Al Interlayer has an unusually
large grain size, with the israins being much larger Ill the direction tilong the Interface than that
perdicilar to it. This would suggest that the Al foil melted during thojoining pro'ess, which
isconsistent with the surface tery~petature of ~I 0C recorded by' the ionteter, The thickness
of the Al intierlayer. from Figs. 2 &z-d 3, is about I Itm In the Si--iCy,. 31-S1C and 2 pWm in th'.
ol-SiC/Al/ot-SiC, while the original foil useJ in both .ases was 16 pra thick. The observations

S,f heads of Al a: the edge.. of the sample afler nslcruwave juinlnh and the diffusion of At into the
bulk Si-SiC ame consis~ar with this large redmt-teon iv the tiiickt'ess of the Al inte-layer.

Ill) Al4C3 fontnation
The microstructure of the SICAt itierface that re-sults from conventional joining

techniqtees ls been widely lnvettigm~cd [64, nd the relevurit nuatiom at ths interface has been
shuwn to be [61

4A + 3SIC ---> At4C. + 3SI (1)

This reaction Is Sevoraily not desired at the interfabe, since the Oretprnce of aluminum carbide, a
*brittle roduct, adversely affects the mechanical propete adtecroinrsstance of the

joit [W. As is evident from reation (1), hec formation of the cabide van be suppressed by the
presence of free Si with a4 sufficiently higb chtinical activity. Since thene is almost no solubility
of Si lit Al at temperatures below 300C1, and 6i In SIC below 20000C [5], even a small amnount
of Si proser.t lit either A) or SiC wotid be asociated with a significant chemical Activity,

All the Si-SIC!AI/SI-SiC Inmerface, the free Si in the Si-SiC retads the formation of
AL4C 3 by reaction (1) and hence the Interface is exneated to be free of reaction products, This is
consistent withi the fruituro strength values of the Si-Sic/Al/Si-SiC joints [I1], which are similar
to Giose of tho original Si-S-AC before, joining, In the presence of AL4C 3, a brittle phase, the joint
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strength would be expected to bhow a deterioration. No interfacial reaction products were
detected at the Si-SiC/AI/Si-SiC interface,

The a-SiC/Al/ot-SC interface, with no free Si, might be expected to contain the
roducts of reaction (1): A14C3 and SI. Here, although the strength values of the

a-StC/Al/c-SiCjoints have beer, found to be only 50% of those of the oiginal 0t-SiC before
joining [I ], it must be noted that the average strength valucs of the SiC/Al interface itself iu both
the Si-SiC/AI/SI.SiC and the c-SIC/AI/(%-SiC are within 10% of each other. This would be
consistent with the. absence of the brittle A14C3 at both interfaces, TEM micrographs of the
t-SlC/ALa-SIC ieterfa=e showed the presence of free Si at the a-SiC/AI!L-SiC interface;

however, A14C3 was not detacted, Fig, 4 is a TEM image of the SI particles. The preaence of
these Si particles vag confirmed both by the corresponding electron diffraction pattern and
EDS. All the Si detented was in contact with the SiC surface, ie,, there were no Isolated Si
pa.ui es within the Al interlayer, This presence of free SI and the absence of A14C3 et the
in,edface could be hue to one of several reasons as described below.

'A.Cue possibility is that reaction (1) did occur at the interface and Si and A14C3 were
forned as reaction products," The Si has beea detected in the TEM, but the carbide has not.
This would be thi, case if.SI forms as isolated particles, while A14C3 is present as a veiy thin
fllm - a few nnoteters thirk - along the c-SIC/Al boundary. A simplistic calculation using
reaction (1) ard the densities of' A4C3 and 8i shows that the amoun of free St detected in the
k%-S~IC/AIVa-SiC system could be consistent with the presencu of such a thin layer of A14C3 at
the interface. Further investtgation using'high-reaolufon TEM would be necessary to examine
this possibility. It Is also possible that isolated partiles of A;sC3 are present, but were not seen
in the ek.ctrun transpaent hreas of the samples exatnined& This is aiu conceivable, since the
electrn transparent area in a TEM sample is only a small fraction of the total interfacial area in
the sample; which in turn is a small fraction of the interface forried, On the other hand, the
AWdC3 formed as a raction product would be enpected to exist in iontact with the Al, SiC, and
the Si; however, n,) AL4C3 was dtected I n the vicinity of the Si particles, The formation of
A14C3 and its subsequent diffusion into the bulk a-8iC 'doe nut appear to occur, since results
of the.WPMA confirm th, absence of any Al in the bulk a-SIC.

Another explanation arises fror, the 0.85 Not% Si present as an Impurity in the Al

02;.

Fig. 4, TEM micrograph showing Si particles at ti-SIC/Al interface, Inset shows selected area
difikaction rattern from a 'i particle and corrresponds to [0111 zone axis of Si.

Ij

U
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interlayer, Since Si has practically no solubility in Al below 3000C [5], even a stil amount of
Si present in the Al would have a high activity, increasing the sutface energy of the system On
cooling, this Si could tend tosegregate to thp Inteuface with a-SiC to lower the energy, resulting
in a sharp increase in the concentration of SI at the interface, This In turn would suppress the
formation of A14C3, and eventually, the free SI would precipitate at the SiC/AI interface. While
the amount of Si seen in Fig, 2 does not appear to be consistent with the 0.85 wt% Si present in
the Al, it must be noted that for the most part, the inlertaw. was barren and contained no Si; the
free Si was prtusent only in sfiall isolated pockets, This argument, however, would imply the
precipitation of free SI In the Si-SiC/Al/Si-SiC system also as mentioied earlier, the interface in
the Si-SICVAI/SI-SIC system appears to be free of any ndditional phases (including Si),

SUMMARY AND CONCLUSIONS

SiC/Al interfaces in microwave joined SI-,iQAl/Si-SIC and a-SiQA/a-SiC have been
investigated using EPMA and TEM. HPMA of the a-SiC/Al/a-SiC joints reveals that no Al has
diffused into the bulk tx-SiC, as opposed to Si-SiC/Al/Si-SiC joints in which diffusion of Al
into the bulk Si-SiC has been previously reported, This would support the contenti,)n that the
Si in, the Si-SiC provides a diffusion path for the Al cue to liquid phase transport.

TEM investigation of the SIC/Al interfaces in Si-SJC/Al/Si-SiC ant a-SiC/Al/a-SiC
shows that both interfaces are free of porosity and d intimate ontat between the Al and
SiC. Large gtains of Al are seen, indicating that the A has melted during jo!ning, As expected,
TEM images show no reaction products at the Si-SIC/Al/Si-SIC interface. While the
cs-SiC/Al/t-SIC interface might be expected to contain both A14C3 and Si (formed as products
of the reaction between SIC and Al), there was no clear degradation of the fracture strength of
the joint, as would be expected in thepresence of significant amounts of a brittle phase like
A14C3, Si was detected by the TEM, but no A14C3 was irnaged, One explaration would be that
the A14C3 is present at thi interfac but has not been imagedin the TEM dut to the limited field
of view in the TEM samples, It is also possible that AC 3 is present as a thin layer - a few
nanometers thick - along the a-SiC/Al Interface. The presence of such a thin film of A14C3would be expected to have little effect on the strength of the joint, which is consistent with the
observations. It would be difficult to confirm the prestnce of such a thin laycr in a conventional
TEM investigation of this kind; further work using -REM would ho necessary to xamine this
possibility. Another explanation, the precli.tion of supersaturated Si fron the Al interlayer,would satisfactorily explain the presence of Si out not AI4C' at the joint, and is also consistent
with the absence of any clear chags in interfacial strength. This would, however, suggest the
precipitation of Si in the SiS i-iC system also, which was not observed

ACKNOWLEDGEMENTS

The authors would like to thank Girish Kelkar for useful discussions and Mark
Angelonc for help with EPMA. This work was supported by the Department of the Navy,
Office of the Chief of Naval Research, Young Investigator program under grant #N00014-91.J-
4051.

REFERENCES

1. T. Y. Yiin, Ph, D. thesis, The Pennsylvania State University, 1992.
2. T. Y. Vain, V. V. Vasadan, V. K. Varedan, aod J. C. Conway in MWcrowa Ibc .£n

A raon in VM PtA essi1,W edited by David E. Clark, Frank D, Gacand Willard-titttOn (Ceramic Transactions 2 , 1991)
3. II. Fukushima, T. Yamanaka, and M. Matsui, J. Mater. Res, 5 (2), 397 (1990).
4. 3. C. Bravman and R. Sinclair, J. Electron Microsc, Tech, 1, 53 (1984).'
5 W. Y okt, 19 . Vol.1 (Genium Publishing Corp.,New York 1" 4).
6. T. Iseki, T. Karreda, and T. Maruyamna, J. Mater, Sci, 10, 1692 (1984).
7. J. C, Viala, P. Fortier, and JBoulx, 1. Mater, Sci. 25, 1842 (1990).
8. S. D. Peteves, P. 'lambuyser, P, Halbach, M, Audits, V. Laurent, and D. Chatain,
J. Mater, Sci. 25, 3765(1990).

9. D. J. Lloyd, H. Lagace, A, Mcleod, and P. L. Moais, Mat, Sol. Eng. A107, 73 (1989).

.____ ... .____________ .______ ....
_ ____



137

HIGH SPEED JOINING OF ALUMINUM METAL MATRIX COMPOSITES
USING CONTINUOUS WAVE AND PULSED LASERS

PARWAIZ A. A. KHAN AND ANAND J. PAUL
Concurrent Technologies Corporation, 1450 Scalp Avenue, Johnstown, PA 15904

ABSTRACT

Due to their superior mechanical properties and high strength to weight ratio, metal matrix
composite matorials are increasingly being used in aerospace, automotive and defense
industries, The use of a fusion related conventional joining technique, such as arc welding,
leads to the formation of undesirable non-equilibrium phases in the weld zone, where as
diffusior. and adhesive joining techniques are rather slow, Non contact multi-kilowatt laser
joining, though fully developed for high speed auto enous joining of different alloys, is not yet
adequtfe for jcning of metal matrix composites, Efforts have been made by several researchers
to control the'composition and mlostructure of laser joined aluminum metal matrix composites
by controlling the energy input and by the use of filler wires, In view of the current industry
trend to use more light weight structural composite materials, and greater use of high energy
density beams for a variety of metalworking applications, the authors have reviewed the current
status of high speed laser joining of metal marx composites. Emphasis is placed on problems
and various techniques which can be used to achieve a better control on comlosition and
microsructure during high energy laser joining of aluminum metal matrix composites,

INTRODUCTION

The ever growing demand for new high perfoirnance materials to be used in highly
specialized applications spurred the development of new engineering materials, Composite
materials were developed because no single, homogeneous structural material could be found
that had all of the desired properties for a given application t 1,21. Various stiffer and stronger

* reinforcements such as particulates, continuous and discontinuous fibers or laminates when
added to a relatively weak matrix lo'm a composite material whose properties ae superior to that
of the matrix. Depending upon the type of the matrix, composites are divided into polymer and

anotal matrix. Metal matrix composites consist of a metalbase that is :einforced with one or
inore constituents, such as continuous graphite, alumina, silicon carbide, or boron fibers and
discontinuous graphite or ceramic materials in particulate or whisker from. When compared
with polymer composites, metal matrix composites offer certain advantages, such as, high
tensile and shear moduli (which are compatible with those of the fibers), high melting point,
small thermal expansion coefficient, resistance to moisture, dimensional stability, joinability,
high ductility aX toughness.

Some of the important applicatioas of metal matrix composites Include, mid fuselage,
landing gear drag link of space shuttle, neutron shielding, aircraft, missiles, engines, bridging,
pressure vessels, projectile fins, drive shafts, tubes, reinforced pistons and missile wings [3]
The structures made of composites are often trimmed or joined to net size and/or shape and
attached to the final assembly The use of a low density fusion related joining technique, such
as, arc welding leads to the formation of undesirable non-equilibrium phases in the weld zone,
where as diffusion and adhesive joining techniques are rather slow. Several researchers have
conducted differont studies to control the composition and microstructure of laser joined metal
matrix composites, The current status of high speed high energy laser joining of metal matrix
composites is discussed in this review paper.

Electron beam (EB) and laser beam (LB) are two important high power density joining

processes that have gained world wide acceptance in many industries. Electron beam welding
of composites has not been very successful due to vacuum requirements, Recent advances in

Mat, Roe, Soc, Symp, Proc. Val. W14. 193 Materials Research Society



laser systems, especially in laser beam and workplece positioning and process control, have
significantly enhanced materials processing applications of lasers. Although, lasers have been
used for joining many important engineering materials, its applications to joining of metal matrix
composites is not yet fully developed. A survey of the recent composite and laser literature
clearly demonstrates that in the last thirteen years, Japanese, European and Russian investigators
have published more articles on laser processing of composites than their US counterparts.
Furthermore, most of the work has been on laser machining of epoxy based composites, such
as, Kevlar, Graphite or Glass epoxy composites [4-6]. The earlier work on laser processing
was pr d on continuous fiber met l matrix carbon/1100 aluminum matrix composite,
carbo6061 a inu composite, graphite/aluminum composite, and SCS-6'F-15-3
composites [7,8].

More recent work (Table I) has been primarily on cutting and welding of SIC and
Alumina reinforced aluminum matrix composites whichare increasingly being used in aerospace
applications due to their high strength and light weight [9-15]. Dahotri et al. have performed
several studies in which the cutting and welding behavior of A356-Al composite reinforced with
10-12% SIC was investigated [9-12], A 3.7 Kilowatt, RF excited, carbon dioxide laser
operating in continuous and pulsed mode was used. Cola et al, also investigated high speed
laser welding behavior of A356-A composite reinforced with 15% SiC particulates by using a
1,5 Kilowatt continuous wave, carbon dioxide laser, and a 300 watt pulsed Nd:Yag laser [13],
More recently Kawali et al. and Meinert et al, performed cutting and welding studies on 6061 Al
matrix composite reinforced with 20% A1203 using continuous wave 5 and 1,5 Kilowatt carbon
dioxide lasers respectively [14,15], These recent studies have greatly emphasized the
advantages of lasers which make It possible to achieve a better control of composition and
microstructure during laser welding of metal matrix composites,

Table I
Summary of Recent Studies on Laser Joining of Metal Matrix Composites [9,-15]

Dahotri et al. Cola et at. Kawai et a, Meinert et al,

(1989-91) (1990) (1991) (1992)
A356 + 10% SiC A356 + 15% SIC 6061 Al 6061 Al + A1203,

+20%A1203 20%SiC

3,7 Kilowatt 02 1,5 Kilowatt C02 5 Kilowatt C02 1.5 Kilowatt 002
(RF Excited) and 300 watt Pulsed (Continuous wave) (Continuous wave)

Nd:Yag

Microstructure Microstructure Weld Chemical Composition
Composition Analysis Control
Control

In their earlier study, Dahotri et al. used a contintuous laser power of 2, 3 and 4 Kilowatt,
a traverse speed of 25 cm/s and Ar flow rate of 4 liters per minute to weld A356-AI matrix
reinforced with 10% SiC [9], The microstructural analysis showed, that the fusion zone
consisted of platelike and blocky precipitates distributed In a fine dendritic matrix, whereas, the
HAZ consisted of platelike precipitates along with SIC particulates and small blocks of Si. X-
ray analysis of the laser melted region (Figure 1) showed the presence of A14C3 carbide and
other phases. It is believed by many researchers that the formation of A14C3 carbide takes place
due to the following chemical reaction between 'anlnum and SIC,

4A1 (1) + 3SiC (s) = AI4C3(s) + 3S1 (a) (1)

The intense heat developed In the laser melted region melts SIC to provide C for the formation of
A14C3 (Figure 2), It can be seen from Figure 2a, that the amount of A14C3 formed in the fusion
zone Is a function of specific energy. This can be verified fm(,m Figure 2b, where the effect of
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specific energy on the volume of SIC is plotted along with the volume of A14C3, A drop in the
volume of SIC associated with an increase in the volume of A14C3 can be seen. A high heat
input destroys SIC particulates completely and forms large carbide plates in the fusion zone,
The excess amount of carbide is detrimental and can he cuntrolled to ,some extent by controlling
the heat input [9-121,

846 2 S0 7866 4 46 44 37 3 229

DIFFRACTION ANGL9,20

Figure 1. The X-ray analysis of laser melted A356-AI+10% SIC composite [9],
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Figure 2. (a) The length and width of A14C3 plates and (b) volume fraction of SIC and
A14C3 as a function of specific energy [9],

In another study, Dahotrt at &l, investigated the effect of laser power on the extent of
energy transfer for three different materials, namely, A356-AI, A356 reinforced with 10 and
20% SiC [111, It was found that the hew, transfer to the composite Is actually energy dependent
(see Table 11). At low laer powern, the surface emnisivity plays an important role, hence the
20% SIC reinforced composite had the highest absotpnon and melting (igure 3). At medium
laser power, the extent of energy transfer is controlled by fluid fow, hence the ratio of
Disersive Power to Incident Power (EDP4P) which is similar to absoptivity, increases more
ra idly for A356-AI than for any of the composites tested. It actually decreases for A356-
20%SIC composite, indicating that other het transfer effects were lifluencing the fusion zonc.

___________
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The presence of reinforcement diminishes the role of convection. At high laser power, due to
onset of the keyhole, the absorptlvities (Table U) and herce th6 extent of melting (Figure 3) was
.a for all. tmomqaich".

toe

to

ON INS Ion 4 le In

Inidenit Pawr (Witi)

Figure 3. Weld bead radius versus incident power 1121.
Table PI*

Ratio of Dispersive Power to Incident Power tTDP/IP)

nelaebit Power .EDP/IP
(Watts) A356.AI 1OSIC 20%SIC

USO0 0,04 .11 .24
L100 0.04 .10 .20
1400 0.04 .10 .17
1 VW 0.07 .13 .17
A0oo 0.09 .13 .16
200O 0.09 .14 .15
2200 0.12 .12 .13
2400 0.12 .15 -15

It -is important to mention that these obsrvations are similar to those reported by Meinert
t W. Tigure 4) on absrptivities and depth of penetration for 6061-Al and 61 -Al reinforced

with SC and Al203 (15]. It uan be seen that 61-Al has the lowest penetration, whereas, the
presence of SIC and A203 Increased the absorptivity. 6061-Al reinfomed with A1203 showad
highost absorptivity and depth of penetration. The presence of A1203 changes the electrical
resistivity and surface properties of 6061-Al matrix, hence due to a better coupling, more
efficient transier r' nerg takes place. The formation of carbide was still a problem however,
it was prpposed thit by ading a suitable filler alloy Its formation could be suppressed to a large
extent. Free energy data shows that due to their low energy of formation Sigure 5) titanium
and ziconium form carbides in preference to aluminium carbide. The laser welds made with
titatium fllur wie showed that formation of aluminum carbide was indeed suppresed, histead
of lsrge plates of aluminum carbide, a very fine dendritic strutotur was found in the fusion zone
of 21-Al composite [IS],

Kawali at al. provided some very interesting results on the role of shielding gas flow and
direction 05, the suppression of plasma, weld quality and surface appearance [ 141. Welds were
made on 6061-Al and Duralcan composites using a 5 Kilowatt laer and nozzles of different
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orientation and shapes, All orientations of nozzes, except when the nozzle was p laced In such a
way that the gar, flow and weld directions were samuz, failed to produce good welds in Duroican.
A themy o explain plasm& breaktage AMd formation of crescenti shape ridges for Ia welding, of
Duralcan was proposed. When the Sg flow is In the dixection of welding, the gas pushes the
ridge out of dhe plasma plume region an hence the explosive plasma-A1203 interctin does not
take place, Any other nozztle orientation would result in plasma-alumina action for lamer
welding of Duralcan, It was suggested that to make good welds, the gas flow should be larninar

-0 321 0 OMlAla320p-TS
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Figure 4, Absorpdivltles and depth of penetration for Al. Al+S1C and Al+ A1203 [15].
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RAPID INFRARED) JOINING OF TITANIUM ALLOYS
AND TITANIUM MATRIX COMPOSITES

CRAIG A, BLUE* AND RAY Y, LIN*
*Department of Materials Science and Engineering, ML. #12 University of Cincinnati,
Cincinnati, Ohio 45221-0012

ABSTRACT

A rapid infrared joining (RUJ) techni ue has been developed at the University of Cincinnati for
high temperature materials. This tec nique takes only a few seconds to a few minutes to join
Farts up to 1.8 cm in thicknes The advantages of the RhJ technique are quick, simple,
inp nsive, no vacuum or presisure needed, no effect on the tuicrostructurt of the base
atetial, flexible and feasible for-portable operation, Fur titanium joining, both Ti-6A1-4V

And 01 S/SCS-6 composite have been successfully joined with infrared at about I0(W 'C for
30 seconds In argon with a TiNICu brazin aloyTe maximum joint shear strength is up to
554 Wia, which Is higher than that of any bond jioined with conventiortal bri.ing techniques,
Our study has shown thant the longer the joining time, the wider the joining affected zone,
Prolonged joining cycles allow for attack of the titatium alloy by the molten brazing alloy.

Resltsfrm te iaii matix cmoit TMC) 'mm snghow that the onn strength for
th nfa ed nde partsupo x o tooste proe with the covetoatniques

INTRODUCTION

With increasing complexity of enqineeritig components to fulfill ever- increasing Ie~inI machine performance, new demands for joining advanced high temperalture matal "01
watianicrI. Bonding of lioneycotnb structures, smiall parts, copstsandviswhr
(lie. maialst~t are relatively thin and Intricate, requires a fast, controllable method of heating In
order to limit the diffusion, chemicaul reactlon, and alloying between the base material and
brazing alloy. A rapid infrared Joining process beitng developed at the Universi1ty of Citcinit
has 1110t the str'ingent requ irements of such new dematnds Iin materis Joininilj 11, This process
has been demonstrated to provide at rapid, slinpic, and instattt stating and stoppitig technique
tot, materlis bonding.

In joining of tituniuto alloys and titanium matrix composites, Issues of' conceril include
(I)the joining temiport'utt, (2)tfie development of tile Widlmanstatten sttmtcure in the joint, and

(3)solid-Ntate diffusion of brazing alloy Into the suhsirate, which results fin rquiring excess
amouints of fille1r niatetia I to provide pcrfeet wettilng id bonding. Joining above the a/l1
transition temlperatute, 955-U2 1C, for anl extensive period hats been reported to cause the
mllehanical properties of the base metal, siuch as ductility and toug1hCes, to be imp aired
becautse of the phase transformation and4 coarsenling of grains Of the batse mc112,31";.
Convenional yJ oltilti gof titanium alloys Is accun i~I sed by fusion weldilng, resista ne
welding, diffusion bond) jig, or btak.ingl 2-61, A mong them, brav~'ing anid diffusion braziti x arce
preferred foi- lolning conmplicated and precise cotlponen ts, Joitnt stretlgths of T%.6A1-4V
reported It the lihetaituro vitry with difftelettt joinling mlthoIds. Wholn joined With la mi nated
brazing fi11cr metals,. Ti- W 4u- III 4 WicwtanOvelapll lngth equ'al'to thle thlickiiess of the
base material. dlesignalted as )T, a toot it tetipetattire tensile.4hetta stretitli of, 310) MI'Pa was
obtaned12j. Ditlusion brazed 'ri-6A14V joints using Cui filliet mtetals with I IT overlap showed
1,00111 temperature tls ieI shear strengthis of uil to 49J6 MWa j41. In the case o$' Itnductlion
brazing, Coni tcll peratur Ie tenisl leale strenitls for Ti-6A1 .4V Il ovotlal Joitls iNi 427 M Pa
hav ct pot~ I with Jin atuiorphouas C'i 30 1i wtJ6 fillet- metal 161.

The t"apid Intfrared 'jolin ing tehnique thlit we dievel oped uait produtce hecating ratesq
exceeding. 1(10 CC/sec up ito the brtazing tllperattire anld cooling to bt-low 5100 IC In a few
sceotids whtichl decreases oi eliitates the 11idverse effects of pro( ,long heatiti ahove the tu/ji
trattsfonllit I oil1 temperatute . Pr'cise heatling Willi intttired tuttllt liilitixes the fortuion of
the WidtIILUattsatte NIt-Licture In the ~joint, wicht was be)lievedI to cause dc leriorittlol 01 joi i

MIL, At 8Ace ttmp. Proc. Vot, 314. 91993 M0t106014 H...aroh 800iety
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ductiliy(31. With infrared joining, the amotnt of filler material necessary to form a good joint
can be minimized due to the fast heating te which linits the solid-state diffusion of the filler
material, thereby leaving most brazing alloy available for forming liquid to wet the base
material. Blue and Lin have reported shear strengths of Inconel on the order of 483 MPa with
total processing times of 120 seconds under inert atmnosphere[l. This value is on the order of
that obtained by conventional vacuum brazing of the same material,

EXPERIMENTAL

The TI-6AI-4V alloy used in this study was obtained from Air Pnrce Wright
Laboratory. The titanium matrix composite, P21S/SCS-6, was obtained from NASA Lewis
Research Center, Ti-6AI-4V was sectioned into 50ram x 15mm x 3.5mm specimens by
electron discharge machining, EDM. j21S/SCS-6 specimens were sliced with diamond
wheels on a Buehler low speed saw into 31 mmx ..5 mm K 1.2 mm specimens. All Ti-6AI-
4V samples were chemically cleaned with a chemical etch!,nt consisting of 10ml HF, 45ml
HNO3and 45ml water. The TMC samples were ground to a 16 pm finish. The etched sam les
had a surface roughness of less than 14 microns when measured with a profilometar. uch
surface roughness was similar to that polished to a600 gri, finish, Bfnre joining, samples
and filler material were degreased in an ultrasor,ic cleaner and rinsed in acetor.e. 'The tillet
material was a 17 micron thick foil, MBF 5003 Ti ICu-15NI wt% supplied b -ME'CILAS.
The specimns with the filler metal were then p laced in the infrared frnmade in 4 single lap joint
configuration according to ASTM standard PO12-'/2:7J, No externai pressure ws~ applied to
the pants being joined. The specimens were argon purged for approxImately 60 seconds prior
to the heating cyle, During the entire joi~ng process, argon was purged through the heating
chamber at 50 mI/mi in order to prevent oxidation. The processing temperature was
monitored with a chromel-alumel K type thermocouple spot welded on the specimen near i.joinng rea Tyicaly, he empratue o th spcime wa brugh tothe preset joining

temperature in 10-20 seconds and then, held ar that ter.perature for various lengths of timr
before the power is terminated, After joining, the sample cooled naturnily n an argon
atmosphere. The cooling rate was rapid due to the eod wall process of infrared joining, in
which only the sample was heated to the desired ioining temperature, The samples nom-rally
cooled to below 500 OC in less than 10 seconds.

RESULTS AND DISCUSSION

Joining of T1-6AI-4V

With Ti-15Cu-1SNi alloy as the filler material, Ti-6AI-4V specimens were j')ined at
various temperatures fur 30, 60 and 120 seconds. Figures Ia, b, and L show plots of joint
shear strength as a function of joining temperature for holding times of 30, 60, and 120
seconds respectively. It can be seen that the bond shear strength increases with increasing
temperature and time to a maximum value of 554 MPa. It is clear that at the johilng time of 30
seconds, the higher the temperature, the higher the shear strength. At 60 seconds, thu bnd
shear strength shows a max Imum at 1100 0C; and at 120 seconds. die bond atrength shows a
maximum at 1250 0C. It appears that the 60 second bonds are stronger than both the 30 second
and 120 second bonds, except those joined at 1250 0 C Jlining at 1251 0C, how.ver, is not
desirable due to the large reaction zone,

The quality of joining was inspected from cross sections of a dffereit set of joints
made at 1120 'C with infrared as shown in Figure 2, The joint cross se,'tion inspections from
optical microstructural photos reveal that: (1) all infrared bonds exhibit -Xcellent wetting
between the filler alloy akid the base 't-6A14V alloy! (2) no voids were observed in the joint;
(3) the Widmanstatten structures has developed in uI joints- (4) the width a? the joint txr.a
increase with increasing. Joining time and temperature; and (5) a bright zoicti observed in thk
mikdle of the joint lit low joining temperature and shuaojoinIng time demniished as thejoining
temperature land time Increased,

. . . . . ..... . ... . .. ' . .. . .. . . . .. . . . . . . . . .. . . . . . . .. . . . .. . . . .. .. . . .
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Figure, 1, Joint Shear Strength of IR Porided VI-.4 Specimens.

Figure 2. Optical Microgiapii of Joint Cross Sectkcns, 1120 TC a. 30 sec, b. 60. and c, 120,

From Figure 1, it can be cuncluded that the optimum Infrared joining conditioi for Ti-
6AI-4V ia at 1100 OC for 60 seconds, Joints made under this condtion have a joint shear
Ntren th of 554 MIPa, The best Joint strength reported is 496 MP& for Joints made bypreed man[4l with a diffusion br~zIng technique using Cu as the fillet- material, Due to the
prolon& hontling of Freedman's joining procedure, It was reported that the mechanical strenith
otf Ti-6Al .4V htaw beon doeflrorated significuntly. With Freedman's joining process, thv tensile
strength of thle base alloy ialo rdced by 6% and, the yield strength by 9%. Not only
providing stronger joints, tite infrared joining prourst Is superior also ia that there is little
effect on the baw5' mAterial properties,

Figure 3 shows the measured w~idthi of the joint mre us a function of the joining timeo at
respective tesnperatueits. Data from this diagram indicatedl that the joint width varies linearly

*with the rrocess',ng tim~e, Souh & trend suggested that the bond width is controlled by the
dissolution of the base material by tht moi ttn filler alloy duigjnn. Comparing the bond*strength with the width of Joints, it cait be seen that theri) Is no defin Ito correlation between
these two jint propertleh. However, examinations of the dobonded fracture surface of theJnints with SM ro-veal a possihe linkage between the bond strength and the bond
morphuiogY.

- - ----- -
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Figure 3. Joint Zone Width as a Function of Joining Temperature and Time.

Disoudob of Ti-6A1-4V During Joining

Careful inspection of the joint cross section microstructures suggest that duding.rxpld
infrared joining, dissolution of the base metal begins as soon as the braze alloy m'elts: The
addition of Ti-6Al.4V into Ti-I5Ni-lSCu shifts the brazing alloy composition and ch,'Anges
both liquldus and solidus temperature of the molten phase. As time goes on, molt Ti-OA1-$V
is dissolved. Eventually, The composition of the molten phase will shift to a composition in
equilibrium with the Ti.-6A)-4V phase. From then on, no more dissolution of Ti-6A1-4Y will
occur. However, since both Ni and Cu are priseni in the molten phase, these two elements
will diffuse into the Ti-6A1-4V phase. Concentration gradients of Cu and Ni will be
established, The depth of diffusion depends on the temperature, time, kind the diffu.4ion.
coefficients of Cu or Ni in the Ti-6A1-4V structure. Meanwhile, as at result of the diffihion,
the Cu and Ni concentrations in th~e molteni phase will be reduced, Such a shitin composition
will cause precipitation of the Ti-6Al-4V phase br.ck on to the dissolutio front.. It is likely
that the growth of the Widmanstatten structure Is the reiult Of KuLI, TI'-bA!-4V phare
precipitates which contain both Ni and Cu.

Although the infrared joining time is short, our expnt men~s have shown that the
dissolution has largely widened the joint area. Me~'.Li t 125t1 IC and lung processin&
time, regions of diffusion affected zone beyond the joint zont: call he idenificd ' Figure 2. At
the completion of joining, the power was terminated anti coollng ovcurred raptdly.Tyltl,
it takes only less than 10 seconds for the specimen to roct &,wti to 50n 0C,. V'ithsuch rapud
cooling, solidificadon would occur most likely followin .-. ron-equillhium path, lnurting
solidification, even if the composition in the inolteni -4rtton of th- ioint could be treated its
homogeneous due to rapid diffusion in liquid, the soiifld pl;,tiori v,, uld have uipniffictnt
composition variation since the solid state diffuskn is itevrral orders ef magi.:loea Amaller the
that E41-the liquid.

There is no phase diagram of the Ti-AI-V-Ni-Cri systom avitilaol. fov us to verify the
* joining path mentioned above, However, it Ns most likely tat the final (leap of the lif.11id

would b.- the composition approaching the eutectic iuiposition of this five itom~ponerit
system, It is to be noted, also, that depending~ on the amoulit of the Ti-'iAI-4V dissolution and
the temperature of joining, the sofidiftcatiounnath w~ti be,01ghtly differed and, the final liquid
composition will be ahifted.

The existcnce of the Widniunstatten strut:ture hits been rieported it,. the joint of Ti-6Al-
4V with tonventlonal vacuum brazing tecitiiques. The devcloprirent of this sieuc tuae wi:.s
believed to have jeopardized the joint properties. in this study, although the joining !,me i6

* only up to 120 stcond&, the Widimunstatten stuih!-e wvas still developed eveta ir; the jnimi
prepareci at the least severe conditio-i of this study. Since cve:n the least severe pi-ocessing
coneltior has evolved the Widmnanstatten stcrture, It is unlikely that there is ain optimnum,
joining pirocedure in which the Widiiianmtatten structure can be eliminated ill the as jointd
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spetiinen, However, due to the fact that this structure is the result of the micro-segregation
during the solidification stage of oining, it caki be removed via a post heat treatment practicer' should this structure be no toeale fin the final product.

Effect of Infrared Joltdn&on Ti-6AI-4V Basg Acgj1

, ~ p Long heating times above 955 OC have been reported to cause excess grain growth and
P-phastiembrittlement of Ti-6AI-4VY31. In this study, although joining was performed up to
1250 'C, since the Joining time was extremely short, L. 2 minutes at most, there was little
grain growth'obsoived, Figure 4 shows the microstructure of the as received and infrared heat
treated (1250 "C for 120 seconds) Ti-6AI-4V iecimens etched with u 2 ml HF in I(X) ml
water ,tching solution fur 10-20 seconds, Both the grain size and the OVl phase ratio remain
unchanged from the heat treatment, In order to determine the effect of the infrared joining
cycle on the tensile property of the Ti-6AI-,W alloy, six dog~bnne tensile specimes were
prepared with EDM to a dimension of 10 x 1,5 x 0.3 cm with a th' e:,tc area being 3.5 x 0,65
cm, Four of the specinens were Infrared heated to 1100 'C for 0 econds, All specimens
were mechanical tested at a strain rate of 0,127 cm/min. Results show that no weakening of
the test specimens was detected. This constitutes another advantage of infrared joining over
other joining techniques for Ti-6AI-4V reported in the literature,

',,

Figure 4, Base Material Microstructural Comparison of Ti-6A1-4V Before 3& After ER Joining

Joining of TitaniumMatrix Compostes

The joined TMC, 0321S/SCS.6, samples were tested by the shear tnehi used atbve
in order to obtain shear strengths for the joined lap specinmns[8l, The sraln rate used was
.254 mnmin for all cases, In order to determine the effecs of the hieting cycle during Joining
on the degradation of composite fibers and the properties of the TMC, a separate exp~timen
was carried out by exposing the TMC specimens to the IR brilzing Qcndition,. Thr..e poiit
bend tests were conducted on the as received and thermal cycled TMC n order to estabish !he
strength and modulus of the TMC, SEM examinations were performed ot. ,he as-c.'aive'! alld
JR cycled TMC in order to establish if any expansion of the reaction zone around vhe fiber had
Soccurred. Optical examinations of the cross sections of the debondei CIMC joint were also
conducted to reveal the plane of failure.

Effects of Infrared Joining on the Titasnium Matrix Cotljposite B21S/ j.6

Joint shear strengths of 2M5.6 MPa were obtained for the !R jointd p21S/,SCS-6 TMC
(8). Optical examinations of cross sections of the TiMcrMC joint; -hiow no void conontt The
three point bend tests on the TMC samples revenled that there ;3 little change in flexural
strength, approximately 3%, due to the IR temperature cycling. "itis suggest,' that t'ere is no

.

I "A 1 1. ....



detilmnenval effects occurring to the TMC during joliing of shear santples.- Ailso, A 2.5 %total
strain was observed in thethermal cycled sampleg witich further sugv-,stshat no detrimentalI effects occu~red in zha ~.se TMC as a result of the infraredl je ning. Scanning eloctronniicroscopic'examinati'nsof the reaction zone betw'e~n thef fbr Knd matrix reveal no change
In t~e reaction Xone sie. 1,is Indicates that the rapid Infrared Joining techuiquii so rapid that
eOsnntially no mlcrostrucmd dl.I!;iAtcn i's mado to the base TMC. ~ismls hr

The plane of fallIutreoft th TMCI'IMC was in the joint area for the RJsmls hr
was dela'nlnat~rn eftgts, J'bs~o:";e4 in con-'tioinal joining of TMC[8], SuLh delamrination
phenomenon 6f the TMC In the eonpvefidofi'41 v~eslo is belit-ved to be duwto the brazingaffc~eoio"O The Rg, OmceI0edTVC L'4hedcnas eetons in alid outside the joinvt area
furgher dericit :hrIiteto no Nua dffo4tLp voe.

A conmparipon ot orntoa .uujaaigof 02 1 TMC and RIJ Joinin
of' p2lS/SCQS4 TMC2 tevcAi~ t4a*t the shearvrnJi 4?ho RhJ joned natorial are120
latter. Aiso, the owventioniib rocess shoWs it 38% deg.'Pdstign In the roo~m temperatllre
strongph of t~ie.TMC doelto procc.ing, asuamn g~t rlrpolat bend test was used tj obtain

qt~,hvalue-i, O.ri thIA othcr htud, n 3% Okgrmdc In the PqsI~oM w44 obscrve we three
point bend tests wem~pprfornied on rt, RU ttetmil cycled FMC W lt within experimenhil

*..error, Furthrrmore, the cc-invqntionaly promsserITMC showed a1.9 Tv~ total 'train while the.
RIJ pimess TMCishcwed2 ii-2.% totatl htr~~in 1t1 teiriperaturelig).

* CONCLUSOONS

luiltisig (O Ti 6Al- 4 ' :nd ft2lS/SCS-6 ~ ~ studied applytri a tapid infrauetd.
ioliing technique bin developedi gft,,e University of Orcinnati, I'bejqin wai; performed
at tqrper4L4r-gsbetween 1(XI0 and 12b, 0 and times, bewton 10 and 120 seconjs, Pikecllent
Zot s~' WOO btained u'sing TI-15NiIIS~N wi% ag tle joinig fillbo'inaterill. Amraximu.i jint

shear strength Oe 544t M'a was obtained fror 6 AI-4V wheh procesjod At 1100 It fop.60
' condq. It wag observediitatdbe width of the ,N'1t ii',reasos linouiny 'i.J time at at constant
cmileraluft. Huwever, thero ii to 3cf iti~e corrlafion L,.tweeq the joint h~thgth and the joint

zone width, hR joining of ('i $/SCS-6 wvealed void free Joints with shearstrrnots of 295,6
M -t tpoceslnU temperatie of lGC'nd timie of 10 seconds. The ThIC maintained

97Aof Its originL'fkturtl stren&~ after ii rairprocessing while prodicing the largeal jAnt
shear strength audlable In toe litermture.
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Advanced and Novel Joining Techniques I:
Capacitor Discharge Welding and SHS
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CAPACITOR DISICHARGE WELD MODELLING USING
ULTRA HIGH SPEED PHOTOGRAPHY

R. D, WVILSON', J. A. HAW AND J. H, DJWVLMTAN2
U.S. Bureu or Mines, Albany Research Center, Albany, Oregon 97321-2198

2 Oregon Graduate Inuitote of Science anidTechnology, Deavorton, Oregon 97006-1999

ABSTRACT

Capaitor diseharle welding (CDW) Is it rapid sallidliiflon joining proces where
high nooling rates (106 K/a) sqe obteiinad q% a result of the large welld surface area to small
weld volume. The objectivi t this Study, directvd by the U.S. Bureau of Mines and the
Oregon Graduate Institute cf Soience and Technology, was to use ultra-high speed
photograjohy to quantifyr transient are behavior during the CDW cyclo. Thle simple

clindricill geometries of the CD weldt have been used to thrniulato analytical models
which are compared to 61m hsigh speed photographs of the welding pyooess. The high speed
photogiaph. -vare analyzed wi~h reipect to welding tinlel and process weld variables and
compkivi to yr'dodi values froms ghm rnalytical moe, ah detalled photographicdu
anatyses revealed ti. ..t ftlaterial Is oontinucusiy ejected l aplalsma fo h edae u
te Induced magnetic forup*, rother trian having tile liqjuid metal squeezed out of the weld
upon acrinto iiwas found thW. walii timet was c'ontrolled by tip length and drop height,
R.esults from high sd photogninbsilouiid the arc trovel speed atound tube welds to be
109aitis. Finally, iho hi,4h li~xiftl ptotoiraiphs revealed that the volocity of' arc propagation
during ignitFin was tatt erkgh to allow the CD'W procoss to be modelledi as one-

dinsiotul ;,at flow.F ~ INTRG00UI2'ION
The copatitor disch~arqe (CD))'woldi.4g uinit consists of a capacitor bank, a power

rupply for diarglng the eiipacitomr, an the miectiodes to ba weldei, This unit, inI operaittin, is shov.n !n Fig. 1. Tkhe a,,tual welding pvoccss take fitomI to, 3 ms, using a
current of about 1 A (DC). Initial contaut starts ai the w.elding tip with tip lenth
contratng il te weld~rg ti-ne. Recent studies fhrwe shown thet cooling rates dudcg CDW
approtich 106 K/a, making CIJW a tapir' oolidlflcnfiun procesat. *'

The purpuK'e of the CLDW investigation was to detertrine the oharacteristics of are
initiotion and prvpaiatlon. ihe Intenrcmh~n of the nsct-i plaima wlih the induced magnetic
field, and the flow bcthavior ot %he miettl plaimtimolten mcta 4p,)n joint uiosuro, Ultra-
high sptdx photogr.trihy was us,!d to devslop a rinthematioli n,!Ael, capable of predicting
Pro behavior and wediri time, In anoilher study, the rnsul'it from the high speod
W-oltgphy coupled witsh a one-dimenisilla fir.Ki ?ilenent beat leansizr model, were useA
to, p.,edict thk! weld thicness, aniuu,1 of epuhllcd me~ixl, cooling rate, ai'j the solidi fication
parilo~tor as 7% tinction of time hml dimstroi from th. weld cetterfine,,i

* !he Impo -,ant factorp eontrol Iig tho DW process are wc !ding tip length,
capaciti~ncr, volige, aw;' 0actiodc leparation, i.e., liop, height, Figure 2 Is a schematic
repre~cntation of ~he C)Vf cy.Frigume 2a iows tice initial posion of the ca~thode with
weliig 1(p wid Vie anode. At this point the capaoitor Lank Is fully chairged and the
"esistallce of the ciruit, is I'Iiflite. igiure 2h shows the Ip if tlio cathode striking the
ancode, hus discharging t&c capacitori ank and lnitlating (lie arc. The at,; quickly spreads
across tbe electrode ace arnd jnet.1 pla,t Wteams away from the jcrnt (Fig. 2c). At this

WAi. Me$. Loy p Proc, Vol, 31'. 111111 Msailavw Resear, '600141Y
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Fig. 1. Capacitor discharge welding process used to Join metal cylinders,

A B C D E

Fig. 2, Time process of CDW process: (it) cathode positioned above anode; (b) arc ignition
at the welding tip; (c) plasma expulsion; (d) ejection and condensation of plasma
into small metal particles; and (e) CD joint aftcr electrode contact,
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instant, the resistance of the circuit is 2 X 102 ohms. As the plasma moves away from the
joint, the superheated vapor cools and condenses into spherical metal particles, The plasma
and solid particles continue to move away from the weld joint in trajectories defined by the
magnetic field. Figure 2e shows full electrode contact. The resistance of the circuit at
contact decreases to zro as the arc is extinguished and the layer of liquid metal at the
electrode interface solidifies to form the joint, Figure 3 shows the microstructure of CDW
304 stainless steel, Planar solidification occurs at the base metal-weld interface, but
changes to columnar solidification with narrow cell spacings as the weld centerline is
approached. Near the weld centerline, the cell spacing is wider, a direct result of the
slower solidification rate.

Since CDW is a rapid solidification process, it has several commercial benefits in
terms of metallurgy and manufacturing, The CDW process leads to increased solute
solubility and stability of metastable phases, In dissimilar CD welds, deleterious
equilibrium intermetallic phase formation is suppressed and only small discontinuous islands
of Intermetallics form in the weld zone. The fusion zone (FZ) in CD Welds Is very thin,
approximately 100 pm thick, and the heat affected zone (HAZ) is also very narrow. The
CDW process is fast and cost effective; moreover, the process can be automated to produce
high production rates, CD welds do not penetrate through base metals, so parts can be
welded onto sealed containers.

Some of the practical problems associated with the CDW process include limitations
on weld size due to the finite amount of energy stored In the capacitor banks. The process
also requires a precision arc ignition tip to initiate the welding process. Finally, although
dissimilar metals, composites or ceramics can be welded, they must be electrically
conductive,

EXPERIMENTAL PROCEDURES AND MATERIALS

Various electrodes were used in the CDW experiments, The FeaAl intermetallic alloy
was vacuum Induction cast, Electrodes for the dissimilar metal welds were made from
commercially available 304 stainless steel and 6061-T6 aluminum rods. Each CDW
experiment used a pair of 6,35 mm diameter by 16,5 mm long electrodes, Each cathode
had an ignition tip machined at the center of the cylinder base, Tip lengths were varied
from 0.63 mm to 1.65 mm, while the tip diameter remained 0,5 mam. Tube weld
specimens were made from 6.35 mm diameter 304 stainless steel, with a wall thickness of
1,01 mm, A 60" beveled edge was machined on the end of the tubular specimen to act as
the ignition tip.

The welding equipment consisted of a Eric Jones (Model PSWW- I 0)' capacitor
discharge, production welding system. The welding unit uses gravity to drop the cathode
onto the anode while discharging the capacitor bank, Table I lists the welding conditions
used In these experiments. Four primary welding parameters were selected for evaluation
in this investigation: drop height, tip length, voltage and capacitance.

High speed photography was used to capture the CDW process events. A Hycam 16
mm high speed camera equipped with a 1/4 frame rotating prism allowed a top speed of
44,000 frames/second. Kodak Ektachrome 2253 high speed daylight film (450 foot rolls)
was used to record each weld experiment, The film had an ASA of 400 and was
commercially processed. To ensure that the camera was at full speed, a one-second delay
was used before the welding process was started. On several CDW experiments, an intense
1000 watt spotlight was used to Illuminate the weld area prior to arc initiation.

'Reference to specific products does not inply U.S. Bureau of Mines endorsement.
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TABLE I

Welding Conditions

Voltage 90-100 V
Capacitance 80,000 'F
Drop Height 50 mill
Tip Length 0.63-1,4 mm
Film Speed 44,000 frarnes/s

RESULTS AND DISCUSSION

Ultra high speed photography was used to record the CDW of similar m-nals with
different tip lengths, dissimilar metal joining, and the joining of stainless steel with various
electrode geometries. Figure 4 Is a high speed photograph of a typical arc strii:e observed
at the onset of the CDW process. The cathode, with Its 1. 1 mm long, 0.5 mm diameter
tip, can be seen above the anode, An Inverted cone shape Is often seen in the first Game
of arc Initiation, indicating the ignition tip has contacted tile anode. If the &rc had jumped
the gap between the cathode and anode, the shape of the ignited arc would have been cone
shaped, but with its base on the anode. At 44,000 franne3/second, lite elapsed time
between frames is 22.7 js. Within 44 ps, the aro has spread across the surface of the
anode, Compared to the total arc time of 1,5 ms, 97% of the arc process Is between the
electrodes as determined by the one-dimensional treat transfer model, t

After arc initiation, metal plasma is expelled from the CDW joint, Figure 5 (Frame
P-2-14) illustrates the process of plasma expulsion due to arc magnetic forces, The
magnitude of the arc force (MAac) is defined by Eq,(l) 5

F ,,P--° IL(I)

8W

where o is the permeability of free space and I is the current. When the current Is 132
kA, for example, an arc force of 877 N Is calculated from Eq.(l). Thus, the plasma is
expelled from the Joint it a velocity of 35 m/seo, as mnesured form high speed
photography.

The shape of the plasma cloud (Fig, 5, Frame P-2-14) Is a torus and is due to the
interaction of the positively charged, metallic plasma with the current induced magnetic
field, A schematic representation of this process Is shown in Fig, 6, (Conventional
electric current is upward in the opposite direction of electron flow from the cathode to the
anode, The magnetic field vector on the right side of Fig, 6 Is into the page while the
magnetic field vector on the left side Is out of the page, consistent with the right hand rule
from electro-magnetic theory.) The plasma Is expelled with an initial velocity
perpendicular to the axis of the electrodes, The plasma experiences a Lorenty force
perpendicular to the velocity vector and changes direction as it moves through the magnetic
field, The plasma moves in a circle with Its radius equal to 3. '7 mm, as measured from
the photograph In Fig. 5 (Frame P-2-14). A radius, R, for the expelled plasma, can be
calculated, assuming singly charged iron ions moving at a velocity obscrvid In the high
speed photographs, using Eq.(2)



Pig, 3, 304 stuinlems steel weld deposited by CDW using short (0.63 mm) ignitior 11p, The
cell spacing is 1.0 pm, c'orrompording to ai cooling raito of 5 xe 10' K/s, 50X0x.

EI'I. 4. I fiih spucd phowgraph of tile CI 'Veldin a-4 u tilt Cutho(W Coflaull' thle II1(10c
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P-2-16

Fig. 51 CD weld of VtjAI at 100 V, S0 mn drop height, and 0,88 mm Ignition tip Ioegth.
'Ihc plt. ma "curl" haus a radlus of 3.17 mm,

'II I

I I

0D0

Fig. 6, Illustration of.the electric ¢ur umw and induued tnigletiv field line generate.i during
CDW, Magnetic field linam cut through the papmr ib Indkate(-the path ot' the nv'tid
plasma Ions Is citulsr wid a radius equal i) R.
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R q. p.1(2)

Where iii Is the mass of the, moving ton, v Is the mitgnitude of the Initial velocity, t Is the
elapsed limo. from arc initiation, q,6 Is the charge on te metal ton, p, is the permowbility of
free spaoa and Ilis the current at the elaprad time after arc initiation, Hq,(2) predicts the
plasma radius (Fig., 5, Frame P~-2-14) to be 2,1 mm :EO,11 The correlatloitl htween the
observed metal plasma behavior and the predicted values from Niuatign 2 strongly sugest:
0I) the piasmit'cotiuits or mew lions with a'single charge, or greater; (2) the magnetic
field Is the primary force controlling the plasma behavior;, (3) the radius Is Inversely
rolated to lonic charge and current; (4) the plasmia radius Is directly related to the ion mast:
and welding time; aod (5) the plasmA iadius Is related to the equare of the Initial volkcity,
E~quation. 2 through 4 were derived fiom ilha consevatiun of mais and energy by the
author.

As the electrodes close6 Novoral Important, observations can be made fr'om the high
speed photographs. After arc inItAtion, matal plasma is seen to contiuously stream from
the CDW joint, At joint closure (FIg, 7), Inetal plasma ceases to be uxpelled from tile
joint. As the plasmi cools, it condenses Into hot metal particles and continues to move?
away from the joint. Contrary to popular belier, liquid metal Is not extruded from tho
CDW joint after electrode contact due to Itydrodynamlo pressure, Irisand, a thin I'l1th of
mietal remaining on the electrode~s at the time of closure rapidly solidifies due to the good
heat transfer between moteon metal and electrode,

The elapsed time from arc .nltatiton to Johit closure was moaiured for several CD
welds, with various tip lengths and dro .heigts. Viguro 8 illutraeso ithrmw results, Two
CO welding trends tan be related to Ignition tip length and drop height. Increasing the
Ignition tip length Increases the CD welding time. Coo~varseiy, If thea dcop height Is
Increased, the welding Oto Is decreased,

The current in the CDW circuit increases after arc Ii~ia~tiont anti then decrearxis as a
function of the resistor-catpacitor (ftC) time constants, As the electrodes make contuol, the
circuit resistance decreases, resulting in ai curtent spike, as illustrated in Pig, 9, The
welding time Is measured from the start of current flow to the currmnt spike at electrode
closure. An eqation was developedl to predict the welding Ilmo with tho results illutitraWc
as dashed lines In Pig. 8, The woldinig time, TwiW calculated fromn:

Where 1. 13 the welding tip length, b Is the distance tne eloictrodei mielt back, j is the
accaleramion of gravity, and 14 is the drop height. Control of the welding time is very
important In CDW, because Tw is directly related to certain metallurgical characteristics,
such as weld strength and weld porosity. For example, too short of a welding time results
in poor electiede fusion, because the capachitos cannot discharge Into the weld completely
before elec-trode contact. Hlowever, the moteon miaia of the electrode suifaces can solidify~
before jo~nt closure if iie welding time Is longer than tho RC time constant. Bq.(3)
suggests the most Important fartor controlling welding time is tip length, The melt backc
distance Is linearly related to welding time, but melt bank distances can very short In the
CDW process compared to welding tip length. At high heat Input, however, melt back
distance can be an impcirtant variable, Increasing the overall welding time. The square
rtm of drop height is Inversely related to the welding time; this means it has a lesser effect
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Pig. 7. High speed photograph of,joint Aogure during CDW, Plasma and motal particles
continuo to move swty fromn joint In traJectorics doswibri,d in Pil, 6,
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Vig. 9, 'rli length as a function of' welding time for 50 mm and 25 mm drop heights,



_ Lm. .,. .........

II A
- 0 2 -fl

-22
mu

Fig. 9, Electrical current and acceleration of the capacitor as t function of discharge time,
The current increase at 2.5 ins is due to a reduction in circuit mesistance on electrode
contact.

Fig, 10. SEM micrograph of a CD welded 304 stainlets steel (cathode)-606l aluminum
(anodie) couple, Note the partially mixed zone of steel and aluminum along the
weld centerline,
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on the weld time compared to tip length. It is interesting to note that drop weight is not a
factor iti Eq,(3), Furthermore, Danks6 and Venkataraman et al,3 have shown that
variations in drop weight have an insignificant effect on welding time.

Dissimilar Metal Welds

Due to the rapid solidification characteristics of the CDW process, joints in
dissimilar metals have only snall amounts of deleterious Intermetaltio phases, Dissimilar
metAl couples have been recently examined by Dogan et al. 7 Figure 10 Illustrates a joint
between a 304 stainless steel (cathode) and AI-6061-T6 (anode), A partially mixed zone of
the primary base metal constituents is observed in the weld zone. However, in dissimilar
welds where aluminum was used as the cathode and 304 stainless steel was used as the
anode, significant microstructural differences resulted, For example, a thinner weld is
obtainex' ising stainless steel as the cathode. In addition, the partially mixed zone (PMZ)
in the D weld (Al cathcde) is wider than the PMZ in the weld which uses the stainless
steel thode,

'igh speed photography was used to examine the CDW of dissimilar metals.
Alumir. n /steel cathodes were welded to steel/aluminum anodes. No observable
differences in arc initiation and plasma expulsion could be determined from the high speed
photographs, Further experimentation is needed to :larify the source of the metallurgical
differences In the dissimilar metal welds,

Capacitor Discharge Tube Welding

Typically, CDW has been used to weld fasteners to plate or sheet, Recently,
methods for welding tubular products have beon developed, e,g, the welding of 304
stainless steel tube to stainless steel plate or tube, Some of the important factors to
consider when tube welding include: (1) welding timc and (2) the velocity of the arc
travelling around the circumference of the tube auc initiation. As with the CDW of
cylinders, the welding time must be controlled, or cold welds (ie., poor fusion of
surfaces) with little strength will result, If the welding time Is too long, then solidification
of the weld pool occurs before the electrodes ma.e contact,

Control of are velocity is Important in tube welding, because the arc must move
around the tube fast enough to ensure that both anode and cathode, are still liquid upon
contact, Figure I I shows the steady-state CD tube welding process. Imagine that a
tubular cathode is cut along the longitudinal axis and then flattened, Assuming the cathode
is perpendicular to the anode, the arc will move along the shortest distance from the anode
to the cathode, The factors controlling the melt back distance Include the geometry of the
cathode, the energy input, and the heat of fusion oi the material, The relationship between
arc, velocity, dx/dt, and the CDW variables in COS units, is given in tlq.(4):

dx 2 4__2' exp (-1(4)
dt Rp AHFwb RC(

where V is the capacitor charge voltage, R is the resistonce of the arc, p, is the density of
the material, AHk is the heat of fusion of the material, w is the tubing wall thickness, b is
the melt back distance, t is time , and C is the capacitance. Eq, 4 suggests several
interesting variables for controlling the are velocity in CD tube welds. The arc velocity is
directly related to the discharge rate of the capacitorm. Therefore, at the beginning of the
discharge cycle, the velocity is fast, but it slows at a rite uqual to the RC time constant
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Fig. I. Illustrt.on of the CD tube welding proceri. W Is the wall thickness and b is the
melt buLk di,:ar.'.

Fig 12. Seqluence of high !ipeed photugraphs of an are moving (from right to left) around
the periphery of at 6.35 mm diameter tube. The arc velocity o4 109 ni/s.



until it reaches zero at ;ornplet- discharge, The ar-' velocity is also directly related to the
square of hevoltage; that is, slight Increases In voltage will produce significant quadratic,
no Adinear increases in arc velocity. /,s would be expected,, elcctrh'ai resistancc and the
thermo-chemicaJ melting factors w, b, p znei AHr kie ipveesely related to arc velocity,
This simply meeoiu that materlRAl with high melting teriperatures, or tubes with thick walls,
will have slowe arc velocities.

Figure 12 shows a high speed photograph of the CD tube Welding process, A '304
stainless steel cathoda, 6i.35 mn in diameter with a 1.0 mm Wall thickness and a 601
beveled edge, was welded to a similar stainless steel tube anode, lnitla, wfalding ,I
conditions were 90 V and 80,000 M12. The first f(mine shows the Ire strike at the right
edge of the tube which moves to the left at 109 w/s. After four frames, the am. has moved
completely around the tube. A predicted arc veloclt) from Eq.(4) of 109±10 m/s was
calculated, assuming thet melt back distance is 1 mm, the are resistance is 10O2 ohmns, and
the vnergy needed to melt iron Is 1925 J/1. Research contlnaes in the area of CD tube
welding in order to determine the maximum tube weld size and the viability of joining
dissimilar metal tubes,

CONCLUDIONS

Ultra high speed photogralphy is an effective means of eamnining the transient
behavior of the capacitor discharge process, Hig,'. speed photography h(s shown that
welding 'fme is primarily controlled by welding tip length. Metrl plasma is continuously
oxpelled as a consequence of the Induced magnetic forcer Snnerated during CDW and
hydrodynamuic extrusion of weld incta! after joint closi'wa is an insignificant effect. Finally,
CDW tube welding Is possible if arc velocity and welding time can be controlled.
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Abstract

Discontinuously reinforce. Al albys (DRAs), ce dii, ult to join using conventional fusion
welding techniques due to lhow.0geneoat redlstriftution of the reinforcements and r facdon
between molten Al and SIC,' Two ipecialized welding techniques, capacitor discharge weldiog
ard fail, wek~lng, wer,,ssessed as possible ways to eviid these proDlemA. Using these
techriquet, wehis were mildl with two DRAs: S(09/SIC/I lp and 2009/SiC/15w, Capacitor
discharge weding resulted in tho formition oi Al-carbides in the weld zones, but flash welding
produced satisfactory "oints in both DRAs,

Introduction

The aierospace industry is seeking Al alloys with increased elevated tempereture strength and
incrased modulus in order :o lower aircraft weight and improve performance. Discontinuously
reinforced Al alloys (DRAs), reinibrced with SIC whiskers or particles, are currently receiving
coi'derable aitention, Joining DRAs by fusion techniques such as meral/inert gas or laser
welding Is problematical, however, The high temperatures experienced in the weld zone (WZ)
can cause molt.an Al to react with the SiC reinforcements, forming undesirable Al-carbide
prccipitates. In addition, the reinforcements can redistribute themselves in the molten weld
pofl, resulting in an inhomogeneous distribution of the reinforcements in the WZ and degraded
inrchunical properties.

Two joining methods which show promise for o, .rciing these problems were given a
preliminary assessment ut McDoineii Douglas Aerospak.e. The first, capacitor discharge
welding (CDW), fo:'.is joints at rapid solidification rates with very narrow WZs [1,21. Most of
lie molten material produced during this joining technique is rapidly nqueezed out of the WZ

bxt'ore solidification, so the , iC reln'kreemeis do not have time frr significant redistribution.
The second joining technique, flash welding (FW), also forms joints with exceedingly narrow
WZs [3]. FW joints experience relatively low, localizcd heating, and Iitt!e or no melted material
:mtrtins in the WZ. CDW and FW were used to make weld specimens from 8009/801 lp and

it 09/SiC/1 5w. The fortme, alloy is a hybrid ntaterial, consisting of a rapid solidification
piocessed, dispersion strengthened (RSP) matrix, reinforced with 11 vol. % SIC particles. The
composition of the 8(X)9 matrix is nominally AI-8.,5e-1,3V-l,75 (wt, %). The latteralloy Is a
conventional Al mtrii composite, reinforced with 15 vol. % SIC whiskers. The composition of
the 2009 matrix is nominally AI-3,8Cu-l.3Mg-0.25Si-0.lZn-0.O5Fe (wt. %). Both CDW and
FW have been shown to be suitable for joining RSP Al alloys 14,51, which are difficult to join by

, conventional techniques tven when free of SIC reinforcements. The welds were mechanically
and metallographically assessed, and the results will be discitsed in this paper.

Mat, Re.. Soc. Symp. Proc. Vol. 314. *1993 Mmterllt Research Soolety
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substantinily weaker at all temperatures, but
the difference betwen the 3241 and 46J
specimens was not significant. Fallure of the
CDW specimens generally occurred in the
WZ, Examination of the WZ (Figure 2)
shows that the weld mnicrostructure Is
Inhomogeneous, and a crack can be seen
intiting in the WZ Figure 3 shows a typical
fracture surface, displaying brittle
utansganular fracture, as well as large-scalc
cracking through the WZ, This fracture mode
wus generally observed, and did not change

ilgure 3. Fractu e aurfa of weld failWre in with th6 weld energy Input. 'rEM of the WZ
CDWed 8009/SIC/I lp. (Figur, 4) shows the formation oe' aclular

precipitates. These have leen studied in detail
,sing electron dJffrf~o~In, and wara Identified as A14C3 precipitates formed by reaction of Al
with the SIC reinforcemtits. During CDW when the studs come Into contact and the capacitor
dIschwgi, extreme tempt.m4res are reached lockly, producing superheated liquid AI which
reants with ths SiV. At lower temperatures, the reaction between molten Al and SIC is
comparatively intignificann, Due to thie likelihood of reaction also occuring during CDW of
2C.O9IS[C/ 1 'v, C"DW weklS we- not ,.reormed on that llpy, The matrix strrounding the
A14C3 precipitates in Figure 4 has a cellular structure, typically observed in the WZ of CDWed
Al alloys like 8009'1 and 8019 [5). This structure -jults from the very rapid soidification of
tlh .,eld zone, which freezes a nonequiltbrium levl of solute into the matrix, Welds with this
cellular :-aructuit; show i.ig tnwvlle strengths [41, so if th- reaction between Al and SIC during
CDW of 8(0*SIC/1 p could be eliminated, it is likely strong joints could bo produced.

Figure 4. Center of WZ in CDWed 8009/SiC/i lp showing A14 C3 precipitates fonned by
reation uf superheated Al and SIC.
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he tensile strength of Wed
430 . -..... ,.... ..... 8009/SiC/I lp is shown In Figure 5.

4W .... I ... ... ... The weld strengts Ba comparable' to
35L the bast metal at room and elevated

S..... . temperatures, The FW upset process
I I f strongly deforms the specimens in the

250 .... .... ... .... WZ, as seen in Figure 6. The
200 . .r deformed material extends-200pm

15o [, I ,I, I . i .±. 1 , [L , L from the weld center. Striations,
which are a characteristic

0 0 100 150 200 250 30 350 400 microstructural feature of the 8009
Temperature (0C) matrix and arm normally approximately

straight, can be seen to bend >901 in
Figure 5. Ultimate tensile strength vs. temperature the heat affected zone (HAZ), The
for FWed 8009/SiC/i p (S FW,- baseline). width of the WZ is about 40pm, which

is significantly wider than WZ widths
normally observed in FWed Al alloys (typically <10pm), It is probable that the increased
viscosity of the SiC reinforced material prevents a portion of the molten material from flowing
out of the WZ during flushing, At higher magnification (Figure 7), the distribution of SIC
reinforcements appears fairly uniform in the WZ, and no obvious Al.carbides or other large.
scale precipitates are present,

(A100o

Figure 6, FWed 8009/SIC/i lp showing Figure 7. WZ of FWed 8009/SiC/ lip
large deformation in the HAZ, showing uniform reinforcement distribution,

FW 200 9/iC/15w

The tensile strength of 2009/SIC/15w as a function of temperature is plotted in Figure 8, At
room temperature and 200°C, the welds are comparable in strength to the base material. No
data was readily available for the baseline strength of 2009/SiC/15w above 200"C, Figure 9
shows the weld region, and it can be seen that the upset process alters the texture of the SiC
reinforcements in the HAZ, The HAZ Is wide, about 2mm, and the striations which typically
run in the extrusion direction in this alloy bend ~90' from this direction. In addition, the
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striations appear to be closer together
in the HAZ than In the base metal,

6 .  Figure lN shows the base
-" .........", ..... mlcrostructure In the material at higherSoo 7:7magnification, to compare to Figure

I l0b, the weld nmicrostruacture, T"he
3W .. .. ...... I.. weld, which runs vertically through the

1 1 center of Figure 9, is very narrow
20 . . ... (<20pm) and nearly invisible. The SIC
too ... .......... .... .............. whiskers, which are randomly orinnted

. . In the base micr struoture, are
, . ... . oriented parallel to the weld plane in

o0 SOo 150 20 2No 300 30 4 the WZ. The parallelrientationof
the whiskers is consistent with the

Temperature (0C direction of deformation flow
occurring during FW. The orientation

Figure 8, Ultimate tensile strength vs, temperature change does not appear to have a
for FWed 2009/SiC/I 5w (0 FW, - baseline), strong effect on longitudinal tensile

properties,

Conclusions

CDW appears to be unsuitable for joining SiC DRAs, The SIC reinforcements are typically
not uniformly distributed throughout the WZ in CDWed SIC reinforced Al rlloyc, and reaction
can take place between Al and SiC to form embrittling Al4C3 precipitates In the WZ, These
factors result in low ductility joints for CDWed DRAs. FW appears promising for both of the
DRAs extmined in this study. The WZ was typically wider for these DRAs than is normally
observcd In non-reinforced Al alloys, but the WZ is nevertheless much more narrow than those
produced using conventional welding techniques, The material that remains in the WZ is never
heated enough to cause any reaction between Al and SiC, and the WZ is free of embrittling
precipitates. The FW upset process heavily deforms the specimens up to -200pr from the
weld center. The SiC reinforcements change their orientation significantly in the WZ, but the
longitudinal tensile properties are not significantly Impacted by this orientation change.
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Figure 10. TEM micrograph of (a) base mileroutructure of 2009/SiC/l5w, and (b) HAZ in
FWed 2009/SiC/l 5w showing alignment of whisker reinforcements,
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CD WELD INTERFACIAL STRUCTURE FOR AI-Fe BASED COUPLES

C. P. DOGAN, R. D. WILSON AND J. A, HAWK
U. S, Bureau of Mines, Albany Research Center, Albany, Oregon 97321-2198

ABSTRACT

The U.S, Bureau of Mines has studied the capacitive discharge weld interface
between Al and Fe using optical and transmission electron microscopy (TEM). Capacitive
discharge welding (CDW) is a rap~d solidification process In which the amount of molten
metal at the interface is small compared to the sample size, As a result, high cooling rates
(106 K/s) can be achieved, providing a weldment made up of small grains, Large magnetic
fields produced by the process tend to mix the molten metals at the Interface to form a
complex alloy, the nature of which depends upon the starting electrode materials. This
effect Is characterized by a marblecake pattern In optical micrographs. The amount of
mixing is rlated to the meltkig temperature of the cathode with respect to the anode.
Increased mixing occurs when the melting temperature of the cathode Is higher than the
melting temperature of the anode, TEM has revealed that when aluminum is the anode
material, the iron grains of the cathode are surrounded by a layar of aluminum. When thL
iron Is the anode, a thin layer of ironi surrounds the aluminum grains,

INTRODUCTION

One possible method of joining dissimilar materials Is capacitor discharge welding
(CDW), a rapid solidification technique' that has evolved Into an effiiont method for stud
welding.2 In CDW, energy is applied for v ry short times to create a ahallow layer of
molten metal, which cools very rapidly (106 K/s) w"hen In contact with a large thermal heat
sink, As a result, the fusion zone (FZ) is narow, and the heat affected zone (HAZ) is
virtually nonexistent,

The CDW process involves the gravity assisted, axial impact of cylindrical
specimens with subsequent arcing and melting (hnd thus joining) of the materials by the
discharge of a capacitor bank. During impact the gro is extinguished, and any excess
molten metal is expelled prior to electrode contact. Attractive features of CDW include the
suppression cf FZ porosity due to hydrogen uptake and a minimWnt HAZ,3 In addition, the
welds tend not to hot crack because of the compressive forces developed during the welding
cycle. Thus the microstructure close to the weld is characteristic of the base metal and is
affected little by the joining process, The width of the fusion zone can be controlled by
varying the welding parameters, and thus the cooling rate, 4' For evamplh, a slow cooling
rate (IP K/s) leads to a larger FZ. Faster cooling rates (> 106 K/s) result in much
narrower FZs.

EXPERIMENTAL :VOCEDURE

Electrodes were prepared from 6061-T6 nluminurn and commercial purity iron rod.
(For details of CDW specimen preparation see Ref, 7.) The 6061 aluminum contained the
following: Al (bal)-l.0 Mg-0.6 SI.0.6 Fe-0.2 Cu-0,2 M..0,2 Cr (all values in weight

Mat, Re. So, SyMp. Proe. Vol. 314. 01l3 Millehalt qI*fnrch 8o016y
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pencent), The iron contained a number of minor impurities, The drop height for thee tests
was 51 mm and the drop weight w%3 1,9 kg, The welding operation was pcrfo'med at 90
V and 0,08 F.

Optical microscopy and transmission eiectron microncopy ITEM) of the FZ and
'HAZ were performed on samples sectioned transverse to the weld unterline. In addition,
x-ray chemi,,l analyses of these iegions were performed using a microprobe, Knoop
microhardness measurements (300 g load) were made from the bae metal on one side of
the weld centerline through the FZ and into the base metal ori the other side of the weld
centerline. Each indent covered a lateral distance of around 50 tim, Aepcndent upon the
materlal being tested,

Samples were prepared for TEM examination by grinding and polishing the
transverse sections to a thickness of approximately 100 um; cutting 3 mm discs from the
sections, insuring that the wed line was near the center of each diso' and dirple grinding
the weldment to a thickness of npproximately 10/ m, Samples were then ion nilled to
electron transparency using Ar ions with a 5 kV potential. Samples of the base metal Al
and Fe were similarly prepared, except that they were electropolished to electron
transparency using a l4 solution of nitric acid in methanol and a 1:9 solution of perchloric
acid in acetic acid, respectively. All TEM analyses were performed at 100 kM. Phase
identification was through a combination of X-ray Energy Dispersive Spectroscopy (XEDS)
and electron diffraction analysis,

RESULTS AND DI3CUSSION

CDW NMlaroitructures

Figures I and 2 are optical rnicrographs of the AI-Fe CD weld and the Interfacial
region for the Al-Fe CDW couples, At low magnifications (Figs. la and 2a), the CD
welds look quite similar regardless of whether Al or Fe is used as the cathode material.
The weld is thin, with no evidence of cracking, At higher magnifications, however, the
variations in micrustructure with cathode material become apparent, When aluminum is
used as the cathode, the amount of "mixing" of the base metals and inermetallic phases is
less than that observed when iron is the cathode. The marblecake structure, or partially
mixed zone, created when Al Is the cathode, forms adjacent to the iron interface of the
welded region, as seen in Fig. lb, The marblecake structure formq whet Al and Fe are not
intimately mixed in the liquid weld pool because of the rapid solidification process,' Note
that the marblecake region accounts for only about one-half the thickness of this weld.
When Iton Is used as the cathode, on the oth r hand, the marblecake structure in many
places accounts for the entire weld thickness (Fig, 2b). In both cases, weld FZ thickness,
determined from optical micrographs, ranges from 50 to 100 gm,

X-ray microprobe traces were performed on the marhlecake regions of the weld
interface, and an example of one such region, in which Al is the cathode, is illustrated in
Fig. 3. Each line on the micrograph indicates one set of microprobe traces. At position 1,
the compoition is approximately 100% Fe (all values are in atomic percent). Between
points 1 and 2, the material has a near stoichiometric composition of FeAl, and at point 2,
the composition is 90% Al, At point 3, the composition of the weld is 95% Al and 5% Fe.
As the trace Is made into this region, the atomic percent of Al decreases to a low of 43%
(marked on the trace in Fig, 3) and then increases again to 72% at 4. These data suggest
that there are pockets of near 100% base metal intermixed with Fe-Al intermetallics within
the weld, and correlates well with TEM observations to be presented shortly.

Knoop microhardness measurements were made on each set of welded Al-Fe
samples, ie., for the separate cases when Al and then Fe served as the cathode. The

a



b
Fig. 1. Optical micrograph of CID Pig, 2. Optical iflicrojirapg of C~D

weld In which Al Is the weld in which R~ is the
cathode and Pm is the anode, cathode and Al is the anode,
(a) Low magnification and (a) Low magnification and
(b) higher magnification of (b) higher magnification or
the Namne weld showing the the same weld showing the
partially mixed weld zone, partially mixed weld zone.

Fig. 1. SEM Wmage of the FZ of an Al-oathode Pe-anode weld, The niumbered points
and lines indicate posit[ins of microchemical analyses, its described in the text'
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microhardness of the Al, well away from the FZ, averages I19.8 (L 4.2) kg/mn2,

regardless of whother the mqaiu ements are made on the anode or the cathode, The
microhardfiess of the blk Fe is 165,1 (± 8.5) kg/mm, When Fe is used as the cathode,
the haidneas begins to decrease some 200 to 300 pm from the interface, falling to a low of
77 kg/mm1 within the FZ The Al anode counterpart maintains a relatively constart
microhardneas from the bulk up to approximately 100 pm from the weld centerline, at
which point tile hardness begins to decrease, On the Al-anode side of the FZ, the
microbardness is 71 kg/mm" .

When Al is used as the cathode material, the mlcrohardness values of the near-weld
regions on both the cathode and anode sides are substantially affected, Some 2 mm from
the weld centerlint, the microhardness of the Al is about 104 kg/mm2, and the hardness
continues to drop to les than 80 kg/mm2 at about 1,3 mm from the weld centerline, The
microhardnesa then increases u the weld centerline is appioachod, reaching a maximum of
104 kg/mm2 )30 tim from the weld cenftrline, The corresponding Fe anode shows a
significant decrase in its bulk microhardness in this weld couple. At 110 Am from the
weld centerline, the hardness of the Fe is only 83 kg/mm2 , roughly half the microhardness
of the bulk. The microhardness of the Fe then begins to incr,,ase as the distance from the
iVZ increases, rising to t25 kg/mm2 400 ,um from the FZ, The average Fe hadness is
120.9 (± 2.6) kg/mm 2 over the next 3 mm, and otly approaches its average bulk value 3.5
mm from the weld cnterline, From this data, it Is clear that while the HAZ in CDW Al-
Fe is narrow when Fe is used as the cvthode, it can become quite substantial if Al is the
cathode material,

TBM examination of the base metals, several centimeters from the weldment,
indicates no change in microstructure as a result of the welding process. The
microstructure of the Al is typical of that of a 6061 alloy, and icludes a number of intra-
and trans-granular a-AIFeSi artd Mg2Si precipitates (Fig, 4a). The base-metal iron is
primarily forritic, with an occasional small, transgrtanular Fe-Cr precipitate (Fig. 4b).

Weidments

As is apparent in the optICkl microgrphs (Pigs, I and 2), the mlrostructure of the
weldment does not change in an orderly manner from base metal to base metal. Rather it is
a marblecake mix of legions of metals aNd intermetallios that gradually changes in
composition taoss the weld from Iron to aluminum, Although specific features vary,
dependent Up.,on which material is the anode and which is the cathode, the general
microstructural charactnislis of the fusion zone of CD-welded alumInum-iron are its
follows. Some 50 to 100 $m from the FZ, the grain size of the base metals decreasms, and
the size of the a-AIPeSi precipitates within the Al alloy increases, although this is strictly a
qualitative observation and has not yet been quantified. Outside of this region, however,
there is no obvious change in microstruoture with charige in cathode material that e),plains
the Iarga vaiations in mlcroharderis described previously. At the Iron-FZ interface (Fig,
5), there is a narrow region of equiaxed fPe3Al grains, followed by an area of mixed FeAl
and Fe3AI, The Fe3AI grains at the interface frequently contain fine, transgranular
precipitates that are tentatively identified as Pc&120 4; these pv ncpltates also form in the
boe metal adjacent to the interfac,, in rows perpendicular to the FZ. When iron is the
cathode material, the intermetallic graits are frequently bounded by an Al-rich, amorphous
phaso, and larger *-Fe grains are also present within the FZ.

On the aluminum-side of the FZ, columnar Al grains, bounded by an Fe-Al
Intermetallic phase, form with their long axes at an angle to the AI-FZ interface, as



Fig. 4. TEM Images of the base metals several centimetr, from the FZ, (ak) Al and
(b) FC

ASE METAL Ak

Fig, 5, Tho Fo-I7 interface. In ls Fig, 6. The AI-FZ interfuce, Hem
case, Fe is the cathode, Al is the cathode material,

Fig. 7. Region of cellular Al within the FZ of the CD weld In which Fe is the Cathode
material, The cellular phase Is Fe-rich,
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illustrated in Fig. 6. When iron is the cathode materi3l, the columnar Al grains tend to be
coarser than when aluminum iq the cathode. And in facto the overall scale of the
microstructure within the VZ tends to be coarser when iron is the cathode. In the welds in
which At is the cathode, a narrow zona of AI3Fe grains may alao form at the interface
between the base-metal Al and the columnar Al grains, as illustrated in Fig. 6. These
AIF-. grains are oriented with their (001) planes perpendicular to the Interface. This
(001) grain orientition Is a preferred growth diwton in many cubio materials, During
solidification, grains with their 'easy growth direction parallel to the direction of the
maximum temperature gradient" grow at the expense of grains which are not so favorably
oriented. 9

The central regions of the FZ genrally consist of mixed aieas of metals and
inermetallics. If Al is the. cathode, the combination is of equlaxed PeAl and Pe3AI grains
and columnar, faulted Aift, (Diffraction analysis suggests that these faults are stacking
flults on (001) planes, with a displacement vector in the (010] direction,) "Pipes" of an
athorphous, Al-rich phase form boundartts between these different rogions, Whep, Fe is the
cathode, the tricrostructure is similar, with mixed regions of Fv3AI, FeAl, AlsFl, and
faulted AIFe, hi addition, on the Al-side of the FZ, there are pockets of cellular, and
cellular-dendritic Al grains (fig. 7), with an Al-Fe intercellular phase and occasional
intermetallic primary partioles, The cellular spacing varies from pocket to pocket in this
region.

CONCLUSIONS

Capacitor discharge welding Is an effective technique to Join dissimilar metals,
producing narrow welds with little or no cracking, The joining of iron to aluminum results
in a FZ, consisting of a mix of base metals and intermetallic phases, that possesses a
marblecake appearance, The overall effect of the woldirng process on the microstkucture
can be localized to a region of several hundred micrometers on either side of the. centerline
of ihe weld, and depends upon the choice of anode and cathode materials. For Al-Fe
couples, the use of Fe as the cathode limits the size of the FZ and HAZ to a total width of
about 400 Am. However, if Al is used as the cathode, the FZ remirns small, but the HAZ
encompasses about 5 mm, with the major effect occurring i n the ie anode.
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FUNDAMENTALS OF THE SHS JOINING PROCESS

ROBERT W. MESSLER, JR.* AND TIMOTHY T. ORLING**
*/**Rensselaer Polytechnic Institute, Department of Materials Engineering, Troy, NY 12180

ABSTRACT

The process of self-propagating high-temperature synthesis offers potential for joining
similar or dissimilar combinations of heat-resisting or refractory metals and refractory or
corrosion resistant oxide or nonoxide ceramics or Intermetallics by using the exothermy
inherent in the synthesis reaction, The process offers unique capability for producing
functionally gradient material joints between dissimilar materials to overcome mismatches in
chemical, mechanical and physical properties, facility for incorporating reinforcing phases in
the filler, and exceptional efficiency given that the energy for joining is largely internally
generated. A systematic study of the fundamentals of the process critic,' for joining in either a
primary or a secondary mode is being undertaken, Specialized fixture. e being employed to
study the role of subrtrate temperature in bond formation and strength. and the role of
precompaction density and applied pressure on joint density. A Gleeble thermomechanical
simulator is being used to study the role of reactant composition, reactant particle size, heating
rate and reaction mode, precompaction and applied pressure, and atmosphere, Ultimately, a
model of the SHS process for joining will be developed to facilitate joint design, predict joint
propenies, and enable intelligent control.

BACKGROUND

Designers are increasingly looking to oxide and nonoxide ceramics and intermetallic
compounds, in both monolithic and reinforced forms, to achieve enhanced performance in
severe corrosion, wear or temperature environments. Frequently, these materials must be
combined with corrosion- or heat-resisting metals to provide needed structural integrity,
particularly to accommodate load-induced strain or shook, or to keep the resulting optimized,
hybrid structure affokdable Joining of ceramics, ititermetallics or their composites, in similar
and dissimilar combinations with one another or with metals, poses numerous challengesarising from inherent characteristics of one or more of the materials or from lncompatibilittes

between materials. Chemical decomposition, sublimation without melting, loss of ong-range
order, brittleness, and sensitivity to thermal shock limit inherent weldability, while
incompatibility between chemical, mechanical or physical properties complicate production of
hybrid joints. 1-2 Clearly, new joining processes are needed.

Self-propagating high t'!mperature synthesis (SHS) or combustion synthesis offers great
promise as a joining process for advanced materials ad hybrid structures therefrom,f By
taking udvantage of the energy generated internal to the synthesis reaction, simultaneous
consolidation by reactive sintering has already been demoistrated and employed,4- 5 while
joining has been shown feasible but remains to be developed, 6-7 Advantages inherent to the
SHS process for joining include: (1) energy efficiency (given that energy for joining is
generated internally); (2) capability for joining in a primary mode, while one or more of the
joint materials are being synthesized, or in a seconday mode, in which two or more preexisting
substrates or joint elements are joried; (3) suitability to the production of functionslly gradientmaterial (FOM) joints that bridge chemical, mechanical and physical property mismatches by
grading cornosition from one joint element to the other; (4) potential for incorporating
reinforcing phases within joint filler to prodIce a composite; and (5) similarity to the process
that was or could have been used to produce the substrate material(s),

Despite the need for an advanced process for joining advanced materials, and the
numerous potential advantages of SHS as a joining process, little is known about how the
process cnn or should be practiced to advantage for joining,

Mat, Res. Soc. Symp. Pror,. Vol. 314. 01"3 Mateials Research Soclity
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RESEARCH OBJECTIVES

The objective of on-going research at Rensselaer Is to systematically investigate and
develop SHS or pressurized combustion synthesis for joining monolithic or reinforced
ceramics and intermetallics to themselves, to one another, or to metals. The goal is to
thoroughly understand the mechanism of bond formation, to characterize the role of key
processing parameters, to optimize the process, and, ultimately, to develop a model to enable
bonding predictions, process and property optimization, and intelligent process control.

TECHNIC AL APPROACH

Coollerative and Mulhdlscinlinary Anproach

Until now, SHS joining R&D has not been the focus of joining specialists, but, rather,
of ceramists as a variant of the basic synthesis process to some other end, Joining specialists
tend to approach the challenge of joining from a broader perspective, considering the
challenges of secondary joining of preexisting, fully dense substrates as much or more thanprimary joining of green parts durinF materia synthesis. lit this effort, joining specialists are
working in cooperation with specialists in ceramic and intermetallic mater als, powder
processing, and material characterization in an essential multidisciplinary approach.

There are several problems related to successfully employing SHS for joining, The first
is achieving wetting and bonding to a preexisting substrate, as opposed to producing a joint in
situ during fabrication of the joint end elements and filler, For successful bonding to
preexisting substrates, sufficient heat must be developed by the reaction at the interface to
either cause melting and wetting or solid-state reaction or Interdiffusion. Substrate temperature,
reaction mode (i.e., self-propagating or simultaneous combustion), and substrate surface
condition (including reaction atmosphere) are key variables that need to be evaluated and
understood. A second problem is producing a dense, porosity-free joint, Several factors lead to
poor density during SHS including residual packing porosity, reaction product expansion, or
entrapment of previously dissolved gases or gaseous reaction by-products. The key variables
that need to be evaluated are precompaction density of the reactant, reactant particle size and
size ratios, and applied pressure-ime profile during reaction, The third problem is avoiding
cracking of substrates, filler, or, especially, substiate/filler interfaces due to mismatch of
thermal coefficients of expansion. Here, appropriate selection of process heating rates, cooling
rates, and reactant composition are important variables. The use of functional gradient
materials offers particular promise.

Innovative Use of Specialized Fixtures

To simplify study of key parameters in SHS joining, these parameters are beinF
decoupled wherever possible As a means of expeditiously investigating and characterizing the
role of substrate temperature on bond formation and precompaction and applied pressure on
joint density, three special fixtures are being employed, In a Substrate Temperature Gradient
Fixture (Figure 1), a rectangular groove machined aong the centerline of a plate of the desired
substrate material is filled with reactant powder precompacted to the desired density. The plate
is fixtured between two large thermal masses, one held at a high temperature near the reaction
triggering temperature (Ti) and the other near room temperatre (using cooling). Temperature
is monitored at several points along the plate to provide data on the prevailing gradient during
reaction. Gas inlets and outlets provide protection by argon throughout processing. The
reaction is triggered from the cool end uging a resistance heated element. Following reaction,
the plate is sec.tioied to permit examination of tht deigree and mechanism of bonding as a
function of substrae temperature (i.e., solid-state reaction, interdiffuslon, or fusion and
wetting). Initial studies are being conducted with Inconel 600 substrates and Ni 3AI filler,
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Subsequent studies are planned for SIC fillers to SIC or Ni superalloy substrates and TIC to
graphite or titanium alloy substrates, using appropriate inserts in the Inconel 600 fixture,I600

40

200

0DIstanoo, Inohes

Thermal mass Thermal mass

Ti - 2000 Thermocouples T2 - 6000C

Figure 1: Sabstrate Temperature Gradient Fixture

In other fixtures, called Compaction Density Gradient and Applied Pressure Gradient
Fixtures, various schemes for applying either graded compaction pressure prior to reaction or

raded or stepped applied pressure during reaction are being considered. In oi, design (Figure
), a tapered cover plate-will be forced into powdered reactant in a machined rectangular slot in

a plate to produce high compaction at one end and low compaction at the other. Other schemes
are planned for stepping applied pressure along the groove, The entire fixture will be at a
uniform temperature, just below the reaction triggering temperature (Ti) for the self-
propagating mode or just above Ti for the simultaneous combustion reaction mode, The rate of
reaction-front propagation, the degree of reaction, the peak temperature reached following
reaction, the degree of bonding to the substrate, and final density will all be assessed by
monitoring temperature and by conducting metallographic analysis,

-i 0 Distance along substrate X

rpressurs plat

substrate

applied pressure
Figure 2: Compaction Density Gradient Fixture
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There are some process parameters and conditions that are not amenable to study using
the specialized fixtures described above, so a Duffer's Gleeble 150011M thermomechanical
simulator and test apparatus is bein emloyed. Using a test set.up (Figure 3) consisting of a
gra hite sup ort tube, sandwiched end-elements and reactant fillers, and graphite load-
appcaon pungers, various key parameters are being systematically studied, functionally
gradient material joints are being fabricated, and finished joints will, eventually, be tested.
Parameters to be studied include: reactant powder particl, size and size ratio (as these affect
reaction kinetics and product homogeneity), reactant composition (as this affects peak
temperature, liquid phase formation, bonding, and, for graded compositions, property
mismatch); processing pressure-time profile; reaction mode (propagating versus simultaneous
combustion); heating rate (as this affects reaction kinetics and mode); and atmosphere (vacuum
versus inert versus active gas). Figure 4 shows Ni3AI joints formed between Inconel 600 end
elements using various temperatures, hold times, and applied pressures. Bond integrity is
always excellent, while porosity is reduced, but not eliminated, by reacting at higher
temperatures (i.e., 1000 versus 650 *C), for Ionger hold times (i.e., 15 versus 2 minutes), and
for increasing apptied pressures (e.g., from 17.9 MPa or 1250 psi to 85.7 MPa or 6000 psi).
Figure 5 shows the effects of these parameters on degree of reaction. The reaction is more
complete, wigh more homogeneous product, as the reaction temperature and/or hold time is
increased. Axially- dient joints are also being prod Ved between various metal, ceramic andintermetallic end elemnents, Such FGM joints have been already been attempted between Ni-
base superaloys and silicon carbide and between Ti-6AI-4V and graphite

Water-cooled
Copper Jaws

Monolithic=-'y
Graphite

Tape cost Rod
Graphite Tube or layered

powder mixtures

Figure 3: Functionally Gradient Material (FOM) Joint Gleeble Fixture

FGM joint Desi n Model

In joints between dissimilar materials, mismatch of coefficients of thermal expansion
give rise to stresses due to temperature excursions and/or gradients. If too high, these stresses
can preclude sound joint fabrication or lead to joint failure in service. FGM joints offer an
attractive means of overcoming such property mismatch and associated stresses. As part of this
research, an analytical model based on a thin plate assumption that allows simplification of the
generalized heat flow equation to one dimension has been developed to permit the ready
calculation of temperature distribution and associated thermally-induced stresses, accounting
for critically important material properties as fnnctions of temperature. The model facilitates
FGM joint design for successful processing.
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SUMMARY

SHS represents an exctn p1ossibility for joining similar and dissimilar combinations
of refrac tory ceramics, intermetaflos and metals, but only If process fundamentals are fully
understood. An on-joing program of research at RPI Is systematically studying the role of
SHS joining process fundamntal using a multidisciplinary approach, innovation specialized
fixtures, and the Cileeble thermomnechanical simulation and test apparatus.

Am

(a) (C (cP) M

Figure 4: SHS joints of IN600/NI3AIN600 show excellent bond integrity and decreasing
levels of porosity with Increasing reaction temperature, hold time, and applied pressure:a
650 *C/15 minutes/1250 psi (17.9 MP&); (b) 650 002 mlnutes/600 psi (85.7 MPa); and (c
1000 IC/15 minutes/2500 psi (35.8 MlPa). As-polished.

Figure 5: The defiree of reaction In joints of 1N600/Ni3AI/1N600 is morm cornplete when
reaction occurred at (a) 1000 versus (b) 650 OC for 15 minute versus 2 minute holId times,
respectively. Noauniformity of compohition is indicated by discoloration around pores. As-
polished. Arrows indicate interface,
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SELF-PROPAGATING, HIGH TEMPERATURE SYNTHIiIIS
AS A TECHNIQUE TO JOIN METALS

J. A. HAWK, A. V. PMTTY, C, P. DOGAN and J, C. RAWERS
U, S. Bureau of Mines, Alblany Research Center, Albany, Oregon 97321-2198.

ABSTRACT

Self-propagating, high temperature synthesis (SHS) can be used to bond both similar
arAd dissimilar metals. A unique feature of this techniqtte is the ability to stack either metal
folls or, metal foils and powder, and to process them to form two-dimensional, layered
composites with a "gtided" intermetallic interface between layers. This process can also be
used to modify a surface forcorrosion or wear resistance. To date Bureau of Mines research
ha focused on, making iron-, titanium-, and nickel-aluminum composites. The elemental
metal folls Are stapked and placed In a hot press, and the temr)erature Is raised until the
cotnipojit sandwich underglis tht. SAS reaction, At approximately 6601C (i.e., the melting
point of alumvinuiii), the q!ukninum rracts,with the transition metal to form intermetallic
phases. The SHS process iN thags and energy limited; i.e., mass transport controls the
c .'nial reaction rates, while the energy liberated by the chemical reaction is distributed to
the surroundings by heat conduction, convction and radiation.

INTRODUCTION

io stif-pyop4gatil'i, high temperature synthesis (SHS), the initial reactants (often in
*,, the formn of eierio, tl pow(ors) are ignited, iiltlating a self-sustaining, heat-generating

oh, ,i4l reaction that miults in thoh transformation Into compounds or intermetallic
rhasoh , r ,r exAmple, if a stoichiomet~o one-to-one mixture of elemental Ti and Al
powder is compacted into . tod and one end Is heated, the TI and Al at that end will react,
prjJncing prinarlly litanium' aluminide (TiAl). (During the SHS processing of elemental
ixwders, v, wde Arnge of phases will form. For example, the 505/U atom % mixture of Ti
and Al will form not only TiAI, but also, TiAI. and Ti)AI.) Because of the large amount of
exothermic heat liberated during the formatloo of TiAI, the powder Immediately adjacent to
the reaction will also be heated and will react, This reaction continues, Increasing in
magnitude, until a self-sustaining front forms. This reaction front then propagates through
the rest of the powder compact, converting it to TIAI, No additiona! external heat is
required for the reaction to go to completion, SHS proessing has been successfully used to
forin metal-aluminides, "boridei, -carbides, -nitrides, and -slilcides,

Advantages of tie SHS process include the followIng: (1) The ability to preform
green powder compacts into the shape desi'ed for the final product. Thus, SHS allows for
near net shape production of hard-to-fabricate and hard-tn-macllnes materials, (2) 811S can
lead to economic savings benause the reaction is heat-generoting and self-sustaining.
Additionally, the starting materials need only be heated to the temperature of the reaction,
which can be hundreds of degrees les than the melting temperature of the product. SHS can
thus reduce the cost of material processing, leading to an environmentally-cleaner proces.
(3) SHS retults In a puriffd final product. Because the SHS reaction is exothermic, the
process volatilizes conAminants ahead of the reaction front and removes them, thereby
purifying the end product. (4) The SHS procass allows several different reactions to occur
concurrently. Thus, it is possible to produce difficult-to-form intermetallic-ceramlc

Met. Po, Ifl. , mp. Pron. Vol, 314. 01,11 MhItlals Research Soclety
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composite In-siiu. (5) SHS processing offers high productivity as it has the highest reaction
rates.' This is especially attractive when compared to the usual high energy processes used
to obtain some refractory compounds (e.g,, cubic tantalum nitride), which require long hours
of reaction at high temperatures in furnaces or plasma reactors. The usual problems
associated with the scale-up of a process are not encountered since the SHS reaction
approaches complete conversion with larger quantities, This results in better product yields.

Because the starting density of the powder compact is sigriflcantly tess than that
desired in the final solid compact, U. S. Bureau of Mines scientists have developed a
technique leading to full density compaction during SHS processing.1'5 Powder compacts, or
metal foils, are placed into graphite dies and furnace heated under pressure until the SHS
reaction begins. As a consequence of the entire compact being at the reaction temperature, a
thermal explosion occurs throughout the sample; ie., the SHS reaction is initiated at many
points in the sample simultaneously. Porosity is greatly reduced becakise pressure is applied
when the reactant material is molten and the process is carried out in v vacuum furnace.

U. S, Bureau of Mines scientists have also successfully fabricated a number of
products with commercial potential, including TIAI diesel engine valve lifters. However, in
addition to being a technique that allows the formation of near-net-shape pr~,ducts, SHS can
also be utilized as a unique method of joining metals and alloys. The principle of the
technique Is quite simple. In SHS joining, the exothermic heat generated is used both for !he
SHS combustion reaction and the NI-S reaction at the joint Interface. The result in many
instances is a layered metal-aluminide composite, where the metallic phase is separated by
SHS intermetallic product phases. This technique has been successfully used to join sheets of
Al with sheets of Ti, NI, Fe, and stainless steel (SS), and to make layered metal sheet and
powder compt .ites, Consequently, SHS layers with unique wear, corrosion, or heat resistant
properties can be synthesized, or joined, to inexpensive metal substrates.

SHS PROCESSING PRINCIPLES

Two variations of the SHS process are generally recognized; the process in which
layer-wise combustion occurs, and the process in which volumetric combustioi, occurs.
Layer-wise combustion occurs when the SHS reaction is initiated at some point on t&e
compact (usually at an outer surface), with the combustion wave then propagating with a
definite velocity throughout the rest of the compact. Most Bureau of Mines current powder
SHS research utilizes the second approach, that is, the volumetric combustion, or thermal
explosion, method. In this thermal explosion method, a volumetric reaction takes place as a
consequence of the entire reactant compact being heated uniformly in a furnace. Once the
reaction temperature is reached, a number of small SHS reactions occur simultaneously
throughout the entire volume of the compact, Most SHS research at the Bureau of Mines
focusses on two physicochemical classifications:6 (1) both components are in the liquid state,
and (2) one component remains solid while the other component is a liquid,

In SHS, if the adiabatic temperature exceeds the melting point of the reactants but is
lower than their boiling points, then the combustion reactions will occur in the liquid state,
In general, adiabatic temperatures for aluminides are low compared to sulicides, carbides,
borides, etc., and it is usually necessary to heat the reactants to elevated temperatures in
order to initiate the SHS reaction. As a consequence of the additional heat input, the
reactants are, in most instances, In the liquid state during combustion. An example of this
type of reaction Is the formation of NiAi from Ni and Al. Thu adiabatic temperature for the
formation of NiAI is 1637'C, while the melting temperatures of Ni and Al are 1453C and
6M0OC, respectively. (It should be noted that powder particle size and heating rate are
Important process conditions.' With a small powder size for both the Ni and Al, a liquid-
liquid reaction can take place. However, if the Ni powder size is large In comparison to the
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Al powder, only partial melting occurs, so a solid-liquid reaction occurs, Higher heating
rates decrease the tendency for the formation of precombustion, or diffusional, phases. This
also increases the amount of liquid formed during the reaction, thus crating a product with
lower porosity.)

When the adiabatic temperature lies between the melting points of the two starting
components, the liquid formed from the lower melting component spreads rapidly throughout
the compact, resulting in the highest velocity combustion reaction. Solid-liquid combustion
reactions are common in the SHS of silicides, carbides and borides, as for example, in the
formation of TiC from Ti and C,' It is established that the melting of Ti precedes the
combustion reaction in the conversion of Ti and C to TiC. However, as with aluminide
formation, processing parameters such as powder size are important. The extent of melting,
and the details of the Ti-C interactions which result in TIC formation are imprecisely known,
Larger particle sizes tend to slow the combustion reaction, leading to incomplete carbide
conversion.

9

It is clear that many processing parameters affect the formation of SHS materials. In
this study, no attempt has yet been made to "optimize" the processing parameters for the
SHS of layered sheet and powder-sheet composites. Rather, the focus of this research has
been to explore the limits of possibility In making and joining advanced materials.

MATERIALS AND PROCESSING3 PROCEDURE

Materials and Processing

The intermetallics selected for study by the Bureau of Mines were based on metals
that would react with Al to form a metal-aluminide. The material systems studied include:
Ni-Al, Ti-Al, Fe-Al and stainless steel (SS)-Ai, with the starting materials consisting of
either sheet or powder. Figure I diagrams the lay-up sequence typically used to make the
composites. Several composites wore made by layering thin sheets of Al with thin sheets of
either Ni, TI, Fe or SS. The powder and powder-sheet composites studied to date were
based on the Fe-Al (i.e., either a stoichiometric FejAl or FeAl composition for the powder
components) and the 'ri-Al (i.e., a stoichlometric TIAI composition for the powder
components) syatems. The sheet material used to form the powder-sheet composite was
either Fe, SS, or Ti, depending upon the metal-aluminide desired. In the case of the
powder-sheet composites, the powder was sandwiched between metal sheets and vacuum hot-
pressed to initiate the SHS reaction. TIAI powder-Ti sheet composites prepared using this
technique have been studied extensively. 3" ,t ,II In ,ddition to layered composites of Ti and
TiAI, intermetal!ic-ceramic particulate composites havw also been formed, with TiAI as the
matrix. Terrary additions of C, B, and Si have been made with mole fractions of up to
60%, yielding high volume fractions of TIC, TiB2 and TisSi3 strengthening dispersoids, 12

As previously mentioned, composite formation was accomplished In a vacuum hot-
piess. The general processing sequence was as follows: the material was placed In a
graphite die and transferred to the hot-press; a slight pressure was applied to the sample as
the temperature was ramped to the SHS initiation temperature, at the point where the SHS
reaction began, the applied pressure was increased to between 10 and 20 MPa, and the
sample was either held at the reaction temperature, or given a post-reaction heat-treatment at
an elevated temperature; and finally, the sample was furnace cnoled to room temperature
under pressure. The application of pressure to the composite during the SHS reaction, and
any post-SHS heat treatment, reduced composite porosity and improved bonding at the
interface. A number of processing times, temperatures and pressures have been investigated
by Buieau scientists, For example, the layered sheet samples were placed in a graphite die
and vacuum hot-pressed at 650°C for one hour under a pressure of 10 MPa. The samples
were furnace cooled under vacuum. To create layered sheet-powder composites, the
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Fig, 2, SHS layered composites: (a) Ni-Al metal sheet composite; (i) Fe-Al metal
sheet composite with FDM'd cylinders; and (c) SS-Al metal sheet composite.
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elemental powders or powder mixtures were placed between metal disks in a graphite die and
then hot-pressed. To obtain maximum density and optimum strength, the layered metal-
powder composites were hot-pressed for times equal to or greater than one hour at
temperatures equal to or greater than 1000 0C. The usual pressure applied to the compact
during this procedure was 20 MPa. These composite samples were also furnace cooled,

TEM Speimen PMr rtion

Transmission electron microscopy (TEM) was used to invstigate the microstructure
of the interfaces of the SHS-jolned metal foils, Samples were prepared for TEM analyses by
sectioning the material transverse to the foil interfaces and grinding to a thickness of
approximately 100 um; cutting 3 mm diameter discs from the samples, insuring that at least
one interface was near the disc center- and dimple-grinding the interface region to a thickness
of approximately 10 Am, Samples were Ion milled to electron transparency using argon ions
at a potential of 7 kV, All microstructural analyses were performed at 100 kV.

STATUS OF SHS JOINING TECHNOLOGY

Layered Sheet Composites

Anselmi-Tamburini and Munr"3,4 were the first to Investigate the possibility of using
the SHS process ,to form Intermetallics from thin metal foils. Their initial goal was to model
the characteristics of the SHS reaction front and to understand the nature of the interfacial
reactions, all of which are less complicated when the geometry is planar, Subsequent to the
Bureau's metal-intermetallic composite studies, Wright et, at,'- and Rabin' have also used
SHS process technology, both pressureless and pressure-assisted, to join iron aluminide
(Fe3AI and PeAl) and SiC,

Bureau of Mines researchers have modified the SHS composite process developed by
Anselmi-Taniburini and Munir to successfully produce large, layered metal-intermetallic
composites. Figure 2 illustrates several examples of layered composites formed using the
Bureau-modified SHS technique. Table I shows the thicknesses of the starting metal sheet
used to form the composites in Figure 2, In Fig, 2a, Al sheets are used to join Ni sheets.
During SHS processing, some molten Al was squeezed from the compact as pressure was
applied; nonetheless, a good bond between the Ni sheets was obtained, as is apparent in the
figure. Interface integrity Is further illustrated by the fact that although thin sections of this
composite curl during sectioning, the composite remains intact.

TABLE I, Thickness of the disks used to form layered composites.

Composite Metal Disk Thickness (mm) Aluminum Disk Thickness (mm)

Fe-Al 0.75 0.10
Ni-Al 1.40 0.10
Ti-Al 0,40 0.10
SS-AI 0,25 0.10

A look at the Ni-Al interfacial regions of these SHS conosites In the TEM Indicates
that they consist of a residual layer of Al, in this case some 0.05 to 0,15 um thick,
surrounded on either side by small grains of Ki containing Intragranular y NI3AI precipitates.
This microstructore is revealed in the dark field image of Fig, 3. The intermetallic region
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Fig. 3, Dark field microgmph of interface in SHS Ni-Al sheet composite showing the
Ni3AI precipitation adjauent to the SHS joint,

Fig. 4. SlM micrograph of SS-Al layerel composite,
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stretches approximately 20 Am on either slue of the residual Al foil, with Ni grain size
increasing with distance from the interface, Within the intermetallic region there are also
small, intragranular Al- and AlI+M,-rich precipitates which are as-yet unidentified,

An example of Fe foil joined to Al can be found in Fig. 2b, Cylindrical samples of
this composite were electro-discharged machined (EDM) from the compact to make pin-on-
drum abrasive wear specimens and it is the EDM'd samples and a remaining portion of the
original compact that are shown. Wear tests, performed on the layered compact both
perpendicular and parallel to the joints, indicate that in this composite as well, joint Integrity
is good: the SHS-joined material did not separate at the interfaces upon abrasive wear
testing in either orientation.

TEM examination of the interfacial regions of the Fe-Al composites has met with
limited success to date. Because the residual Al foil ion mills much more rapidly than the
adjacent Fe, sample preparation has been difficult, Nonetheless, it appears as though the
microstructure of these composites must be similar to that described for the Ni-Al materials.
That is, It probably consists of a thin, residual layer of Al surrounded by a narrow zone of
Fe3AI and/or a-Fe with Al in solution.

A first attempt to join thin sheets of stainless steel with Al Is illustrated in Fig, 2c.
To date, a square composite, 50 mm x 50 mm x 3 mm, has been fabricated that can be
sectioned without gross layer separation, Thin sectioning this composite into slices - 300
Aim thick is not possible, however, as the stresses generated cause the material to separate at
the steel-Al interfaces, As a result, TEM examination of this material has not yet been
possible.

Increasing the ratio of the thickness of the Al sheet to that of the staintess steel sheet
results in a composite in which the aluminide interface forms a significant portion of the
whole, An example of such a multilayer composite can be found in the scanning electron
microscope image of Fig, 4, A closer look at the intermnetallic regions of a thick AI.-Ti
composite using TEM indicates that it consists primarily of grains of Ai;T1Ti wet by an Al
boundary phase. Aluminum is present at all of the three- and four-grain Junctions within this
region, and likely wets most, if not all, of the two-grvin bondaries is well, An occasional
grain of TiAI is also observed, and is also wet by the Al boundary phase, In addition, there
are also A120 3 particles at the boundaries which were probably present on the starting Al
sheet, but which did not dissolve during the SIlS reaction,

Joining thin Al sheets to thicker metal (NI, Fe, and Ti) sheets iesults in a layered
composite which appears quite different from those in which the Al sheet is thick compared
to the metal. Several examples of thin Al/thick metal composites arc given in Fin, 5. Note
that all of the composites develop porosity in the join region, as is apparent iii greater detail
at the Ni-Al interface in Fig, 5b.

The results of microprobe analyses and milcrohardness measurements across the
interface regions for the NI-Al, TI-Al, and Fe-Al layered sheet material aie given in Fig, (I.
Microprobe data across the interface seem to suggest that a number of stoichlometric
intermetallic phases form as a result of the SHS reaction between the Al and the metal,
However, TEM analyses have indicated that this conclusion is not entirely corrcr.t,

layWl Powder and Sheet Compoite

An alternative to layering metal sheets to form composites Is to use either only
powders, or a combination of powder and sheet, to make a commposite, The advantages of
using powders are many, among them the ability to make complicated (i.e., not purely
rectangular) shapes, to nse low-cost starting components, and to design the properties of the
layered composite through judicious selection of layer composition, thickness and location,

A number of TIAI matrix composites with strengthening dispersoids have been
produced at the fluretu of Mines using the p('wder-sheet method. Figure 7 show3 a
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Fig. 5. SHS Ni-Al layered composite showing porosity (a) low magnification and (b)
high magnification.
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schematic representation of the composite design. These experiments have been initiated
with several goals in mindt First is to determine the feasibility of creating intermetallic-
ceramic composites with differing ceramic volume fraction, The second goal is to determine
which ceramic dispersoid is most effective in strengthening the TiA matrix, The third goal
of this study is to assess the microstructural features of the powder-sheet Interface and then
to finrd ways to optimize them.

Figure 8 shows a typical Interface that develops between SHS-processed powder and
shemt, In almust all instances, good bonding occurs between the TiAl powder mixture (both
Ti and Al powders < 325 mesh) and the Ti sheet. Some porosity forms, but it is 'elt that
this Is more a result of the SHS reaction in the powder, than the SHS interaction between
powder and sheet, and can probably be eliminated with the appropriate processing steps.
When the material is given a significant post-SHS heat treatment, the interface shows
evidence of interdiffusion and directional phase growth (Fig. 9),

UTILIZATION OF TECHNOLOGY--APPLICATIONS

The SHS joining process has many exciting potential applications, a few of which are
listed below:

(1) Inexpensive means of producing engineered outer surfaces of varying thicknesses,
with designable mechanical, physical, or chemical properties, on low-cost base
metals.

(2) Efficient way of applying thin, well-bonded, multi-phase, i.e., metallic, intermetallic,
or ceramic, layers to the surface of a homogeneous material.

(3) Procss technique which can produce bulk, noti-Isotropic properties in materials.
(4) Tcthnique for developing functionally-gradient interfaces between dissimilar

materials.
(5) Me"ns or joining similar or dissimilar materials,
(6) Low cost method of providing a variety of engineered, protective surfaces (e.g.,

corrosion or oxidation resistant) to a single substrate,

POTENTIAL AVENUES OF RESEARCH

Several innovative research possibilities iray make use of SHS process technology,
and warrant further investigation, For example, vacuum rolling technology might be used to
densify layered structures following SHS (thermal explosion) ioactions, Laminated
structures, i.e., foils/sheets or foils/sheetb, plus powders (with or without cladding), can be
heated in a vacuum furnace until thermal explosion is initiated. The layered composite can
then be quickly transferred to rolls for bonding/densifica lion. Ideally, cladding will not be
necessary and a relatively good vacuum (10"3 to 10"4 Pa) will prevent gas entrapment during
densification. This technique has potential to internally-bond complex layei'ed structures such
as lightweight structural components made of, for example, honeycomb material sandwiched
between continuous metal sheets.

A second avenue of research might be Into the feasibility of using SHS to join metals
to ceramics, In this technique, the design of the metal-ceramic Interface will be critical in
order to avoid the creation of large thermal expansion nismatch stresses, A continuous
compositional gradient from metal to ceranic would seemingly offer th. greatest potential for
success. SHS might also provide a means of joining netals to "conductive" ceramics for
electrical applications at elevated temperatures.
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Fig, 9. SEM of powder interface region showing directional solidification and growth
froml the grain boundary due to post-SHS heat treatment.

Still another potential use for SHS processing is in the incorporation of continuous
fibers, both metal and ceramic, into layernd structures, Similarly, two- or three-dimensional
woven fabrics might also be used to form composites through SIS, A key goal in such a
6tudy will be to obtain fully-dense composites without significant fiber degradation,

SUMMARY

Research at the Bureau of Mines has concentrated on using SHS technology to make
many different types of layered and dispersed phase composites, In the course of the
research, techniques have been developed which allow the SHS technique to be applied to
joining and coating of materials. The Bureau will continue to explore potential research
avenues as described above, in an etftbrt to develop low-cost process and joining technology,
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REACTION PROCESSING AND PROPERTIES OF SiC-TO-SiC JOINTS

B. H. RABIN AND G. A, MOORE

Idaho National Engineering Laboratory, P.O. Box 1625, Idaho Falls, ID 83415-2218

ABSTRACT

Reaction processing methods have been developed for fabricating SiC-to-SiC joints
that can be used in elevated temperature applications. Processing steps include tape casting
thin sheet SiC+C interlayer precursors, clamping the tape between the ceramic parts, providing
a source of Si adjacent to the joint, and heating above the melting point of Si in argon. Molten
Si infiltrates the tape via capillary action forming a reaction bonded silicon carbide (RBSC)
interlayer and simultaneously joining the ceramic parts, Four-point bending strength and
fracture toughness of joined pressureless sintered a-SiC test specimens have been evaluated at
room and elevated temperatures, At low temperatures the joint mechanical properties were
comparable to those reported for bulk SiC, while at elevated temperatures the joint properties
were characteristic of the RBSC interlayer,

INTRODUCTION

SiC ceramics and SiC-matix composites have considerable potential as elevated
peratue structural materials in fossil energ, applications. It is widely recognized thatonn methods are needed for these materials to allow the fabrication of ag thatmle

oin i B!h en d do 
large or complexshaped parts, and the integration of structural components into existing systems. Althoughconsiderable efforts have been devoted to understanding the processing, microstrctures and

properties of SIC-based materials, joining remains largely an unresolved issue, Ideally, joinedcomponents should exhibit mechanical properties and environmental resistance comparable to
the base material, and the joining methods should bepractical, reliable, and cost effective.Reported techniques for joining SiC including direct diffusit bonding [1,2]; co-
densification of interlayer and green bodins [31; diffusion welding or brazing with boride,
carbide and silicide interlayers (1]; hot pressing of sinterable SiC powder (41; bonding inith
polymericprecurors [5]; brazing with oxide [6a or oxynitride materials [71; solid state reactive
metal bonding 18]; active v9] or traditional (10] metal brazing; andpressurized combustion
reactions (111, Unfortunately, none of these methods completely satisfy the criteria mentioned
above. Direct diffusion bonding and hot pressing with ceramic powder or reactive metal

interlayers can yield suitable properties; however, the need for high processing temperatures
(e.g. >1650'C) and/or high pressure equipment makes them somewhat impractical. Polymeric
precursor or vitreous interlayers provide inadequate maturial properties. Metallic brazing has
received considerable recent attention since processing is attractive and Idgh joint strengths
can be achieved, Unfortunately, such joints are limited to low service :mperatures by the
metal constituent, thus eliminating one of the key advantages of utilizing, :ramic materials.

The formation of joints by reaction processing is attractive since the thermoelastic
properties of the interlayer are very close to those of SiC and excellent mechanical properties
can be achieved, Furthermore, as with brazing, external pressure is not required, thus making
the process inexpensive and practical compared to other joining methods, Reaction bonded
interlayers have previously been used to join bulk RBSC [121, More recently, investigations
demonstrated the success of this approach for joining dense SiC and SiC/SiC composites
[13-151. This paper briefly describes the reaction processing method as applied to the joining
of a commercial pressureless sintered a-SiC. A typical joint microstructure is shown, and the
results of mechanical property assessments are presented.

EXPERIMENTAL

Joining experiments were carried out using a commercial pressureless sinteowd a-SiC
(Hexalloy SA, The Carborundum Company, Niagara Falls, NY) in the form of rectangular bars
12 x 12 x 25 mm. Prior to joining, the specimen surfaces were prepared by hand lapping with
6 pnm diamond, followed by ultrasonic cleaning in acetone and rinsing in alcohol,

Precursor interlayer materials were prepared by tape casting mixtures of SiC and
graphite powders. The materiels and amounts used in the tape casting formulation are listed in
Table I, The ratio of SiC:C was 2:1, A polysorbate surfactant was found to be effective for

Mal, Rem, Boo. Syrup. Proc. Vol, 314. 1993 Materials Research Soolety
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stabilizing the slurry, allowing a stable homogeneous mixture of SiC+C to be produced using a
relatively simple ultrasonic dispersion treatment rather than extensive bull milling as is
common in slurry preparation, Dc-airng was carried out by continuous stirring under a partial
vacuum to avoid the formation of dried agl~lomirates, prevent migration and segregation of the
C, and achieve the desired slurry viscosity prior to tape casting. To increase the powder
packing within the as-cast tapes, a mixture of two different SIC particle sizes was used.

Tape casting using an adjustable doctor blade allowed green sheets to be produced with
thicknesses typically in the range of 0.05 to 0,20 mm, Pieces of tape were then cut to the
desired size and shape, placed between two pieces of SiC, and held firmly in place using a
simple threaded graphite jig. A small lump of silicon was placed near the joint, the assembly
was heated at -20C in1 under flowing argon to -1450*C, and the temperature was held for
30 min to allow infiltration and reaction bonding to occur. The completely assembled joining
jig just prior to furnace heating is shown in Figure 1.

Table 1. Tape Costing Formulation
amount,

material type/vendor wt%
li -35 mesh, 99%, Corac Inc,, Miwauke cc

m. M Hem nn C otrc, Ics German T1
ent Q uantum hemical Corp., Tuscola, IL--

solvent Moueno, Fsher scientific, Fair Lawn, NJ 1.
binder Ethocel 'Stvndnrd", DOW chemical Co., Midliand, Ml Tr

p~~ciz gyc isher scientific, Fair Lawny WIJ
Srant JTween 4U, lCI Americas, Inc., Wilmington, DE T

SI+0 tape

graphite Jil

sici
Sl+

1.0 Cm

Figure 1, Macrophotograph showing the experimental arrangement used to produce
SiC-to-SiC joints by reaction processing.

After joining, specimens were sectioned and polished for microscopic examination,
Standard bend bars having dimensions of 3 x 4 x 50 mm were prepared by surface grinding,
The edges were beveled, and the surfaces were polished to a 12 gm finish, Strength and
fracture toughness were measured In four-point bending with spans of 20 and 40 mm using a
crosshead speed of 0.13 mm min- t . Fracture toughness was determined using the single-edge
notched beam (SENB) method in which a 0,16 mm wide x 1,0 mm deep notch was cut as close
as possible to the center of the joint using a high speed saw, The notch tip radius was
estimated to be -75 gm by microscopic examination. Fracture toughness, Kic, was calculated
according to the formula

K1, - mwr~ 11Y(a/h) (1)
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where a is the maximum stress, a is the notch depth, h is the specimen height, and Y(a/h) is a
known geometry function [16], Elevated temperature tests were peiformed in air. Specimens
were heated to the desired temperature at a rate of -20'C min-r, and held for 10 min prior to
testing. A minimum of 8 specimens were tested for each condition, and the average values and
standard deviations were determined,

RESULTS AND DISCUSSION

Bulk commercial RBSC is produced by capillary infiltration of molten silicen into
compacts containing SIC and C. The processing, microstructures, and propurties of these
materials have been studied extensively [17-23], Typical commercial RBSC ceramics ame near
full density composites consisting of 85 to 90 vol% of SIC and 5 to 15 vol% of free Si. The
joint interlayers fabricated in this work exhibited similar microstruetures, as shown in Figure
2. The joint interlayer thickness was approximately the same as the thickness of the original
tape, about 150 jim in the case of Figure 2a. Complete infiltration of the interlayer usually
occurred, and in most cases the interlayer material exhibited fewer and smaller defects thpt
what was typically observed in the SiC. Occasionally, large porosity defects were observed in
the joints; these were believed to originate from defects within the as-cast tapes. Figure 2b
shows a higher magnification view of the interface between the interlayer material and the SiC.
Note the continuous SiC grain structure that has apparently formed across much of the
interface,

ml.. 1W

Figure 2. Typical microstructure of a SiC-to-SIC joint bonded with a RBSC interlayer
fabricated by I Infiltration of SiC+C tape cast precursors. Optical micrograph in (a) and
higher magnification view of the SIC/RB SC interface in (b).

... I.J .................
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Tape casting offers several advantages for fabricating joining precursor materials from
powder mxtures. This approach allows the production of high quality, uniform and controlled
thickness tapes, thus providing a simple means for adjusting joint interlayer thickness. Once
formed, the tapes can be stored indefinitely and are easy to handle, Furthermore, because the
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Figure 3, Four-point bending strength of SiC-to-SiC joints bonded with RBSC as a function of
tes temperature.
tapes are flexible, they can be cut into various shapes and molded to allow the joining of
curved surfaces and complex-shaped parts.

The results of four-point bend strength testing are shown in Figure 3, The average
room temperature strength was 327 MPa, comparable to the strength reported in the literature
for bulk pressureless sintered a-SiC [24-281, The strength increased very slightly with
increasing test ternerature up to 1200WC, At 1400C the strength decreased significantly to an
average of 208 MPa. The reduction in joint strength at this temperature is characteristic of
RBSC wherein the SI phase softens appreciably a pproaches its melting point (i e. 141 C)
[19-21J, Above the melting point of Si the RBSC materials still retain some strength as a
result of the continuous network of SiC grains within the microstructure.

The failure probabilities were calculated for sets of specimens tested at room
temperature and 1200'C; the resulting Weibull distribution plots are shown In Figure 4. The
Weibull modulus, m, was calculated for each data sot giving i-5 and m=7 for room
temperature and 1200'C tests, respectively. An increase in Weibull modulus with testing
temperature has previously been observed for SiC, although the values obtained for the joined
specimens were slightly lower than the values reported in the literature for bulk pressureless
sinte ed a-SiC [28], In almost all cases, fracture occurred either within the joint inierlayer or
within the a-SiC adjacent to the joint; few interface failures were ever observed,

The results of fracture toughness measurements using SEND specimens tested in four-
point bending are summarized in Figure 5, In all cases the load.deflection curves were linear
up to the point of failure, At room temperature KIg was calculated to be 2,8 MPansl/2, This
value is similar to the toughness values reported In the literature for bulk SIC [26 29-3 1] The
joint toughness remained constant at 600'C, but Increased si nificantl at higher testing
temperatures. The effective Klo values calculated oT 100 and 1OT 40 tests were
-7 MPa-ml/ 2, This behavior can be explained based on the presence of free Si in the joints.
The compressive flow stress of Si is known to decrease markidly above -800'C, allowing for
increased plamticity and crack-tip blunting at higher testing temperatures [32], Such an effect
has prviously been observed in studies on the elevated temperature fracture behavior of bulk
SiSlC materials [19,20t Evidence of plasticity can be readily observed on the fracture
surface, as Illustrated in Figure 6, which compares the fracture morphology observed at room
temperature with that typically seen at 1200 C. As in the strength tests, most failures were
observed to take place by crack propagation within thejoint interlayer. In some specimens, the
notch was not centered exactly on the joint region and occasinnal failures within the base
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Figuie 4, Welbull plots showing the strength distributions for the sets of specimens tested at
room temperature and at 1200'C

ceramic occurred, It was also observed in most cases when cracks initiated at the SIC/RBSC
interface they were diverted away from the interface and into either the interlayer or base
ceramic. In a few specimens, crack initiation occurred either in the interlayer or base ceramic
and traversed the interface, entering the other material, These observations all indicate the
formation of a very strong interface during joining. Under such circumstances, the failure
mode was determined solely by the local toughness values of the interlayer and SIC materials,
as determined by the flaw distribution within the region of the joint,

In both strength and fracture toughness tests, failures were occasionally observed to
occur entirely within the base ceramic adjacent to the joint, Nevertheless, the overall results
indicate that the strength and toughness of joined specimens are controlled primarily by the
properties of the RBSC interlayer, particularly at elevated temperatures. The potential
therefore exists to improve the elevated temperature joint properties by altering the RBSC

c.SICRBS n.-6SIC Joints
8 single-edge notched beam

four-point bandng e/"

4 js

4- 
1

0 400 800 1200 1600

temperju re, 'C

Figure 5, SENB fracture toughness for SiC-to-SiC joints bonded with RBSC as a function of
test temperature.

microstructure, For example, it has been shown that by infiltrating with alloyed Si-Mo melts,
it is possible to produce reaction bonded SiC-MoS2 composites, containing little or no free SI,
that exhibit superior elevated tem perature capabilities [33,341, Such an approach has been
used to produce SIC-MoSi2 joint tnterlayers, although property measurements have not yet
been carried out [ 151.
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(a)

(b)

Figure 6, Scanning electron micrographs showing the morphology of joint fracture surfaces
for specimens tested at (u) room temperature, and (b) 1200'C,

In order to further illustrate the utility of this joining method, several additional
experiments have been carried out. For example, it has been successfully demonstrated that
the method can bu applied to join SiC (Nicalon®) fiber-reinforced SiC matrix composites
produced by a chemical vapor infiltration (CVI) [13,151. Joint microstructures were
essentially identical to that shown in Figure 2, however, since the CVI composites typically
contained about 15 vol% porosity, infiltration of free Si into the pores of the composite
occurred within the joint iegion, Other than requiring the use of a larger than usual lump of Si
to ensure complete filling of the joint, the presence of Si in the composite is believed not to be
detrimental,

Another series of experiments were Intended to illustrate that joining can be
accomplished using localized external heating rather than furnace heating, This is important
for the ability to join very large components and for providing a means to conduct joining or
repair work in the field, Although several methods are available for localized external heating
(e.g. microwave, laser, etc.), the initial experiments were conducted using RF induction
heating. The assembled graphite jig (Figure I) was placed inside an induction coil such that
only the joint was heated to tho max tirauru oining) temperature. The joint microstructure was
again similar to that shown in Figure 2. Using this heating method it would be possible to join,
for example, long SiC heat exchanger tubes, The only requirement is that intimate contact be
maintained between the joining surfaces, Although a graphite jig was used in this case, it
would be possible to use a simple mechanical clamping device, since only the joint region is
heated,
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SUMMARY

Reaction processing methods have been developed and applied to the fabrication of
SiC-to-SIC joints for potential use at elevated temperatures. The microstructure and properties
of joined ceramics have been characterized usin; a commercial sintered ,-SiC as a model
system. The strength and fracture toughness of joined specimens were found to be controlled
primarily by the properties of the RBSC interlayer, and were comparable to or higher than
those reported for bulk SiC for testing temperatures approaching 1400TC The joining
technique was shown to be applicable to other SiC-basedceramics and provides a practical
means for joining large or complex-shaped parts.
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ABSTRACT

Adhesion of metal films to carbon-carbon composite materials is a problem when using
conventional techniques such as sputter deposition, Metal plasma irnmerskon Ion implantation
is a novel technique which in combination with metal plasma deposition can produce metal-to-
composite bonding with very good adhesion characteristics; The substrate is immersed in a
metal plasma which is produced by a pulsed vacuum arc, When the substrate is biased to high
negative voltage the metal ions arc accelerated toward and implanted into the substrate, A
Srepetitively pulsed bias (pas pulses) is used to avoid arcing and other deleterious effects,
Between h~gh voltage pulses, metal plasma is deposited onto the surface with an energy typical
of vacuum arcs, about 50-o100 eV The underlying idea of this mixed implantation-epostion
technqum is the formation of an extended subItrate-film intermixed layer We have
demonstrated the technique for nickel films on carbon-carbon composite materials.

INTRODUCTION

Carbon-carbon materials are composites which can be made in a variety of forms such as
sheets, tows, tapes or woven cloth, Because of their diversity they can be easily tailored to
meet the requirements of specific applications. Carbon-carbon composites are used for
structnral application since they exhibit high strength and high thermal and chemical stability in
an inert environment, and they maintain their strength at high temperatures up to 3000 K [ 11.
Application of carbon-carbon materials has been restricted by the low oxidation resistance at
high temperatures in an oxidizing environment, The protection of these materials from
oxidation or penetration by moisture hits been a major problem because the formation of reliable
protective coatings which can resist the high temperatures is difficult. Different techniques
including sputtering, chemical vapor deposition, painting or spraying have been used to apply
protective coatings which usually consist of several layers since the primary oxidat on
protection film (e.g. SIC) develops cracks due to the mismatch in thermal expansion between
substrate and film [21. For example, SIC is used as an oxidation barrier with silicon or boron
doped glass sealantF on top to fill the crarks caused by the mechanical mismatch of the SIC film
and the carbon-carbon substrat., Another structure consisting of pyrolytic carbon for
mechanical compatibility, SiC for carbon diffusion protection and AI203 as an oxidation
barrier, has bee.n tested as a protective coating for carbon-carbon [31,

The application of carbon-carbon materials for aircraft requires furthermore a high
electrical conductivity to reduce damage caused by lightning impact. Metallic overcoats are one
possible solution, but the standard coating techniques such as sputtering are plagued by the
problem of poor film adhesion, Metallic coatings could also prevent the carbon-carbon material
from oxidation and moisture if the films were continuous and sufficiently thick.

In the present paper we describe a technique of combind plasma immersion implantatiou
and deposition, using vacuum arc plasma sources, to form metal films with superior adhesion
to carbon-carbon composite materials, This method has been applied successfully to form
films with good adhesion to various substrates, such as metal on metal and ceramics on metal
(4]. Here we describe our first results for metal bonding to carbon-carbon substrates,

Met, t., Soc. Symp, Proc. Vol. 314. 0193 Materials Research Society
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EXPERIMENTAL

The carbon-carbon composite material used as a substrate in this investigation was made
from carbon fibers impregnated in an epoxy resin mat-ix to form a two-dimensional mat, The
material had a mass density of 1.8 g/m 3. The samples were cleaned prior to deposition by
ethanol.

The metal plasma for the deposition was produced by small plasma sources based on
vacuum arc discharges (5], The plasma formed at the cathode of a vacuum arc discharge
expanded through the hollow anode and was focused by an axial magnetic field around the
electrode arrangement [6].

The deposition was carried out in two phases. The aim of the first phase was to produce
a well intermixed layer between the carbon-carbop substrate and the metal film, so providing
very good adhesion of the film to the substrate. For this purpose, one of the plasma sources
was combined with a magnetic filter to prevent contamination of the first part of the film by
macroparticles (droplets of micrometer size which are produced at the cathode along with the
plasma), The substrate was exposed to the metal plasma and pulse biased to a negative voltage
of -2 kV to accelerate the ions to the substrate and implant them with an energy that is given by
the accelerating voltage and the ion charge state, For vacuum arc plasmas, the mean ion charge
state is between I and 3 depending on the cathode material, Wa have chosen Ni for our first
tests which has a mean ion charge state of 1.8 [71, A film of about several hundred angstroms
was produced that showed a broad Intermixing between the Ni film and the carbon-carbon
substrate.

In the second phase, a 1 4rm thick metal film was deposited on top of that intermixed
layer using a second plasma source, without magnetic filter to obtain a high deposition rate. In
this phase the substrate was not biased and the ions were deposited upon the substrate with an
energy of about 50 eV, which is typical for vacuum arc plasmas [8]. A schematic of the
arrangement is shown in Fig. 1,

Ni source without filter

rotatable
feedthrough _ _ _ _ _

==- - substrate holder

Ni source with filter

vacuum chamber

Fig. 1: Schematic of the implantatior0deposition arrangement.

.... .......
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RESULTS

The films were investigated by Auger Electron Spectroscopy (AES), and the broad
intermixing between the substrate and the film of thickness several hundred angstroms was
confirmed, Fig. 2 shows the AES spectrum of a film after the first phase of the process (metal
plasma Immersion Ion Implantation).

100 " .... ..... ... . ... . .... .... .....

8 0

Oarl on-ci rbon

6 0 

. .
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0

2 0 ! ............. .......... .... ............... ..... ...... .... ........... ............. ... ..............

......0 .......... ... ..

0 200 400 600 800

depth (A)

Fig. 2: AES spectrum of a Ni film intermixed into the carbon-carbon substrate after the first
phase of the deposition process (metal plasma immersion ion implantation).

The adhesion was first qualitatively tested by the usual tape test using "Scotch Magic
Tape No. 810". It was found to be very good; the film could not be removed. In a pull test it
was found that the adhesion exceeded 9800 psi (6.8 x 107 N/m2 ). The pull test was done in a
Sebastian Pull Tester where the sample is mounted on a test platter and i stud is bonded to the
coating surface at one end. The other end of the stud is then inserted into the tester. The test
measures the strength required to lift the coating off the substrate. Further tests were
peiformed to analyze the moisture protection of the carbon-carbon material by the Ni films.
For this purpose the samples were placed In an environmental chamber where the temperature
was varied between room temperature and 100 "C and the humidity between 50 and 100 %.
respectively. No peeling of the coating or cracks in the coating were obseived.

The high ion energy elevates te temperature of the sample during deposition. This leads
to outassing of the substrate. When depositing on all sides of a carbon-carbon material,
blistering of the film can occur. Interestingly, the film did not simply peal off from thesubstrate in this case but the substrate structure itself was destroyed. Possible ways to solvethis problem tare preheating of the substrate in vacuum prior to deposition or strong cooling ofthe sa hOple during deposition, or both.

re e 0 0 a L te cotin wer "v
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CONCLUSIONS

Plasma imnersion implantation is a nov-l technique for coating and bonding of carbon-
carbon composite materials, providing films with excellent adhesion to the substrate by forming
n broad intermixed layer between the carbon-carbon substrate and the film, Any solid metal can
be implanted and deposited by the vacuum arm deposition technique described, and chemical
compounds Such As nitrides or oxides can also be formed by adding gas to the deposition
process [4]. Structures of snveral layers can bo formed also by grouping several plasma
sources with different cathode muterials [9], By viir-ying the biasing of the substrate the
intermixed layers can be tailored over a broad range of parameters, The juperlor adhesion of
the films and the great variety of possible. coatings makes this method a promising tool for
protection of carbon-carbon against oxidation and moisture penetration as well as for the
formation of conductive or base films on catbon-carbon composite material for further
coatings.
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ABSTRACT

A now process for joining Al to stainless steel has bern established by using pressure
casting of Al in air. Blocks of AISI type 304 austenitic stainless steel to be joined were
placed in a mold and were preheated at 450 °C -600 °C in air. Molten Al was poured
into the mold and a pressure of 50 MPa was applied immediately. Stainlem steel was
tightly bonded to Al by the present process, At the optimum preheating condition, the
interface strength was higher than that of Al and fracture did not occur at the inter-
face. At the interface, an intermetallic compound layer was formed, and it was
analyzed by TEM. Because this process can be carried out in air by casting of Al, the
process has a potential for the maw-production of Al/tainles steel joints or clads,

INTRODUCTION

Al alloys have been expanding their uses in industrial fields primarily because of
their light woight character. In many applications, Al alloys are combined with other
materials and then joining technology becomes one of the major concerns, Joining A]
alloys to dissimilar materials primarily has two difficulties, One is the presence of a
stable oxide film on Al alloys. The Al oxide film prevents obtaining good wetting
between Al alloys and brazing fillers or materials to be joined, A certain activation
treatment of the Al alloy surface is required before joining, The other problem is high
reactivity of Al alloys. Once the stable oxide is removed from the interface, Al alloys
severely react with most metallic materials at elevated temperature and form brittle
intermetallic compounds at interfaces,

As the mating metals with Al alloys, low alloy steels and stainless steels are two
of the most important materials because they have Ien used for most structural
components in commercial fields. Joining Al alloys to steels/stainless steels Is not so
easy because or the same reason mentioned above, By brazing or by solid-state
bonding, the formation of a thick intermetallic compound layer prevents getting a sound
joint. Friction welding and explosive welding are two of the successful methods but
they have critical limitations such as limited dimension or as specific joining skill.
Then the present woek shows the new joining technique to bond Al and stainless steels
by a simple method. The method utilizes squeeze casting of Al alloys, a method that
is widely used as the mass-production of metallic components in industries. In the
present method, liquid Al is cast and joined with mating materials.

EXPERIMENTAL PROCEDURF,

Materials

The stainless steel used was a commercial AISI type 304 austenitic stainless steel
(Fe-18wtCr-8wt%Nl), Hereafter, this alloy is simply called 304 steel, The rod of 20
mm diameter x 15 mm high was prepared and one end became the face to be bonded.
This face was finished with 400 mesh abrasive paper. The rod was washed ultrasoni.

Met. Res, Soc. Symp. Proc. Vol. 314. 60993 Materials Research Society
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cally In acetone and then the surface not to be bonded was coated with BN powder,
The Al used was commercial JISl00 (99.6 wt% pure). Blocks of 304 steel and Si5 n4
of 15 mm x 20 mm x 20 mm were also used for joining trials.

Cast bonding

The set-up for the cast bonding is schematically illustrated in Fig,. The 304 steel
rod and the mold were preheated at 460 IC - 600 'C, Two types ofjoining constructions
were examined, which are shown in the figure as Type A and Type B. The 304 steel
rod was put in the mold and, immediately, Al melt was poured into the mold, Then a
pressure of 60 MPa was applied.
The whole process was carried out
in air. By the present method, the
surface stable oxide of Al liquid is P
broken under pressure and, further. -Plne

more, the reaction between Al and Plunger
the steel finishes within a very Mold Heater
short period because Al liquid solid-

ifles within one minute under pres. - _

sure, Thus, if the casting condition
is appropriately selected, good inter-
face bonding can be achieved even Al
in oxidizing atmosphere, Because . - .-
the squeeze cast process itself Is
widely applicable for the maess-pro. SIJN4 3
duction of structural components, StN 304

the present joining method can be
an economic joining method,

Several trial joints such as the
304 steel/6061 alloy, the 304 Type A Type B

steel/6061 matrix composite and the
304 steel/AliSi3 N4 were also made / ////////// ',/////// 7/
by the present method,

Fig.1 Schematic Illustration of cast bonding.
Evaluation

Joints were cut from cast joined ingots, Tensile specimens had a cros section of
1 mm thick x 4 mm wide, Bending bars having 3 mm x 3 mm square cross-section
were also prepared. The croshead speed was 0,5 ms/min for both tests and the teats
were carried out tt room temperature.

The microstructure was observed by SEM, EPMA and TEM. The TEM specimen
was made by mechanical thinning followed by Ar ion thinning. The TEM used was a
JEM200CX operated at 200 kV.

RESULTS AND DISCUSSION

Strength of interface

Table 1 summarizes the tensile strength of the 304 steel/Al joints (type A) varying
the preheating temperature and the appearances of the joint fracture, All joint had a
strength higher than the yield stress of pure Al and showed some plastic deformation
before fracture. When the preheating temperature of the mold was low, eg., 450 0C,
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the joint strength became high and fracture occurred not at the interface but In Al, The
affect of the preheating temperature on strength Is ascribed to the resulting thickness
of the intermetallic reaction layer mentioned in the next subsection. Table 1 also
summarized the measured thickness of the reaction layer, As the thickness of the
reaction layer increased, the strength of the joint decreased, It can be said that the
Interface strength In higher than 70 MPa in the optimized joining condition, On the
other hand, when the preheating temperature was high, the strength decreased and
fracture occurred at the interface after a little plastic deformation in Al because of the
formation of a thick reaction layer,

Table 1, Strength of joints and fracture positions,

MT:450°C MT 450°C MT:550'C
ST :550 °C ST 600 OC ST 500 °C

Tonsile strength > 70 66 40
(MPa)

Fracture position In Al 304/Al 304/AI
interface Interfaco

Reaction layer 4 10 20
thickness (gm)
Mold temperature, Sr: 3U4 steel temperature

Interface microtructure

In every case a reaction layer was found at the interface, The total thickness of the
reaction layer Is also listed in Table 1, When fracture occurred near the interface,
cracking proceeded near the 304 steel/reaction layer interface, not in the central region
of the reaction layer.

AFe 2idlyer ...A.Ni /

-Cr ,

Ird.layer

60 40 20 0 20 40 60

Distance from interface (pIm)

Pig.2 SEM photograph and EPMA line analysis of 304 steel/Al interface, Temperatures
of the mold and 304 steel were 550C and 500C, respectively.
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Fig.2 shows a SEM photograph and EPMA line analysis across the interface, The
interface reaction layer consists of three distinct layers, The first layer, whioh is facing
the 304 steel is quite thin and was not distinguished by the line analysis., The second
layer was richer in Fe, Cr and Ni than the third layer, which is an the Al aide,

Since the first layer in quite thin, EDX quantitative analysis also does not have any
meaning on the layer, Then, reaction promoted by dipping the 304 steel rod in Al
liquid heated at 800 °C for 30 min, The reaction layers grew to be more than 80 pm
thick as the total thickness. The third layer was not the monolithic compound but Al
with a fine particle dispersion. The particles ha6 similar compositions as the second
layer, Quantitative analysis by EDX on the first and the second reaction layers is
summarized in Table 2. The composition of the first layer is expressed approximately
as (Fe,Cr,Ni)Al 23. . Similar expression of the second layer is (Fe,Cr,Ni)A8. 131 No
macroscopic di son layer is observed either in the steel or in the Al,

Tabin 2. Typical composition of reaction layers determined by EDX (at%).

Elements Fe Cr Ni Al

lot. layer 23.0 5,2 3,1 68,7

2nd, layer 3,5 1.5 1.7 93,3

Fig.3 shows a THIM photograph of the 304 steel/AI interface. The thickness of the
first reaction is approximately 0.1 pm. From electron diffraction, this layer has an
FeAIS (orthorhombic) crystal structure. Thus, combined with the quantitative analysis,
the first layer is determined as FeAla compound containing Cr and Ni, The identifica-
tion of the second layor is now under examination,

The Joint with a thinner reaction layer had higher strength. It was reported that
the strength of the pure iron/Al Joint decreased with increasing thickness of the reaction
layer', Also in the present case, the higher strength was achieved for the thinner
reaction layer, Then it is required to choose the appropriate casting conditions to
,'itml thn thickness of the reaction layer.

Fig.3 TEM photograph of 304 steel/Al interface. Temperatures of 304 steel and mold
were 550 'C and 450 °C, respectively.
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Joining 304 steel to 6061 alloy and to 6061 matrix com ooete

6061 alloy and 6061 matrix composite reinforced with 20 vol% I T4 0. whisker
were also joined to 804 steel successully by the cast bonding method, i e joining
structure was the sandwich structure (type B) of 304 steel/6061 or its omposite/304
steel, The thickness of the center layer was 2 mm, Table 3 summarizes the strength
data of the joints, Both joints have excellent strengths. T6-treated 6061 alloy had a
strength of 280 MPa and then the joint achieved approximately 71 % of the parent
materials' strength, The strength of 6061 matrix composite is 350 MPa and this joint
strength reached 88 % strength of the parent materials,

Table 3, Joint strength of 304 steel/6061 alloy and 304 steel/6063
composite with 20 vol% KT0 1 3 whisker. Both were heat.
treated under T6 cwndition,

Joints 304 steel/ 304 steel/
6061 alloy 6061 composita

Tensile strength (MPa) 197 310

Fracture position Interface Interface

Fig,4 shows one of the trial joints
of 304 steel and 6061 alloy, where the
bond face had some curvature, One of 001 aloy
the benefits of the present joining
method Is to make a tight interface
even if the bond face Is not flat, Any
kind of joining shapes can become
possible, Furthermore, the size limita-
tion is less serious compared with - '
explosive welding and with friction
welding, It only depends on the size
of the squeeze casting mold and, to the
authors knowledge, squeeze casting of SON allo
Al ham produced components larger
than 100 cm in diameter,

Fig.4 304 steel/6061 alloy joint having
Jo.g.304 steel to SjiN with Al a curved bond face.
Interlavur

Joining ceramics to metals require. a certain kind of an interlayer to accommodate
thermal expansion mismatch between the two constituents, SISN4 is one of the most
difficult ceramics to be joined with metals because of its extremely low thermal
expansion coefficient. Several types of interlayer structure have been developed for
such joining system, A soft metal layer, which can reduce thermal stres by elastic-
plastic deformation, is one of the effective methods to reduce thermal stress near the
interface, Al has been frequently used a. the soft metal interlayer and successful
results were obtained for many joining systems 23 ,4. Then, in the present work,
Si N4/A1/304 steel joining was performed by the cast joining method of type B. Al is
infiltrated into the gap between SiN 4 and the steel and becomes the soft metal
interlayer. The distance between the two constituents was set to be 1 mm, a thickness
which is thought to be effective to compensate thermal expansion mismatch between
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ceramics and metals. The pre-
heating temperature of the SiN/AI/304
specimen was 600 OC. This
temperature was determined
by two reasons, When S1N .,
contacts with Al liquid at 800
°C, Si N will suffer from
thermal stock, The tempera.
ture difference between SiN 4
and Al must be within the
heat shook resistance. On the
other hand, the excess in- ....
crease of the preheating '

temperature decreases the '

strength of the interface of Fig,5 Si.N 4/AI/304 joint and various bending bars,
304 steel/Al as shown in
Table 2. The other joining conditions were the same as for the 304 steel/Al system,
Fig.5 shows the Si3N4/AI/304 steel joint and the bending bars of S13N4/AI/AI/SItN 4 , 304
steel/A1/304 steel and Si3N/Al/304 steel,

Table 4 summarizes the four point bending strength of these joints, All joints
fractured after plastic deformati-)n in the Al layer, Then it can be said that the
strengths of the interfaces are higher than the yield stress of Al, However, the
preheating condition of the steel was too high for the 304 steel/Al joining, The
intermetallic compound layer grew thicker than 10 lim. To prevent the growth of the
reaction layer in such a joining system, a certain kind of surface treatment of the steel
may be needed,

Table 4. Four point bending results of various joints,

SiqN4/Al/SI.NA 304/AI/304 SiSN4/Al/304

Strength (MPa) > 125 > 94 > 103

Fracture SiSN /At 304/Al 304/Al
position interface interface interface

CONCLUSION

The present work concentrated on a new joining technique of Al alloys to stainless
steels utilizing squeeze casting ofAl alloys, Several trials were successfully performed,
In the optimized case, the interface reaction layer became thin, reoulting in an interface
strength beyond the parent body strength, In such a case, the interface did not flacture
by tensile testing, Because the squeeze casting method has been widely used for man.
production of Al products, this process has great potential for joining Al alloys to
stainless atels In commercial fields,
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A NOVEL BRAZING TECHNIQUE FOR ALUMINUM AND OTHER METALS

ROLAND S, TIMSIT' AND Uj.JANEWAY-

'Alcan International Ltd,, Kingston R&D Centre, Kingston, ON, Canada K7L 5L9

ABSTRACT
In the novel brazing technique, the aluminum components In the joint assembly are coated with a

powder mix consisting of elemental Si and a potassium fluoroalumlnate flux. During brazingat -600C In
nitrogen gas, the flux malts and removes the native Al 0 surface him from the coated aluminum
components, This action allows the silicon to diffuse Into thMauminum to generate Inzafta a layer of Al-Si
filler metal of eutecic composItlon.The liquid metal then flowsInto thejolnt and yleldsa mnetalluirgical bond
on cooling.

This brazingtechnique may be exploited with aluminum usinglIntermediary elements other than SiThe
technique may also be used for joining other metals,

INTRODUCTION
Recent years have witnessed an Increased reliance on niltrogen-furnace brazing for the joining of

aluminum heat-exchangers and air-conditioning condensers 11,21, This brazing technique requires thai one
ofthealumlnum componentsln a Joint beclad with filler material consisting ofan Al. SI aloy of near-eclectic

toaoion such as AA4045 or AA43431[3, These alloys are characterized by a molting temperature
[-7* 41 considerably lower than that of the core alloy (-660*C). Joining Is carried oUtat approximiatelySi 600*C Inthe presence of anon-corrosive flux, such as potassium fluorosluminate [1), to rermove notiva oxide

fiimsfrom thealumInum surfaces. At that temperature, the fillermetal melts and flows Into thejoint ioyield
a metallurgical bond on cooling.

The present work was motivated by the need to develop a brazing technique thaf obviates the use of clad
aluminum sheet, The novei technique reported In this paper fulfills tNis riquirement and has been used for
brazing alum inum /Cu, CU/ CU And CU/ brass In addition to aluminum /aluminum joints,

THE BRAZING PROCESS
In the novei brazing technique, at least one of the alu minu m surfaces is coated with s layer of a powder.

mix condaingofSi endsa flux capable of dissolvingsurface oxide films 151, as Illustrated in Fig. I(&). A non-
corrosive flux compatible with aluminum lv1,31 consists of a mixture of KAIP, and 1A1FW,- 1 Opowders in
a molar ratio of approximately 13:1 with a particle dimension of the order of I gm. Typlcal Arface coverages
by Si powder range fromn a few to several grams per square metre, depending on the joining application.
Considerably larger~l surface coveragesma biusd The weight railoof'Si to flux-powder varies typically
from -1:1 to01:3, Also depending. on the application. The 5i powder-particle diniensions may range from -I
to 100 rIm. Brazing is carried out by heating the joint at approximately 6WC In nitrogen gas at near-
atmospheric pressure for a time Interval of the order of one minuteDuring temperature ramp-u, the flux
melts at -5621C aud dissolves the surface oxide iayers on aluminum 16] es Illustrated In Fig, Ijb). Oxide
removal allows thesilicon particles to come into Intimate contact with the bare metal and diffuse Into it (Fig.
1(c)), At temperatures exceeding 5771C, the silicon diffuses rapidly into the aluminum to generate* j a
layer of Al-Si liquldalloy of eutectic composition (Pig, 1(d)). The filler metal penetrates the Joint of interest
bycarillerityaction and forms a fillet, thium producings. metallurgical bond on cooling. Some unuse filler
metl may remain on the aluminum surface to form a thin layer of Al-Si alloy of tivar-eutectic composition

(In. nd1 ra1e pl c)tin of the new brazing technique the entire joint Assembly lis coatled with the Si/
flux mix, generally b exposure to a slurry, in order tc, keep the application technique simple. Filler metal
I# thus formed from a I the contactlng surfaces. IHowever, excellent joint are aiso obta ined if only one surface
Insa joint ia coated with the brazing mix. This Is because the molten flux spreadsm rapidly across the joint to
remove oxide films from the mating surfaces, and sufficienit filler metal can be formed from onlyone surface
to yield a good metallurgical bon d. Because joints are formed through caplilarity flow of the filler metal,
brazing require-s only minimal contact force at the joint interface.

PROCEDURES AND RESULTS
The successful use of the novel brazing technique requires a uniform coating of Siflux powder on the

metal surfaces prior to brazing. Uniform coatings could be deposited by dipping Into a water- or alcohol-
based slurry after cleaning the surfaces chemically [71. The Si/flux weight ratio In the slurry was varied
between 1:2 and 1:3. Depending on the conceritration of olids In suspension. total surfacecoverageo by the
brazing mix ranging from 1Ito 801; m~couid easily be obtained on aluminum, After deposition, the coating

Mat. Res. So, Synip. Proe. Vol. 314, -1923 Materiats Research Society
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Si particle flux

bareid jjjsh
(a) 562"C < T < 5771C

(C)
I- liquid lqoy

flux liquid

T > 562"C T >577C
(b) (d)

r esiduu flux
oxide

room T
(e)

Figure 1. Successive steps In the novel brazing process:
(a) deposition of a SI/flux powder mix on the aluminum surface; the Si particle dimensions

range from -1 to 100 pm, the flux particle dimensions do not exceed -1 pm,
(b) melting of the flux at -562,C and dissolution of surface oxide films,
(c) at 562 0 T 477'C, solid-state diffusion o Si Into aluminum
d) tT>577C, rapid dissolution of Sil to form localized pools of filler metal of near-eutectic

compoition, followed by coalescence of liquid-metal pools,
(e) end of filler metal generation and solidification,

was dried in n circulating air oven,
In the work reported below, the efficacy of the brazing technique was assessed by assembling the test

components In the desired Joint configuration, heating the assembly in a nitrogen furnace at the selected
temperature fora time Interval not exceedingtwo minutes, and examining thebrazed Joint(s) after cooling,
All brazed joints were produced by coating only one of the contacting surfaces with Si/flux powder.

The novel brazing technique may be used with any aluminum alloys, provided the Mg content of the
lloyls smaller than -0.1 wt% [71 Figure 2(s) shows& metallurgical cross-sectlon from atypical Joint formed

between Iwo AA3003 aluminum sheet specimens (composition SI0,6, Fe 0.7, Cuo 0.05-0.2, Mn 1.0-1.,, Zn 0,1
wt%, balance Al), In this example, only the sheet shown horizontally In the figure was coated with the Si/
flux mix, Brazing was carried out at 600(C, Note the uniformity of the fillet, The dark needle-like particles
In the fillet are SI particles precipitated from solution during cooling, For comparison, Fig. 2(b) shows a
metallurgical crogs-section obtained from a joint similar to that Illustrated In Fig, 2(a) but formed by
conventional brazing a600C, In thatJoint, thevertical AA3003 specimen wasjolned loa coupon of AA3003
clad with AA4045 alloy [31 (AA4045 composition: Si 9-11, Fe 0,1, Cu 0.3, Mn 0,05, Mgo,05, Zn 0.1, TI 0.2,
balance Al) and filler liquid was generated on melting of that alloy. The fillets in the two figures are
essentially Identical.

One attractive feature of the new brazing pocess Is a capability for introducing additional materials
Into the Si/flux mix to enhance selected properties of the Joined components, For example, the addition of
Zn powder was found to lead to diffusion of Za: into the component surfaces without adversely affecting
the generation of Ai-SI filler material (71, The Introduction of Zn by this method was found to provide
sacriefical corrosion-protection for the joined aluminum surfaces 171.

Aluminum/Cu oints
Aluminum/ Cu joints werebrazed by the novel technique using theSI /flux brazing mix. The mechanIsm

of filler metal generation In this gystem will be outiliied below. Prior to bra i.ng, thecopper and aluminum
component (AA11IX), composition (SI + Fe) 0.95, Cu 0.050,, Mn 0.05, Zn 0.1 wt%, balance Al)) were both
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cleaned chemically. The aluminum surface wa6 coated with SI/flux powder using a water.based slurry,
Typical surfacecoverages by Sl and flux were respectively -8 g mn and25 g m4, Brezingwascarrled out by
heatlng toSB4,C in nitrogen gas tomelt the flux, and then reducing the temperature to beIlow 5481Ca quickly
as possible by cutting off power to the furnace and Increasing the nitrogen gas flow. Figure 2(c) shows a
typical metallographic cros-section obtained from an aluminum/Cu lap Joint. Note the presence of a,

/ ,,- u" "

C
Figore, (a) metallurlicalcros-seoction hom typical A.A300M3Jolnt,

(b) metallurglcal cross-section from a Joint formed by conventloni brazing wherein the
verical component was Joined to a coupon of AA3003 clad on both sides with AA4045'.

(c) metaIlographlc croag-section from an aluminum/Cu lap joint.
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relati.vely wide layer consisting of AI-Cu-SI solid solution and intermetailic: particles at the interface 181,
Expsur of the joint to temperatures higher than -5481C for time Intervals exceeding -1 minute led to

excessive dissolution of Cu Into the Aluminum sheet. This dissolution Motrms from the large solubility of Cu
In At in that temperature range [4).

Brazing ~f An aluminum! Cu Jint In the presence Of SI ocCurs by Initial dissolution of SI Into Aluminum
to form a layer of Al-SI eutectic liquid at a temperature exceeding 5771C as explained previously; wetting
of the Cu surfaceby the molten eutecticmetal then leads to Cu dissolution to generatesa molten ternary alloy.
Because of this filler formation mechanism, aluminum/Cu joints could notbe brazed at temperatures lower
than 5771C iLe. below the eutectic temperature of the Al-Si system.

Cu/Cu andCubs fit
joining of CCu land ~Cu/brass Joints was also successfully carried out using the novel brazing

technique. The brass consisted of 70/30 Cu-Zn material of commercial purity. After chemical cleaning 171,
the brazing mix was deposited from a water- or Isopropyl alcohol-based slurry to generate typical surface
coverages of Si and flux of -.10 and 30 g m-1 respectively. Brazlng was carried outatan elevated temperdture
as the eutectic reaction between Cu and 31 occurs at 803*C 14]. It Was found that excellent fillets wereformed
In Cu/ Cu and Cu /brass Joints by heating for a few minutes respectively at W0(K' and at 876*C In nitrogen

A.

3.Mealorphc rssscton ro ypca rae oins(a uC;b)u/rq(ucopni

hrzna), hS/lxfi acooieo hhrzna frea sufc.
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IMMI

4. Metutiogrisphic sections of:
(s) a AAll100 aluminurn Joint brazed with Cu/ flux,
(b) a AAII1J0 aluminum joint brazed with Gel flux,
(c) a Cu/Cu jt'nt brazed with Ge/ flux powder.
The SI/ flux powder was deposited on the horizontal metal surface.
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gas. Here again, the brazing temperature was significantly above the Cu-SI eutectic tempetaturi to induce
rapid gvneration offillee metal. Metallographic crous sections from typical brazed jointsare ilius' ted in Fig.
3. Note the excellent fille geometry,

BRAZING WITH METALS OTHER THAN Si
Although the work reported above bas focuaed onSi as the Intiarmediary material for brazing, the

brazing technique may um other elements to generate'filler metal. The only tequirement'is that those
elements form a relatively low-temperature eutectic alloy with at list one of themetals In the joint. Several
elements such as Cu, Ce, Zn, Lai Cs Ba etc,, form s low-tempuraturo eutectic wvh Al (41. Howevk use of
these metals for brazingaluminum may notalways be desirable (7] bince, forexaitple, some of then metals
are chemically unstable in air, Similarly- for Cu/Cu jolqlng, the selection of an Intermediary metal from Cc,
La, Nd, Sb,Se, Sretc.,,all ofwhich form low-temperatureeuLlcs with Cu requirescordul consideration (7),
In the following, the use of brazing elements other than St is illustrated only to show the broad applicability
of the principles on which the novel brazing process is based, . I

Figures4(a) and (b) show metallographicsecons of AAIIOsalumlnumjoints brazed respectively with
C/ flux And Ge/flux powder mixes, The Cu-ando e-containng powders were depoplted from an Isopropyl
alcohol-based and an aqueous slurry respectively to yield surface coveragas of 46 g m4 for Cu and 1 gim
2 for Ce ,The Cu:fluxand Ceflux weightratios were respectively 1:1 and 11 Braring wascaaied outat 600'C
In nitrogen gas as described earlier. Note that metallurgical bondanreformed In the twocases, As mentioned
earlier, the filler metl formed with the Cu and Ce powders stems from the eutectic reaction with Aist 48C
and 420C (41 In each case respectively. In both cases, the joints were heated to 60CW to cause meltingof the
flux. As expected, the fillet in Fig. 4(a) consists of a Cu-Al solid solution Interdispersed with Intermetalllc
particles such is CuAl., The dark particles In the fillet shown in Fig. 4(b) consist of Ge precipitates,

Piagure4(t) shnwaa metallogrAphicsection from a typlcal Cu/Cu joint lirazed with Ce/flux powder.The
brazinginlx was deposited from the aqueous slurry mentioned above. Brezing was carried out In nitrogen
gas at 700C to take advanta ge of the Cc-Cu eutectic reaction at 6441C (4) to generate filler metal, Although
some porosity Is evident In thefillet the metallurgical bond was found to be excellent,

SUMMARY AND CONCLUSIONS
This paper has reported on a novel brazing technique for aluminum. The brazing process uses the Il-

ltu formation of filler metal by the eutectic reaction of an intermediary metal powder with the core-metal
surface. The requirement on the intermediary retal Is that the temperature of the eutectic reaction be
apprecably lower than the melting point of the core material, The brazing technique also requires the use
oft non-corrosive flux 11,2 to remove surface oxide films from thecomponents to bejoined, With aluminum,
the brazing technique has been shown to be successful using SI, Cu or Ce as intermediary metals, The
technique cannot be used for joining aluminum alloys containing Mg in a concentration a small as -0.1
weight % [7),

Examples of Cu/C. ,rd Cu/brastJoints brazd using mixtures of flux and Si or Ge powders show that
the underlying principles of the novel brazing technique are widely applicable. Thus It should be possible
to braze a variety of metals usingan appropriate intermediary material Ie. a material capable of forming a
low-temperature eutectic with thecore material. For example, brazingof Ni or Ni-rich alloys may becarried
out using SI, Ce, Sm etc powders since eutecric rections of these elements with NI occur at temperatures
of - 9631C, 762C, 570"C etc respectively [4]. In principle, there are no constraints to using any compatible
combination of core materialst and Intermediary metals for brazing. In practice, constraints may arise from
such factors as the reactivity of the lntermed'ary m,al in air or In the slurry, the formation of brittle
Intermetallcs, thecosmeticpropetlosof the Joint etc, For the bra-ingof Al alloys, theseconstraintasre clearly
avoided by the use of Intermediary metals such esSI orCe, which te relatively inert Inairand water, Finally,
the flux must be capable of stripping surface oxide films from the core materials of interest at the brazing
temperature,
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INDIRECT RONDED METALLIZATION OF ALUMINUM NITRIDE

M. GRANT NORTON
Washington State University, Department of Mechanical and Materials Engineering, Pullman,
WA 99164

ABSTRACT

The use of alupninum nitride (AIN) as a substrate and packaging material for microcircuit
applications Is of present intorest due to Its many advantagros phi,1al properties. A limitation
to the widespread use of AIN is the lack of an adequate me Ilztdiyt The most common
method of achlevirng high-integrity metallized ceramics Is through the, use of Indirect-bonded
metallizations. A w do range at intermediate bonding materials are bsed, for example glasses,
oxide) mixctures, and active metals. In this paper, the indiect-bonded metallization of AIN wilt be
reviewed and discussed, Requirements which must be coesidered In producln$ successful

* metallizations Include;, wetting or the substrate and the metal, by the Intermediate phase and the
reactivity between the intermediate -phase and the substrate, The reactions which occur in mariy

* of the syatems considerad can be predicted by examination of thrmodynamic data.

INTRODUCTION

Aluminum nitride (AIN) has produced a great deal or interest as a substrate material for
microcircuit packaging applications duo to its high thermal condactIvity [1-61. The therrnul
cornductivity o1 pregently available AIN substratcs IN as high as 260 WmIK, The thermal
conductivity of 96% A103, the most widely used substrate material, Is in the range
10-30 Wm-tK-t In the most simple approach to application AIN wlil replace surface-mount and
pin-grid-array modules wrleie substantial benefit niay accrue from Its order of magnitude better
thermal conductivity, Structures with large heat sinks are already required to nmeet the present
thermal speclimations of surme optical components. Since thase theirnal pecirfcations determine
the reliability of the compononts. r&lgnificant improvements may be acieved by being able to
specify at lower device temperature through the use of AIN. A IN also has a number or other
physaical properties that render it intartstlng for packaging applications: close coefficient of
thermal expansion (CTE) match to silicon, high electrical resistivity, and moderately low
dielectriu constant 17,81.

A limitation in the more widespread use of AIN has been the luck of' an adequate
metallizatlon system. For example, the im~ted avalability. of com tiblc thick flmn rnatnrial
Systems8 has restricted. the production of' hybrid circuits based on AIN to low volume
applications, The nietallzatkon system is tequired f'or mounting ol the Integrated circuit, for
Interconnection to other circuit components anti In the caseofcramic paekages lor juoino the
pakage basse and lid. Mctallization can be classified into two major types- direct bonded ard
Indirect bonded, Direct-bonded metallization 1Is achieved wtt the use of u second ur
intermediate phase, for example, by pressing together very flat mating surfaccs to achieve
diffusion bonding 194-11I. The most common method of achieving high-lntegdit mnctallzcd
ceramics is through the ust of indIrcti-bonded metallizations. A wide range of' intermediate
bonding materials are used such as plasses, oxtide mi-turcs and active metals, A number of
different indirect-bonded metallization systems have been developed for oxide curamics,
principally Al aO. These systems will be discussed and their aipplication to the metallization of
AIN reviewed!, Whatever the proerss, the basic requirements for stron ,bonding are the
achievement of intimate contact betwerin the two materials, the conversion ao these surfaces into
a chemlically-bondcd interlace, and the ability of this interface to accommodate CTE mismatcht
stresses generated during cooling after rubrication or temperature changes In operational
conditions.

THICK FILM METALLIZATION

This technique utilizes it conductor Ink which contains a metal powder, a bonlding agent,
and an organic vehicle/solvent system which has welt -defined rheological properties The ink Iv
secn printed onto the substrate, dried and fired to produce a oiiductivc metarIa ci', The tiring
temperature Is usually in the range 7(K.).95C. There are two primary meitods used to achieve

Mat. Rlas. Goo. Slymp, Proi, Vol. 314. 011993 Mateials Resstreh Society



.... .. .... .....

224

adhesion between a thick film conductor and a ceramic substrate, these are frit bonding and
reactive bonding [12,13], For reactive-bonded metallizations, the intermediate materiais are
rgnraly oxides which, durinfirin, form mixed-oxid, phases or liquid eutectic phases at the
interface. Bonding occurs by t e rction of the oxides and solid solution Into the metal. The

most common method of achieving adhesion is frit bonding, which involves the addition of 2-
10wt* glass powder relative to the metal. During firing the glass should wet the substrate and
penetrate to some extent into the metal network, The development of an interlocking glass-
ceramic and glass-metal structure is desirable for good adhesion because it provides mechanical
intwrlocking in addition to chemical bonding between phases. To achieve the required
microstructure at the conductor-substrate interface it is necessary for the glass to have the
appropriate surface tension and viscosity during the firing process, and for it to wet the
substrate, The glasses are often high-lead borosilicates, a typical composition being 63wt%
PbO-25wt B203-12wt% Si02. A number of review articles are available which discuss thick
film materials and processes, the reader should refer to these for an overview or this technology
[12-14].

AIN/Olass InteractionL

The interaction between typical high-lead borosilicate glasses and AIN results in three
phenomena [15], At temperatures above 6O'C bubble formation occurs, indicating a reaction

tween the glass and the ceramic, At higher temperatures (> 90("C) dewetting of the ceramic
by the glass and the formation of metallic spheres was evident, These effects were observed for
glasses fired in either nitrogen or oxygen atmospheres. Because of these reactions most
commercially available thick film matrials are not suitable for use with AIN. The reactions
which occur, for example between PbO and AIN, can be explained with rererence to an
Ellingham diagram [16], An Ellingham diagram is a g,.phical representation of free energy data.
The free energy of formation or several oxides used in glass manufacture is shown as a function
of temperature in fig-ire 1. The line for the oxidation reaction of AIN has also been included in
figure 1.

4/3 AIN + 02 -, 2/3 At20O + 2/3 N2 (1)

At a given firing temperature, say 8501C (1123K), the Gibbs free energies of the following
reactions are:

2 Pb + (2 -> 2 PhO ; AGn= 28 kJ/mol (2)

413 AIN + 02 -. > 2/3 A1203 + 2/3 N2 ; AG0 = .628 kJ/mol (3)

Therefore, the reaction:

2 PbO + 4/3 MN -> 2/3 A1203 + 2 Pb + 2/3 N2; AGO = -410 ki/mol (4)

is favorable as written, leading to evolution of nitrogen gas and the formation of lead, These
products have been confirmed by performing the reaction in a saled crucible auAd monitoring the
gaseous emissions using gas chromatography. Nitrogen evolution was found to become
significant above about 70O"C aid continue as the temperature was increased. The solid
products weje identified by x-ray diffraction (XRD).

The relative positions of the AGO versus T lines for the metal oxidation reaction and the
AIN oxidation reaction allows predictions to be made about the stabilities of various oxides in
contact with AIN, At a given temperature, any oxide whose free energy lies above that of AIN
will oxidize the AIN while at the same time itself being reduced by the AIN, Any oxide whose
AGO lies below that for the oxidation of AIN (Ie., more negative AG), at a given temperature,
will be stable in contact with AIN. The free energy of formation of several common glass
constituents lies above the line for AIN oxidation. Similar studies have been performed with
other glass systems in contact with AIN, for example manganese oxide containing glasses [17).
These results also agreed well with the predictions based on the use of Ellingham diagrams.
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Figure 1, Gibbs free energies for selected reactions as a function
of temperature. The lines represent reactions of the form
2 Pb (s) + 02 (g) = 2 PbO (s).

Using the data in figure i a model glass (in the Li20-B203 system) was formulated
which was compatible with AIN, A glass of the composition 20 mol% Li2O-80 rel% B203 has
comparable rheological properties toa high-lead borosilicat glass [ 18], In addition to chemical
compatibility, a further requirement is that the glass wcts the ccramic surface during the firing
process. The wettability of a material is evaluated by meastring the contact angle, a, between
the peripheral surfae of a small sessile drop ol' the molten material andohe horizontal surface of
the ceramic substrte, A number of studies have evaluated the wettability of oxide ceramics by
glasses and metals [e~g., 19-22] and the wettability of nitride ceramics by molten metals [e.g.,
23-26], Par fewer studies have examined the wettability of nitride ceramics by glasses [27-291.

The contact angle of the 20 mol% Li20-80 mol% B203 glass on A12 03 and AIN
substrates was determined in both air and nitrogen ambients 1301. In air, the glass behaved
similarly on both substrates-in the latter case presumably due to oxidation of the surface, In
nitrogen, instantaneous wetting of the AIN by the glass was not observed, however, a time-
dependent contact angle was found. Time-dependent contact angles have been observed in
matal/nitride-ceramic couples, e.g., AI/Si 3N4, AI/AIN, and Al-In/AIN [23,251 and in many
other systems, e.g., lead borosillcate glasses on ruthenium dioxide [31), polymer melts on
aluminum, mica and Teflon [32], aud water on glass and molten copper on iron [33].

Time-dependent contact angles ure indicative of reaction-driven spreading. When a
reaction occurs between the liquid and the solid, the free energy of reaction per unit interfacial
area and unit time enhances the driving force for wetting [34,351. In the case of the lithium
borate glass on AIN and A120 3 the rate of reaction involving the glass and the oxide surface is
laster than the corresponding reaction between the glass and the nitride surface. For high-lead
borosilicate glasses on A120 3 substrates it has been found that significant quantities of the
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substratc can be dissolved into the glass during the firing process of the film [36-381, This
interaction leads to an improvement in the adhesion of the metal (39]. Dissolution or AIN was
found to occur in the lithium borate glass at typical processing times and temperatures, however
the dissolution rate was lower than that observed for the dissolution of A1203 in high-lead
borosillicate glasses (30],

Furthcr research is warranted to understand the reactions occurring between various
glasses and AIN substrates, A recent study has evaluated the use of low-lead containing oxide
glasses in thick film resistor ink formulations for AIN [40], The glass contained only 6wt%
PbO and based on the release of nitrogen the extent of the reaction between the PbO and AIN
was limited. However, the most promising approach lies in the development of new compatible
bonding systems specifically designed for use with AIN substrates (e.g,, 411.

One particular type of glass system that may find application in this area Is the
oxynitrides teg., 421, These glasses have been of considerable interest In recent years and a
number of review articles on the subject have appeared [eg,, 43-47], Oxynitride glasses are
known to wet and adhere to nitrogen ceramics, for example in metallizing silicon nitride and in
joining silicon nitride components [27,28,42], Some preliminary studies have demonstrated that
oxynitride glasses wet AIN substrates but because of the high glass transition temperature (T)
of the compositions fabricated, it was not ascertained if complete spreading would occur [34].
Oynr glasses have different physical properties from their oxide counterparts, a result of
the substitution or trivalent nitrogen for bivalent oxygen in the glass structure. The extra bond
offered by the nitrogen produces a tighter, more highly cross-linked glass structure, For
example, an increase in T is often noted in an oxyniltrlde glass compared to an oxide glass of
the same cation ratio 148,49]. The increase inT r being proportional to nitrogen concentration,
Other changes in physical properties include a decrease in the CTE and an Increase in the
viscosity of the glass [501. Although the majority of rcearch work on oxynitride glasses has
considered materials having high TS, some studies have examined glasses with lower Tit [51-
531.

AIN/Oxide Interactions.

Thermodynamic stability criteria can also be used to identify possible oxide additives for
use as adhesion promoters in reactive-bonded thick film materials[54]. Cadmium and coppr
oxides are the most widely used additives in thick film materials for oxide ceramics. During
firing, diffusion of the cations into the substrate (normally A1203) occurs thereby forming
mixed oxides (spinels) or a liquid eutectic phase which promotes adhesion of the metal film,
Bonding to the metal occurs by reduction and solid solution into the metal. These oxides are
added at the level of 0.1-lwt% relative to tho metal powder, For AIN substrates, no such
reactive bonders have been developed. The reactivity of some oxides with AIN has been
examined by calcining oxide/AIN mixtures at high temperatures in nitrogen and then identifying
the products using RD [54]. A summary of these results is shown in Table I, Some
preliminary studies have indicated that the addition of reactive oxides, e.g., CoO, to a standard
copper thick film formulation can lead to significant improvements in adhesion of the metal to
AIN compared to the adhesion of a similar formulation without the reactive oxide,

Table 1. Reaction products of AIN + oxide

Oxide Main Product Side Produ
Cue Cu , AIN CQ12AI14Z3a3 =aA24-6
PEI r' Sr3]A120, AIN
BaOBa3A1206, AIN Ba4tAI204

...... '''V20) a-AI203
MnO, AIN

roo Co, CoO, E ,CoAI2O4,AINA1203.... ........ ANj; NiO)l AN , 2
N N-Cu AIN

i__ Cu, AIN
_ ZO, AIN _znA_~Cdd .. AIN AION CdOU Cd...
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REFRACTORY METALLIZATION

Traditionally this process employs molybdenum or tungsten and 'debased' A1203, The
molybdenum is applied to the surface as a powder, often mixed with manganese oxide, and
fired in a reducinr atmosphere with a controlled dew point so that the Mn is present as MnO and
Mo m the metal 55). The MnO reacts with both the ceramic grains and the liqpid glassy phase
[563. The glassy phase from the A1203 migrates into the metal powder under the influence of
capillary forces and bonds the metal particles to each other and to the A120 3 surface, producing
a wettable surface layer, In the case of pure A120 3 and oxides without binder phases, it is
necessary to add glasses to the metallizing mixtures [571, The Me coating [o generally
electroplated ,rith Ni to provide a clean and continuous surface as well us one on which an
applied braze would easily spread. A similar process is used for W metallization,

Commercially aval able AIN substrates are produced to be as pure as possible and
contain only a very small amount of second phase material, Therefore for metallization usin the
molybdenum-mantanese system a glass must be added to the metallizing mixture, It has en
shown that manganese oxide (MnO2) is unstable in contact with AIN at typical metallization
temperatures-resulting in the formation of nitrogen gas 1171, Transmission electron
microscopy (TEM) studies of MoMn and W metallizations on AIN have 5hown that complex
reaction ititerfaces are formed j38,59], The mujor bondin mechanism was determined to be
grain boundary penetration of the glass into the substrate, There was also evidence for chemical
bonding via the dissolution or Al Nby a Al-SI-Mn glass phase and subsequent precipitation of a
complicated sequence of precipitates.

THIN FILM METALLIZATION

Thin film metallization involves the evaporation or sputtering of thin metal films onto a
ceramic surface. It has been demonstrated that a wequence of layers o1' different metals is
required for optimum film properties [60], The first layer is usually a rerructory metal such as
Ti, Cr or NiCr, this layer provides adhesion to tle ceramic, These elements are reactive and
bond through redox reactions with the substrate, The second layer acts us a diffusion barrier,
This material will usually be a noble metal, preferably Pt or Pd, The top layer will be the metal
of choice for the particular application, for example, Au for wire bonding, Ni or Ag.Pd for
solderability, Cross-section TEM studies ol' a Au/Pt/Ti thin film metallization on AIN have
indicated that the bonding mechanism appears to involve interdifluslon across the metal/ceramic
interface with the formation l' TiN, A120., and TIA13 [581, These reaction products can be
predicted by examination of free energy data and are consistent with phases produced during
active metal brazng of AIN,

BRAZING

A braze must react with and reach chemical equilibrium at the interfaces with both the
metal and ceramic components t341, Metal systems arc generally compatible, resulting in
wetting and solution/dilfusion bonding of the braze with the meta component, Conventional
braze alloys, for example Ag-Cu, Au-NI and Ag-Cu-Zn, gencrally do not, however, wet
ceramics, They do not react with the ceramic since the oxidation potentials of Cu and Ag are less
than that of Al, The interface energy can be lowered when there are strong forces of chemical
attraction, The free energy of the reaction contributes to the driving force for wetting
[34,61,62]. Liquid metals have much higher surface energies than most ceramic oxides, and
therefore the interfacial energy is high so that most liquid metals do not wet and spread on
ceramics unless special efforts are made [63],

Two generel approaches have been used in the development of metal brazes for use with
ceramic oxides, In oe method, active metals such as titanium or zirconium are added to the
metal, these effectively reduce the Interracial energy by their strong chemical uttraction to the
oxide and enhance the wetting bchavior 1641. For example, brazes to be used directly with
ceramics generally have a small percentage of an active metal, e,g,, TI, added (65], The high
oxidation potential of the TI causes it to undergo u redox reaction with the ceramic (typically
A1203) which results in the spreading of the braze and formation of an oxide compond at the
interface which is compatible with both phases, producing a chemical bond at the interface (661.
Several studies have demonstrated the effectiveness of small amounts of an active metal in
increasing the wettability of both oxide [67] and nonoxide ceramics 142,68-721, In the other
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method, the surface or the ceramic is activated by application of a suitable metal hydride, for
example, TIH-1 73], The hydride decomposes at a temperature below the brazing temperature
and the Ti undergoes a redox reaction with the ceramic at the interface to form a bond, and the
bulk Ti sinters to form a wettable coating [74,751. other techniques may be used for thc

ceiavaodeoiin!,, (76] Th e in 0fea racton which occu duin te bira z Ing or
nonoxide cemmc uIng either aactive mita bre or by pr attigthe ceram c surfa wt
an active wea can asbe eplie by rferec to an llineham diagram, A exmleo tihc

late case Is disicussedi below.

Cr/CrN

100 -V/VN

-600 BS

3 0 60 70080 90 00

2 Zr a) + 2 (g)= 2 ZN (a)

nitride Fihuv e lowe freeGis fencyso formation tha A w le utabl aiatries eas , fo
formaion fnctie nicte peies. rTiH he deecopsinti reactions beld o o ccua

In40 wthi tsbcuen rexacioten the tituranim anvitd Aby ohcuirig in thectmprtureof
angeta hydride0 77], The podcts Nidaetified b ade rernc bto TaHstandr AreN

and0 betee Zh2adNre showbieTaleetnTh reactions between TI itnu and ZrN wcu~gInth aur

ure thermodynamically favoured as shown below 1791:
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2Ti + AIN -> Ti2N + Al ; AGO0 (1123 K) = .27.6 LJ/mol (5)

Zr + AIN -> ZrN + A; AGO0 (1123 K) = -83.3 kJ/mol (6)

Thus the overall reactions are proposed:

5Till2 + AIN -> Ti2N + Ti3AI + 5H2  (7)

4ZrH2 + AIN -- ZrN + Zr3Al + 4H2 (8)

The intermetallic phases (Ti3AI and Zr3AI) are formed by reaction between the free
aluminum and either the titanium or zirconium, respectivejy, The formation of intermetallic
phases during reaction of Ti and AIN has been reporte by other authors although the
composition of the intermetatllics varies between the different studies [80,81]. Interfacial
microstructures associated with the active metal brazing of AIN with a Ag-Cu-Ti alloy have been
examined using TEM [82., It was found that a layered series of reaction products was formed:
TIN was found aujacent to the AIN and a complex tl-type (Ti,Cu,AI)6N phase was found
further from the substrate,

Table II, Phases identified in hydride/ceramic reaction

Reactants Producis
TiH2, AIN AIN

Ti 2N

ZrH2, AIN ANZrH

Zr3A
ZrN

The general requirements for brazing to AIN are that (1) there must be a chemical reaction
occurring at the interface between the brize and the substrate surface, and (i) the CTE of the
joining materials must be similar to avoid residual stresses being renerted in cooldown from
the brazing temperature, Also, it is necessary to control the brazing ambient to avoid direct
reaction between the active metal and the gaseous atmosphere and to control the amount of
active metal to avoid the formation of excessively thick interracial layern. The design of brazes
for nitride ceramics continues to be an active arce of materials research [831,

It has been observed that metals that do not form stable nitrides can also be joined to
AIN [84). The reactions which occur can, in many cases, be correlated with thermodynamic
predictions of the reaction products, An important consideration in these studies has been the
nitrogen activity, In some microelectionie, applications, metals such as Ti, Zr, and Ta are not
attractive as conductors since they easily form stable oxides, Some preliminary studies of the
interaction of non-oxygen (non-nitrogen) active metals with AIN have been reported, In
particular, reactions between AIN and the metals Pt and Pd, and the alloys Pd-Ni and Pd-Ag
were studied. In the case of Pt/AIM, for example, the following reactions were considered (84):

AIN -> AI + /2 N2 (9)

3 P .. AI --> Pt3AI (10)

Pt3AI -> IAIIpI + 3 Pt (11)

AIN -> IAIipt 4.1/2 N2 (12)

The reaction only proceeds if the temperature is k 1390 K. For the reaction to proceed at
lower temperatures the nitrogen activity has to be lower thi I, Although some thtrmodynamic
calculations have been performed on the use of non-nitride forming metals with AIN, more
work has to be done to explain the AIM-metal reaction and to ciarify the morphology of the



230

reaction layer, This work is especiall required in the bonding of metal foils to AIN where the

thermodynamic conditions are not fulfilled and the Intekiacial layer consists of unknown phases,

SURFACE MODIFICATION

Preoxidizin$ of AIN substrates has been shown to be successful in providing a
compatible surface for a number of existing metallization technologies, For example, the direct-
bond copper (DBC) process, which has been developed for A1203 [85] can work well when
used with oxidized AIN substrates [86-891, The process requires an inert atmosphere with a
controlled 02 pressure. The neccssary reaction to provide the adhesion between the oxide and
the copper is the formation of a copper-oxide eutectic phase (CuAIO2) at the interface which is
compatible with both the ceramic and the metal, For the metallization of AIN using the DBC
process, the oxidation reaction is performed at temperatures >1 100C. At these temperatures the
predominant oxidation product is a-A1203. The thickness of the oxide layer is an important
actor in determining the adhesion strength of the cupper to the AIN, If the layer is too thick then

crack generation is observed during cooling, following bonding, I his cracking is due to thermal
stress caused by the differences in the CME of AIN, A1203, and Cu, If the oxide layer is too thin
then it will be dissolved completely in the Cu-O eutectic. The peel strength of' copper films was
found to be a maximum when the Al203 layer was 1-2 pm thick,

Another factor that can Influence the adhesion ol' applied metallizations is the surface
roughness of the substrata, It has been well documented that the adherence of thick film
materials on A1203 is enhanced by interracial roughness, presumably due to the formation of
interlocking structures (90-921, Although surface roughness can contribute to adhesion it often
appears to be a secondary factor, Surface roughness has been shown to be a factor in the
adhesion of metal films to AIN, The etching of AIN substrates by NaOH solution increased the
surface roughness and enabled the formation of Ni-P films on the surface which had high
adhesion strengths 193,94], The adhesion mechanism was attributed to the formation of
interlocking surface structures through the selective etching of the substrate by NaOH, The
adhesion or a commercially available Ag/Pt thick film materialto AIN has also been attributed to
surface roughness [95),

Recently a new technique for the selective metallization of AIN has been reported 196].
This technique utilizes an excimer laser to activate the AIN surface which results in the
decomposition of AIN and the formation of an Al film on the substrate surface, The irradiated
areas can then be electroless plated using Au, Ni or Cu. This technique has been used for
writing a coper pattern into alumina substrates where the activaftion mechanism is reported to
be similar [97].

FUNDAMENTAL STUDIES

In studies of meLallivation behavior and reactions between intermediate phases and AIN,
the intrinsic interactions may not be observed, Polycrystullinc AIN substrates often contain
second phase materials formed as a result of liquid-phase sintering, and almost always contain
some oxygen on the surface or in the bulk, Therefore, the interactions observed may 6e one or a
combination of the following: (I) interaction with AIN, (11) interaction with the second phases,
(iii) interaction with oxygen, Although it is necessary to determine the interactions between
commercially available AIN substrates, which contain a number of different phases, and various
intermediate materials, It is also important to study the intrinsic interactions between various
materials (intermediates and metals) and AIN, Recently examination of the reactions between
borosilicate glass and A1203 have been performed using sapphire substrates [98], Similar
studies using AIN would be more difficult because high quality single crystal AIN substrates arc
not available. In x-ray photoelectron spectroscopy (XP'S) studies of the bonding of Cu to A120.
and Cu to AIN, thin films were used as the substrates for deposition [99,1(X), A number of
techniques have been shown to produce high purity, single phase AIN films [e.g., 101-103].
One of the advantages of thin fi m deposition for producing AIN is that the crystallographic
orientation of the film can be changed, For example, AIN films produced by pulsed-laser
deposition were oriented either with the (0002) plane of the film and the (1102) plane of the
substrate parallel or with the (1610) plane of the film parallel to the (1102) plane of the
substrate, These different orientations were produced by changes in the deposition parameters.
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Initial studies have demonstrated how these films can be used in studying the interaction
between glasss and AIN (104). It is ponsible to depositglass or metal layers directly onto the
AIN films without breaking the vacuum during the different depositions; thus avoiding anypossible contamination of the AIN surface, Examination or the interface structure can beperformed by TEM using samples prepared in a cross sectional geometry,

Recently, a new specimen preparation technique was developed for the study or surface
reactions and thin film effects in AIN using TEM 1105.106], The technique uses specially
prepared electron-transparent thin foils which act as substrates, The preparation of these
substrates involves a high temperature annealing step in nitrogen which produces relatively larga
crystallographtc tenauces within the individual grains or a polycrystaline material as illustrated in
figure 3, The abrupt variations in intensity in the image are due to discrete changes in the
thickness of the specimen due to the presence of macroscopic steps between the facets, The
traces of two sets of terrace edges can be clearly distinguished', one running horizontally in the
image, the other at an angle of- 300, Relatively wide, low-index terraces may be formed by this
technique, depending on the initial geometry of the grain, These terraces provide ideal surfaces
for studying the metallization and reactions of AIN. For example, by heat-treating these
annealed TEM specimens in the proximity of U metal source in a controlled environment, small
metal particles can be deposited on the surface of the AIN, The metal/AIN Interactions can be
observed using the electron microscope, The same sumple may, with care, be examined and
then redeposited upon many times to follow the metallization process,

Figure 3. Bright-fIeld image of pre-thinned AIN TEM sample after
annealing at 18X)OC for 10 inins,

CONCLUSION

In conclusion, a number e1 studies have investigated the Indirect..bonded metalization of
AIN substrates, rhese studies have shown that high-qu4lity joints can be obtained between AIN
and various metals. In all cases the choice of Intermediate material is very important and these
choices can be made based on thermodynamic considerations. Further studies are however
needed to understand in detail the interfacial reactions which occur between the ceramic and the
intennediate material, as these Interactions are important in developing high adhesion interfaces,
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A JOINING TECHNIQUE USING MULTILAYER LEAD-INDIUM-GOLD
* COMPOSITE DEPOSITED IN HIGH VACUUM

CHIN C. LEE, CHEN-YU WANG, YI-CHIA CHEN, AND GORAN MATIJASEVIC
University of California, Department of Electrical and Computer Engineering, Irvine, CA 92717

ABSTRACT

A Joining technique for electronic devices has been developed. This technique uses a lead-
indium-gold multilayer composite solder deposited directly on GaAs wafers in high vacuum to
prevent indium oxidation, The gold layer on the composite further protects the indium layer
from oxidation in atmosphere, The GaAs dies are bonded to a gold-coated alumina substrate
at a process temperature of 250@C. Nearly perfect joints are achieved as verified by a
scanning acoustic microscope (SAM), SEM and EDX results indicate that the alloy joint
consists of Auln3 grains embedded in an In-Pb solid solution phase, as predicted from the Au-
In-Pb phase diagram, Compared to lead-tin solder, indium-lead solder has been shown by
others to exhibit much better fatigue resistance and have much less of a scavenging effect.
Thetamal shock as well as shear tests confirm that a good die attach is obtained with the lead-
indium-gold composite.

INTRODUC1rON

The semiconductor device package serves the multiple purposes of mechanica support,
environmental protection, heat dissipation, and electrical connection. Reliable die bonding is
a necessity for a good IC package. Commonly used bonding media include metal-filled
organic adhesives and glasses, hard solders, and soft solders. Hard solders have excellent
fatigue resistance and a high thermal conductivity. Due to elastic rather than plastic
deformation, hard solders retain the stresses caused by the thermal expansion mismatch among
the parts joined and may fracture in extreme cases. Soft solders have a high degree of plastic
strain capability and can therefore deform to release the stresses developed, Soft solders, on
the other hand, incur thermal fatigue and creep movement, The most commonly used soft
solders are tin-lead alloys ef various compositions, Regardless of the wide and popular use,
tin-lead solders do have significant thermal fatigue, Furthermore, they exhibit a scavenging
effect when the molten solder with a high tin content dissolves the gold film and quickly
forms brittle gold-tin Intermetallic compounds. Sinte electrodes are frequently gold plated,
the rapid gold-tin interdiffusion in either the liquid or solid state can degrade bonding quality
and thus requires careful evaluation.

In spite of its seldom use in the industries, In-Pb solder has been shown to exhibit much
better thermal fatigue lifetime than Pb-Sn solder [1-3], Furthermore, molten In-Pb alloy
dissolves gold much more slowly than Pb-Sn alloy, thus greatly reducing the scavetging effect
[41, Accordingly, the In-Pb alloy a'pears to be a worthwhile subject to study for electronic
packaging. Fig, 1(a) displays the In-Pb phase diagram [51. The In-Pb binary system is quite
simple in that indium and lead form continuous solid solutions except for th, alloy with an
indium composition ranging from 54 wt.% to 78 wt,% where a separate phase cxl ir present.

To examine how the In-Pb alloy scavenges less gold than the Pb-Sn alloy, we turn to the
Au-In-Pb pha.c diagram. Fig. 1 (b) exhibits the isopleth for the 501n/50Pb alloy to Au taken
from the Au-la-Pb ternary phase diagram [61, As we can see from this figure, at 2500C the
501n/50Pb solder needs to dissolve only I wt,% Au to produce solid Auln 2 intermetaliic. In
the case of 37 wt,% Pb-Sn solder, approximately 13 wt,% Au must be dissolved before a solid
AuSn, can form 17]. Since these solid intermetallic compounds can protect the Au layer from
further dissolution, 50ln/5OPb solder scavenges go!d much more slowly than Pb-Sn solder,
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Fig. I (a) Phane diagram of Indium-lead binary system [51; (b) The isopleth from 501nlSOPb

alloy to Au [6].

Oxidation of solders presents a major difficulty in producing high quality die attach joint:
* (8,9]. The oxide forms a solid film on top of the molten solder solution, which prevents 10i
* solution from achieving a bond with the device die or the package. Ili common practice, the
* oxide film is broken down by a scrubbing action in the bonding process, However, the

acrubbing motion itself may induce voids and inhomogeneity in the bonding layer. To inhibit
oxidation in the In-Pb solders, we have developed a method of using multiple layers of Cr, Pb,
In, and Aul deposited in high vacuum directly on tie object to be joined. Cr improvei the
adhesion on the object, The outer gold layer of the Cr-Pb~In-An composite forms Auln2
1mmediat* jy upon evaporation that protects the Inner In and Pb layers from oxidation. This
has been proven to be effective with the Cr-Sn-Au and the Cr-In-Au composites previously
reported that produced high quality Au-Sn and Au-In alloy joints [10- 12).

We report here the use of a Pb-In-Au multilayer composite solder for bonding at a
processing temperature of 2500C, Using tho composite solder, GaAs dies have been
successfully brinded to alumina substretes without the use of flux. High quality joints have
been obtained as verified by a scanning acoustic microscope (SAM). The resulting bonding
layers are found to be uniform and horaogenecus. SEM and EDX ctudies reveal the grain
structure and the composition of the alloy formed.

PRINCIPLE

From Fig. 1(b), it is seen that all alloys containing from 0 to 30 wt.* All will solidify to
form solid alloys consisting of three phases: apb indium-rich a1l, and Auln2 Compound. The
are~ phase is at solid solution of In In Pb. The a, phase Is cha~racterized as an fct structure with
a c/a ratio of 0,93, as compared to an fct structure of indium with a c/a ratio of 1.075 to 1,078

* (6]. There is no evidence that Auln2 intormetallic compound produces joint embrittlement
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while some claims are made that the formation of the Augln intermetallic compow'd might
embrittle the joint [13,14], Therefore, by restricting the amount of gold in the composite
solder, the formation of Au9in4 is prevented, thus precluding the joint from becoming brittle.

Laer D io. DI.

Au 70 WL,.% : - () lM
t~44wt% no. M -0- IMh~ 4in 46.S*t.% no. a 4.. Indium (in) A13 t wt.%b46,3 wtA% no. 4,,- Aln I 4, w,

Pb 44.5 wtAql
no, Gold (Au)
no, 0 . . - Chmnium (04,

~ Fuuro not to aftls
If4g. 2 The composite structure after deposition of a thin outer gold layer on the Indlubhilead

layers. The gold layer forms Auln, at the outer surface of the co lposlte solder.

Fig, 2 shows the multilayet' composite design, In fabrication, chromium and lead are first
deposited on the GaAs wafer, followed by the deposition of indium and an cutr gold la)er in
one vacuum cycle to prevent oxidation of the Indium layer (layer pio, 3). The chromium layer
(layer no, I) enhances the adhesion of lead layer to the die. Right after deposition, room
temperature intordiffuslon occurs so that the outer gold layer (layer no, 4) forms Aulnj very
fast [15]. This lyer inhibits contact of the pure indium layer with oxygen when the composite
is exposes, to air. The alumina substrate is deposited with chromium and gold where the
chromium layer is present to enhance adhesion,

In the bonding process, the die and substrate are brought into contact with a static pressure
and heated to 250*C in a hydrogen atmosphere, For the ternary system of Au-In-Pb, indium
has the lowest melting temperature (157 0C), Tha indium layer of the composite thus melts
first as the spcimens are heated above the indium melting point. As the indium layer melts, it
dissolves the lead layer (layer no, 2) and breaks up the Auln2 layer (layer no, 4), The
composition of the Pb-In-Au compos .e shown in Pig. 2 is designed so that at 2500C it
becomes a mixture of a liquid solution and Auln2 as Indicated in the isopleth of Fig. l(b). This
mixture in turn wets and dissolves the gold layer on the substrate to form a joint. When the
temperature is reduced to room temperature, the mixture solidifies to form an alloy joint that
contains three phases: ao, indiurn-rich as,, and AuIn2 as determined from Fig, 1(b),

FABRICATION PROCESS

Chromium, lead, indium and gold are deposited directly on the polished side of the GaAs
wafer in high vacuum with the thicknesses of 300 A, 3.9 gro, 6.2 .m, 0.35 gm, respectively,
After deposition, the backside of the die loses the gold color indicating the formation of Aulnz
which protects the inner In and Pb layers from oxidation. The multilayor composite is
designed to have equal weight percentage of In and Pb, If the composite were to form a
uniform alloy, it would have 7 wt.% of gold. The alumina substrate is coated with 300 A-
thick chromi.tm and 0,22 pr-thick gold layers. If the gold layer on the substrate and the
composite on the GaAs die together form a uniform alloy, it would have I 1 wt,% gold. After
deposition, the GaAs wafers are cleaved into dies of 2 mm x 3 mm in size.

The die is placed on the substrate which is then laid on a graphite boat, Static pressure is
applied to the die using a plate forced down with compression springs, This is to ensure
complete contact between the die and tie substrate surfaces to bejoined. Static pressure in the
range from 40 to 60 PSI was found to be low enough not to damage the die while achieving
ood contact, The boat is then loaded Into a process furnace. The assembly is beated in a

hydrogen atmosphere to 250 0C within 10 minutes with a dwell time above 240*C of 5
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minutes, Afterward, the boat is pulled ovt and cooled down to room temperature within 20
minutes, High quality bonds were achieved using this technique.

EXPERIMENTAL RESULTS

To examine the bonding quality, a transmission scanning acoustic microscope (SAM) [8)
is used to image the specimen, WIth the operating frequency of 130 MHz, the SAM has a
spatial resolution of 25 im, with dii'areas corresponding to voids. Fig. 3 shows the SAM
image of a specimen that is well bonded using the composite solder. Due to the resolution
limit, voids smaller than 25 pm may exist in the bonding that are not seen in the SAM image
but we speculate that such small voids would have little effect on the quality of the joint,

A'

Fig. SAM Image of. 2 mm x 3 mm GaAs die bonded on a gold~coated alumina substrate.

In order to form a basic model of the bonding process, we studied thickness uniformity,
alloy composition, and grain structure of the bonds. Several specimens were cut into cross
sections, polished, and examined with an optical microscope and a scanning electron
microscope (SEM) with an eergy dispersive X-ray (EDX) spectrometer. Fig, 4 exhibits the
SEM image of the cross section of one specimen. As we can see from the picture, the bonding
layer is quite homogeneous and uniform with a thickness of 3.6 gm. There are two distinct
phases, one with blocky grains that is embedded in the second phase, EDX study reveals that
the blocky phase is AuIn2 with a composition of 55 wt.% In and 45 wt,% Au, very close tie
Auln2 stoichiametry. The other phase was found to be a solution of lead and indium with
composition of 48 wt.% In and 52 wt,% Pb, This In-Pb phase is the ctp phase shown in
Figure 1.

GaAs

Bonding

Layer

AJumina

Fig.4 SEM Image of the cross ection or the specimen showing the bonding layer.

I:,
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To further study the interface between the GaAs die and the bonding layer, the GaAs die
was sheared off. The remaining bonding layer on the alumina substrate is shown in Fig, 5(a).
The joint broke at two different interfaces. One, marked "C", is inside the joint and shown to
the right of the picture. The left side of the speimen broke at the interface of the GaAs die
and the bonding layer, which is marked "D". In region "D". the entire bonding layer remains
on the alumina substrate, Fig, 5(b) displays the top view of the left part'of Fig, 5(a). The top
layer is a solid solution of In and Pb with the same texture as the In-Pb solution identified in
the cross-sectional picture. Through the holes In the top layer, we observe grains of about I
itm in size corresponding to the blocky grains of Auln2 in Fig. 4. At the border between the
two layers in Fig. 5(a), we can also see these grains directly underneath the top layer.

Fig. 5 (a) SEM image or the bonding layer after GaAs die Is sheared off. A: alumina cross
sction, B: joint cros section, C: broken Interface Inside the Joint, D: Interface of GaAs
and thejoint; (b) top view SEM image of the bonding layer with GaAs die removed.

During the bonding process, the indium layer melts first, breaks up the Auln, and
dissolves the lead layer to form a mixture of liquid solution and solid Auln2 intermetallic,
Due to the pressure applied, some liquid solution is squeezed out of the bonding area, The
bonding layer thickness is thus less than that of the original multilayer composite,
Furthermore, It appears that the solid intermetullic Auln2 is kept in the remaining solution In
the bond area and forms the blocky grains embedded in the In-Pb solution upon solidification,
EDX data shows that the composition of the material squeezed out of the die area is close to
that of the In-Pb phase Inside the joint,

Fig. 6 (a) SAM image of the specimen before thermal shock test; (b) SAM image of the meum
specimen after 10 cycles of thermal shock test.
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To test the reliability of the joint, thermal shock testing was carried out. The temperature
extremes of -196*C (liquid nitrogen) and 1601C (boliflu cyclohexanol) were used with a dwell
time of 2.5 minute ,. After ton cycles, the ,ecimens ,,noix examined under the SAM to
determine whether any bonding degradatio.n t.cti'ed, Fig, 6 shows the SAM Image before and
after the thermal shock test, As we can ,z., from the picture, the bonding quality does not
degrade after ten cycles of the thermal show' . est,

Shear test was carried out on sevvoi samples according to the MIL-STD-883C, The
samples passed the test for 1,25 X t'o rated shear strength while the die attach area exhibited
evidence of adhesion across the whole dlv, In the case of a sample where some edge voids
were seen on the SAM, the same bonding pattern was determined when the die was sheared off.
Samples of die bonding which were not perfect due to unevenly applied pressure during the
bonding process also exhibited good adhesion and passed the shear test.

SUMMARY

A lead-indium-gold composite solder for bonding electronic devices was developed, The
composite is deposited directly on GaAs wafers in high vacuum. Bonding of 2 mm x 3 mm
dies to alumina substrates gave nearly perf"t joints as determined by the scanning acoustic
microscope, SEM and EDX studies on the cross sections of the bonding layer reveal the basic
bonding merhanism and identify the two phauss present as Auln2 intermetallie and the In-Pb
solid solution. The thermal shock and shear tests showed that good die attach was obtained,
Accordingly, it seems realistic that we could control the strength and fatigue properties of the
joint by designing a proper ratio of the Auina and the In-Pb phases, This method is valuable
in application where a soft solder of high fatigue lifetime, with small gold scavenging effect,

and a well-controlled thickness is required,
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ABSTRACT

In this study, we report a new wafer bonding technique for the integration of GaAs- and
InP-based optical devices with prefabricated Si electronic devices in hybrid circuit technology,
This technique uses a Au-Go eutectic alloy as the bonding materials between GaAs and Si
wafers, and between InP and Si wafers, This process takes advantage of the low temperature
*olid-state reactions at GaAs/Au-Ge, InP/Au-Oe, and Si/Au-Ge interfaces, The bonding was

carried out by annealing the samples at 280-3000C in an alloying furnace. The reliability of the
joined wafers was evaluated by both cleavage test and standard therml cycling test, The joining
interfaces were characterized by scanning electron microscopy and transmission electron
microscopy. The results reveal that the bonding is achieved by low temperature reactions at the
GaAs/Au-Ge and IaP/Au-Ge interfaces as well as solid-phase epitaxial regrowth at the 5i
intetfaes, The joined structure has very good integrity.

INTRODUCTION

The rapid proglrs in hybrid circuit technology has stimulated considerable effots in the
intcgzation of niao opric components with the optoelectronic and microelectronic circuitry, and
integration of digital and analog microelectronics with optoelectronic componets [1-3], To
realize this, heteroepitaxial growth of device-quality GaAs, lnP, and related materials on Si
substrates with low threading dislocation density has been motivated [4-6]. Significant results
have been achieved in improving the minority-carrier lifetime in these epitaxial films by
introducing strained-layer superlattice and various buffer layers to reduce the threading
dislocation density.

Recently, Lo et al[71 demonstrated an alternative approach to optoelectronic integration
for InP-based materials on GaAs substrates using the so-called bonding by atomic,rearrangement
(BAR) method, This method involves high temperature annealing and requires precise
crystallographic alignment of InP and GaAs, To overcome these problems, Venkatasubramanian
et al,[8] used Au as the bonding material arid developed an eutectic-metal bonding (EMB) method
by making use of the low temperature eutectios of Au-Si and Au-GaAs, But their bonding
process involves liquid-phase reaction, In this work, we have explored a new bonding

Mat, Net, So, Syrp. Proo, Vol. 314.1293 Moltierals Research Society*1 a.KrSo.Sm.Po. o.34 1g
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technique, which utilizes a commercial Au-Go low temperature eutectlic alloy as the bonding
materials,

EXPERIMENTAL PROCEDURE

.100) oriented GaAs, InP, and Si wafers were used in this study. After a standard
degreasing procedure, the wafers were chemically cleaned in buffered HIF, A commerci&l Au-Ge
eutectic alloy was used as the adhesion material, The Au.Ge films were deposited onto the
cleaned GaAs, lnP, and Si substrates using a thermal evaporator. The Au-Ge-coated samples
were then stacked face-to-f4ce, i.e,, GaAs/Au-Ge/Si and InP/Au.Ge/Si, in Intimate physical
contact, The bonding process was carried out by annealing at 280-300*C for 0,5 hr in an
alloying furnace, The strength and reliability of the joined structure wure evaluated by a simple
cleavage test as well as standard thermal cycling experiments, The Joining interfaces were also
examined by scanning electron microscopy (SEM) as well as transmis6ion electron microscopy
(TEM) equipped with x-ray microanalysis,

RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show cross-sectional scanning electron micrographs (SEM) for the
joinm samples of GaAs on Si and lnP on Si, respectively, The cross-section samples were
ptepivd by cleaving with a diamond scriber. ThE adhesion is soeen to be fairly uniform across the
entire regions undor inspection, Also, the original physical points of contact can not be
distinguished after bonding, implying that atomic rearrangement occurred during annealing, Only
limited reactions are observed at the interfaces, To obtain more detailed pictures about the
bonding process, we further characterized the joined regions of the samples using transmission!I I

0 i-M

Figure 1, Cross-sectional SEM micrographs of the Joined wafers (a) GaAs/Au-Ge/Si and
(b) InP/Au-Ge/Si,



243

jO *,fnm *

Figure 2. XTEM mlorographs of the

joining interfaces (a) GaAs/Au-Ge/Si
and (b) InP/Au-Oe/Si.

electson microscopy equipped with x-ray microanalysis. Since the preparation of TEM specimens
involves both diamond-blade cutting and mechanical polishing down to about 40 4m, the
preparation itself provides the initiul stress test for the strength of the adhesion, Figures 2(a) and
2(b) are cross-sectional TEM micrographs corresponding to Pigs, l(a) and I(b), respectively. In
both cases, it is seen that the Initially codeposited Au-Ge eutectic alloy separates Into Au(Oe) and
Ge regions during annealing, It is deduced that the incorporation of Ge in the Au films largely
suppresses the further dissolution of Si into the Au, This Is expected in view of their simple
eutectic phase diagrams where no stable compounds exist t9]. More interesting is that after phase
separation, the Ge grows epitaxially onto the Si substrate. This is clearly shown in a high-
tesolution TEM micrograph (Fig,3). X-ray microanalysis indicates that this epitaxially regrown

* region contains only a small amount of Si, which is believed to be initially dissolved in Au and
then incorporated in the epitaxial film during regrowth (10], The strain contrast is also seen in the
image and is due to the large lattice mismatch between the epitaxially regrown region and the Si
substrate ('he inmerface is delineated by a set of arrows).

hI _ _ _ _ _ _ _ _ _ _
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Similar to previous studies on Au-Ge contucts to GaAs [11-12], interfacial reactions are
very limited at our annealing temperatures, The major reaction products at this interface are Au-
rich Au-Ga compounds, which were identified by TEM diffraction analysis. At the InP/Au-Ge
interface, In-rich In-Au compounds are found. The detailed phase identification is under way.

Based upon our microstructural characterizations, we believe that the bonding is achieved
by the low temperature solid-state reactions occurring at these interfaces as well as the solid-

We

Figure 3. High-resoludon XTEM micrograph showing solid-phase epitaxill
regrowth of Ge-rich SIe alloy to the Si substrate, The strain contrast shown
is due to the lattice mismatch between the regrown SiOd and Si substrate,

phase epitaxial regrowth of Ge-rich SIGe to the Si substrate, The presence of Oe in initial At$,
film not only suppresses the dissolution of Si into Au but also acts as a buffer layer between the
joining materials through the heteroepitaxial regrowth owing to the close lattice constants and
linear thermal expansion coefficients between Ge and GaAs or InP.

To evaluate the strength and reliability of the joined wafers, we also peiformed a thermal
cycling experiment with a temperature ramp from -500C to 1500C for 15 cycles. The bonded
wafers show very good mechanical Integrity after the th%,rmal cycling test even though there were
further reactions at the GaAs/Au-Ge and lnP/Au-Ge interfaces, as revepled by cross-sectional
SEM observations, Residual elastic strain generated during cycling is confined within the
interface region and the Si substrate. This simple wafer bondinj techniqie is governed by the
low temperature solid-state reactions and shows promise in designing new substrates for
heteroepitaxial growth as well as in realizing the integration of GaAs- and InP-based optical
devices with prefabricated Si electronic devices in hybrid circuit technology.

SUMMARY

We have presented a low temperature wafer bonding technique, whiih involves the low
temperature reactions as well ao solid-phase epitaxial 'egrowth, for the integration of GaAs- and
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InP-based optical devices with Si microelectronic components. The Au-Ge eutectic alloy as the
bonding material not only suppresses the interfacial reactions but also enhances the bonding
stength through heteroepltaxial growth, Both simple mechanical tests and thermal cycling tests
confirm good mechanical integrity of the joined structure,
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