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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, California, 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 lovel, 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
niatrix composites, metals and metal matrix composites, and semiconductors. A variety
of novel joining techniques were described, many of which are dostined to bevome
commercially impostant 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 Materinls Program. The encouragement and
support of these institutions is gratefully acknowledged, The organizers would like to
thank Dr. R, Lochman at Sandia National Laboratorics for help with promoting the
symposium, and Mr. 8. Johnson at Penn State University for help with preparation of
the proceedings.

Altaf Carim
Dan Schwarts
Richard Silborglitt

June 1993
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PART I

Fundamentals and Overviews of
Adhesion and Bonding
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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, Ml
8090

ABSTRACT

Adhesive properties of the Mo(001)//MoSi2(001) heteraphase interface with and without
C, O, B, S, and Nb impurities ure caleulated using a first principles lucul density functional
approach. The adhesive encrgy and interfucind strength of the impurity-free interface. are 10% to
15% smaller than the respoetive values for cleavage along the (001) planes of Mo and MoSia,
All of the iinpuritivs were found to deerease the Mo//Mo8iz adhesive energy. The substitutional
impuritios S and Wb decrease the intertucial siength, while the interstitial impurities C, O, and
B increase it. All of the impurities inerease the interfucial spacing in proportion to their covalent
radii, The impurity effects on adhesion may be desoribed in tetms 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 materials that meet at the interfuce, in the absence of any dissipative processes
(such us dislocation motion). In this sense, the adhesive energy is the fundumental quantity
which describes the strength of the bond between two materials, 1tis this adhesive energy that
determines the fracture propertics of materials within the simple thermodynamic model of britde
fracture due to Guiftith.! While more modern theories ot interfucinl fructure are capuble of
including a range of other physical phenomens (e.g. plasticity, segregation, eic.), they all
require, ut their most fundamental level, a deseription of the encrey or force required o separate
the material at the interface - i.e,, the adhesive energy.  As aresult of the centrality of the
adhesive properties in fructure, the ndnesive energy becomes a focal point of an increasing
number of studies involving physicists, chemists, and matorials scientists,  As the search for
high performance materials continues, it is common 0 combing two or more materials with
complimentury propertics in order to optimize properties. This has led to considerable interest
in the tfracture behavior of composites and the interfaces between the dissimiiar materials within
them.  The present study focuses on the adhesive encrgetics ol heterophase interfaces in a
metal/intermetallic composite, This work is part of an ongoing effort 1 obtain a microscopic
understanding of the mechanisms that conu‘orudhcsinn i order to provide a rational basis for
the desipn of increasingly complex materiuls,

In thig puper, we report the results of a fully three dimensional, fiest-principles study of
adhesion at a heterophase inlerface. The electronic structure and total energy of the Mo((X01) //
MoSi(001) interface is calculuted as a function of interfaciul spacing by using the first
principles . zelf-consistent o, ! orbital (SCLO) method.2 To determine the udhesive energetics,
the recently proposed four-point method? i then employed to fiu the caleulated energy values at
dilfereny interfacial separations to o universal-binding-energy relution (UBER).4 The ideal
work of adhesion (or adhesive energy), the peak interfucial strength (the peak derivative of the
cnergy with respect to the separation of the solids at the interface), und the full adhesion curve
are all obtained by performing caleulations ut us few as Tour inteelacial separations, The
adhesive energy and the pertinent surluce energies are combined o analyze the relative
configurational stability of' diftferent possible interfacial geometries,

MoSiz is of particalar interest tor high-temperature structural applications.’ The
inkorently low ductility of pure MoSiz has led seveiel groups’ 1o ereate a composite of MoSip
and other tougher metuls (such as Mo and Nb) in order to achieve higher ductility through
ductile phase toughening, MoSiz erystallizes in the body-centered tetragonal structure with
experimental lattice constants® a=3.2024, ¢=7.851A. The experimental lattice constant of bee

Mat. Res. Boc. Symp. Proc. Vol. 314. 21993 Materiats Resuarch Soclety
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Mo is7 u=3.14A and, hence, the tattice mismatch for the [100)/]100] (O01) planes of the two
matcrials is then loss than 2%. In this configuration, little atomic reluxation is expected (other
than the formation of u grid of dislocations spaced approximutely 160A upart) and hence this 18
an ideal candidate metal/intermetallic system for studying heterophuse interfuces using first
principles methods.

In addition to exumining a clesn heterophase interfuce, the aim of the present work is
olso to determine how impurities affect interfacial bonding and adhesion hetween two difforent
solids, The SCLO method? is aguin employed to compute the total encrgies, the clectronic
structure, and the clectron density distribution of the Mo(C01) // MoSia(001) heterophuse
interface with representative impurities, namely, interstittal C, O, and B, und substitutional 8
and Nb, The impurity atoms C, O, B, and § were chosen hecause they represent some of the
more common interfacial impuritias in metallic alloys, Nb is of interest also becauso it has been
found8 1o facilitate bonding between MoSig and another metal, Cu, Because of its relatively
large size, Nb wos taken to gc u substitutional impurity, Vurious studics have shown that C and
B occupy the octahedral sites in bee Fe.9-10° Ag the locul eavitonment al the Mo/MoSi interface
resembles that in a bee solid (in the absence of experimental data), it is reusonable to assume
that these same sites would be occupied ut the Mo/MoSia interface by these non-metal
impuritics, These are the 4-fold symmetric surfuce sites on the Mo(001) surfuce, The
impuritics were introduced above these sites ut a monolayer coverage und at a height that was
determined by minimizing the energy with respeet to the separation between the clean Mo
surface and the impurity monolayer. To determing the relutive stability ol the substitutional and
the interstitial configurations for non<metal impurities, totul enorgies were computed for both
configutations for B and S, which are the larger non-metal impurties. !l We found that the
lower energy configuration for § is substitutional, whereas B strongly favors the interstitial
configuration. This suggests that the smaller C and O impuritios are ulso interstitial, Detalled
results will be discussed later in this puper, To simplify discussions, results from only the
lower energy configuration (1.¢., substitutional for Nb and 8 and interstitial for C, O, B) are
included in the results presented below, except as otherwise noted,

METHOD

As mentioned calier, we employ the first prineiples SCLO mothod?, bused on the local-
density approximation!2, in the present stady. This method has been successfully applicd to
explain and, in some cases, to predict surface phenomena involving transition mutuf‘. The
Incalized basis set includes all core orbituls, and for the valence orbitals a minimum basis set is
augmented by more diffuse orbitals - containing much of the flexibility of the quantum
chemist's double-zetu-plus-polarization busis sets. The Ceperley-Alder!3 form of the exchange-
correlation potential is used,  Self-consisteny iterations are continued until changes in the
clectron vigenvalues are less than 5 meV,

Detads on the optimization of the outermost s, p, and d orhital parameters for Mo and Si
are discussed in Ref, 14, Becuuse of the similarity between Mo and Nb, the optimized orbital
parameters for Mo were algo used for the Nb impurity atom. The procedure Tor optimizing
orhitul parameters of non-metal impurities is somewhat more complicated, however, It was
presumed important to optimive the impurities in a solid-staic environment.  Thus slabs
consisting of three layers ol Mo with a moroluyer of impurity atoms chemisorbed on cach
surfuce (muintaining inversion symmetry) were chosen for the optimization procedure, The
distunce between the impurity monolayer und the Mo iayers is initjally chosen 10 make the
nearest impurity-Mo distance equal to the sum ol the covalent radius! of the impurity and the
metallic radius of Mo. The towl energy of slabs containing cuch impurity utom is then
minimized with respect to the parameters determining the outermost impurity s and p orbitals,
These are the 3s and 3p orbitals for C, O, and B and the 4s und 4p orhitals for S. This is
velerred to as step 1.

While keeping the ovbital parumeters of impurity woms fixed at those optimized values,
the total encrgy of each system 1s then minimized with respect to the distance between the
impurity and the Mo layers (reflerred to as step 2), Using these optimized distanees, step 1 is
repoated for all impuritics.  Fortunately, the new optimized orbital parateters are cither the
same as or very ¢lose (o those from step | or ail of the impurities, This saves us from further
iterations of step 1 and step 2. The key to avoiding numerous iterntions ol step | and step 2 is
upparently a good initinl value cf interfacial separation between the imourity layer and the Mo
luyers. It uppears that the sum of the respeetive vadii is a good approximation, The 3d orbital
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ol § is constructed following the sawe preseription as that for the 3d orbitat of §i.14 These
optimized orbital parameters are then used in the caleulations of the impurity-doped Mo/MoSia
heterophase intertuce, Although the optimization of the semu'mion between the impurity layer
and Mo layers is conducted without the presence of the MoSlg, test calculations were also
performed for cases where MoSis was present. We found that the cquilibrium impurity-Mo
distanse i the absence of the silicide was within 0.1 A of the value with the silicide, This is
due to the steop repulsive potential for Mo-impurity distances less than the equilibrium
separation and the fact that the Mo/MoSi; adhesion tends to foree the impurity luyer closer to the
Mo film. For the undoped und cach impurity-containing cases, total energles from ditferent
Mo-MoSij interfucial separations are fitted to the universal binding encrgy relation, a8 discussed
in Rof, 3. This leads to the following expression for the adhesive energy per unit surfucy area
(E) us a function of interfucial separation

E=-E(l+u)e™ )
whure
W' =(d-d)/1 @

The equilibrium interfucial sepavation is denoted by dy and the corresponding adhesive energy is
-Ey (Ey will be referred to us the ideal adhesive energy herenlter), The sealing length [is a
fitting parameter which provides & monsure of the elastic characteristies ot the material, The
steess @ s defined as the derivative of the energy E with respeet to the intrfacial separation d.
The stress-separation relution is of the torm

o= Umuxu‘cunu*) 3

whete the ideal peak interfacial stiength (per unit area of interlace) oy is related to the ideal
adhesive energy B, by

2,

Oinax = ol 4
und where ¢ is the base of the natural logarithm. As mentioned cardicr, these purameters pluy a

kev role in determining interfacial adhesive propertics,

RESULTS

My b

Depending upon the stacking sequence near the interfuee, three distinet interfacial
arrangements are possible.  Those arrangements can be represented by MoMo//Mo8iSi,
MoMu/SiMoSi, and MoMo/SiSiMo, where the double slushes are used to denote the interface
While only those atomic layers closest to the interfuce that are needed to distinguish the
interfacial arrangements are tisted, one might also wonder how thick the films should be to
adequately represent udhesion, Both Mo and MoSis are metallic. Since short electronic
seteening lengths are charucteristic of metallic systems, effectively limiting interfacial electronic
effects to one or two layers ot the interface, it is reasonable to model the interfuce by slabs
containing a few atomic luyers.

In order to cxumine the dependence of interfacial properties upon the thickness of the
slubs nnd interfacial arrangement, four different Mo-MoSi; interfacial configurations are
considered in this study. To simplify the calculation, reflection symmetry in the dircction
perpendicular to the interfuce is maintained in all configurations. The stacking sequences of the
four configurations starting from the mirror plane are MoMo//SiMoSi, MoMo//SiMoSiSi,
MoMoMo//SiMo8iSi, and MoMo//SiSiMoSi, respectively. The first three configurations all
correspond to arrangement where the first MoSis layer 1s Si and the second is Mo but with
different Mo and MoSiz slab thicknesses. The last configuration corresponds to the
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urrangement in which the first two MoSip layues adjacent 10 the interface are Si. For purposes
of compurison, results for ideal adhesion in pure MoSig, cleaved along a (001) plane arc also
reported.  The two possible MoSiz (001) cleavage plunes are MoSi/SiMo8i und
MoSiSi//MoSiSi, The MoMo/MoSiSi interfucial arrangement is not included in this study since
this case will be nearly indistinguishabie from that of cleavage in pure Mo,

The calculuted values of the ideal adhesive energy (Ep), the peak interfacial strength
(Omax)s  the equilibrivm interfacial separation (dy), and the scaling length (/) for all six
interfuciul geometries deseribed above are reported in Table I, By comparing the adhesion
results for the three geometries in which a single Si layer is at the interfuce, it is cloar that the
thicktiess of slabs does not substantially atfect the ideal adhesive energy, the peak interfacial
strength, or the equilibrium interfacial separation.  The MoMo//SiMoSiSi and
MoMoMo//SiMo8iSi Eq, Gy, and dq, all agree to within 3%, This indicates that a thres layer
slab is adequate for modeling bulk Mo, This is a dircet manifestation of the vcri' short
screcning length in metuls. The somewhat lurger differences between the results with two
differeat MoSis slab thicknosses, on the other hand, are largely due to the smaller interplanar
spacing in MoSiz than in Mo (approximately 15%) in the [001] direction, Based upon the
ahmur:v! di:c_:ussion. we assume that a slab of MoS8i; of four layers is sulficlent to represent the

u o ‘2.

TABLE L. Culculated ideni adhesive energy (Bq), peak interfucial strength (Gpyag)
equilibrium separation (dy), and the scaling length (1) for four difterent Mo-MoSl;
contigurations und for perfect MoSi crystals, Stocking configurstions all start ut the
mitror plane, while nctua! slabs contuin twice the number of Inyers shown,

MoMo/ MoMo | MoMoMo/ | MoMo/ MoSV MuSiSi/

- /SiMoSt | /SiMoSiSi | /SiMoSiSi | /SiSiMoSi [ /SiMuSi /MoSiSi
Y nlim? 4100 3590 3500 4610 3860 46(K)
Opmax (GPa) 51.6 40,8 39.6 53.0 43.8 49.4
dy (A) 1.37 1,44 1.44 1.36 1,28 1.36
1(A) 0.5 .05 .65 (),64 (.65 0,68

It is not possible, bused upon the duta in Tuble 1, to uncquivncullg estublish which
Mo(O01)//MoSia(001) interface (i.e. MoMo/SiMoSiSi or MoMuo//SiSiMoSi) has the lowest
energy and hence is thermodynumically stable. This is because the energles are sufficiently
¢lose that we would have to guarantee the same smichiomctrly for all of the silicide segments
considered. That would necessitate the treatment of thicker films, which is beyond our current
computatioral capabilitics. A comparison of results Tor the MoSi/SiMoSi and MoSiSi//MoSiSi
interfaces shows that the MoSi//SiMoS! represents the lower energy configuration for the free
MoSia. If we were w bring this equilibrium MoSia surfaee in contact with u Mo surface at
sufficiently low temperatures, then we weuld expect the stacking to remain unchanged, i.e.,
MoMoMo//8iMoSiSi. I the energy differcnce between MoMoMo//8iMoSiSi and
MoMoMo//8iSiMoSi were sulficiently small, then it would be likely that in any
Mo(001)//Mo8iz(001) compaosite both interfuces would be present, This assertion is based
upon the non-equilibrium nature of composite processing und the munner in which interfaces
migrate. Theretore, when the composite is subjecied 1o an extemal stress which tends to pull
the interluce upmt, it is the weaker interfuce which would dominate the udhesion propertics of
material.  Examingtion of Table I demonstrates that the MoMoMo//SiMoSiSi intertace is
substantially weaker than the MoMoMo//SiSiMoSi interface, based on both the adhesive enorgy
Eo and the peak interfucial strength opax.  For all of these reasons we will focus on the
MoMoMo/8iMuSiSi interfuce for the vemainder of the present study,

The ideal adhesive encrgy und peak interfucial strength for the MoMo/SiMoSiSi
interfoce ure between 10% and 15% smuller that those for erystulline Mo(001) and MoSiz(001).
This suggests that the Mo/MoSig interface will fuil under stress before either the Mo or MoSia
crystals, However, since this comparison was made on the basis of ideal udhesion, it is only
conclusive in the ahsence of Eluslicity.

In erder to examine the validity of the universul binding energy relation (UBER) (Eq. 1)
for adhesion between two dissimilar metallic materuls, the UBER form is fited to the calculated
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energy values at difterent interfucial separations and plotted in Fig, 1 for the six intetfuces
anulyzed in Table 1. In all cases, the UBER provides an excellent fit to the data. The
MoMo//SiMuSiSi and the MoMoMo//§iMoSiSi adhesion curves are very close over the eatire
range of the interfacial separation, reflecting the short-screening effect in Mo, us discussed
carller.  Strikingly, the adhesion curves for the MoMo//8iSiMoSi and Mo8iSi//Mo8SiSi
interfuces are nearly the sume over a wide range of the interfacial sepuration. This suggests that
the /MoSiS| surface energy is similar to that of the pure Mo (001) regarding udhesion,

A detuiled analysls of the bonding at the Mo/MoSl; interfuce has been presenied in Rof.
14, where both electron density and interfucial density of states results may be found, The
inturfuctal adhesive bonding is attributable to the combination of a nearly uniform band of
clhn;'gc utccumu!auon at the interfuce und directional charge aceumulation betweon atoms across
the ingerface.

Mo/MoSi» Iniesfises with Impuritis: Adhesion

As discussed in the Introduction, we assume that the impuritics ure vither fixed at a 4-
fold symmetrio, intorstitinl site or us u substitutional site (see Fig, 2). Our total cnergy
culculations show that the largest (covalent radil) impurities, Nb and 8 are in substitutional
sites, while the smaller C, O, and B lmrurltles oceupy interstitial sltes. When the heterophase
imcrt‘ulcc is formed (or cleaved), we explicitly assume thut the impurity remains bound o the Wi
crystal,

Caiculated vadues of the ideal ndhesive energy (Ey), the peak interfucial strength (Gnux),
and the cquitibrium interfacinl separation (dy,) are listed in Table 1T for the undoped
(MoMo//SiMoSiST) and all of the impurity-doped cuses, In ull cases, dy 18 the equilibrium
distunce between the plane through the nuelel of the surtuce transition-metal atomic layer and the
plane through the nuclol of the surfuce 8i luyer, The tansitton-metal surfuce utomic layer Is Mo
exvept for the Nb substitutional cuss,

TABLE I1. Culouluted ideal adhesive onergy (Ey), peak interfactal strength (Gmax)s
equilibrium interfucinl sopuration (dy,), und sculing length () for the undoped and ali the
impurity-doped cases, Also listed are the chemical energy (Eg) and strain encrgy (Eq),
which ure defined in the text,

undoped Nb C 0 B S
By (mi/md ] 3500 3230 3160 2860 2700 1770
| Oinax (GPo)| _ 39.6 33.2 59.0 50.2 40.8 20.6
dy (A) 1,44 1.60 2.26 2.17 2.37 2,72
1(A) (.65 0,72 0.3Y 0.42 0,49 0,63
E. (m)/m2) 180 -920 -430 -660 -320
LEs (m¥/m?) 90 1260 1070 1460 2050

It is evident from the data in Table 11 that all of the impurities reduce the udhesive cnergy
and inerease the equilibrium interfacial separation, The reduction of the ideal adhesive energy
upon doping is u very strong effect. S doping reduces the ideal adhesive energy of the
Mo/MoSiz fmcrfucc by nearly a factor of two, Comparison of results for ditferent dopants
shows thut, among the non-metal impurities, larger reductions in the ideal adhesive enorgy are
caused by atoms of larger atomic size. The magnituds of the increuse in the equilibrium spucing
dy or locul strain is simply refated to the covalent radius!!, us may be seen in Fig, 3, Nole that
the value of dg in Fig, 3 for the Nb-doped casc is the value from Table 11 plus the Mo(2)-Nb
interplanar spucing, where the labeling of the ntomic pluncs is as per Fig, 2. This corresponds
to the equilibrium interfacial separation between the Mo(2) utom und the Si(1) awom, i.e., the
Nb-doped case is treated here on an egual footing with the cuses involving non-metal
impurities. The interfacial spacing is, to a good approximation, a lincar iunction of the covalent
ruJius of the atoms of the impurity layer, This suggaests u rather simple picture of the etfects of
the non-metal impurities, That is, the impurities act as spacers at the intertuce, pushing the two
surfaces apart. The bonds avross the interface are presumably stretched and weakened as the
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Figure 1. The caleuluted total energy E (per unit surluce area) at different interfacial
suparations and the corresponding universal-binding-enorgy relation (UBER) versus
intevfuciul separation d for all the cases, The inset shows the details in the vicinity of the
minima, The o's cm‘rcspond to MoMo//SiMoSi, 0's to MoMo//SiMoSiSi, A 's to
MoMoMo//SI1Mo8iSi, ®'s 1o MoMo/SiSiMoSI, *'s to MoSi//SiMoSt, and ®' 10
MoSiS//MoSiSi. Stacking configurations all stust at the mitror plane.  Actuul slubs

d (A)

contain twice the number of layers liswed,

Figure 2, The hail unit cells
employed to stud{ systems
containing () intesstitial and (b)
substitutional impurities, The
interstitial impurity locations are
denoted by the X, There is
inversion symmetry about the
center of the Mo(l) atomic
layer. The layers are numbered
by element and in order of their
distance from the center
{(Mo(1)) layer, The undoped
interface is equivalent to that
shown in () but with the
interstitiul site unoceupied. The
Nb-doped interface employs the
same unit cell ag for the
undoped interface except that
Nb i3 substituted for the Mo(3)
atoms,

(a) interstitial

Mo

O si

(b) substitutlonal
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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 (tho electron charge sccumulation between the
Mo(3) uné’ R/lo(4) utoms when the Interfuee is formed) across the interface in the lmpurily~doRed
cases compared with the undoped case, us discussed below. Since Nb is an element which ig
similar in nature to Mo, its effect on the udhesive bonding is somewhat different than thut for
thu non-metal impurities, While Fig, 3 shows that Nb increasos the Ma(2)-Si(1) spacing the
most, the charge density plots (sce bolow) show that a Nb-Mo(4) bond is established which is
quite similar to the Mo(2)-Mo(4) bond for the undoped interfuce. This was the rationale for
taking the equilibrium spacing in Table I (o bo the Nb-Si(1) spacing, putting the Nb-doped
interface cmuaw same footing as the undoped interfuce.

In Fig. 4, tho culculated adhesive onergy (E) as a function of interfucial sepuration d is
lotted foe the undoped and doped interface cases, Since the increase in the cquilibrium
nterfucial spueing cin be thought of as a local strain, the B versus d curve may be used in

dividing the dopant effects into strain enorgy and chomical encrgy torms, Sinee the presence of
impurities increases the equilibium Mo-MoSiz crystal spucings dy, wo dofine the strain energy
(Ey, ¢f, Tuble, IT) us the oncrgy diffurence hotwesn E(dutdopedy ynd E(d,dopedy, whore E(d) 1s
the undoped Mo/MoSis udhesion curve, In othor words, we define the dopant contribution to
the strain energy Ey as the change in energy of' the undoped Mo/MoSig system when the spucing
between the Mo und MoSia crystals is Incroased o the extent caused by the dopants, ddope
~the minimum of the impurity adhesion curves. The strain energy is found to be positive
definite. One could define a chemical energy as the difference between two energies at the
strained spacing, 1.c., ut the spacing corresponding to the minimum of the doped curve, We
define the chemical encrgy as the ditforence in energy between the minimum of the impurity-
doped curve and the Mo/MaoSiz curve at the same spucing - d4oped, The sum of the strain and
chemical energies is then the adhesive energy difference between the minima of the impurity-
doped curve and the Mo/Mo8iz curve. This is not a unique definition ol the strain and chemical
energies, but one which greatly simplifics our understunding of the adhesion energotics. Largoer
strain encrgies Ey cormespond 1o smatlor adhesive cnergies, while larger chemical cnergics B ure
correluted with larger udhesive energics, both as expected.

Exumination of each impurity-doped case reveals the distinetive roles played hi{ the
different types of impuritics. L}‘ho Nb-Si(1) spacing (dy in the Nb column of Table I1) iy
somewhat lurger than the Mo-Si(1) spucing in the undoped interface. This is consisient with
the fact that the Jatiice constant of bee Nb (3,20A) is lurger than that of bee Mo (3.14A). Both
the strain energy and the chemical energy in the Nb-doped case are small, reflecting the
similurity between Mo and Nb. The small positive chemical energy term indicates that Nb
utoms fonn slightly weaker bonds with MoSip atoms across the interface than do the Mo atoms,
Elisli& ;'o_?sislcm with the surfuce energy of Nb(1(K)) heing smaller thun the surface energy of

o(100)./

For the non-metal impurities, some interesting trends can be deducod feom Table 1, The
ordering of the strain energles By caused by the different impurities at the intertace s 0 < C <
B < §, whercas the ordering of the absotute . alue of the chemical energies Eqls S <0 <B <
C. These two energies along with the E¢+Ey ate ploued in Fig, 5 us a function of the covalent
rudius of the non-metal impucities. Itis perhups not surprising to {ind (hat the straln energy is
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Figuts 4. 'The calculated enorgy E (per unit surfuce aren) of the doped and undopoed
Interfaces versus interfuciul separation d. 'The undoped intorfuce is represented by the
open circlos, the Nb doped interface by opon diamonds, the O doped intortace by tilled
diamonds, the C doped interface by filled triungles, the B dopeo interfuce by filled
squares and the S doped interface by tilled clreles,
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Figure 5. The strain energy (idungles), chemical encrgy (opon circles), und sum of the
two (solid circles) versus the covalent radii of the impurities,
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monotonic function of the covalent radius, us the effects of impurity size are expected to be
incorgornwd in the strain energy, However, the linear dependence of Ey on the covalent radius
muy be attributed to the noarly lineur form of the undoped Mo/MoSip adhesive cncrgi' versus
separation d curve (Fig. 4) over the range of separations corresponding to the equilibrivm
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 4 function of chemical parumeters such as
clectronegativity, As discussed above, the sum of the chemical and strain enorgies gives the net
effect of an impurity on the adhesive energy Eq(undoped)-Eq(doped), It is clear from Kig, §
that the effects of non-metu} impurities can be best described as a strong strain effect modulated
by u modest chemioal interaction, This supgm'ts the coneept proposed earlier that the non-metal
impurities act us spacers of the Mo and MoSi; crystals,

It turns out that a complete plcture of the impurity effects on adhesion is not that simple,
however, This hecomes evident afier comparing the peak Interfociul strength (cf. Gmyy in Table
11) for all of the intortaclal impuritics, Although ull impurities reduce the ideal ndhesive energy,
B slightly increases the interfucial strength, and O and C significantly strengdhen the interface,
On the other hund, both substitutional Nb and 8 deorease the interfueial strength, In particular,
8 cuuses the largest reduction (by atmost u factor of 2) in both the ideul adhesive onergy and the
peak interfucial strength, Recalling the dependenco of the peak intertuclal strength on the ideal
udhesive enorgy B, and the scaling length / (E‘E 4), it is not difficult to sue that the increuse of
the peak intorfucial streagth in the C-, O-, and B-doped cages s primardly due 1o small scaling
longths in those cases, whereas the low peak interfucial strengths of the S-doped intertaces iy
attributable to the low By, value, The reduced gy value agsociated with the Nb doped interface
Is attributable (o both an increass in /and u decrease in Eg,

Impuritios ore expeeted to ulfect electron churge distributions, Nevertholoess, it s still
quite striking to the degres to wiieh thoy hrins about dramatic changes in the electron charge
arrangement at the Mo und MoSis interfilee, Since the focus of the present study is interfuctal
adhesion, we focus on the changes in the electron chargo profiles whoen the Mo/MoSl; interfuce
is formed by bringing the Mo und MoSiy crystuls together from lurge separatons (e, d is
changed from oflectively d=wo (o dy), In Figs. 6(u-d) the eleetron churﬁ: density rcartangemen®
due to the formation of the Interfuce i3 plotied for the undoped Mo/MoSla interfuce and that
Intertnce with Nb, C, and § respectively. The electron charge dunsitg plots for the O and B
impuritics nre very similar 1o that of C und muf' be found in Rel. 15, These plots are generated
hy subtracting the clectron charge density distributdons at large interfucial sepuration from those
ut the equilibrium sepuration 8o they reprosent the net offects of charge rearrangement coused by
the ideul adheston, In all cases, electron charge rearangement becomes quite small at distancey
larger thun one or two atomic layers from the interfuce. This again demonstrates that the
metallic sereening length is quite simall,

Comparison of the charge rearrangement tor the undoped Mo/MoSia intertuce plot (Fig.
6u) with that for the Nb. dnrud cuse %Flg. Gb) shows that the two cases bear o sirong
resemblance to each other, This roflects the similarity in physical propertios between olemontal
Mo and Nb, In both cuses, a substantial uccumulation of electrons is found to sproad over all

urts of the interface between Mo (or Nb) and MoSis atoms when the interfaco s formed, This
s indicative of the udhestve nature of the interfucial bonding. 26 In addition 1 o uniform "band®
of clectron accumulution at the interfuce, there also exists contributions from strong direetional
electron accumulutions locatized along the Hines conneoting utoms across the interface in the
direction normal to the interfuco (e, the z-direction) in both cases. This patt of electron chargo
accumulation between atoms surrounding the interface is reminiscent of covalent bonding in
distomic molecules, The parallel between the distormic molecular bond und the bimetallic
interfucial bond has been pointed out curlierd Note especlully the relatively largo aceumulation
of electrons between the surfuce atoms of the Mo crystal (Mo(3) or Nb, Rig. 2) und the second-
layer Mo atoms (Mo(d)) in the MoSis tilm,

In the non-metal impurity-doped inwrfoce cuses, the band of interfacial electron charge
gccumulation at the interface is reduced, or even totally climinated in some instances as
compared with the undo‘l)cd or Nb-daped interfuce cases, Additionally the strong accumulation
hotween the Mo(3) and Mo(4) atoms is -rcutly reduced, This suggests that the adhesive
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honding between the Mo and MoSi; cystaly is significantly weakoned due to the introductlon
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Figure 6. Churge density rearrangemonts due o adhesion batweon the (001) surfaces of
Mo and MoSiz: (a) the undoped cuse (denoted by Mo/MoSis), (h) the Nb-doped case
(denoted by Mo/Nb/MoSiz), (¢) Mo/C/MoSi, (dgl Mo/S/MoSi;. Those contours were
dutermined by subtrasting the churge densities of the system with the interfuce from those at
effectively infinite separation. Positive contours (solid lines) denote clectron accumulation
due to ideal adhesion and negative contours (dnshed lines) indicate electron depletion,
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of the non-metal impurities. In the C, O, and B doped interface cases, there is u relatively large
uccuinulation of electrons around the impurity stoms in the z-direction. This is due to the strong
chemical bonds formed across the interfuce by the impurity atoms and to the reduced atomic
hond lengths associawd with the interstitial nature of the impurity atoras. Although the main
foatures of adhesive bonding in systems doped by theso threc impurities are similar, there do
cxist some differences. For example, the Mo atoms one layer away from the interfuce in the Mo
crystal (Mo(2)) in the C- and O-doped cases lose d-clectrons with 22-r2 symmeotry, while
gninlng some with xz and yz symmetry, In the B-doped case, meanwhile, a gain of electrons
with 2212 and xy symmetry i3 evident at those sites, Becauss of the different local interfacial
geometry in the substitutional S-doped case, examination of offucts due to S suggests yot
unother picture, Both the uniform band of electron charge acoumulation and the charge
sccumulation between Mo atoms are completely absent In the S-doped case. Instead, owing to
the shorter distance betweon the Mo(3) and the Si(1) atoms (compared with the Mo(3)-
interstitial impurity distance), the electron churge sccumulution between these utoms is even
enhunced relative to its counterpart in the undoped case, When the interface between the Mo
und MoSiz crystals is formed, there is a net charge depletion surtounding the S sites, This s in
contrast to the substantial charge accumulation ot impurity sites in the C-, -, und B-doped
cases, The charge rearrungement uround the Mo(2) und Mo(4) sitos in the S-doped case
uppears weaker than the undoped and C-, O-, and B-doped cases. All these rosults suggest that
thare {8 o weaker intorfaciul adhesion in the S-doped ouse than in either the undoped or
Interstital-doped interfacy casos,

CONCLUSIONS

The likely equilibrium stuckimi of atomie planes at the Mo(001)/MoSia(001) interface iy
MoMo/SiMoSISE stacking, Both the ideal udhesive encray and peak fnierfuciul strongth for the
MoMo//SiMaSiSI1 interface are betwesn 10% and 15% smallor thun those for crystalline
Mo(()()l? und MoSi(D01), 'The equilibrum intselayer soparation between Mo and MoSi; in the
interfucial arcangement wus found 1o be intermoedinte between those In erystulline Mo and
MoSiy. ‘The adhesive bonding at the sthle interface was ldentified to be u combinution of u
uniform band of charge aceumulation at the interfuce und dirsctionul charge uccumulation
between atoms ucross the interface,

Our tirst é»rinciplus clectronie structure ealeulations show that all of the impurities
cansidered (Nb, C, O, B, und 8) devreusud the adhesive energy of the Mo/MaoSia heterophuse
interfuce, The Nb-doped case resembles the undoped case inh many aspects and difTorences
between the two cases uie atiiibutable to the difforonces between elemental Mo und Nb, Tho
non-melallic impuritivs C, B, O, and S have a much stonger effoet on udhosive onergles, §
waus thown (o have the largest offect, with o monoluyer at the Mo/MoSi interfuce decreaging
the udhusive enorgy by approximutely a factor of 2. It was found that the ﬂnpuﬁucs increase the
interfaclat spacing in Ero ortion to the impurity covalent radiug,  Electron-density-difTerence
plots show Smt the adhesive bonding across the interfuce in the undoped case is weakened by
nll of the non-metal impuritics, Impuity effocts were analyzed in terms ol the competition
between strain and chemicul cnetgetics, A simple pleture emerged n which the impurities lower
the Mo/MoSiz adhusive energy by stretehing and thersfore woukoning the bonds across the
interfuco, No such simple pleture was found to explain the offocts of impuritics on poak
Inwerfuelal strengths, The interstitial impurities C, O, and B increused the interfaclal strength,
while the substitutional hmpurities Nb and 8 decreased it. Wo note that for those impuritics
which inorease the peak intertucial strength (C, B, and Q), the utlulllhrium intertucial separution
falls near the point of peuk interfneial strength of the corresponding undoped case.
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MECHANISMS OF WETTING IN REACTIVE METAL/OXIDE SYSTEMS

N. EUSTATHOPOULOS, B. DREVET
LTPCM, URA 29, INPG, DU, ENSEEG, BP 75, 38402 Saint Martin d'Heres 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 88. When
EB«<0 (moderate interactions between solute B and dissolved oxygen), the solute B can
maodify the liquid-side of the interface by adsorption, an effect thet can be strongly enhanced
by oxygen coming from dissolution of the oxide substrate, When eb<<0 (strong 0O-B
interactions in M), the solute B can lead to the formation, at the solld-side of the interface, of
a new phase, When this new phase features metallic bonding wetting can be strongly
improved,

1 INTRODUCTION

Waettabllity of solids by tquids is generally described by the angle 6 formed at the line
of contact of three phases, solid (8), liquid (L) and vapour (V). 8 is related with the
characteristic Interfaclal snergies o of the system by Young's equation ;

c0s8 = (agy -0y, )/ Oy ()

At high temperatures, the surface tenslon of the liquid oy and the contact angle are usually
measured by the sessile drop technique. From these quantities, the following two parameters,
very important in joint processing and properties, can be evaluated ! the work of immersion

Wl = Ogy = Og, = Oy cos0 (2)

a quantity which iy needed for deseribing infiltration of captilaries by liquids, and the work of
adhesion

W, = gy + Oy — Oy, = 6y (1 +cos6) 3)

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

For pure non-reactive metal/ionocovalent oxide systems in reducing or neurral
atmospheres, bonding s brought about by weak interactions, which have been attributed
cither to Van der Waals [1,2] or chemlcal interactions [3,4] loculized at the Interface. Non-
wetting (6>>90°) iy generally obsorved in this case and W, represents only a few tens of
petcent of the work of cohesion of the metal equul to 2oy [1,5).

Mal. Res. 8oc. Symp. Prog. Vol, 314, ©1993 Materlals Resestch Soclety
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Both wetting and bonding can be affected by trace clements, especially oxygen even at
partial pressure levels as low as 105-10-19 Pa, It is now well established that when dissolved
oxygen is present in a metal M, the contuct 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 partlally 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 Iy possible
to produce a significant decrease in © 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 ceramlics by brazing alloys), can be expected using a
reactive solute B, However, the central question is how to select B, no model of general
acceptance being available relating wettabillty to reactivity, In the following section,
experimental results of reactive wetting will be reviewed in order to identity 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 fogus 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)+%—Al203 c:g-MOHAl) “@

An approximate criterion for reactivity is the degree of progress of the interfacial
reaction, o, which can be obtained by calculating the equillbrium concentration of Al in
liquid M, coming from the dissolution of Al,0,. o, 1% thus cqual to the difference between
final and initial (that is zero in our case) mole fraction of Al, X4 In the case X, ({1, the
equilibrium X, for reaction (4) is written ay follows [9] &

AGR + BHA AG;
- exD— =exp-| &2
X a1 = exp [ = Al(M)]-exp ( RT&) (5)

where AHA(m) I the partial enthalpy of mixing of Al at infinite dilution in M and AGY the
standard Gibbs free energy of reaction (4). Note that, at moderate nr high values of the
quantity AGy / RT, the real reactivity consists in a simple dissolution of the oxide substrate
in the liquid metal and not in an vxido-reduction reaction. Thus, the term AGy / RT will not
be used to quantify the real reactlvity for a given system, but only o establish a rough scale
of relative reactivity for different syatems,

Experimental contact angles 8 taken from compitations [1,9,10,11] are represented in
Figure | as a function of the parameter AGy / RT calculated for a number of pure
metal/oxide couples (see [9] for more details). We observe that an increase of AGy / RT i3
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Figure 1 : Experimental contact angles versus AGy / RT for pure M/oxide systems, The
reactivity increases from right to left, From [9].

Figure 2 : Schematic representation of the reactive wetting of a metal M on a solid 8 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 8, Moreover, at high values of AGy / RT, 6 tends towards a
limit, 8w 140°, a value typical of noble metals (e.g. Au and Ap) on alumina and silica, In
the same way, when AGL / RT—» 0, 8 decreases steeply and perfect wetting can be reached
(ex ¢ Ti, Zr/Mg0Oj. A similar corrzlation hetween reactivity and wettability hay already been
observed by Naidi~h [1] and by Nicholas [8] using the function AG%.

In the nex. 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 matetial transfer at the solid/liquid interface. According to Laurent, the
smallest contact angle possitile in a reactive system is given by ¢

|

Ao, AG
cos By, = cos8p ~ :’T:: - ‘"I:'\'IL (6)

where 8, is the contact angie of the liquid on the substrate in the absence of any reaction.
Ac, takes Into account the change in interfacial energies brought about by the interfacial
reaction, AG, is the change in frec energy per unit area, released by the reaction of the
material contained In the "immediate vicinity of the metal/substrate intertace” [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 (i) on the assumption that the
predominant contribution is the interface energy term Ao, [15,16,17], i.e. a parameter
related with the detailed chemistry and structure of interfacial reaction products.

3.1 Models based on the AG, term

This contribution to reactive wetting was first proposed by Aksay et al. [13] and by
Naidich [1] who considered that the reaction between the liguid and a fresh, unreacted, solid
surface at the periphery of the drop increases the driving force for wetting. Aksay et al.
argued that, because the rate of interfucial 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 down
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 AG, term. Indeed, the
coupling conditions of the time-dependent interfacial reaction with the kinetics of wetting are
unknown. As a consequence, 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 cun only provide order of magnitude
estimates of AG,,

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

[ dacg)
AG,-IO =2 ™

where a and o, are respectively the current and equilibrium degrees of progress of the
reaction and AGy 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 [18,19]. Thus, neglecting the Ac, 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 Maodels based on the Ao term

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 Ao, and AG,
terms being successively kept constant,
8) A series of experiments was recently carried out in which the AG, term varied while the
Ao, term was kept constant [17]. In (hese 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 sume interfacial product (Ti- O4) but reactivity, as evidenced by the thickness of the Ti O,
layer, differed from one oxide to other by one to two orders of magnitude. Despite this great
difference, wettability on the three substraies 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 cccurs 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 particuiar values X7, with a change in the type of Ti-oxide formed
at the interface (Figure 3) [20). Since when X4 = X7y the thermodynamic driving forces for
the interfaciul reactions are the same, the change A9 can only be explained by a change in
4o,.

substrate 6 interfaclal product thickness (#m)

alumina 34 Ti203 = 0.5
mullite 32 Ti20n ~ 1
silica 35 Ti203 =~ 10

Table 1 : Wettability and interfacial chemistry of CuPd-Ti (Xy,=0,15)/oxide seasile drop
experiments at T=1473K [17].
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L Figure 3 : Wetting transitions observed at
particular values of the molar fraction of Ti
for the reactive NiPd-Ti/alumina system at
T=1523K. Each plateau corresponds to a
particular Ti oxide identified at the
interface by microprobe analysis. From
[20].

From these two studies and other experiments (on Cu-Ti/Al,O, [15] and NiPd-Ti/C
[16]), one can conclude that at least in metal/ceramic systems with a weak or moderate
reactivity, the predominant contribution to reactive wetting is the term Ao, reflecting
interface energy change during the reaction, rather than the transient AG, 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 & non-reactive base metal
with controlled quantities of reactive solute additions, leading to the oplimum 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 chemicsl interaction in this system can be described by the dissolution of
alumina in the alloy [15,21] :

Al;0, & 2(Al) +3(0) )
possibly followed by the precipitation of a B oxide at the interface, for example :
2(B) +3(0) & B,0, (10)

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

X3 -Kexp(-%egxa) (1)

where K is a constant {21] and €8 Wagnar's first-order interaction parameter between the O
and B solutes defined by the equation :




SR et

21

log )(o

al 1L J
\0/

oh - .
S
— I
. D Al/A1203 0 AIAI203
-8 i I I 1
-6 ks «2 0-6 -4 -1 0
log Xp log ¥y

Figure 4 : Thermodynanics of matrix M-solute B/AlL,O, systems (5 <0),

- curve D gives the logirithm of the mole fraction of oxygen from stoichiometric dissolution
of alumina in MB alloys as a function of log Xj.

- curve P describes logarithmically the variation of ¥g in equilibrium with B0, as a function
of Xa.

a) Only dissolution of slumina in the melt cocurs. This is the cass of Ni-Cr alloys at
Tw= 773K [28).

b) The solute B reduces alumina on the right of the intersection point of the two curves. This
oceury for Ni-Ti ai T=1773K [29,30).

lnYO.lnYO(M)+ngB+"' “2)

where Yo(m) and Yo are the activity coefficients of oxygen in pure M and in the M-B alloy
respectively, and Xp the molar fraction of B in M. The more highly negative ¢3, the
stronger the interaction between B and O, and for sufficiently high values of Xp, X5

increases rapidly (equation (1)) : strong O-B interactions will promote alumina dissolution in
the melt, as expected (curves D In Figure 4),

Moreover, a solute B satistying the condition e < <0 can also lead to precipitation
of an oxide B,O; by reaction with the excess oxygen In the alley, The mole fraction of
dissolved oxygen in equilibrium with the B.0; precipitate (reaction (10)), denoted X5, is
given by !

X5 =K' X exp(-eB Xy) (13)
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0 Figure 5 : Contact angles of Ni-based
120 alloys on aluminz as a function of Cr or Ti

mole fraction for Ni-Cr [28] (simple
dissolution of alumina) and Ni~Ti [29,30)
(dissolution-+precipitation of a Ti oxide) at
1773K.
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where K' is a constant [21]. When Xg~0, X§ varies as Xz*'3, i.e. it is a decreasing
function of Xa. However, at higher Xy values, the exponential term in equation (13)
predominates and X§ increases rapidly with increusing Xy (curves P in Figure 4), Thus, in
both cases of dissolution and precipitation, the concentration of dissolved oxygen increases
above a certain value of Xp,

If for the same value of X the inequality X5>XE holds, the solute B will reduce the

alumina, forming B,O, !
Al 0y + 2(B) & B,0, +2(Al) (14)

This condition is verified for the Ni-Ti alloy, interactions between oxygen and titanium
solutes being very strong (€8 =-100), but not for the Ni-Cr alloy (257 ~-25). Indeed,
additions of Cr up to 20 at.% in Ni do not lead to the formation ot a chromium oxide : the
only effect of Cr in this matrix is to increass the dissolution of alumina in the alloy, As
shown in Figure 5, Cr additions in Ni considerably decrease the contact angle of Ni on
#lumina. The influence of chromium would result from two effects :

a) an increased concentration of dissolved oxygen due to interfacial reactions, lLe. an
increased concentraiion 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 {8 more electropositive than nickel, the charge transfer from ¢hromium
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, 1.e. e5 <0.

In the Ni-Ti/Al,O4 system, due to strong O-T} interactions, OTi clusters in Ni must be
very tensioactive at metal/oxide interfaces, However, in this case, one must also take into
account. the effect on wettability of the formation of a continuous Ti 0, layer at the
nickel/alumina interface by reduction of alumina. Cursently, it is genurally accepted that the
more melallic in character an oxide is, the more it will be wetted by molten metals [1,8].

T SO

=




23

This effect clearly appears in the results of Table 2, concerning non-reactive Cu/oxide
systems, the metallic-like oxide TIO being more wettable than an jono-covalent oxide like
Al O,. Thus, in the Ni-Ti/Al;0, system, the replacement of Al,0; by the semi-metallic
oxide Ti,04 must increase W, and decrease 8, The combination of thess two effects, i.e. (2)
adsorption of OT! clusters at the lquid-side of the interface and (b) formation of a semi-
metallic oxide such az Ti,O, 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]
whete, 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,0; system [19] (Figure 6-curve 1) where only dissolution of Y,0, into Cu-Ti
alloys ocours, producing a significant but limited decrease of 8 (from 140° to 80°),

Unlike the effect of Ti additions, adding Ca to Al on Al,O4 or 8iO, 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 - Cunduction type 0(°) W, (mJ/m2)
Alz0n insulator 128 460
Ti2O1 semi-metallic 113 740
TiOL 14 __etallic 82 1460
TiOo.86 metallic 72 1650

Table 2 : Contact angle and work of adhesion of copper on different oxides at T=1423K [1].

401 1:1¥,0,
4 21A|2°3
T 1001 |
-
; 1 e, a 2
60.
2 : 2
H
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- 4
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Figure 6 : Wetting and work of adhesion
1 of Cu-Ti melts on Y,0, and Al,O, at
< 5w T=1423K from [19]. Reactivity consists in
a simple dissolution of the oxide substrate
MR in the first case, and in u
Ti(at %) 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
Ao, term, thres kinds of behaviour can be distinguished on the curve of Figure | :
1) For AGg / RT > >0, that is typlcally for values of 20 or more, M/oxide couples can be
considered, with regard to weltability, as non-reactive systems (l.e. Ao, =~0), In that case,
non-wetting is observed (82120°) 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 AGy / RT (of the order of 10), the corresponding contact
angles lic between 60° and 100°, A typical example is Cu/NiO (§m68° at 1473K)
(eN' w ~7), Thermodynamic calculations performed at equilibrium lead to the following value

of the molar fraction of oxygen comirg from the dissolution of NiQ [9) : X8 = XB, =1.5
102, XB is not high enough to produce precipitation of the copper oxids Cu,0 (Xh =4

10°2). Thus, the only possible effect in the Cu/NIO system is the adsorption of dissolved
oxygen, This adsorption leads to a much lower contact angle than for the Cu/Al,O4 system
[6) for the same value of X, (68° 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 e},

Weltability in systems like Sn/Fey0, (e5° »-50 [24]), Cu/T'eq0, (£5° »-540 [24]) or
Fe/Cr 04 (€7 (0 [25]) can be interpreted in the same way. Moreover, the positions of the
Al/AlL,0, and SI/Al;O, 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 AGR / RT cloge to zoro or negative, reaction produces & new phase at the
interface. Nevertheless, wettability will depend on the bonding character of this intertacial
layer and two cases can be distinguished

3.a) The flrst 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, provides un example of intense reactivity, involving the
reduction of SiO; to form Al,O, at the interface, and a slight liquid enrichment in 8i. As the
lono-covalent oxide SO, Is replaced by an oxide of the same type, the contact angle of Al on
$i0; (0=80+5” at 1073K) is therefore close to that of Al on Al;0, [26,27). The same
explanation is valid for the Al-Cu on Al,Q4 or S§iO, systems previously mentioned, for which
Ca additions do not improve wetting because the interfacial product (CaQ) hay roughly the
same bonding character than the substrate,

3.b) The second casc 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 [1]. Liquid
titanium can dissolve a large quantity of oxygen (a few at.% O) 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 CoQ
(Figure 1), The reduction of these substrates by liquid Sn is possible and the amount of
dissolved NI or Co produced by this reaction iy greater than that needed to precipitate the
intermetallics Ni4Sn or Co,S8n, at the temperature of the experiment.
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§ CONCLUSION

For systems with weak or moderate reactivity, the governing parameter of reuctive
wetting appears to be the term reflecting interfacial energy change Ao, rather than the
transient Gibby free energy term AG,. However, the lmportunce -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 AGg / RT > >0 (typically greater than 20), 6 is about 120°, Weak
metal/oxide interactions are localized at a sharp interface,

2) In systems characterized by AGR / RT ~ 10, an improvement of wetting is obtained with
regard to the preceding case (8=80°), due to the effect of adsorption at the interface of
oxygen, produced by the dissolution of the oxide substrate, This effect, which iy greatly
enhanced by the formation of metal-oxygon clusters, leads to energetically moderate
interfaces,

3) When AG} /RT S0, both dissolution of the oxide substrate und precipitation of a new
phase at the interface oceur, Wetting will depend on the nature of this new phase : for lono-
covalent compounds, a case 2) benaviour will be observed whereay for metallic compounds
(metallic-like oxides or intermetallics), nearly perfect wetting can be expected assocluted with
encrgetically strony interfaces,

In order to produce a strong improvement of wetting of a non-reaclive metal by an
alloying element B, two conditions have to be satisfled :

a) The thermodynamic parameter 5 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 tayer 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 wetling driving force, AG,, predicted by general considerations,

REFERENCES

[11  Ju. V. Naidich, Prog. Surface Membrane Sci. 14, 353 (1981),

[2]  P. W. Tasker, A. M, Stoneham, J. Chimie Physique (F) 84(2), 149 (1987).

[31 K. H.Johnson, S, V. Pepper, J. Appl, Phys, 53, 6634 (1982),

[4]1  P. Hicter, D. Chatain, A, Pasturel, N. Eustathopoulos, J, Chimie Physique 8510},
941 (1988),

(51 N, Eustathopouloy, D. Chatain, L. Coudurier, Mater. Sci. Engineering A135, R3
(1991),

(6] P.D.Ownby, J. Liu, J. Adhesion Sci, Technol, 2(4), 255 (1988).

(71 ). G. Li, L. Coudurler, N. Bustathopoulos, J. Mater. Sci, 24, 1109 (1989),

[8] M. G. Nicholas, Jojning Ceramic, Glass and Meial, edited by W. Kraft (DGM,
Ruteshaim, 1989), p. 3.

(91  N. Eustathopoulos, B, Drevet, J. Physique 11l (F) (to be publithed).

{10] D. Chatain, 1. Rivollet, N. Eustathopoulos, J. Chimie Physique (F) 83(9), 56!
(1986),

[11) R, Sangiorgi, M. L. Muolo, D, Chatain, N. Eustathopoulos, J. Amer. Caram, Soc.
71(9), 742 (1988),

[P,




28

[12]
(131
[14]

{13
(6]

(7
(18]
(19]
[20]
(21]
[22]
(23]
[24]

[25]
[26]

[27]
(28]
[29]
(30]

V. Laurent, PhD thesis, Grenoble, France. 1988,

L. A, Aksay, C, E. Hoge, 1. A, Pask, J. of Phys, Chem, 78, 1178 (1974).

P. R. Chidambaram, G, R. Edwards, D, L, Olson, Metall, Trans. B 23B, 21§
(1992).

P, Kritsalis, L, Coudurier, N, Eustathopoulos, J. Mater, Sci, 26, 3400 (1991).

P, Kritsalis, L. Coudurler, C. Parayre, N. Bustathopoulos, J, Less-Common Metuly
178, 13 (1991),

1. Bspié, DEA repott, INP Grenoble, France, 1992,

L. Bspié, B. Drevet, N, Eustathopoulos, submitted to Metall, Trans,

Ju. V., Naidich, Ju, N, Chuvashov, J, Mater, 8ci, 18, 2071 (1983).

Ju. V. Naidich, V. 8. Zhuravijov, N. 1, Framing, J. Mater, Sci, 28, 1893 (1990),

P, Kritsalis, PhD thesis, Technical University of Athens, Greece, 1990,

N. Eustathopoulos, L. Coudurier, J, Adhesion Sci, Technol, 6, 1011 (1992),

P. Kritsalis, J, G. Li, L. Coudurler, N. Bustathopoulos, J. Mater. Sci, Lettets 9,
1332 (1990).

N. Mori, H. Sorano, A, Kitahara, K. Ogl, K. Matsuda, J. Japan Inst, Metaly 47,
1132 (1983). !
Y. Austin Chang, K, Fitzner, Min-Xian Zhang, Progress in Materialy Sclence 32, 97

(1988).

M. Heinz, K. Koch, D. Janke, Steol Res, 60, 246 (1989).

Yu. V. Naidich, Yu, N. Chubashov, N, F, Ishchuk, V. P, Krasovskii, Poroshkovaya
Metallucglya 246(6), 67 (1983).

V. Laurent, D, Chatain, N, Eustathopoulos, Mater, Sci, Engincering A13S8, 89

(1981),

P. Kritsaliy, V., Merlin, L, Coudurier, N, Bustathopoulos, Acta Metall. Mater, 40(6),

1167 (1992).

V. Morlin, P, Kritsalis, L., Coudurler, N, Eustathopoulos, Mat, Res. Soc, Symp.

Proc. 238, 511 (1992).

Yu. V. Naidich, V. 8, Zhuravlev, V. G, Chuprina, Sov, Powd., Metall. und Mat,

Ceramics 13(3), 236 (1974),




PUYIRY
b ane ~ SN I Pt 8 1SRt B e 08 1 Rty S 8 b 1 B a1 s i VIS :

27

BONDING, STRUCTURE AND PROPERTIES OF METAL/CERAMIC INTERFACES

JAMES M, HOWE
lz)ze&q;umm of Materlals Science and Engineering, University of Virginia, Charlottesville, VA

ABSTRACT

. This paper teviews the uffects of chernical bonding, reaction, interfnoinl structure,

‘ fubrication, xpecimen geometry and testing conditions on the stretigth and {racture behavior of :
metal/ceramic interfaces, It Is shown that a number of important properties of metal/ceramic 1
interfaces such ay the wetting behavior and work of adhesion oan be qualitatively predicted fromn :
simple bonding models based on the elements in the tmetul und ceramic, In addition, the |
interfaclal struciure can often be predicted from principles of equilibrium thermodynamics and |
minimization of interfucial energy for relatively thiok metal/ceramic layers, More quantiiative
description of inierfacial structure employing atomistic caloulations has been performed for
simple interfaces and this uren 1s progressing, The fracture behavior of inetal/ceramic interfaces
is a complicated process which depends wn many factors such as the specimen geometry and
louding conditions, stron?th of the interfaclal bond, thermal, elastio und fracture properties of
the metal and cerumic, thickness of the metal layer and testing environment, Advances in this
arey include the development of fuvorable specimen geomctries for mcasurlng interfuce
propetties and an understanding of the relatlonship among the phase ragls of loading, cruck
trajectory and Intefuce fracture eneryy for these geometrias, Conversely, little Is known ubout
tho stress corrosion and futigue behavior of metal/ceramio Interfuces although data on these time
dependent fallure modes are beginning to appear in the literature, Much progress has been made
but considerably more work is needed to understand the properties of metal/cersmic interfuces,

INTRODUCTION

Understanding the relutionship among the processing, structure und properties of
metal/oerumic interfaces is becominfx increasingly important us performance reguirements
domand & combination of these matetals in applications mnfing from slectronie puckaging to
high-temperatuce eircraft structures [1], The purpose of this review Iy to ussess the current
understanding of the relationship among the processing, structure and properties of
netal/czramic interfuces, emphasizing work on planar metal/cerumic interfuces produced by
diffusion bonding, This particular area 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 upply to other types of
metal/ceramic interfaces,

Tuble I lists some of the main factors that are involved in fabrivating, testing and
understanding the behavior of metal/cerumic interfaces, There ate sixteon subheadings in this
list, und it is not all inclusive, which serves to illustrate the complexity of the problem, The
torlcs In Table I were divided Into three categories for convenlence und this review largely
follows the order of topics shown in Table I,

CHEMICAL BONDING

Cheunisa! bonding is defined s bonding in which there 1 only charge transport us opposed
to rauss transport across a metel/ceramic interfuce, Excellent reviews of this subject with regard
to metal/ceramic interfaces have been published [2,3]. The purpose of the following discussion
I3 to outline somce physical principles which can be used to understand chemical bonding at
metal/cetamic interfaces.

Mat. Res. 800, Symp. Proc. Vol. 314, < 1993 Matutials Researoh Boaiely
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Table I, Some factors involved in the behavior of diffusion bonded metal/ceramic interfaces.

I, Chemicul Bonding

4. Surface energies of metul and ceramic

b. Interfucial energy and work of adhesien

c g:g)eﬁmenml mesasurement and calculation of work of adhesion
d. Orientation relationships across metal/ceramic interfaces

¢, Segregation to metal/ceramic interfaces

£, Bffeot of the above on interface proerties

1, Chemical Reaction

d, Thermodynamics of resction

b, Kinetics of reaction

¢, Bonding conditions - time tempetature, pressure, surface roughness
d. Effect of reaction layer on properties

1L Fracture Bohavior

o, Geometry of test specimen

b, Fracture energy (toughness) of interface

¢. Dependence of crack path on mode of loading, elastic properties of metul and
cerarnio, metal thiokness, reaction layer, ete,

d. Residual stresuss

¢, Stress corrosion crucking

f. Fatigue

Sufuce Energies of Metals and Ceramics

Bnergy is required to create a solld or liquid surfuce because the surfuce atoms or ions
experience unbalanced bonding forces, This imbalance is reflected in 4 number of phenomena
which allow experimental measursment of surfuce energies [4). Experimental values for the
surface energies of solid metals have been correlated with tphysical property duta such as the
heat of sublimation und modulus of elasticity [5,6). Surtuce, encn}gies of metals generally
increuse lineurly with the lieat of subiimation ranging from about 1-3 J/m? and decrense linearly
with temperature at sbout 0,02%/K. Experimentul measurements of the surface energies of
veramics are less abundant than those of metals but they tend to range from about 0,5-1 J/m2
and dlsplay a similar correlation with the modulus of elasticity [3}.

Metal/Cerarnic Interfucia), Encrgy and Work of Adhesion

The driving force for the formution of a metal/ceramic interface 1y the decreave in fres energy
AQ that ocours when intimate contuct Is established between the metul and ceramic. In the case
where only chemical bonding occus at the intefuce und interfucial sopuration proceeds without
plastic deformation of the metal or ceramic, the chango in free energg AG iy identical to the
work of adhesion W, required to separate a unit area of interfuce into the two orlginal surfaces,
In this case the relutionship between the interfucial energy ¥u, and work of adhesion is given by
the equation (4,7):

Yme ™ ¥ + Yo - Wy )
where ¥y, und ¥, ure the surface energies of the metal and ceramic, respectively, Equation (1)

shows that ¥y, decreases us W increases and that strong metal/ceramic interfuces are generally
low energy Interfuces. Another useful relationship is given by the equation:
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Wad = ¥ (1 +cos6) (2)

where 6 is the contact angle between the metal and ceramic, Equations (1) and (2) provide ¢
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 [2,3]. Equation (1) also shows that there is little
chance of producing a strong metal/ceramic interfuce when both ¥, and ¥ are low and that a
high value of ¥y may be necessary to produce a strong interface if ¥ is very low,

Further qualitative estimates of the wetting characteristics of ceramics by tnetals can he
obtained by using a relationship such as that of Paulini [8) between the ionicity and
electronegativities of the component elements, In general, highly lonic ceramics should be
difficult to wet since their electrons are tightly bound and their surfaces represent large
discontinuities in charge, Such behavior is suP orted by experiment [3,9], where the contact
angle tends to Increase in proportion to the lonicity (heat of formation) of the ceramic, Metllic
and covalent bonds are similar in character and covalently bonded ceramics should be more
easily wet by metals thun highly lonic ceramics and this is also supgoned by experiment [10),
Some fairly simple relations e?s to estimate the work of adhesion of bath oxide and non-oxide
ceramics have been developed [11-13]. More quantitative data has recently been obtained for
some mode! metal/cerumic interfaces such as Ag/MgO and Ti/MgO using ab Initio local density-
functional calculations and image potentials [14] and this area of research is advancing rapidly.

Orientation Relationships at Metal/Ceraraic Literfaces

Orientation relationships have been observed to form across muny chemically bonded
metal/ceramic interfaces {15-17] similar to the case of metal/metal interfuces [18-20]. The
orlentation relationships result from interfacial energy minimization, including the effects of
strain, and low-energy close-pucked planes and directions are often found to ulign between the
metal and ceramic aoross the interface, Exceptions to this have been found in the case of some
noble metals on lonlc crystals, where aligntent of close-packed rows of atoms dominate the
interfaclal structure [16]. Slight deviation of un interface uway from a perfect low-index
interface plane cun be accommodated by periodic steps in the interface and misfit dislocations
can &iso form at metal/ceramic Interfaces to accommodate differences In lattice parametors or
orlentation aoross the interface [21), To first approximation, it appears that prediction of the
interfuclal structures of a number of metal/ceramic interfaces can be approached using some of
the same geometrical techniques that have been established for lnter‘phnse boundaries in
metal/metsl systems with appropriate consideration tor the possibly dominant influence of the

nonmetallic component in the ceramic [22-24). Exceptions to this do occur, and in these cases
predictions must employ other models or atomistic calculations,

Segregation

The theory of impurity segregation to surfuces and grain bounduries in metals is well
underttood and several different models have been proposed to predict segregation behavior [4-
6,25-27). The theory is less well developed for ceramics but considerable progress has been
made {28). In contrast, the theory of impurity segregation to heterophase interfaces in metals
has just recently been developednfw] and there are currently no quantitative theories to predict
sogregution behavior to metal/ceramic interfaces, which is even more coriplicated due to the
nature of the metal/ceramic bond. Segregation is known to occur, as demonstrated by the
formation of various reaction products at interfaces In metal/cerumic composites [30] and by the
addition of Ti to Ag-braze alloys [31), for example. Segregution should occur to metul/ceramic
interfaces when it results in a decrease in the interfacial energy. In the cuse of metals,
segregation has been found to depend on the bond snergy, the elastic strain energy and the
enthalpy of mixing of the lm|f)urlty element, aud simiiar faotors may be important in
understanding the segregation of impurities to metal/ceramic interfaces, Considerably more
work is neeied to understand this aren.

h ————————— e
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Eif Interface Propertics

Evaluation of the correlation between the interfucial strength and bonding reported for many
metal/ceramic systems is difficult because the interfacic! structure, extent of reaction at the
interface and the testing techniques used to measure the interfuce strength vary considerably,
There have been very few studies where all of these features have been sufficiently controlled to
fully establish this correlation, However, some data on reasonubly well-characterized
metal/Al203 systems support the bonding/strength relationships discussed above, For example,
work on Nb/Al,03 single-crystal interfacey [32,33] has shown that the interfuce fracture energy
is highest when the metal/ceramic interface parallels the close-pucked planes and directions and
that it decreases for other orientations, as expected from the viewpoint of interfacial energy
minimization, Further, room-temperature tensile data on various metal/Al,0; systems indicates
that the interfacial strengths increase with the work of udhesion and melting points of the metals
as predicted from Egn, (2), Lastly, data for the maximum strengths of several pure motals and
and Ni alloys versus the O 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 interfuces in some systems [34), again In agteement with the principles described
previously, In summury, it appears that the qualitative bonding urguments presented ubove are
generally usetul for estimating the behavior of many metal/ceramic interfuces although it is much
more ditficult to be quantitative ubout such relationships.

CHEMICAL REACTION

Chemioal reaction occurs when there 18 muss transfer across an interface and this often leads
to the formation of laterfacial reaction layers with propecties that differ from those of elther the
metul or ceramic components, Such reuction products can have a drastic effect on the interface
properties, Whether or not new phuses form defcnds on the thermodynumic properties of the
motal/ceramic system und on the reaction conditlons such as time, tempsrature, pressure und
atmosphere, This section begins with discussion of the thermodynamic and kinetic aspects of
chemieal reaction, and this is followed by the effects of bonding conditions und reactlon layers
on interfuce properties,

Thoermodynamics of Chetnigal Reactlon

The driving force for chemical reuction is the chemical potential of the the atomic species
involved. Although chemicul reaction is an irreversible process, chemical reuction at
metal/cerumic Interfaces is usually considered from the viewpoint of equilibrium
thermodynamics, where the possible reaction products und conditions for chemical reaction are
determined from equilibrium thermodynamic data uvailuble for various systems as s function of
time, temperature nd pressure [35), Excellent revisws of chemical reaction at metal/ceramic
interfuces huve been published by Klomp [2,33,36] with emphasis on two important cases of
reaction; namcm. when there is 4 reduction-oxidation reuction with uecomgunylng dissolution of
one ut both of the cerumic elements into the metal and when there is a highly reactive metal and
ceramic, Several important points that arise from these analyses are that in metal/ceramic
systems where the ceramic contains n gaseous species, such as Al;O3 and SiaNg, the reaction
cun be controlled by changing the aotivity of the gaseous species in the surroundings, In
addition, in mﬂny situations, the compressive loads applied during fabrication of metal/ceramic
interfuces estublishes Intimate contact at the interface which can prevent gaseous spocies from
reaching the interface, Lastly, the thermodynamics of some systems predict reaction under all
conditions so that the reaction cunnot be controlled by outside means,

Warren and Andersson [37] have reviewed the equilibrium therrmodynamics of SiC with a
number of common nietals and they provide a simple scheme to divide metul/ceramic interfaces
into two classes, reactive and stable, bused on the phase diagrams of the systems, In reuctive
systems, SiC reacts with the metal to form silicides and/or carbides und C, with reaotive metuls
including Ni, B, Ti, Ct, Fe, Zr, Nb, Mo, Tu and W, The most imporiant characteristic
associated with the phase diagram of a reactive system is that a two-phuse field, wlich shows
SIC in equilibrium with the metal, does not exist in the ternary phise dingrums for these
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clements, In contrast, 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, A,
Ag, Cu, Mg, Pb, Sn, and Zn. Thus, equilibrium thermodynamics are quite useful for
determining 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 to be
understood [38] and this is an area associated with reaction at metal/ceramic interfaces that has
not been examined.

Kinetics of [ieaction
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 = ktl2 3)

where x s the average thickness of the reaction layer, k is tho parabolic rate consant and t is the
reaction time - u particular temperature [43], Certain alloying additions to Ti in Ti/TiBy
composites were found to reduce the parabolic rate constant by more than an onder 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.

Bonding Conditions

In many metal systems such as Al, it is not possible to reduce the stable oxide film at the
metal/ceremic interface in a reasonable time below the melting temperature and the solubility is
too low to effect dissolution info the metal. Hence, in order to present a nascent metal surfact to
the ceramic for bonding. it is necessary to destroy the oxide film by plastic deformation of thy
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

dis%ussed separately balow in order to emphasize the most important factors associated with
each one,

In addition to esiablishing contact between the metal and ceramic, an important role of
pressute 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, I; 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 metal/ceramic interface by increasing the mobility
of atoms and also the mobility of dislocations in the metal during bonding. Since the raobility of
dislocations increases with temperature and the flow stress correspondingly decreases, the
yressure required for bonding decreases with increasing temperature [45,46]. Therefore, an
ncrease in bording teniperature should generally enhance bonding of a metal/ceramic interface
for a given pressire and time, provided that the ime is sufficiently short to prevent devolopment
of detrimental reacticn products at the metal/ceramic interface. Data on various metal/Al20;
systems shows that there is a direct cotrelation between the percent of bonded interface on the
temperature and defisrmability of the metals and that in most cases a temperature of at least 0.9
&f ; Zst}wlting poirit of the metal is necessary for good bondir.g (strength) c. the interface

A relatively short bonding time is usually required 1o torm a strong bond between a metal
and ceramic under temperature and pressure conditions that are sufficienly high to cause rapid
deformation of the metal [47). In the case of chemical bonding, the time required to deform the
metal is often the limiting parameter. For the case of chemical reaction, the time that the

[PV L T PRI YN




32

temperature and pressure are applied can have a great effect on the interface properties and a
high deformation raie: and short bording time help to limit the formation of thick rezction layers.

When a surface is rough, deformation of the metal differs Teatly from the case of a smooth
surface, which was assumed above. In fcneral. asperities prevent large-scale plastic
deformation at th. surface becanse the metal is anchored between the uspevities. Thiy greatly
limits the development of nascent metal/ccramic contact and adverseg affects the strength of the
interface [44,46]. Tccliniques suech as friction and ultrasonic bonding [48] iend to break up
surface oxides and fill in holes and defexts in the surface and these technic‘ues show potential
for minimizing chemical reaction and breaking up tenacious surface oxides in chemically
reactive gystems,

Effect of Reaction Layer on Properties

The effect of a reaction layer on the interface strength depends on a nuinber of factors such
as the mechanical propesties of the reaction layer, its thickness and morphology, the strength of
the interfucial bond and the mode of loading at the interfac.. Many of these fuctors are discussed
in the following section so thot only the effect of the thickness of the reaction layer is
emphasized here. Reaotions formed at metal/ceramic interfaces include solid solutions,
amorphous phases, otysialline phazes with low-energy orientation relationships with the metal
and ceramic as well as crystalline phases with no apparent orientation relationship (47,49-51].
Each of these reaction products produces a differsnt type of inturface between the metal and
ceramic and the relative effestiveness of theso virious types of reaction products on the strength

of metal/ceramic interfaces is not fully understood, However, most reaction layers are brittle and
therefore potentially detrimental to the interface propertics,

Metcalfe [42) established a theoretical framework for understanding the effect of reaction
layer thickness and properties on the fracture bekavior of Ti-B filament composites and some of
the fruciuee mechanics concapts associated with these results are pertinent, In this system,
reaction rosulted in growth of a TiB; layer at the interface and the mechanical properties were
analyzed assuming that the tlaw sime for crack initiation is proportional to the reaction layer
thicknesy, that cracks do not initiate in the matrix and that the distribution of flaws in the B
filament is constant as the reaction layer thickens, When the resction layer is thin, the size and
quantity of flaws ia this layer is less than the existing population in the filament and fracture is
cenwrolied by the filament, As the reaction layer thickens, a point is reached where the stress
intensity associated with a reaction zane cracks exceeds that in the filament and the filament fails
at a stress that decreases as the thickness of the layer increasos, With increasing reaction, a
second critical thickness is reached where the filament fails the instant the reaction layer cracks.
This tf nf behavior was verified experimentelly [42] and demonstrates the detrimental effect
of thick, brittle maction layers on interface properties, Although there are limited data of this
type for diffusion bonded metal/ceramic interfaces, duta on other types of intorfaces generally
show that relativel‘y thin reastion layers (less than one micrometer, perhaps less than a tenth of a
micrometsr) may iiave a beneficial effect on interface properties by forming a stong interfacial
bond, while nelauvila' thick Qrwet than about one micrometer) reaction layers usually degrade
the interface properties [42,47,49,%2,53],

FRACTURE BEHAVIOR

The mechanicel properties of a metal/ceramic interface depend upon many factors such s the
elastic properties of the meta! and ceramic, the thickness of the metal layer, the specimen
geometr{ and the mode of louding. In addition, residual strains due to elastic aud thermal
mismatch are associated with most metal/ceramic intertaces and these must be minimized in
order to optitrize the properties of the interface, It is particularly important for design purposes
to know not only the fracture strength but also the fracture resistance and fracture energy of un
interface, and the effec!s of cyclic loading and environtaent on the fracture behavior, These
topics ar¢ discussed below,
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Geotnatry of Test Specimen

In the past, interface strengths have often beon assessed by pull-off or shear-off tests, which
yield the load at which the bond is ruptured, In these tests, failure occurs by spreuding of a
crack from the most severe flaw in the bonded interface. These 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 toughness of & metal/ceramic interface. In order to
avoid crack nucleation as the critical event, several notched or precracked specimens have boen
developed with different modes of lnading. Some of the most popular specimens currently
include a double-cantilever-beam (DCR) specimen with nominally mode I loading and
sandwicli-type 3- or 4-point bend specimens with mixed mode loading [54-57], With these
specimens, 1t is possible to quantily the mode of loading as well a5 tv assess the interface
strength in terms of an interface fracture energy G alsu called the generalized critical energy
release rate [54,55],

Eracture Energy

Since the reversible fraction of the interface fracture energy G is equal to the work of
adhesion W1 in Eqn. (1), fracture energy measurements can be used to determing the amount of
irreversibly dissipated energy acrompanying interfuce fracture if Wy is known, Only a fow
such studies have been performed [54,58], but the results of these studies indicute that the work
of adhesion in Eqn, (g) r?msents only a small fraction of the interface fracture enerﬁ. with the
fraction of irreversibly dissipated energy :rpically comprising more than 98%, Most of the
irreversibly dissipated energy is due to plastic deformation of tha 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 snergy.
This effect was examined by Reimanis et al. [59] using thin Au foils diffusion bonded between
two thicker Al203 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 way largely attributed to crack shielding
caused by bridging metal ligaments in the crack wake during fracture, These investigators also
dcvelod:ed a semi-empirical expression which includes the role of the work of adhesion, the
metal flow stress and the metal layer thickniess on the fracture resistance.

The effects of interface toughening due to crack-tip shiclding mechanisms was clearly
demonstrated in a set of experiments where controlled arrays of implanted microcracks were
uscd 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 enerlp_;‘y is
enhanced by interfacial microcracks which are out-of-plane with respect to the main interface
crack and thut the toughness of such interfaces can greatly exueed the toughness of the brittds
ceramic component.

Cuack Path Versus Mode of Loading

The previous section emlfhasiud the important contributions of the crack path, includinﬁ
crack bridging, crack deflection and metal ductility to the interfacial fracture energy. The patl
that a crack follows along a metal/cerami: interface is determined by 8 number of factors
including the mode of loading, the elastic properties of the metal and ceramic, the metal layer
thickneas and the presence of a reaction layer. Rigorous analytical treatment of the relationship
between crack path selection and the interfacial fracture energy for several model interfaces has
been performed by Evans [62] and others [63,64], and these studies show that the crack
trajectory depends on the phase angle of loading ‘¥, which is a function of the ratio of the
interface fracture enetgy to the fracture energy of the brittle component of the interface and the
relative shear v to opening u expetienced by the interface crack. In the case of two brittle solids
where the elastic Dundurs parameter ¢ = ( [65), the phase angle of loading is given as:




W ow tand (W)  tan-! K/Kp @)

where K and Ky are the mode i and mode 1l stress intensity factors. Since ¥ = 0 for mode I
loading and 1/2 for pure mode II loading, the value of ¥ i 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 moduluz material
(say the metal) when the phase angle V¥ = 70 [62].

A second situation of importance in metal/ceramic systems occurs when one of the materials
is ductile and the other is brittle, In this case, the fracture behavior and the interface fracture
encrgy arc hi h{zhmnidve to the sign of the phase angle and different types of behavior are
predgted [62?. en the phase angle hes a positive sign and the fracture energy of the brittle
component is much less than that of the interface, the relative incidence of cracking out of the
interface is identical to that of the all-brittle system just described, However, when the phase
angle is negative, the large fracture encrg{y of the duotils matsrial compared to the interface
prohibits cruck propagaiion out of the interface. In this situation, one of two possibilities should
occnr depending on the yield strength of the ductile matexial, For g low yleld-sirength material,

lastic blunting of the interface crack occurs and failure proceeds I? ductile mechanisms
nvolving hole nuoleation at the interface, Alternatively, for a high yield-strength material, the
strass field of the diitérface crack interacts with preexisting flaws in the brittle material causing
cracks to grow from these flaws back toward the interface, resulting in chips of brittle material
attached to the fracture surface. All of these types of craking huve been reported in the literature
and summaries of possible cratk paths as i funciion of variables such as the inode of loadiug,
iEnlwﬁ“.t 6ugi'«mgth and reaction layer strength are provided by Evans [56,62) and Suga and
ssner [66),

Since the test configuration determines the sign and magnitude of the phase angle of
loading, which in turn governs the crack path and thus the mechanisms that contribute to the
iuiterface fracture energy, it iz essentinl that the tast geometry, mode of louding and miechanisms
of cracking bs considered in interpreting values of the interface fractuse energy,

Residual Stresses

Edges and comers are a major source of failure for metal/ceramic interfaces when there is a
mismatch in either tho thermal ex&ansion or elastic modulus of the metal and ceramic [67).
When a metal has either a larger thermal expansion coefficient or a lower modulus than the
ceramic or both (which is often the case), the unconstrained metal develops a smaller lateral
dithension at the interface than the ceramic, In order to maintain continuity at the interface, the
met»| must be uniformly extended by the apptication 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
achieve stress-free conditivns at the surface and this introduces large normal and shear stresses
neat the ecge of the metal/ceramic joint [68), Thermal expansion mismarch usually induces
tensile siresses in the ceramic adjacent to 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
elastic mismatch so that a substantial mode 11 contribution to edge failure should occur in all
situations. It is important to note that for the case of thermal expansion mismutch, the stresses
decrease in magnitude as the relative metal thickness decreases so that thin metal layers can be
used to reduce thermal expansion mismatch (68). Conversely, a mismatch in modulus generates
interfaoial teusile stresses at the edge segardless of the sign of the mismatch and thus always
enhances the propensity to fracture.

Suga et al. [66] used finite element calculations to investigate the sffects of thermal and
etastic mismatch on interface stresses and they found that the local tensile and shear stresses at
the edge of a bunded interface van be described by the stress intensity factors Ki* and Ky*
which ar¢ proportional to the thermoelastic parameters AGAEAT and AaAE* AT, respectively,
wherv Ada, AE (and AE®*) and AT represent the ditferences in thermal expansion coeffivients
&nd elastic moduli of the metal and ceramic, and the temperature, respectively. Thus, once the
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thermoelastic constants and size of the cotmponents in 4 metal/ceramic joint are given, the local
stress field in the adge region can be estimated without any calculation using the data provide in
the paper. These results are quite useful for estimating resicdual stresses at metal/ceramic joints.

Stess Corrasion Cracking

The susceptibility of metal/ceramic interfaces to stress cormnsion crucking is important in
structural applications where some water is present in the environment, such as in air or
combustion gases, since nmst ceramics are susceptible to streas corrosion by water [59,60,69),
‘There are two possible tases for stress cortosion cracking of a metal/ceramic interface, one is
related to direct attuck of the interatomic bouding at the inteface and the other involves damage
to the interfacial region, including sonie volume of the metal, cerdmic or both, Féw studies have
been performed on the stress corrosion behavior of metal/ceramic interfaces but recent work by
Oh et al. [69,70] indicates sorns behavior that may be otserved.

Oh et al, [60,70) performed subcritical orack-growth studies on DCB specimens containing a
thin Cu flm between glass substrates with and without patterned microcracks, similar to the
specimens described previousty [61). Subcritical orack-growth testing was performed under
constant displacement conditions in various gaseous atmospheres spanning a ranfe of relative
humidities. The Cu/glass interfaces were found o display three regimes of behavior, similar to
environmentally assisted crack-growth behavior in metal and ceramics [69,71], Interfacial
crack-growth rates were much higher and apparoat crack-growth thresholds were much lower in
& molst environment than in & dry one. Additionally, crack velocities along the interface were
found to be more sensitive to the stress intensity and greater than three orders of magnitude
faster than suboritioal crack-growth data for bulk soda-lime glass tested in water vapor,
Comparison of the plain and putterned Cu/glass interfaces in both wet and d?/ cnvironments
showed that the subcritical growth rates are muny orders of magnitude slower for the patterned
interfaces and that the patierned interfoces displayed threshold interfuclul fracture energies that
are increased by a factor of six to seven over those of the plain interfaces. Although detailed
microstructural investigations of the mechanisms of interfucial crack growth wers not performed
in these studies the increased resistance of the putterned interfaces appears to be attributable to
crack bridging as discussed in the section on fracture energy.

Fatigue

It appears that only one study has been Ferformed to exumine the fracture behavior of
metal/ceramic interfaces under cyclic loading (fatigue) conditions [72), again using the plain and

attorned Cu/glass interfaces mentioned above and also an Al-Mg/A1303 interface. ‘Those
ntesfaces displayed markedly different fracture behavior with failure occurring at the
metal/ceramic interfuce under & relutively low load for the Cu/glass specimen and gencrally
within the ceramic under & much higher load for the Al-Mg/A1;0; interface. The limited duta
indicate that fatigue crack-growth rates ca: be many orders of niugnitude faster than subcritical
crack-growth rates at equivalent 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 intecface. The presence of implanted muorocracks led to much improved
crack-growth resistance due to creck bridging of the interface by metal-film liguments, While the
fracture behavior of the two types of iaterface was much different, in both cases, plastic
defonmation appeared to constitute most of the fracture energy with crack bridging playing an
important role in the fracvture process,

CONCLUSIONS

Many factors are involved In dutermining the relationship among the bonding, structure and
properties of diffusion bonded metal/ceramic interfaces. The effects ot some factors, such us the
thermodynamics and kinetics of reaction, on the behavior of diffusion bonded metal/ceramic
interfuces are reasonably we!l understood. The effects of other factors, such as segregation,
stress corrosion and cyclic loading, on the properties of metal/cerainic interfaves are just
beginning to be understood.
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DIFFUSION BONDING OF ADVANCED AEROSPACE METALLICS

DAVID V. DUNFORD AND ANDREW WISBEY
Materials and Structures Dept., Defence Researchi Agency, Farnborough, Hants, UK

ABSTRACT

Advanced aluminium and titanlum 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 polential 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 acrospace community have
been made in recent decades. The goals of lighter and stiffer airframe structurey have led to
potential applications for lower density aluminium - lithium alloys and the rapid development
of both continuous fibre and particulate reinforced metal matrix composite systerms, Higher
temperature and lower denslt{ metallic s{stems are beln? developed for gas turbine
applications to improve thrust to welght ratios and enflne etficlency, The development of
improved manufacturing technologies, such as superplastic forming, has enabled complex
structures to he fabricated from expensive materials cost effectively by muximising material
utilisation, To preserve these improvements and ellow successful incorporation into
aerospace structures, advanced joining techniques are required, Conventional fusion welding
may cause unacceptable microstructural damage and peor mechanical progerties. 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 refsrence 1.

In diffusion bonding (DB), through thickness deformation is usually small (§% or less),
low pressures (much less than the macroscopio yield stress) and high temperatures (> 0.5 T,,,
where T, is the absolute melting point) are typical. Hence the deformation is confined
Rrimarily to sutface asperities [2], DB by hot isostatic pressing éHlP) under inert gas pressure

as the unique advantages of high pressure (up to 300 MPa? and temperatures (u[:‘ to 2000°C)
with minimurn 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) _{uint strengths approach or equal parent material strength

il ow deformation and distortion lead to accurate dimenslonal contro!

i)  joints can be fabricated between thick and thin sections

iv)  large boud areas lead to lower service stregses

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 he joined

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

Mat. Res. Boc. 8ymy:. Proc, Yol, 314. 21983 Msterials Resaarch Soalety
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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
srface fllms ﬁ resent on aluminium alloys) or brittle intermetailic compounds (formed
between dissimilar maierlals) can lead to low joint strengths, To permit DB of such materials,
interface voatings or foils may be employed. :

DIFFUSION BONDING TECHNIQUES
1
PPFPEEIEY S tamm puburmrprnsnpy PR
solld state llquld phase l
I |
! " 1 ) I 1
parent/parent | | interface toll Interface low melting point llquid phase
infortace coating elements and alloys produced by ditfusion

I T 1 — I 1
Intartuce Intetface intarface || interface
!EM I:"L""_"'L"_"l PVD_] foll conl'ng L. foll sonling

Figure 1. Summary of diffusion bonding techniques [4]

The solid state bonding process can be divided into two slnﬁes corresponding to a stress
dependent stage | and stress independent stage 2. The sequential operative mechanisms in
these stagus are:

a) instantaneous Klastic deformation on loading,

arruciated with surface asperities } Stage 1
b) cweep deformation
¢) «iffusion across the bond interface } Stage 2
d) reorystallisation and grain boundary migration
Modeling of stage 1 is based on the telationship;
t-AaZexp(—g—;-,) wees (1)

where g = creell: rate, o, = applied stress, Q, = activation enerf 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 1.5 - 2, indicating a lower temperature stress dependence
and strain hardenlng rate which aids bonding in stage 1. At the onset of stage 2 the bond
interface consists of bonded areas and residual voids. Hydrostatic pressure can accelerate
plastic deformation and the closure of large voids, but elimination of small voids (< 20 um)
depends only on surface, volume, or grain boundary diffusion. Stage 2 is therefore diffusion
controlled and is accalerated‘l?' # fine grain vize and high temperature, Recrlystallintion and
grain boundary migration leading to a non-planar bond interface is desirable for maximum
strength, but does not always occur. The time raquired is usually much greater for stage 2
than for stage 1. Diffusion bonding models based upon idealised surface geometries and the
above mechanisms have been successful in pred!ctinr the effect of pressure on time to
produce a 95% parent metal bond strength in both titanium and copper [5-8]. More complex
modelisalare required to explain bonding in the presence of oxide films and for dissimilar
materials,




© e AT AV S

i e ——— e = s -

41

In diffusion bonding the major bonding glnrameters (pressure, temrerature and time) are

interdapendent and control the deformation. These variables are optimised to reduce bonding

time and therefore cost. In practice the miaximum temperature is limited by the onset of

liquaticn or excessive grain growth, and bonding prossure is limited by safety (gas pressure

&nﬂ{ag;, cost considerations, or excessive deformation (thick section and platen pressure
nding).

When the tamﬁmure or pressure required to obtain 'ﬁood surface contact prohibits solid
state DB, liquid phase (LP) DB offers an alternative joining method, This process relies on
interlayers or coadnfs at the bond interface. These eithar melt, or diffuse into the base metal
to oreate a transient liquid phase (TLP), ata tem}wrature well below the melting point of the
base¢ metal, Thiy process has some advantages of conventiona! brazing (low pressures, short
times) and of diffusion bonding (base tmetal microstructure and strength).

DB TECHNIQUES

Diffasion bonds in components can be divided into those made by massive DB and those
made between thin shect; DB in thin sheet is frequently assoclated with subsequent
superplastic forming (SPF) [9), DB of thin sheet prior to SPF i3 often performed using argon
g:s pressure (2-3,5 MPa (300-500 psh)) for Ti alloys, but similar platen pressures may also

used, Massive DB involves the jolning of thick section machined parts under higher
pressure (e.g. 14 MPa, 2000 psi) applied by mechanical means or by hot {sostatic pressing
(41Ping). For HIPing ths component is sealed in an ovacuated can befors the pressure is
applicd. After DB the can is romoved, 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 Jjoints can
show a wide variation depending on bonding parameters, bonding techniques and test plece
design, ‘The latter being partioularly important since the test plece must provide ineaningful
strengti: data to enable the effects of metallurgical and grocessing variables on bond strength
1o be assoswd. To measure the strength of a diffusion bond it I8 essential that failure occurs
in the band intacfacial regicn, Failure in the base metal away from the bond interface may
provide information on join: design, but does not help in the evaluation of the bonding
process. Tensile tests are used for thick section diffusion bonds, but have been shown to be
insensitive to the presence of voids in the bond interface [10], However, impact testy appear
particularly sensitive to bond quality [10], For thin sheet, shear tests are used. Unfortunately,
these test pleces experience large out of plane bending or peel stresses, with large stress
concentrations at the ends of the joint [11], Constrained tensile [11] and compressive [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 potenticl 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 readil
bonded in vacuum or inert gas. Figure 2 shows the microstructure of a DB joint in the hig
temgerature Ti alloy IMI 834, The imechanical properties of DB joints in IMI 834 (Table
1)[12] show that parcnt motal tensile, shear and impsct strengths are attainable even in this
creep resistant alioy. As the P-transus temperature for litanium is approached, rapid grain
growth occurs, the creep rate decreases and the bonding time may increase, For example in
Ti-6Al-4V alloy, at a typical bonding pressure for this alloy (300 psi, 2 MPa), the time to
produce a pore free bond increased six fold when the graint size increaved from 6.4um to
20um [9]. Other product formy, such as plate or forgings, have a coarser grain size when
compured to sheet, consequently different bonding parameters are required. The enhanced
bonding associated with fine 'gra n materials can be exploited using fine grain interlayer foil(s)
for bonding thick suetlons of coarser microstructure, or by surface working, which induces
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Figure 2. Diffusion bond in IMI 834, 990°C (0.5 hour) 5 MPa, Bond line at arrows.

Table I The tengile, shear and impact properties of IMI 834 and DB joints produced
under varlous conditiony [12]

Matorial condition/Bonding | Bulk Tunsils Properties Shewr | Impact
paramoters Defm. Strength | EnergyJ

% |029%PS| UTS | Blong | MPs
MPa MPa %

1, As recelved 0 946 1083 143 . 42

2. Thermal eycle 990°C0.5he| O 870 1029 16 663 54

3. DB 950°C (0.5 br) SMPa | 0.2 928 1022 23 w4438 2

4. DB 990°C (0.5 br) SMPa | 1.0 884 10 171 678 49

s.DBm3. +1020C(shn+| 02 | 913 | w0: | 165 )
700°C (2 hr),

fine reorystallised grains at the bond interface when heated to the DB temporature,
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-
150°C [l4]y. Crrslallographio texture and microstructure morphology mai' also affect the rate
of bond formation [15). For example, an acioular microstructute requires longer bonding
times or higher pressures thun an equiaxed microstructure.

Small bond defects may not affect the tensile or shear strength of the bond but may
greatly affect othe ' mechanical proporties such as fatigue or impact strength, Impact
properties are most sensitive to bond quality, Fine pores, as small ag 1um, 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 porcs reduce fatigue properties [16],

SR TRSRE P T

For nedr net shape components, low bulk deformation during DB is required, Joints ma‘y
be made at low temperatures and for short timas (eg 800°C, 15 minutes and 5 MPa for Ti-
6Al-4V) to produce a partially bonded interface with high porosity and then annealed at
) temperatures just below the B transus for extended times, Voids are eliminated and parent
b metal tenslle strength and increased impact values obtained (Table ID[12),

i Table II,  Mechanical properties of DB joints in Ti « 6Al - 4V, (ND - none detected)

Beading Bulk Condlition uTe Impact | Veld
Conditions deln, % M) | % | streapth) u:m

850°C, SMI's, 0.25h | 043 As bouded m 0 0 717
After 24bve at 950°C 950 19 17 ND

TR

R

Liquid phase DB of Ti alloys using Cu, Cu base and other alloy interlayers can produce
almost parent melal mechanical properties. A 3 titanium alloy, T1-21V-4Al, bonded with a
Ti-20Zr-20Cu-20NI Interlayer had u tensile strength of “700 MPy, Subsequent ageing incressed
this to 1400 MPa [17].

Diffusion bonding of Ti alloy sheet ~an be conveniently combined with superplastic i
forming (SPF) to produce structures with significant cost and welght savings compared to f
conventional manufacturing routes, Complex thres 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 t?'pe structures (Fig ) [18], Some bondy may i
also be made after SPF, giving great flexiblllty to this manutacturing route. Howover,

surfaces for DB after SPF are exposed to the gaseous environment longer thun the primary !
bonds with a greater risk of surface contamination; oxygen and water must therefore be i
removed from the nr*on pressurlsing gas, Several thousand Ti alloy DB/SPF components are .
in service, for example wing access pancls on Airbuys alrcraft [19] and other civil and military i
?gl:]llcatlonl (20]. A critical DB/SPK component is the fan blade for civil gas wurbine engines

e F s o, L

Figure 3, Four sheet diffusion bonded / superplastically formed Tl « AL - 4V structure,
showing diffusion bonded joints between skin and core sheet at A, and between
core sheets at B. (Courtesy of British Aerospace Warton),
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Ordered intermetallic Ti alloys for use at temperatures above thosa for conventional Tl
alloys (> 500°C) are of particular interest currently. There is little quantitative published data
avallable, but the Ti;Al based alloys seem to diffusion bond readily at temperutures of 100-
150°C below the alloy f transus (1065-1130°C) 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 TiAl based alloys is more difficult than the Ti,Al
based alloys since aluminium modified titanium oxides are formed and these may restrict
ﬁrain boundary migration at the bond inlerface, Bonds in a TIA! alloy with a planar interface

ad a tensile strength of “40 MPa less than the parsnt metal At 800°C and 1000°C test
temperatures. Plastic deformation of the surface before bonding can cause recrystailisation
at the bond interface and enhancs bond strength 23]

ALUMINIUM ALLOYS

The diffusion bonding of aluminium alloys is primarily under consideration for shuet
ai;plications. espeoially with the development of suixsrplmic aluminium alloys, Massive DB
of aluminium alloys, as used with titanium alloys, is virtually unknown, Aluminium alloys,
unlike titanium alloys, are difficult to diffusion bond because of their stable oxids filin, This
alumina rich film even forma in inert gas atmospheres or in vacuuim and can be stable up to
the alloy melting point, At bonding temperatures this film is a bartier to the diffusion of
solute elements, Removal or disruption of surface oxide films s necessary for successful
bonding. Frasture and dispersion of the oxide, as ocours during rol! bonding, is precluded
at low deformations, High strength diffusion bonded Joints have beon obtained using suriace
coatings or interlayers, For examfle, after argon lon sputier cleaning and ion plating with 1
um thick silver layers, clad aluminlutn alloys have been diftusion bonded in the solid state
at temperatures of 300-450°C [24). The reduced concentration of silver within the clad lglyer
during subsequent diffusion grevented the formation of silver rich intermetallles, This
bonding route may be also sultable for rapidly quenched metastable alloys where low bonding
tempertures (< 350°C) aro required; for example, continuous SIC fibres coated with an
Al-Cr-Fe metastable alloy matrix have been consolidated to form an MMC via a surface
couting of silver [25), Transient liquid phase bonds have been made using zinc and copper
Interlayers to form a suteotic phase at 420°C and $48°C, respectively. The solubility of these
elements in aluminium at the bonding temperature allows interlayer element concentrations
at the bond interface to be reduced to low valuey (< 2 wi%) by a post bond anneal,

Superplastic Al-Zn-Mg 7475E alloy has been bonded successfully in the solid state at
S00°C and 2.76 MPa using 5052 Al-Mg alloy as an interlayer [26[]. Bond shear ntrength was
found to improve with increased deformation from 3 to 15% and increased bonding times of
60 minutes, Studies without interlayers at bonding temperatures of 516°C for 4 hours using
0.7 MPa pressure gave parent metal shear strengths 1331 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 nlloeu combine high specific atifineyy and strength with superplastic
behaviour, Aluminium-lithium alloys may be bonded without interlayers since lithium
compounds disrupt the surface oxide. However, becauss of the more rapid thermal oxidation
of these alloys, particular care is required to avold surfaze contamination during heating to
the bonding temperature. A DB joint made in vacuum without interlayers is shown in Fig.
4. This joint exhibited parent metal compressive shear strength in the T6 condition (*230 MPa)
and a 90° room temperature peel strength of 54 Nmm*! (peak? and 18 Nmm' (plateau); this
can be compared with corresrondlng strength values for adhestve joints of 30-40 MPa (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 complex
multilayer systems utllising Al-Cu-Si ay the melting phase, have reported strengths
approaching those of the base motal [28,29]. A TLP bond in 8090 Al-Li alloy is shown in

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

at superplastic forming temperatures sufficient to allow combined DB and SPF [30].

In comparison with titanium alloys DB of aluminium requives procedures of greater
complexity and any process deviation can lead to poor rerroducibility of joint qualitsy. The
ﬁolentinl advantages for weight saving and structural efficlency when combined with SPF are

owever very attractive.

DISSIMILAR MATERIALS

The need to combine high strength with high toughness, to provide surfaces with
corrosion, wear or oxidation resistance and to conserve expensive materials, hay led to
rowing interest in distimilar material joints, Diffusion bonding is particularl sulted for such
foints becauss it provides close control of the process varlables, Metal/metal, metal/ceramic
or ceramic/ceramic joints are possible via DB, 1t is difficult to obtain sufficient interface
contact or diffusion for ceramic/ceramic bonding below about 1000°C, However many
ceramics can now be bonded cither to themselves or to thicker metallic supports using
reactive metal interlayers (containing Mg, Li, Zr or T1) and either solid state or liquid phase
techniques (1], Mismatch of thermal expansion coefficients (CTE), which can give rise to
high thormal stresses and cracking at the bond interface. Thiy problem iy particularly
pronounced for ceramio/metal joints, ‘To overcome this mismatch an interlayer, or
combination of interlayers, may be used to decrease tho stress gradient acruss the interfuce,
The laminated intorfaces may be several mitlimetres thick,

In dissimilar metal foints the preater stress relaxation available means that thermal stresses
due to CTE mismatch may be less severe than in metal/ceramic juints, Care must be taken
to ensure chemical compatibilit,) and minimum adverse reactions between the materials to
maximise jolut sirength. The mechanical propetties are particularly iraportant, sincedissimilar
metal jolnts may be hcavilr loaded. 'The interlayers should ideally exhibit mutual solid
solubility without intermetallic formation, a wide temperature range for bonding and

bt e e et b ¢
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Figure 6 Section (optical) through a 'Ti;Al (Super a,) - nickel alloy (HS 242) DB juin,
using tantalum and nickel interlayers to aid bonding, =

A1
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Edge-to-edge fibre spacing (um)

Figure 7 Frequency v. magnitude of edge-to-edge inter-SiC fibre spacing for
composites made by different routes.
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cumpatible CTE and Young's modulns. An example of this type of joint is shown in Fig.6,

‘The Ti;Al alloy (Sulxl{ Q,) has been diffusion bonded to the wear resistant Ni base HS 242
¢

allcy using 25um thick Ta and Ni interlayers. This Holnt had a compressive shear atrength of
"480 MPa (compaved to ~390 MPa wiinout interlayers) despite the formation of a Ni,Ta
intu-metallic. Joints between Ti-6Al1-4V alloy and Co-based Stellite HS6 using simflar
interlayers had tensile stre:};ths of "800 MPa, compared to “600 MPa without interlayers.
Ductile interlayers may also enhance the toughness of joint interfaces. Many alloy
combinations have been joined by diffusion bonding, for example; titanium alloys to staintess
steels and Ni alloys, ard steels to Co base alloys fﬁ].

Different alloys of the same base element may be diffusion bonded, for example a high
temperature 1i alloy IMI 834 has been diffusion bonued to.a Ti,Al alloy. This is a relatively
straightforward procedure for titanium alloys and steels using DB parameters for the lower
temperature ailoy of the couple. Future developments may exploit the potential of bulk macro
and ni\icro-laminates produced by the bonding of stacked sheets or loils of dissimilar
materials.

Figure 8 Ti - 6Al - 4V / 80 vol, % SIC fiure composite made by MCF proces: [25].

MLuTAL 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
can be made by melt infiltration but reactive metals are restricted to solid state processing.
Diftusion bonding has an important role in both solid state processing and joining,

Processing of continuous fibre materials is extremely umportant since any fibre/fibre
contact can drasticaily reduce tiie mechanical properties {32]. This is especially true for large
diameter fibres (e, ~100um SiC), Commercial processing routes for titanium based MMC's
have been reviewed {331, All of the processing routes require DB to affect final
consolidation. DB has beun carricd out using conditions similar to those for bull: titanium
llays, The mosi widely used method is the foll-fibre (F-F) lay-up in which unidirectional
mats of SiC fibre are sundwiched between foils of the required alloy. Titanium alloy and Ti
aluminide MMC's arc currently being produced. Many matrix systems are precluded by the
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Figure 9 Vertical contruction normal to fiire axes durin co.n"posl‘te‘nonsnlldatlon. of ,

sheet when no «displacement allowed:in theat plans v, SiC volume fraction, :

MCF = melal coated fibre, F-F = foil - fibre, Thz effect uf fibre spacing {(w;
and foil tickness (h) oit contraction in P - F coniposits 1ty also shown,

Fig:we 1Q

Section (optical) through u solid state ditfusics bond between 8090 / 20 wt%
SIC pariiculate reinforced metal matrix compoilte (MMC) sheet. Bond
interface at A - A, particle / 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 problem: with uniform fibre

distribution occur for the powder-fibre process, in which the foil is replaced by a cloth like
material, produced by rolling a mixture of the alloy powder and an organic bindar, For both
rocesses the maximum practical fibre contant is about 45% by volume, Plusma spraying has

. baen uzed lo introduce the matrix material onto the fibres. Although a more uniform fibre

Jistribution is achieved (when compared to the F-F process), the fibres or their thin protective
coatings may be damaged by impact of the Klasma spray droplats, The matrix coated fibre
(MCE) route involves coating the fib.e with the matrix alloy usmf physical vapour deposition
(PVD) procasses such as evaporation or sputtering. A compaosite made by DB of MCF is
shown in Fig. 8. SiC fibres were pre-coated by electron bearn evaporation and vapour
deposition (EBEVD), Compoultes produced by the MCF route have uniform fibre distribution
(Fig. 7, 8) with no fibre- fibre contast. Numerous alloy systems, including metastable alloys,
can be used as the matrix and fibre volume fraction is controiled bhva.r h{mgﬂihe Acoa:h ng

g £]. Another
advanué;e of the MCF procesy, when compared to the ¥-F procoss, is that szlrinkage during
consolidation is indepandent uf volume fraction and can be predicted, depending only on fibre
packing/lay-up (Fig. 9), This ix particularly important where near net shape processing to
final component size is required, DB, either solid state or liquid phase may dlso prove to be
the best means of incorporating titanium MMC components into structures.

Jolning MMC's, particularly for elevated temperature applications, to preserve advantageous
mechanical properties will require DB, For example solid state and TLP DB processes have
been used for particulate reinforced aluminium MMC's [34]. Higher bond strengths were
obtained when particle/particle contact (B in Fi%. 1C) at the bond interfacs was avoided,
either by the insertion of an Interlayer (solid state) to create particle-matrix interfaces and
provide a ductile interlayer, or by TLP melting at the bond Interface.

CONCLUSIONS

The selection of appropriate joining processes depund on the meterials, the joint, strength and
quality requirements, and cost. For demanding applications, or advanced materials, diffusion
bonding offers man¥ advantages and may be the only option for MMC's, Increised
application of DB/SPF technology will depend upon accurate and reproc . zible process control
and the greater availability of large vacuum hot presses and HIP pressure vessels for
manuthcturing large components, This is particularly important if DB is to be considered for
mass production applications, eg. in the awtomotive industry.
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RBELIABILITY FACTORS IN CERAMIC/METAL JOINING

KATSUAK!I SUGANUMA
National Defense Academy, Dupartment of Materialse Science and Engineering,
Hashirimizu 1-10-20, Yokosuka 239, Japan,

ABSTRACT

'This paper raviews the procassing factors in joining ceramica to metals concerning
the reliabllity, Thermal expanaion mismatch has a great influence not only on the
sbeolute value of strength but also on the reliability of joints, Large thermal atresa
Increases the scatter of joint strength because of the presence of defects induced during
Joining process, One should insert an appropriate interlayer to relax the stress
betweenh a ceramio and a metal, Surface roughness also has some influence on the reli-
ubility, A roughly ground bond face leads large seatter in strength, Scratches must be
removed before jolning, Unjuined area reduces joint strength especially in solid-siate
Jjoining, In brazing, the homogeneity in the braze layar should ba also controlled care-
fully, A slight applied pressure during brazing oun preserve the integrity of jointa,

INTRODUOTION

Ceramics have been gradually expanding thair applications into structural materials
replacing the conventional metallic materials since the beginning of the 1980's, In faot,
one can find saveral establishments using coramic parts in the commeroial flolds as
shown in Fig.1, Silicon ceramics, especially SigN,, have been intensively examined and
developed for the structural uses benause of its high toughness in addition to light
welght charactor, good waar resistance, high strength and modulus up o 1000 °C, ate,
The astablishment of cernmiocs as structural materials has been not only dependent
on the improvement of their prop-
artles but aleo greatly on the ad-
vonces ih joining technology of
coramios to metallic materials,
Even though properties of ceramics
have baon improved drastically,
they still have problems of hard
workabillty and of poor reliability
compared with metallic materials,
Inevitably, they are usad in a small
volume combined with matallie
parta. Then, in practica) adoption
of ceramic products, it frequently

Lacomes one of the major interests
whether the reliability of a joint Fig.1 BiyN, products for automobils engine componsnta

structure (s adequate for a certaln ::chx‘r::y to Nissan Motor, Co.Ltd.). The arrows point
WN,

raquirement or not,

The reliability of a ceramic/metal joint structure has not been surveyed consistently
yot. Bocauss most ceramio/metal joints fracture in a quite brittle manner, the soatter
in strength can be treated by the Welbull statigtiss, The statistical treatment of
strength data has provided ue useful information on joining parameters. Factors
Influencing the reliability of a joint can be classified into several categories. Fig2
shows the schematic illustration of meveral important defect oategories, which may

Mat. Res. 8oc. Bymp. Proc. Vol, 314. ©1993 Materiale Research Boclely
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b cause scatter in strongth di-
) rectly. From the microscopic
view, the roaction structure

causad by wetting or by chem- IC X .
j _ ical and physical bond-ability ' e.mmi‘.’ !
v : between two faces may be of .o L

K concorn. These factors will Ihelusions ' | Intertace flaw

‘ refleot the distribution of un- Co

] joined or weakly bonded ie- Uroined lsland \

. : : land-like defects on interfaces or pores -
{ resulting in substantial reduc- : Crnck Inlo ceramla

i tion in joint strength, From

i : the more macroscople view,

when a reaction layer grows

thick, cracking in the layer “':::.l:n,:::;:

frequently influences joint

strength to & gruat extent.

Thermal or residual stross In

a joint becomes another im-

portant fastor. The final goal Maetal

for joining research will be in

establishing a technique pro-

ducing a tightly bound inter-

face by eliminating these de- P‘:g‘mzln;m lle\ll::nlon of various defect structures

fects and by accommodating

thermal stress,

The presant paper concontratos on reviewing the factors affecting the structural
integrity of a ceramic/metal joint, Espucially, processing paramecters influencing
structural reliabllity will be discussed. Processing parameters such as interface reaction
will be considered initially, Next is the physical contact and the purface damage effect.
Then the effect of thermal stress on strength will be discussed in the last section.

l
Surface damaygs Unjuined odge }

D
‘

INTERFACE CHEMISTRY

Interface forination of a ceramic/metal aystom has been discussed for many deoades
on the basls of reaction chemistry!. Interface characterization has been carried out
with various microstructura! observation methods and, especially, with the wetting
axporiment with the assist of thermodynamic considerations. Successful results have
been achieved from such semi-empirical works. The active metal brazing method is one
of the fruitful establishments. In a recent faw years, the research has also directed
towards the lattice structure? and the atomic binding at the dlasimilar materials
interfaces®, These 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 tha reliability of a
joint, fewer works have been reported on this subject, There seems tn bo some cloge
ralation between interface chemistry and soatter in strength., The points are not on the
absolute strength of an interface but on the homogeneity of interfuce bonding. If
homogeneous bonding s 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, fram
the view point of the scatter in strength, one should think about the homogensity of
interface bonding and this is influenced by reaction and wetting bohavior,

In the metal/tnetal brazing systems, it is easy to get homogeneous wetting batween
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motal eubstrates and
braging metals such as 2
the Cu/solder system. In ok
the ceramic/metal brazing § 9
systams, it is also possible 2ol
to obtain similar wetting & 42|
behavior by wusing the 4“0t
active metal brazes for Jor
most ceramica, Thaere are, L
however, some exceptional g

[

brazing systems. The Al
based alloys are regarded

as one of the active met-

—— Al wmbasu A 0.08%S]
nlninince A: itsalf i quite washens AL0NI Mg SR,
ot v;'e ngq?hnnt ';;D‘“ B8 L e Ara50%Mg —iim AL LG S
ramics, ego alloys are e Al 1068
useful to braze coramlos/ . L ) N
metals in lower tempera- 1o 20 M0 40 sosp 0 loo 200 Jo0 400 600 800
ture range than Ag-Cu-Ti Bending strength  (MPa)
alloys,
Fig.3 Waibull plots of bending strengths of 8{,N /Al.X
Figd shows Waeibull a8l MgBI,N , jolnta®, oy

plots of the SI N, jointa

brazed with pure Al and

Al-X (X«S8i, M) binary dilute alloys,
The scatter in strength of the 8i,N /Al- Al-0.0681
MBigN joint is small and the addition of o

small amount of Si dows not influence it
so much, However, a similar amount of
Mg addition to the braze made the scat-
tor very large, These ohanges in
strength are closely related to the change
in fracture mode, Fig4 shows the
Welbull modulue of joint strength for 2 F
various brazing alloys as & function of Al-0.5Myg
the fraction of an interface fracture area ' e
against the whole interface area, As the
fraction of interface fracture area increas.

o8, the Weibull modulus decrenses. The 0 20 40 50 7 1o
addition of Mg increusss interface frac-
ture, From TEM observation, it was
ravealed that the Mg addition changed
the Interface miorostructure, Fig.5 shows
a schematic illuatration of the Si N /Al
alloy interface and the fracture path. Whan Mg was not in the braze alloy, a nanc-
crystalline B'-sialon layer and an Al-8i-O amorphous layer were formed at the interface,
In the cuse of the SiaN4/Al-Mg interface, Mg concentrated at the interface and oxide
products, i.e., a-Aly0, and y-Al 04 with 8, 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 ot the
interfave grows thick. This microstructural change increuses the scatter in strength of
the joint drastically. The raason for the increased scatter in the presence of the stable
thick oxide ptoducta can be ascribed primarily both to the weak bonding betwesn the

-

Al-1,08i
<]

pure Al O\ Al.0.3s1

Weibull modulus
w -

Area of iaterfaclal fracture (%)
Fig.4 Welbull moduli of 8{,N, jointa brased
with various Al alloys as & function of
fraction of interface fracture,
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Fig.8 Schematie illustrations of Intarface micro.
wtrugture end fracture pathe of S N, joints brazed
with Al-Mg alloy (top) end with puss Al (bottom),

Al oxiues and S{,N /Al and the tharmal
expunsion mismatch between Si,N, and
the Al oxides which will be d?scusaad
latar,

The pressnce of additives in ceramics
may aleo influence the interface chemiutry
and then tha reliabillty. 8I,N, with or
without the additives Al 0 nnd Y,0q
were: brazed with pure /il and the

strongthe of these joluts were evalunted &,
'EM observation revealed that the Si,N

with the additivee forined a thick Al-8i-O
luyet tenening 1000 nm whils that without
any additive formed the myor 400 nm
tiiek  Pig@ shows the Welbull vlots of
stroogth,  The joint of SigN, with tie
pdditive hag highor stmngth and amaller
seattor in strangth than the joint without
any addisive, XF8 nnalysls showed that
fracture of the additive froe 8i N, joint
asouried at the Al/renction luyor Inwrfaoe
~hile the joint with the add:tive fructured
in tie Al luyer, Thedo results imply that
the thick Al-8i-O layer cun cover the

Fractore probability (%)
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Bending strength  (MPa)

Fig.8 Weibull plots of bending stiength of Bl\‘N‘
Jolnta with or without addivive braxed with AL,
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fraotion of uijolned aren formed cn an intor.
fue of HiyN, joint brized with AlS,
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interface between the substrate 8i N, and the Al braze layer much mora uniformly
than the thin formation of the layer. "This microstructurai difforence seems to result
in changing the soatwer in strength bétwean the two cuses. A similar rosult has been
obtained by a pre-oxidation-treatment of 8i,N, bafore brazing®, The oxidized troatment
of 81N, promoted wetting between SigN, mé Al resulting in decreasing the unjoined
area 43 shown in Fl_lg.'l. The oxidizsd Interface had a thick Al-Si-O layer as one of the
two reaction layers’. ,

It haa been known that the ion mixing of a ceramic/metal intarface can provide good
interface adhesion®®, Peteves reported the influence of ion beam mixing an soatter in
strength of the Cr-cuated 81 N/Ni-Cr alloy Joirt®, By Xe fon {rradiation on tha Or.
coated surfaom, & two-fold improvement in Walbull modulus was achieved with the
improvament of the abaclute strangth, Though a definite resson for the improvement
in Welbull modulus has not been proposed yet, the improvemunt of the adhesion of Cr
film 4o 8% aNp the chemistry change due to the anhanced diffusion, and the annealing
out of same of the residual surfage damage of 8igN, seem to be have some role,

PHYSICAL CONTACT AT INTFRFACE

In the actusal jolning se- ml.
quences, a perfaot interface
connectlon over the whole
interface s hardly achleved
witliin & certain jolning poriod
and temperature limited by
the progremss of intarface reac.
tion, Thon the initisl surface
roughness and the applied
prosgzure have two of the oriti-
cal parameters which have X °
great influence on achieving .

o - \\

Ber-lirg stremght (MP5)
e o
L
L . 1 ]
*
[ ]
”
’/
”

interfacial contact not only in
solid-atate bonding but also In
brazing. In solid-state bond-

80D

ST T

4

i L] [}
Feavtion of unjoined arvea (%)

ing, interfucial contact is pro-
moted by plastis deformation
in the early stago following by
creap doformation and diffusion in tho lator atage. Pressure primarily influences
achieving contaot by plastic daformation in the firut stage. Unjoined islands are Inev-
itably formed on the interface under o limitod prossurs, Iv will be dependent on the
amplitude of pressure, period, vemparature und varlous material's fuctors such as flow
stross, Fig.8 shows the relationshlp botwoen tho fracture stross und the unjoined area
of the solid-state bonded Al,0,/Nb Joing!S. Apparantly, the incresss in unjoined wrea
decronsos the strength of the apaciman, Fig.9 shows the influenca of the unjoined area
on the seatter in strength, of which data wore obtuined by changiag the roughness ot
the Nb bond fase. The large fraction decrensed the average joint mtrengih bul the
Waibull modulus did not change, 1'hass fuets imply that the joint fracture initinted
from the same origin, Lo, the unjoined lsland on the interface. The importance of the
contact presaure during jolning on the satter In streagth has beon reporied by Gottalig,
ot al'!, Thoy showod that the high pressuro Joining promotod the substantial reduction
of the seatter in strongth,

If intorfuen ronction rolonsos guy ag tho ronction produel, the pores filled with the
gue may be left on the Interfuce resulting in the inhibition of contuet, The BN /NI

Fig.t Bonding strength of Individual AlO/Nb Joints us o
function of unjoined area fostned on Interface'".
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9%3 o T T TR L Hree surface
8 sk ¢ ! Uﬂﬂhﬂd edge

band

Fg10 Unjoh\od udyo band found an t.hn fracture surfuce
of an ALO /NS JolngW,

0. I T U Y T N |

i
200 210 220 no 2&0 2%%00
Fig:® Influenocs of unjained aresl mmlon (&)
Beading utrength (MPR) o berding strength of Al Oy/NU jolnta !0,

Interface is consldered to ba primarily ore of this cave, This Intorface ls weok dua to
the prosencw of porew on the interface’d, Whan Ni containe nitride formlng uluments
wuch s Cr, 1o pore is formed at ap Interface and the strangth s improved ™!
Unjolned area is frequantly formed at tho «dge of 4 joint as the banded reglon us
shown in Fig.10. This adge defect wuakons the joint oxtremaly aw It works ns A notoh
induend on the Interfass, g1l shows t.ho typical position dependant strangth data
obtained for the 8i,N Fe fll/S|yN, joint!%, The interfuce strengih was quite high
veaching 500 MPq gut it was ubfulnod only in the central arem of the joint, Such a
phenomenon has boen reported for varlous systems. The edgw unjolned defect
originates from soveral reasons, Ono is the fatnoss of the interface, Mechanical
finishing of bond facew inevitably cuts extrn volume away from the odge region.
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Fig.11 Position depondence of binding steength sl unmh (x100MFu)
of HlI‘N /Fe Jolnod nt 1300 *C for 30 min undur Flg 12 Kooy of upp“od provsure un bl.lldhw

A prosatre of 20 MPal4, uirength of BLN, fointa hruzad with AVS,
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The juhomugenaity in deformaticn of the metsl layer will also reflect the phenomenon,
In the onse of the reaction gas releasing systom, the resction in the outer region may
be promoted by continuous evecuation*’. This will causes excesn thinning of the
ceramic at tha edge repion,

In braving, pressure also has great effect on strength snd its scatter. The changes
in intarlaysr thickness and uniformity seem to bo reaponsible for the influence, Fig12
shows the affut of braeing pressure on the strength of the 8i N, joint with an Al
brage!®, Only slight applied pressure la snough to produce a nnund Joint with little
meutter in strongth, Johnson reported the influence of the braze la lyer thickinoss offect
on the straugth of the BI N, joint brugsd with the Ag-Cu.Ti braxe's, The strength of
the joint was pro;mtalm'mil to the Inverse of the squara root of joint thlnknm when the
thickneus was below 80 pm. This indicates that the joint layer bocomes one of the
defects of which sizo iu taken as the thickness, Further work is required to prove this
effuct,

Thue, ftom the processing stand point, an appropriate prossure both for solid-state
bonding and for braging should by determined togethur with the other processing and
matorials parameters, To remove the sdgo unjoined region, hydrostati pressing such
o4 HIPIng becomas one of the powarful methods, Utillking the roughness affect of &
mutal Is alo uselul?,

D.*MAGE ON NOND FACE OF CERAMIC

Bupfuce roughness has sevoral effocts on the strength of a ceramio/metal joint,
Leough surface will prevent complating contact at an interface under a limitud pressure
and may have thu damaged lajor in a coramin near an interfuce which has deap
poratchos and sovere residual stross, On the other hand, an irregular bond face may
have an anchoring offsst which promotos joining by raschaniosl interlocking. In the
actual cass, those offects influence the mechanionl propertios of a joint in & competing
way,

Figl3 shows the Weibull 9
plots of tho strangth of the 8i,N
Joint brazed with pura Al vary nsg
the surfaco grinding condition’
Cloarly the rougher bond l‘uuu
wade the joint weakor, This is
bocause the roughly ground tond
fuew hus o damaged layor and it
remaing In the joint oven aftar
Joining troatmons. The tracture
ol the joint ocsurs in the dum-
agod layars along tho joining
interfeoo,  Thus, a *oughly a ¢
ground Lond face oun wenken the A
coramie/motal joint Af the duem- Rax02
aged layer remuine in the joint,
The wurface Anlvking methods i \ )
sleo have imporsant influence on 50 1o 200 300 400 600 800 1000
the roughness effests, To make 500 700 900
a cartain rongh surface by oolish- Strangth {MPa)
ing ie ane of the promising corsdi-
tlons for metal ceramic inter-
facatl,
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Fig.18 Irfiuence of surfuce roughnavs of a bond thow
on bending strength of BiyN, jointa brased with Al'7,
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THERMAL STRESS

The distribution of thermal (or residual) stress is not uniform in a ceramic/metal
Joint even anlong the interface. Concentration of thermal stresa becomes more sever
with proximity to the interface and to the free surface. The most harmful effect is
caused by the tensile part of the thermal strese at the interface or in the ceramio, The
maximum tonsile stress concentrates on or near the interface and on the free surface,
Sinea thie stress aots almost vaertical to the interface, the apparent interfacial strength
measured by tensile or bending tests is subwtantially reduced. The amplitude of
residual stress depends ui the shape and dimension of the interfuce'®, Fig.14 shows
the diamater depandence of the thermal stress of the SIyN /finvar alloy joint measured
on the surface near the interfuce, The larger dianeter made the larger residual stress,
It Is also notawarthy that stress concentration at the corner of the rectangular bond face
Joint is more serious.

100
§ 80p D J
SigNy, J

P A el N

£ tnvar

’ \

- 40P -

o

a

: \ o

= / }

o

[+] ol | i | J'L___l |
— 5 10 15 20 Invar Kovar

Diamaeter 20 x 15 (mm)

Fig.' 4 Effoct of size and shape of bund face on resldual sirem
of BI,N /invar alloy joints'®.” The wesldual wress wus vertical
to the Interfuce on the 8iyN, surfuce.

The joint with large thermal expansion mismatch decreasss strength. Howevar, it
ocoasionally happens that some specinen Is strong but the other ls weak wwun if they
are the same kind, This depends on the presence and distrlbution of internsl flaws
induced by thormul stross during joining troatmeant. The strengths of the 8igN /invar
and 8i N, /kovar joint;ud which are differing in the amplitude of thermal stress, were
oxaminod statistioally??, The latter juint had larger tharmal stress than the former as
woan in Fig 14, The strengthe of the joints are shown in Fig.18, Tha Bi N /invar joint
exhibited good strength with smell scattar. On the other hand, the SI:N Jkover joint
had distinguished two parts In the distsibution of strength. While one was high
strength with small scattar, the other wus woak with lurge soatver, The latter joint
nlways had tho interfacial flaw which was formed on cooling from the joining
tamperasure, Thue, large thermal atross ocossionclly induces flaws Luto a joint, which
do not only weasken the joint but ulso may make the sontter in strength large. In other
words, it is very important to evaluate the scatter in strength espocially for joints with
large expansion mismatches. Suveral offective mathods to rolax the influence of
thorma) stress hae been reviewed in ref[21],
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SUMMARY

This paper hus focused on the rellability of joining ceramios and metals especially
on the seatter in gtrength, The Influences of several important procossing factors have
boen made clearer, Nu mention, however, has been made on the rellability during the
operation of jolnt products, Lo, the time dependent change in the reliabllity. 1n
practical application, a ceramic/metal joined component is used not only under an
oxternal stress but under tho internal stress originating from the elastic and expansion
mismatch, Since most of englneering cerumics auch as 8i N, and SIiC usually suffer
from sovern thormal stross during operation because of the?r oxtremely small thermal
axpansion coofficients against metal components, then tharmal stress will be ono of the
moat dominunt factors to restrict the life time of joints, There are other important
faotors in determining the life time, 1o, environmentally induced degradation such as
oxidatlon, corrosion, tress asaisted corrosion and also fatigue, Up to this moment, only
a few works have beon earried out on thoso subjecta®® . Further intensive works nro
roquired for a full understanding of the mechunisms by which joint strength deoronses
in cortaln onvironments and also for establishing the design technology for a
voramiy/motul joining systom. Such offorts are expooted to actompany both the
davelopmont of new tochnlquos und the refinements of existing tachniques.
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INTERFACE SCIENCE OF CONTROLLED METAL/METAL AND METAL/CERAMIC
INTERFACES PREFARED USING ULTRAHIGH VACUUM DIFFUSION BONDING

WAYNE E, KING, G. H. CAMPBELL, A. W, COOMBS, G, W, JOHNSON, B, E. KELLY,
T.C. REITZ, §, 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, conistructed, and are operating a unique capability for the production of highly
controlled homophase and heterophase interfaces: an ultrahigh vacuum diffusion bonding machine, This
machine is based ot a previous destgn widch is operuting at the Max Planck Institut filr Metaliforschung,
Institut filr Werkstoffwissenschaft, Stuttgurt, FRG. In this method, flat-polished single or polycrystals of
materials with controlled surface topography can be heat treated up to 1500°C in ulirshigh vacuum,
Surfaces of minealed samiples can be sputter cleaned and characterized prior to bonding, Samples can then
be precisely aligned crystallographically to obtain desired grain boundury misorientations. Matetial
couples can then be bonded at temperatures up to 1500°C and pressures up to 10 MPa, Results are
presented from our initial work on Mo grain boundaries and Cw/Al20 interfaces,

INTRODUCTION

The lack of well characterized, precisely oriented interfaces has been identified as limiting the
capability of the Interfuce Science community to make progress in the study of structure and properties
of interfaces, Lawrence Livermore National Laboratory and Sandia Nationzl Laboratories are developing
amulti-disciplinary, multi-institutional research effort in interface science. This reseorch, 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
miscrientations. 'The capability to produce such bicrystals did not exist within the United Statcs although
itis critical to further advancement of interface science and technology.

BACKGROUND

To address this need we have selected the diffusion bonding approach, which was succesafully
demonstrated at the Max Planck Institut in Stuttgart, for application to the class of interface problems of
interest." 2 Figure 1 shows arendeting of the design of the UHV diffusion bonding machine, It cotmprises
four chambers: a surface analysis chamber, a diffusion bonding chamber, an annealing chamber, and a
surface maxlification 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 1500°C
to stabilizs the microstructure,

After annealing, a rail systsm transports the sample ta the surface analysis chamber, to the surface
modification chamber, or to the bonding chamber. A special manipulator (sec the Figure 3) moves the
sample to the railvoad car. In the surface analysis chamber (Figure 4), sample surfaces are sputter-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 1000°C 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 spectrometry.

In the sutface modification chamber (planned for 1994), the sample can be rotated to fa calow-energy
ion implantet, The implanter has two ion sources to provide both gas and other ions, The tampie can be
further rotated to face an electron-beam evaporator or a magnetron sputtering source, where it can be

Mat. Res. 80c. Symp, Proc. Vol, 314, ©1993 Materials Research Soclety
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Fign e 2 Cut-away view of the anneaiing chamber.
Alr-lock chamber is shown ut right. Rad!o frequency
(RF) furnace is shown at top center.

Figure 3, Multi-articulated manipulacor for
manipulating samples in vacuum without sample
Rolder, The mechanical hand at the end o the arm is
shown grasping a coin.

‘vaded onito aheated sample holder. An aitlock is included in the surfuce-modification chamber fot loading

and unloading samples.

In the bondizg chamber (Figure 5), samuples are stacked on the lower ram of the diffusion bonding
pross. A spacer is firt placed on the 1cm and fixed with a ast of fingers on a precision crystal-orientation
davice (Figure 6). The first sample is stacked onto the apacer, und another set of finge:s is driven in o hold
thesemple. Tha next sample is placed on top of the first sample and fixed with a third set of fingers. Finally,
a socond spacer is stacked on the top of the samples and positiotied by a final set of fingets.
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Flgure 4, Cut-away view of the yirface analyxis Figure 5, Cur-awey view of the diffusion bonding
chamber,SIMS lun gun is shown at top left. SIMS chamber, Bonding chamber and 2ress are shown at
quardupole riass spectromater is shown ut top right. top lef ‘

A laser beam is then reflected off the edge of the bottom sample in the stack. The wixbia is rotated

with the precision crystal orientation device until a prepolished optical flat reflects the lasr beam through
aport of the diffusion bonding chamber onto a screen, The position of tha reflaction is noted, und the lasar
beam s then ralsed tointersect the uppersample, This sampleis1otated so that the reflection fromits optieu
flat coincides with the reflection from the bottom sample. The rotation gears of the precision cryrtal
orientation device are locked, and the uppet ram is brought to bear upon the sample stack. A smoll load
is added, and the fingers are withdrawn, The entire stack is then raised into the furnuce for bonding, An
airlock is also incorporated in the diffusion bonding chamber to facilitate removal of bonded setaples,

RESULTS AND DISCUSSION

Ereatute of the Cl/Alumina interfoce

We have fabricated samples intended for fracture testing using the Ultrahigh Vacnum Diffuson
Bonding Machine. These samples were diffusion bonds of polycrystalline high pueity copper foiis,
~200 pm thick, to high purity polycrystalline alumina rods, 2.0 ¢mJong, ‘The foil geomisury was selscted
to minimize the contribution of bulk plasticity to the fracture-resistance measuramenia, Sirfaces of the

copper foils and alumina rods were sputter sleaned i

situ prior to bonding, Bonding was curried out ay a

function of temperature (300, 875, oi 9€0°C) wrl tinwe

— (1 or2 hours) at a bonding loud of :,0 MPa, Resultant

Phapee [ ----- ] bonded samples yielded sevend point bend testsrsashes,

Figure 7 demnonstrates how this geometry was

fabricated such that it could be bonded in wltrahigh
vacuum where the spmpies are handled ie:notely with-
out sample holders. The pitces at lett ate the stanting
thaterials, flat polished aluminarods, & thin Cu foil, and
asupportring forthe copper full, Two suppurt rings are
spot welded to the rimof the Cu foil Thit support ring
facilitatos the remote handling of the samples in ths
Figure G, Schematic diagrum of precision crystal  wltrahigh vacuum, The bonding pivcess proceoded as
orleniation device. follows: First an aluming rod was lowded into the
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" Figure 7. Fubrication of d-point bend samples, Aluming rod, Gt fall.'and Cu ring at left. As-bonded sumples at

cunter, Onw af seven bend test samples cut from a singlc saule at right, Magnified image of bond line at for right.

surtace-analysis chamber of the ulvahigh vacuum diffusion bonding machine. The alumina was sputter
clegnerd yging ~2 x 1018 X+ m/omn? In order to reciuce the hillock formation that is typical in sputtering,
ihe fon boain was incidsnt at 15° fraia heaivonial and the sarmple was rotated during sputtering, After
cleani g, the alumina was transferrec! 1 the diffusion bonding chamber and loaded on the lower ram of
the duffusion-bonding press. The Cu foil was then sputter cleaned on both sides using a procedure similar
to that used for the ~tumina except that the Cu was heated to ~400°C during sputtering. ‘The Cu foil was
ntacked arop the firet 2lumina 10d {n the diffusion bonding chamber. Finally, the secord ajumina bar was
oleancd snd the sample stack was completed, A load of 1.6 MPa wus applied to the stack and the stack
was raised into Ux radio-tequency heater in the diffusion bonding chember. Thetemperature was remped
Yo the set point over 25 min foliowext by the souk time and then ramped back to room temperature ovet
15 min. During the bonding process, the vacuum in the diffusion bonding chamber typically did not exueed
5 x 10%torr, The samples atcenterin Figure 7 show the as-bonded configuration, It is possible to produce
1-2 sampiss per day of thio type. After removal from the bonding machine, the each sample was cut into
yoven 3 x 3 x 40 mm bars for4-point bend testing. This bend-test sample configuration is shown atright.
The inset figure shows a micrograph of the Cu foil bonded between two alurmina bare, A human hair is
included in the micrograph illustrating the thinness of the Cu foil.

Samples wete notched for 4-point bend testing using ahigh-speed saw. Notches were cut0.5 mm deep
with a ketf of --87 jan. Samples were Joaded on a 4-point bond fixture, The mid-point deflection was
monitorsd using 1 spring-loaded probe fitted with two opposing clip ganges. Load and mid-point
displacement were monitored as u function of dmoe for a constant cross-head displacement rate. Figure
8 shows a typical load vs time curve,

Lionding Kinetics of Cu with Sapphice

Th determine the conditions under which completely dense interfacos form, we are studying e
evolution of bonded interfacinl area as a function of bonding temperature and time, The uysiem under
investigation is copper/sapphire. Insight will be gained from this study into the appropriate bunding
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conditions for copper/alumina mechanical test

' e e specimensand data will be obtained ona model
' system in diffusion bonding,

' r 1 Inthe analysis chamber of the UHV Diffu-

g o F ]  sion Bonding Machine, tie surfices of the

specimens to be bonded were cleaned by lon

E ok ] sputtering with Xe*ions at 1 keV. The samples
were rotated during sputtering to maintain an

o ¥ even surface finish, The cleaned surfaces were

.. L placed together in the bonding chamber and

0 M0 0 M0 w0 30 3% a0 sw high purity alumina spacer blocks inserted

Tima (ee0) between the specimens and the rams of the

Figure 8. Typical load v, time data for 4-point bend hydraulic press, To ensure proper alignment of

sample shown in Figure 7. the specimen stack so that the applied force is

distributed as an uniform pressure on the bond

areq, the top spacer block had a sphetical rading
of curvature ground on one end to allow point contict with the top ram, The applied force resulted in a
pressure of 1 MPa at the bonding interface in all cases studied here.

‘The bonding temperature and times were varied to study their effects, The tamperatures chosen were
800,900, and 1000°C and the titnes wete 1,2, and 4 ht, During the diffusion bonding heat cycle tha pressure
in the bonding chamber never exceeded 1 x 10-8 tory, The heating and cooling rutes were 20 and 15°C/
min, respectively.

‘The characterization of the bonded area at the interface was done by optical microscopy through the
sapphite, Under normal incidence light conditions, as in the micrograph shown in Figure 9, the bonded
areas are light in contrast because the copper is conforming 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 corresponded with the bondad area. The numbet of pixels above this
brightness was summed and an area fraction was calculated. .

Some results are shown in the in Figure 10a and b, The average measured bonded area is shown along
with the high and low measures indicating the variability in bonded area density across the entire interface.
‘The results indicate that achieving a fully dense interface in the copper/alumina system requives lengthy
bonding times, probably 6 to 12 hr, at 1000°C or higher.
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Figure Ya. Fractional honded area as a function of time for  Figure 9b, Fractional bonded area as a Pinction of
constant temperature and pressure. temperature for constant time and pressure,
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Cw/Ti/Alumina Interface

In this experiment, ~S0A of Ti was sputter doposited on a plece of sapphire, The Ti was then covered
with ~2 um of Cu, 'The samples were removed from the sputter deposition machine and ioaded into the
ultrahigh vacuum diffusion bonding machine. Bulk polycrystalline oxygen-free high conductivity copper
was borided to the coated sapphire, Surfuces of the copper and coated sapphire were sputter cleaned in-
situ prior to bonding. Bonding was carried out as at 200°C for 1 hour at a bonding load of 1.0 MPa,
Resultant bonded sample was cutinto the approprinte geometry for analytical electron optical observation,
The Figure 11 shows a cross-section electron micrograph of the bonded interface inset within the x-ray
energy dispersive spectroscopy profile,

Mo Bicrystals

We have fabricated two bierystals intended for geain boundary stomic-structure determination using
the Ultrahigh Vacuum Diffusion Bonding Machine, 'This sumple was a diffusion bond of a pair of Mo
single crystals, ‘The Mo single crystals wers oriented along <310, sliced parallel to the (310) plane, and
flat polished und precisely oriented to within 0.1° of (310),

"The rate of diffusion bonding is controlled by surface diffusion which is a function of temperature and
pressute, Weseck 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, deformation, 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 eliminute porosity at the interface. ‘This has been
accomplished by controlling the flatness of the surface of the samples to be bonded. Typlcal
metallographic preparation methods yield samples with peak-to-valley deviations from flatness of
~1000 nm. This flatness has been significanily improved, <100 nm, 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 catried
out ut 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 4000EX at SNL,L from

asuitably thin areq of a specimen (Figure

—— 12a) is shown in Figure 12b, The bound-

7 ury isasymmetrictilt boundary with (001]

o tiltaxis whichformsatwinabout the (310)

plane. The highresolution image in Figure

12b repesents a projection of the atomic

structure, in this case, purallel to the tilt

axis, The high resolution image is espe-

cially well suited to revealing any rigid

body trunslations presentbetweelithe crys-

tals at the boundary, which is a common

feature of EAM structure predictions,

Further structural details are compared to

predicted structure by using those struc-

tures in high resolution image simula-
tions, as discussed earlier,

infeneity (arb. units)

4000 400

4000 0 2000 4000 4000
Distancs (A)

Figure 11, X-ray energy dispersive spectroscopy trace of

Al, Ti, and Cu Ka x-rays as a function of position relative to

the interfuce between Cu (at left in Inset electron

micrograph) und sapphire (at right).
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Figure 12a. Low magnification image of Mo bicrysial Figure 12b, HREM image from section of interface in
Hlustrating long flut reglons of interface, Figure 12a.,

CONCLUSIONS

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

+ Controlled interface crystallography van be used to carefully investigate interface atomic
structure

* Controlled interface topography can be used to investigate the effect of fluws on
interfacial toughness

¢+ Controlled interface chemistry can be used to study the effect of impurities on interfacial
adhesion and bonding

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

« Homophase boundaries (¢.g. grain boundaries in metals, intermetallics, or ceramics) and
heterophase boundaries (e.g. metal/ceramic interfuces, metal/semiconductor interfuces)
can be produced
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TOWARDS AN UNDERSTANDING OF THE REACTION SEQUENCES IN BRAZED
JOINTS: INVESTIGATION OF THE Ti-Cu-O TERNARY AT 945°C.

G. P. KELKAR®, A, H, CARIM, and K, E, SPEAR
De{mrtmem of Materials Sclence and Engineering, The Pennsylvania State University,
University Park, PA 16802,

ABSTRACT

The jolning of cerumics using active metal braze alloys is an attructive technique and
hus been used for & variety of materlal systems, The braze alloys usually contain an actlve
elament such us Ti which can reduce the ceramic and form a strong bond across the Interface,
Miorostructural charactetizations of bruzed interfaces huve been widely reported, though
reusons for the formation of reaution products and their sequence is not cledr due to the luck
of thermodynamilc information on the phases formed,

The Ag-"u-Ti/Al304 system coniains an interface where Ti, the aotive element in the
braze alloy, reduces Al,Oy 1o form layers of reuction products which include (Ti,Cu,Al)sGC,
an MgX typs compoung. In this study we uve looked at the Ti-Cu-O system a5 4 first step
tovrards understanding the Ag-Cu-Ti/AlyO5 system, A section of the Ti-Cu-O ternary was
investigated at 945°C, The system cunnﬂnu two MgX t{pe compounds, TigCuyO tnd
Tiamgo. which have independent single phase fislds, A ‘Ti sctivity diagram wus generated
from the available thermadynamic Jnformation and the knowledgu of the ternary seation, The
:i\;/o reaction sequences reported for such interfaces were analyzed bused on the activity

agram,

INTRODUCTION

The extreme and often contradiciory demands on the materiuls in use today has made
Joining of dissimilar muterlals u necessity, For example, cermics und metals can be joined
1o ptoduce a component with unique properties. Brazing of inetal shanks to ceramic tonl bits
is a typical exun:plc. Joining may also be cmplored to overcuing processln  limitations in
the production of ceramio components with complex geometries, Thus the joints may either
be of the cerumic-metal or ceramio-ceramic type. Joining techniques that are commonly
employed include metallization, shrink fitting, diffusion bonding, and brazing with variutions
for purtioulir upplications,

Brazing of two components using a filler metal is a velatively simple technique which
oun produce & sirong hérmetic joint. To form & brazed joint, a metal alloy of suitable
composition is sandwiched between the components to be joined; the assembly is then
heated, usually in a vacuum and under a nominal load, to & témperature slightly above the
melting point of the alloy, and finally cooled to room temperature, ‘The heatlng and rooling
oyele is designed to maximize the wetting and adhesion resultinf from interfacial reactions
and to minimize the thermal expansion mismatch stigsses in the go nt,

The alloy used as a filler is composed of a eutectic with a melting point higher than
the apiplication temperature of the joint, Since most metals do not wet ceramios, an uctive
clement is usually added to improve wetting behavior, An uotive slement is defined as one
which cin reduce the ceramioc and form a steong chemioal boid at the interface. Although
elements belonging to the 1VB, VB, and VIB groups alung with Ni and Pd [1-3] are possible
candiclates, Ti- containing braze alloys are the most extensively studied in the lterature [4,5].
The commercially nvailuble braze alloys (o.g., those from Wesgo, Inc,, Belmont, CA)
contain a Cu-Ag or Cu-Au eutectic as the primary component aloag with un active slement.

* This work was uup?oned by the Ceenter for Advanced Materials at The Penngylvania State
University, as patt of the Coaperative Prograni in High ‘Temperature Englneering Materials

Research, and by the Office of Nuva! Research Young Investigator progturn under gant
#N00014-91-J-4051.
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Other elements may be present efther to enhanse the activity of the antive element or to
improve the corrosion resistance of the alloy,

The microstructure at the Ag-Cu-Ti/Al; O3 Interface has been reported [6,7,8). The
formation of MgX typs compounds,TizCusO dnd Ti4CusQ, nu redntion products is 4
cheraoteristic of this interface, These corpounds form as a ~ontinuous layer across the
interface und hene their properties nie of Inteiest In evaluating the joint, The thermal,
mechanical, and electrical characterization of these two MgX oompounds in the Ti-Cu-Q
systsm have been reported slsewhere [9),

In rhis investigation, we have lnoked at thgrghnsa stubility of the MgX vompounde
with other phuses in the Ti-CuO system at 945°C, The phase stability duta was courlcd with
information available on the Ti-O binary systen to estimate the activitiss of Ti and O in the
three-phase regions, A Ti activity diagram was generated based on this {nformation, and was
used to justify the reaction sequences at such interfaces,

EXPERIMENTAL PROCEDURE

The three<phase samplas were made by mixing powders of ‘i, TIO, Cu and CuO in
proper gmponionu und pressing them into pelicts, The pellets were then aro-melted in sn Ar
atmosphere for Jix y=cotids and then turned over and remelted to ensury homogenlwtlon.
The resulting buttons wero ssaled in evacunted quartz tubes and unnsaled at 945°C for four
days, The samples were alr-quenched whilc still undet encapsuiation, )

The samples were polistied to a 0.25um finish, mounted in hokelits molds anu
analyzed In an electron microprobu. The elemental compositions were determined by
wavelength dispersive upectroretry. ‘The stundirds used veere Ti metal and TiO, for Ti, and
Cu metal for Cu, NIST (National Insiitute of Stundurds and '!‘echnolog? glass KA25 was
used as u low oxygen standurd and albite (Nu-feldsput) tvas used as # high-oxygen standurd,
‘The compositional analysis was performed on individual phases neat throe-phase junctions,
which represent equilihrium conditions, but far enough from the junctions tu avoid any
significant signal from the neighboring phases,

RESULTS AND DISCUSSION

The seotion of the Ti-Cu-O ternury us determined in this investigation is shown in
Figure 1, The choice of 943°C as the temperature of interes: was bused on two criterln, The
TIiO phase observed at the Ag-Cu-Ti/Al,03 interfuces has been identified u- o cublo B-TIO,
and hence a temperature above 940°C had to be chusen in order to avold th. wormation of the
¢TI0 (mornoclinic) phase, Secondly, since the Ti2Cu-TiCu suteotic has a melting point of
960°C, a lower temporature was chosen to avoid the formation of a molten phase which
would react with the quartz tube .

The investigution was restrioted to the region of the ternary where the MgX phases
were in the phase fleld. The nominal compositions uf the samples usad for anclysis are
shown by filled clicles in the various three-phase regions marked with Roman numerals,
‘The tie lines determined in this study are drawn solidly, whereas others are shown as dashed
lines. A region in \he Cu-rich corner of the section, bound by open ended dashied lines, is
probably in 4 liquid state at the temperature of interest. The compositions of the phases
detennined by the microprobe hud a narrow variation (0.5 at. %) snd the average values
were usad for plotting the ternary seotion,

The phase diagram determined in this investigation was bused on samples annealed
for four days. Further work is underway to verify the phuse boundaries sfter vxtended
anneals and to verify the presence of another ternary compound, Ti3CuO, which was
observed inconsistently in some of the sumples,
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Figure 1: A section of the Ti-Cu-O ternary at 945°C, Tie lines determined in this
Investigation are drawn solid while others are drawn as dashed lines,

Analysis of the Ti:0 system

The earliest version of the Ti-O system was reported by Kubaschewski and Dench
[10] end was later revised by Komarek: and Silver[11), "The free energy of solution of O in
Ti at 945°C (11] was converted to activity values for O, ‘The corresponding variation in the
aotivity of i was calculuted by the Gibbs-Duhem integration and the activity variations of the
twa elements as a function of atomic percent of O are plotted in Figure 2,

A B->a transition at Jow oxygen concentrations would have introduced a platean in
the uctivity curves, corresponding to the the [-c two phase region. Such a transition ls nut
sug orted by data in F}gure 2 though it is re;;ortedl present in the Ti-O system at 945°C
[1 f The data from reference [11] was used here without any modifica:lon, for the Gibbs.
Duhem analysis,

To draw un activity diagrem for T, the activity values of Ti in the varlous three phase
fields have to be known, Tn the abscence of direct measurements, anroximntions based on
information available on the Ti-O binary system were used by the ollowin{g argument. In
the three regions marked 1, 111, and V on Figure 1, a~T{[Cu] is one of the phases in
e(.iullibrium. The solubility of Cu in this phase is less than 1 atomic percent in all cases.
Given the small amount of Cu and the weak interactions of the Cu-O and Cu-Ti pairs a5
compared to the Ti-O pair [13], we cun assume that the effect of Cu on the actvities of Tl and
O In a-Ti[Cu) is nogligible. The data available from F{f\m 2 on the Ti-O binary wus used o
dglerguiifce: t;w activities of Ti and O in the Reglons I, 11, V based on the phase composition
of o-Ti[Cu}.
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Plgure 2 : Activity variation of O und Ti as a function of atomic percent O in Ti at 945°C,

Activlly Dingram

The activity diagram for 4 ternary system contuing information similur to the phase
dingram, the difference boing that one of the elements {s represented by its activity rather than
composition, A three-phase reglon on the ternary, which is construlned by Gibbs phase rule
to have equal uctivity of un clement in all three phases, is represented on an activity diagram
by u horizontal line. Single phase fields ure reprosented by finite wreus,

The activity dlagrams can be used (o interpret reaction sequences across &n tntarfuce,
us has been shown for the Ti/81C and Ti/SiaNg si'\stams [14], The aotivity of an elenent at
the interfuce shows u continuous gradient, either Increasing or decreasing, ucross the
interface, unless that component is forced to diffuse uphill by the diffusion of the other
elements [15], 'This vonstraint limits the possible number of reaction sequences ni the
interfuce from umonﬁst ull possible reuction paths bused purely on the phase disgram,

The activity diagram for Ti Is shown in Figure 3. The three-phuse regions, whose Ti
uactivities were determined in this investigation, ure marked by Roman numorals to
correspond to the three-phase reglons on the ternary section shown in Figure 1, Single
phase reglons are shown as shuded urens, Two different reaction paths are drawn as wide-
dushed lines bound by filled circles und are marked A and B,

The first type of reuction sequence is the one where the Ag«Cu-Ti braze alloy is the
only source of Ti tor the reuction, ¢.g., ut the Al,O4/Ag-Cu-Ti/Al;04 interfuces {6]. The
reuction sequence reported at this interfuce is Af Oy/TIO/T13Cu 6/éu. This sequece Is
represented on the activity dlagrum by a dashed line marked A. In the absence of specific
information of the activity of Tl in T10, the sa(z‘ucnce Is shown starting with an arbitrary
value of T1 activity In the TIO phase fleld. The horlzontal portions of tho dushed line
represent the TiO/Ti3Cu40 and ‘Ti;Cu40O/Cu transitions, In the single phuse field of
Ti3Cu40, the Ti activity can drop significantly and nensly all the way to zero and then niove
over to nearly pure Cu, In this process, the activity of Ti has decreased monotonleally ns we
moved away forin the AljO4 surface.
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v~} tased by the reduction of Al203 dissolves in the ternary compounds [6,7] and in the
1.-Cu intermetallics (71 and should be accounted for in the therrodynamic 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 thermodynamiv information, we were able to justify the fortnation of
the two different typns 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 capabliity for reaction sequences at such joints, To predict the reaction paths and
end proclucts across the interface zone, information on the activities of all elements present
and phase stabilitics of the compounds in the system is required.

SUMMARY

Two different MgX type com?ounds. Ti4CusC and Ti3Cu30, were identified in the
11-Cu-O system and thcfr phase stability with o&er compounds was investigated at 945 °C,
The thermodynamic information available in the literature on the Ti-O system was used in
conjunction with tke established ternary section to estimate the activity variation of O and Ti
across the three phase regions where a~Ti[O] is one of the phases. The activity of Ti wag
then combined with the phase stability information of the ternary to generate an activity
diagram. The diagram was 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 investiguted by analytical scanning electron microscopy
(ASEM) and by x-ray photoelactron spectroscopy (XPS%. A thin titanium
boride interfacial layer {s detected by XPS after short (30 mi: tas)
thermal traatments, ASEM analyses after longer thermal treatmcits (8-

120 hours) reveal boron-rich interfacial layers and boride precipitates in {
the T4 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 1imited by the lack of a reliable glass/Ti sealing technology.
Conventional silicate glasses readily react with T when sealed to form an
interfacial silicide layer [1-3]. This weakly adhered layer significantly
reduces the mechanical strength of silicate glass/Ti seals [3] and
precludes coating titanium alloys with siiicate-based bloactive 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 adhesiun of bicactive
glasses to titanium [4]., Borate glasses can be prepared with a wide range
of thermal and chemical properties for different packaging applications,
Little {s 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%, 4uUBal 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 1ids, machined from commercially
pure titanium (grade 2, 99+%), each enclosing a 6 mm diameter, 2 mm thick
glass disk., Each couple was sealed in an evacuated {1 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
et~ctron microscope (SEM). Where a reasonable amount of interface was
observed, wavelength dispersive spectrometer (WDS) maEplng for each of the
elements in the diffusion couple was undertaken. A Pb-STE crystal was used
for the light element B and O 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
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voltage of 15 kV and a beam current of ~100 nA was used. The high beam

current was usaed to increase the x-ray count rate for B and 0, a

though

some contamination of the specimen surface occurred.

A number of axtal seals were also made between 10 mn diameter
aluminoborate or commercial silicate (Kimble Glass TM-8) glass rods and
titanium, each jJoined after 30 minutes in an argen-atmosphere furnace. The
aluminoborate glass seals were formed at 670°C and the silicate seals at
850°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

adventitio.s carbon.
RESULTS AND DISCUSSION

The axial seals made between titanium and silicate glass could be
easily separated by hand at the glass/metal interfuce, whereas the
aluminoborate glasses adhered much more strongly to the titanium. These
Tatter seals usually fractured in the glass, several millimeters from the
titanium interface. These obsurvations are in gualitative agreement with i

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 1 shows a Si2p photoelectron spectrum collected from the
titanium side (upper trace) and the glass side (lower trace) of a silicate
glass/titanium axial seal, The Si2p (~99 eV) and Ti2pasz (453.6 eV, not
shown) binding energies of the species on the Ti-side of this failed seal
are typical of those reported for Ti-silicide thin fiims [6]. An
interfacial silicide, most 1ikely TigSi3 [2], results from the reduction of

the Si02 component of the glass:

35102 (g1) + 8T1 » TigSi3 + 3Ti02 (gl) (1)

sea

TiO? égl) represents the Ti3+/Ti4+ jons that dissolve into silicate glass
ed 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
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Figure 1: Si2p spectra of the two
surfaces of a fractured
axfal seal between Ti and
a silicate glass.
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Figure 2: Bls spectrum of the Ti-
side of an axial seal to
an aluminoborate 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
titanium. Figure 2 shows the Bls spectrum collected from the T side of an
axial seal with a barium aluminoborate glass. These samples fractured in a
much different mannar than axial seals made with silicate glasses. Most of
the titanium inteirface remains bonded to a glass layer several mi}limeters
thick. The residual glass has a binding encray of ~192 ¢V. However, a
second Bis peak at ~187 eV is assoclated with & reduced phase that is also
gdh:zed %g]the titanium, This latter binding energy is typical for meta)

orides .

The Ti-boride interfacial reaction prodiuct that forms under normal
sealing conditions (e.g., 67U*C for 10-30 minutes) is too thin to be
detected by SEM, (In comparison, the Ti-silicide interfacial layer is
>1 um thick after sealing a silicate glass for ten minutes at 950°C [3)),
To identify tha composition of this interfacial phase and to study its
formation, glasses were reacted with T1 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
800*C, The glass has crystallized but remains adhered to the titanium,
despite crackiny. Precipitates can be seen extending up to 10 um into the
titanium, The B x-ray map {fig. 3b) of this interface shows the boron-rich
interfacial layer adhored 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 um 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
Tanthanoborate glasses. With the possible exception of lanthanum-
containing precipitates (not showng, no other glass cations are
concentrated in the interfacial reaction products.

Very little is known about the thermochemical equilibria and kinetics
of reactions between Bz03 and Ti. Preliminary thermochemical calculations

(b)

Figure 3: a) Backscattered electron image of the interface between a barium
aluminoborate glass and Ti veacted at 800°C for 120 hours; b) the
B x-ray map of the same area,
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Figure #4: Backscattered e1actroﬁ image of the interface
between a barium aluminoborate glass and Ti
reacted at 1000*C for 15 hours.

of the B-0-Ti-Ar system have been done with the com?uter program SOLGASMIX
[10] using the thermodynamic properties of potential reaction products
Tisted in the JANAF tables [11]. At 973 K and 1 atm {conditions that
simulate the environment used to prepara the aluminoborate/T1 axial seals),
TiBp 1s a thermodynamically stggle reaction product only when the oxygen
partial pressure (ppz) 1s <10+33 atmg higher oxygen partial pressures
oxidize the titanium and precludes reduction of BSO? This poﬁ is well
below that estimated for tho graphite furnace (~10- 8 atmg used to prepare
tha axial seals that exhibit an interfacial Ti-boride. This suggests that
the local environment of the glass/Ti interface {s 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 pg2.

West et al. [4] report the formation of crystallina TiBO3 as the result
of the reaction betwaen molten Bz03 and Ti. Using this phase to represent
Ti3+ dissolved into the glass, ane possible interfacial reaction that
yields TiBp is:

9Ti + 6B203 {g1) » 3TiBz + 6TiBO3 (g1) (2)

TiBOg {(g1) represents the Ti3* and/or Ti4+ ions that dissolve into the
borate glass [3]. The thin borate glass layers that remain adhered to
tltaniug when axial seals are fractured are usually discolnred, suggesting
that Tid+ {s present in the glass. The actual stoichiometry of the
interfacial boride is, at present, unknown. The Ti-B phase diagram [12]
suggests that TiB, Ti3Bs, and TiB% 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 T1 into the glass. Longer times and higher temperatures
gaus»tﬁrecipitates to grow because of the concomitant diffusion of boron
rom

e 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 silicide formation on the adhorence of
silicate glasses. This ma% be related to the relative kinatics of the two
reactions. Considerably thicker silicide 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 ua result,
the silicate seals are more susceptible to tensile stresses that would
devalop from possible thermal contraction and elastic moduli mismatches
between the glass, the titanium, and the interfacial phases. The relative
r:agtion kinetics und their effects on seal performance are currently under
study.
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ABSTRACT

Multi layer alumina coatings consisting of layers of either J)um a-Ala03 or x-Al203, were
deposited in a hot wall CVD reactor, In order to nucleate and grow a desired alumina polﬁr-
morph (e/x) in each layer, thin a- and x-modification layers wers deposited between the
alumina layers, This investigation examines the interfacial structure of the x-modification and
gtlg ;\(lumina layers. The materials were examined using & cotnbination of XRD, SEM, TEM and

'The x-modifioation lnyers exhibited an FCC struotore and wete composed of (Ti,A)(C,0).
Orientaton relationships were fm}luently found ut the (i) a-Al2O3/k-modification/x-Alz0; layer
interfaces and (1) x-Al203/x-moditication/x-Al203 layer interfaces:

) (0001)g // (111)x-mad / (001)x
[i 100]¢, // (1101 .mod // [010]k1 and [310}x2

(i) (001 // (111)x.mod #/ (001 )¢
101031 and [310]xz / [110]x-mod // [010}1 and [310]2

INTRODUCTION

Alumina (A1203) is one of the most frequently used CVD (Chemical Vapour Deposition)
coating materials on camented carbide cuttinf tools and is usually deposited on an intermediate
layer of TiC, TiN or Ti(C,N) [1-3], When alumina is produced by CVD, the most commonly
?ccxfﬂélg ;[)flginorphs are the stable alpha phase (0-Alz03) and the metastuble kappa phase

x-Al207) [1-3].

Mufti Al203 coutings consisting of pure a-Al203 and x-Al203 layers, were deposited in a
hot wall CVD renctor, To nucleate and grow a desired alumina polymorph (w/x" in each layer,
thin intermediate layers, here referred to as a- and x-modification layers, were deposited
between the alumina layers, To ensure good adhesion of the first A1203 layer, thin layers - often
referred to as bonding layers - were ag;e):iled onto TiC before the alumina deposition. The bond-
ing/alumina layer interfuces are described in detail elsewhere [4],

This investigation examines the interfacial structure of the x-modification and the Al;03
layers. The composition of the k-modification layers and the ocourrence of orientation relation-
ships between the x-modification aud the Al203 layers have been examined,

EXPERIMENTAL
Chemigal Yugour Deposition

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 us substrates
for the alumina coatings. The inserts contained 85 wi% WC and 5.5 wt% Co, the balance being
cubic carbides (TiC, TaC, NbC). TiC was deposited from a TiCl4-CH4-H2 gas mixture. The
Al203 coatings were deposited using the gases AICl3, CO; and Ha, AlCl3 was generated within
the deposition system through the chlorination of Al with HCL, The inlet gas compositions
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‘ Table I, The inlet gas composition (%),
l Hy CHy TiC4 CO; HCl AlCh

Tic
Al Oy

Bal 7 4 . 1 .
Bal - - 57 1 23

which were used to grow TiC and Alz03 are given in Table I, All the experimental coatings
were de&osited al 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 [SE both on an a-Al20O3 layer in order
to nucleate x-Al203 on a-Al203 and on a x-Al1203 layer in order to renucleate x-Al203 on
v-A1203. Hence, two different caxes have been studied; (1) a-Al303/x-modification/k-Al20y
layer interfaces; and (i) x-Al2Oy/c-modification /k-Al203 layer interfuces,

Analysis

‘The Al203 multi coatings were examined in a JEOL 2000 FX trunsmission eleotron micro-
scope (TEM) equipped with a LINK AN10000 energ?' dispersive x-ray analysis (EDX) system,
In order to study the alumina/modification layer interfaces, cross section thin foils were
%rcpared from CVD coated inserts by a method described in detail elsewhere {1,3). Prior to the

EM investigation, the coatings were examined with soanning electron microscopy (SEM) and
x-ray diffractometry (XRD),

Selected area eleotron diffruction (SAED) was used to determine the existence of epitaxy
betwesn the Al303 layers and the x-modification layers, Since SAED patterns cun not be
obtained from regions smaller than 500 nm, it was not possible to obtain SAED E\mems
exclusively from the x-modification layer, Therefore SAED patterns from a large neighboring
Al20; grain and the x-modification layer were obtained, The spots arising from the x-modifica-
tion layer could then be identified by dark field imagin{;.

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, (ii) glide planes
and ?n) screw axes. o-Al203 has a4 well established crystal structure and has the space grou
R1c [7-9], while it was only recently determined that x-A1204 is primitive orthorhombic wit
the space group Pna2j [10]. The reflection conditions for a-Al303 and x-AlyO3 are given in
Table 11 The indexing of k-Al203 is complicated by twinning of the orthorhombic unit cellr,
und is further complicated by double diffraction 11).

RESULTS AND DISCUSSION
Ceneral microstructure

The thickness of each alumina layer was about 1 pm, The microstructure of the a-Alz03
layers consisted of equiaxed grains with a large number of dislocations and pores, while the

Table 11, Reflection conditions,

P -

x-Aly03 a-AbOy

Okl: k-] w2p hkil:  -h+k+l = 3n
hOl: hwm2n hki0: -h+k = 3n
h00: hw=2n hh2hl: 1=3n
0k0: k=2n 000: 1m6n
00: 1m=2n hh00: h=3n
hhOl: h+l = 3n, 1= 2n
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Figure 1. TEM micrograph of a multi x-A1203 coating. The x-Alz03 luyers are
scparated by iLin sumodification layets,

x-Al203 luyers consisted of columnar, twinned grains which were dislocation and pore free, In

all luxcrs, the a-Alz03 graing were randomly distributed, while the tpret‘ex'red wth direction

of x-Al203 was alon,; the c-axls. A multd Al203 coating consisting of pure x--Aﬁ'& layers sepa-
)

rated by x-modificatinn layers i3 shown in Fig, 1,

a - A 1oy

Fig, 2 shows a TEM micrograph of the a-Al203/s-modification/s-AlO3 layer interfaces,
EDX analyscs of the x-modifioation lnyer showed the presence of mainly Ti, C and O, and

Figure 2. The a-Al203/k-modification/x-A1207 luyer interfaces.




ee

@

¥

o Ty O

IR XU R

) . v b) C I

Figure 3, Diffraction patterns from a) the u-Al203 grain and b) the x-modification layer and the
x-Al203 grain at the x-Al20%/x-modification/x-Ala; layer interfaces shown in Fig. 2.

smaller amounts of Al and therefore the éomponltlon of the x-modification layer can be
described as (Ti,A1)(C,0).

A SAED pattstn from the a-AlzO3 grain in Pig. 2 s shown in Fi%Sn. and a pattern from
the x-Al203 grain and the x-modlﬂcat?on layer in Fig, 2 is shown in Fig. 3b, The diffraction
patterns are oriented correctly with respect to each other, The a-Al203 pn&tem can be indexed us
the [1120]-zone, while the x-modification layer can be indexed as the [112]-zone for an FCC
structure, The k-Al203 pattern can be indexed us a superposition of the [100] and the [110)-
zone [11). As onn be seen in Fig, 3 several plane normals ure parallel:

(0006)g // (111 )g.mod // (002)x m
(3300 // (220)¢.mmod // (020)1 and (110)xa ()

where x1 and x2 stand for two twin related x-Aly03 domains and x-mod is short for

x-modification layer, Generally, orientation reladonships between two phases a and b are given
in the form

(hakalt)a // (uiviwne »

{hakzlala // [uzvawalb @
Thus in order to exgmss the orientation relationship (1) and (2) in the form (3) and (4), parullel
plane normals in (2) have to be replaced by parallel directions, Directions (hki] are not (in
general) parallel with plane normals (hkl) in non-cubic cvordinate systems. For hexugonul
systems the normat [defg] to the plane (hkil) will have the indices

. 3u?
[defg] = [k, 1, 5051) ®)

For orthorhombic systems the normal [uvw] to the plune (hkl) is given by
w

Eaz-%bz--l-e? (6)

Thus, the relationships (1) and (2) can be rewritten s
(000 L)ot // (111 omoa # (001)x M

111001 // [110)emod // 1010] 1 and [310),2 ®)
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Figure 4. TEM misrogtaph from the x-AlzO3/x-modification/x-AlzOy layer
interfuces,

The x-AlpQa/x-r odlificaton/-Al2Qy ayer interfuges

A TEM wmicrograph of the x-Alz03/x-modificution/s-Al1203 layer interfuces Is shown in
Fig. 4. The EDX anulyses of the «-modification layer deposited on »-Al203 indicated a similur
composition as for the x-modification layer deposiied on a-Al203, that Is (TLAIXC,0), with Ti,
C and O a5 the main constituents.

Fig. Sa shows o SAED pattern from the x-Al303 grain marked xA In Fig, 4, and Fig, 5h
shows & pattern from the « modification layer and the x-A1203 grain marked «B In Fif' 4, The
diffraction patterns are oriented correotly with respect to cach other. The x-modificution layer
cun be indexed as the | {12]-zone for an FCC structure, The x-Alz03 patiern ¢an be Indexed as a

(002)y

'S

Figure §, Diffraction putterns from a) the x~Ak03 griin marked kA and b) tie x-modification
luyer and the x-Al303 gruin marked xB at the «-Al203/x-madificaiion/ik-AlaO4 Inyer interfuces in
Pig. 4,




Ayao
e e S 1 A8 B e e B b s S b AR e LN

superposition of the [100] and the [110]-zone [11], The following orientation relationships can
be dxmcd from Fig, 5: 8

©02)¢a /# (111)emod// (0028 ©
(020)kas and (1102 // (220).mod // (020)xB1 and (110)x82 (10)

where the indices kA and xB refer to Fig. 4 and the indices 1 and 2 refer to two twin related
x-Alz03 domains. To obtain the urientation relationship in the form (3) and (4), relation (10)
hn‘:':‘o be transformed to parallel directivns by using equation (6). Thus, (9) and (10) can be
rewritien as:

(O01)iea // (111 )k-mod // (001)8 (1)
[010]xA and [310}xA2 # [110]c-mod // [010)xB1 and [310}xn2 (12)
CONCLUSIONS

s The x-modificatior layers exhibited an FCC structure and were composed of (Ti,Al)(C,0).
+  Epitaxy was frequently found at the alumina / x-modification luyer interfaces and can be
described as:

(1) a-Al203/x-modification/x-Al203
(0001)g, // (111 Yamod // (001)yc
[1100)q // [110]cmod # [010]s and (310}

(1) x-AlpOz/x-modification/x-Al203
©0 // (111 )mod # (001
[010)k1 und [310)x2 # [110]-mod // [010)1 and [310)2
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LOCAL MECHANICAL STABILITY OF THE ALUMINUM / CARBON (AMORPHOUS)
AND ALUMINUM / 8i0; (AMORPHOUS) INTERFACE AT EXTRINSIC DISLOCATIONS
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Dept. of Metallurgical Engineering, Michigan Technological University, Houghton, MI 49931

ABSTRACT

interfaces between Al and amorphous C or amorphous SlOF were preparsd by sputter
deposition of the ceramic phases onto the sputter cleaned surfaces of large grain Al, In situ
was used to study the behavior of the extrinsic dislocations (slip traces) at the metal/ceramic
interface formed by the motion of Al Isttice dislocations which intersect the interphase boundary
lane, The proximity of the extrinsic lattice dislocation to the metal/ceramic Interface places this
terphaso boundary under a highly localized stioss, Relaxation behavior of extrinsic defects at
the interface region is 4 function of tho defect standoff distance from the interfacs, image stress
and the appliecl8 Slress. An experimontal technigue is proposed to estimate the minimum shear
stfreass 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 thm.lght 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 [1) and bimaterial interfacial fracture [2] are two cases where
atomic level interfaciat bonding under stress hus boen coneldered in detail from a theoretical point
of view. ‘The questions which arise about the local behavior of the interface appear to be
assoclated with what assumptions are realistic concerning vontinulty of stress and displacements
at the boundary between two different materials. The concepts of interface sliding, interface
freciure, and interface modulus have been introduced into the lilerature in an attempt to treat the
manner in which the local interface response will contribute to macroscopic behavior. Theso
processes and properties are considered to be localized to the interface or the interfacial region
and the introduction of such ideus suggests a conviction that the interfacial region will behave in a
substantially different manner than the bulk., Bxperimental studles of interfacial propertics must
therefore be designed to extract information about the very small volume of maulerial which
constitutes the interfaclal region, Macroscopic experimental measurements can be made on the
work required to cause the decohesion of bimaterial interfaces under tension or shear, for
example, and it inny be possible to extract from thess results the atomic scale intarface response if
the work relaled to the deformetion of the bulk materials can be separated from the response of
the interfacial region, Howover, it ma‘y be of interest to attempt studies which directly examine
the local response of the interfacial region to applied struss, work presents a type of dynamic
transmission electron mlcroscoglxhutudy of the local bimaterial interface responss to tho applied
stress field of the dislocation. The approach relies henvily on previous work [3] & (4], which
studicd the contrast behavior of dislocation-like defeots resulting from the intersection of movin
dislocations with metal-oxide interfaces formed during an electropolishing process. The wo
presented in this paper is limited to the comparison of the interface region between sputter
cleaned Al and sputter deposited, amotphous §10; and the Interface region betwoen sputter
cleaned Al and sputter deposited, amorphous C,

A moving edge dislocation with line diroction perpendicular o the interface an¢ Burgers
voctor in the plane of the interface will produco a sheur stress at the interface due to the Al lattice
displacements associated with the motion of the dislocation, If the inierfacial region constraing
the shear displacoment & sorew dislocation is formed near the interface. These line defeis are
referred to us extrinsic dislocations or slip traces. If the interfacial region does not construin the
shear displacements, a strain free lmr ia produced which would not be vigible in the TEM usin
traditional techniques. Thus, TEM mn‘fh}g can be used as a tool o directly study the loc
response of an interface to the atress field of a ditlocation.

Mal. Res. 800, Symp. Proc, Yol. 314. @198 Materials Resssrch Roalaty
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EXPERIMENTAL PROCEDURE

Three millimeter disks were punched from 25 micron thick, 99.9995% pure mcrystalline
aluminum foil and annealed at 450 © C for 24 hours, The samples were electropoliched in a 25%
nitric acid, 75% methanol solution until perforation, Further thinning and cleaning of the foil was
porformed by ion milling both surfaces with 2 KoV accelerating voltage, 0.3 gun current, and a
gun angle of 25 to 30 degrees, Five sample groups were prepared, a control goup composed of
undeposited samples, a group with sputter deposited carbon on both sides (C/C), a group with
sputter deposited silica on both sides (8/8), a mixed deposition %rouuls; with silica sputter deposited
on one surfuce and carbon on the opposite surface (S/C), and finally, a group of samples where
silica was deposited upon one surface and on the opposile surface a thin layer of carbon was
sputter deposited upon the aluminum surfuce followed by a thicker layer of silica (SC/S).
amples were examined in a JEOL 100-CX Transmission Electeon Microscope. The orientation
of the sample, the Burgers vector and the slip plane of inclined dislocations were determined by
geb analysia and information relating to extrinsio dislocation rlaxation behavior was obtained,

EXPERIMENTAL RESULTS

suP truces were found to relax immediately under the influence of the ttansmission electron
beam In the control samples which had not been coated by silica or carbon, Similar rapld
extrinsic defect relaxation was observed for the C/Al interfaces in C/C samples except relaxation
of the defocts was also observed to occur by a slower plecewise relaxation proccss. ‘The
plecewlse relaxation was observed to ocour in three stops, Initially, catastrophic failure of a
portion of the slip trace occutred followed by a gradual reduction in line length of the mmaining
slip traces until efther total relaxation occulred or small stable extrinsic dislocation pieces
remained behind, Extrinslc dafects at the silice/aluminum interfaces differed in behavior from the
carbon/aluminum intorfaces and the undeposited surfaces where the extrinale dislocations were
found to restst relaxation, The S/C samples allowed for direct comparison of extrinsic dislocation
behavior whers the more complets relaxation of defects at the C/AL interface was strongly ovident
over the more stuble extrinsic defects at the silica/Al interface, shown in Figure 1,

Figurs 1: S/C sample with increased extrinaic defect relaxation on the AVC interfuce (upper
slip truce) over the silicw/Al interfacs (lower alip tracs),
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Figure 2 shows the type of specimen geometry for a S/C sample where cerbon is sputter
deposited on one swrface 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 withi the two bimaterial interfaces. As shown in Figure 1,
relaxation of the extrinsic dislocation is observed for the C/Al interface and not the silica/Al
interface. The imersection 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. '

Al lattice dislocation |

Figure 2: Specithen geometry for a 8/C sample with moving dislocation and subseguent
. formation of slip traces ai each of the bimaterial interfaces.

Shown in Figure 3, the presence of a thin intetlayer of carbon between the silica and the
aluminum substrate in the SC/S samplas allowed for nearly complete extrinsic defect relaxation at
m?tiingrfalce \\lrlhilo on the opposing silica/Al interface, extrinsic defects were found to exhibit
minimal relaxation, . :

Figure 3: SC/S sample with extrinsic defect relaxation on the silica-carbon/aluminum interface
{upper slip trace) and no relax,tion on the silica/aluminum interface (lower slip trace),

Table 1 depicts the relaxation behavior and minimum times to relaxation observed for the
various samples described in the experimental procedure. As shown, the relaxation behavior for
the C/Al interfaces did not differ much from the control group where extrinsic defects corpletely
relaxcd in less than one minute. Extrinsic defects at the silica/Al interfaces showed substantial
resistanr.e to relaxation even after fifieen minutes but with the addition of a thin interiayer of
catbou complete relaxarion was observed in less than ten seconds.
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Table I Specimen groups

Side B!
Side A: Minimum
Type Side A Bebavior Side B Behavior | Minimum Time to
Geoup Time to Relaxation Relaxad
Control group Near Tolal 10 Seconds Near Total msm
Relaxation after Relaxation after
15 Minutss 1§ Minutes
C/C(2kY) Partial 30 Seconds Partinl 30 Secouds
Relaxation afier Relaxation after
15 Minutes 15 Minutes
S/S(2kVY) Partial to Zevo > 15 Minutes Partial 0 Zéro > 15 Minutes
Relaxation Relaxation ‘
S/1C(2kV) Partial to Zero > 15 Minutes Near Total 30 Seconds
Relaxatios Relaxation afier
15 Minues
SC/82kW) Near Total 10 Seconds Partial 0 Zaro > 30 Misiules
Relsxstion Relaxation
ANALYSIS

Consideration is given only to the mathematically simple case where the atoms at the interface
are highly resistant to the elastic displacements assoclated with the strain fisld of an extrinsic
defect. ‘The image force on an extrinsic dislocation can then be easily determined from a zero
displacement boundary condition at the interface. The zero displacement boundary condition can
be fulfilled by the use of an image dislocation of the same sifn and eqrml strength. Of course, this
is a limiting cass which will determine the maximum possible image force. Any results which are
obtained from this analysis will then be limiting values. With this disclaimer noted, the elastic
displacement field along the z direction for the screw dislocation in the ductile phase is...

b b
up = (=) X atan (=p) + (52) X atan (L) @

where A is the stand-off distance (6}, (7]) and the geometry is shown in Figure 4. Equation
(1) determines a zero displacement at the interface at x=0. The important terms which arise from
this analysis are the image stress [5], the shear stress on the real dislocation from the image
dislocation, and the stress on the interface from the extrinsic dislocation, The image stross is
determined from linear elasticity theory as....

image
cﬂl (xm-A), (y =0)

-ub
= ( z%:_x) 2)
which is equal in magnitude but of opposite direction to the image force from a free surface

[8). In contrast to the image force from the stress free surface, this image force pushes the
dislocation away from the interface,
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. & > Figure 4: Image forcrs and dislocation relative
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e interface y.
Ductile Brittle on long ¥
Interface ®z
The stress on the interface is determined from linear elasticity theory as.....
cz)'lx .0 =0 (3)
g, = (:EE vy 10
Wiao 4 xz + yz

with the maximum stress magnitude ocourring at yeztA,
At mechanical equilibium, ¢, = €, and the interfu e wiil have both a normal and tangential

- sheur strain due to the extrinsic screw dislccation. The standoff distance in equationt (1-4) may

be related to the upplied stress ou the dislocation at equilibrium when there is a balance between
the applied stress any the inage stress,

—O;f’“‘d = 0;’;“" - %:_g s

With the specimen geomutry used in this study, it is possible to make measurements which
estimate the applisd strass on the dislocation, Since the interfaces of interest are in filme of wedge
shaped oross suction typical of electropolished TEM specimens, the dislocations will encounter
increased ling tonsion forces as the dislocation positions change from the thicker areas to the
thinner areas, The apgued siress may be approximated by nom‘&lthc foll thickness at which the

dislocations are pinned, At ﬂmlpoint. the resolved stress on the dislooation is balanced by the line
tension forces on the bowed dislocation (9], The simplest form of this expression iy....:
lied E_l_’ (6)
opriialy

where t is we experimentally measured distance between pinning points on the iwo foil
surfaces, ‘Thus A may be determined from (5) and (6) as:

t Y]
AE m
Of course, this iy the maximum A which can occur for a given applied stress dw: to the
assumptions about the interface boundary conditicn used in determining equation (1). Thus, the
combingtion ot;ﬁuulon (4) and equation (7) determines the minimum stress on the interface due
to an extrinsic dislocation for a given applied stress.

Because whe resolved stress will be different on the various slip systema and even various slip
planes within the same system, it is ‘&)ssible to stndy the behavior of a given interface under
diffednlg_ stand off distances and thus diftering stresses. '1be experimentally observed variation of
t for different dislocations may be used to determine the standoff disance (Equation 7) and thus
the interfacial shear siress (Equation 4). By studying the relaxation of extrinsic screw dislocations
as a function of ¢, it may be possible to deteimina limiting valucs of the local shear strength of the
interfacial layer. By determining the Burgers vector, the slip plane and whs inclined length of &
dislocation, the standoff distance can be detzrmired and thus an estimute of the minimum shear
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;tlrcs? te inicrface sees as the result of a extrinsic dislocation at standoff distance lamda from the
nterface,

Using this approach it can be found that extrinsic screw dislocations at the carbon interface
relaxes when t is between 2.1 x 103 om and 2.3 x 103 ¢m while relaxation at the silica interface
ocours when t is between 1.4 x 105 cm and 1.8 x 105 cm. Since the stress calculations are done
for the maximum standoff distance, and thus ths minimum interfacial stress, the experimental
results may be interpreted as showing that the shear strength of the Al/carbon interface is not less
than that calculated for ¢=2.3 x 10" 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 cm, which is 62 MPa, A more
quantitative statement about the relative intetface shear strength of the two interface types can be
made for the cass where the standoff’ distances are the same at applied stresscs lower than that
required to causa interface relaxation. In this case, the actual difference in shear strength will be
closely approximated hy the difference in the limiting values calculated above,

CONCLUSION

The AVC interfacial region showed a substantially Jower shear strength than the AVSiO,
interfacial region as indicated by direct comparison of extrinsic screw dislocation relaxation
behavior at tie two typus of interfaces on the same grain (Figure 2). One. type of interface
consisted of a wn second deposition of carbon between the aluminum layer and the deposited
silica layer, producing a carbor: layer on the order of wn angstroms thick, This thin C interlayer
causes a dramatic decreass in the interfacial strength and the obaerved relaxation piienomenon in
this case is clearly dus to a process localized to an atomic scale region of the interface. The
implication i3 that the stegs from 4 dislocation strain field can be utilized to study the local
properties of an interfacial region. Estimates of the shear strength of a specific interface can be
exﬁeﬂmanmlly determined by measuring the applied stress on a dislocation and the relaxation
behavior as a function of this applied stress.
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MICROANALYSIS OF A COPPER-TO-GRAPHITE SOLDER BOND

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

ABSTRACT

SEM, x-ray microprobe and EDS analysis was performed on a uniquely prepared joint of
grephite soldered to copper with 60Sn-40Pb. The presented data shows a segregation of
chromium out from the metallization paste to the graphite/solder intorface. Dot maps of the
other elementul species were also generated,

BACKGROUND

Soldering and brazing to non-metals such as graphite, can be 4 technical challenge, One
popular method for secure metaliurgica! 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 1VB metal (Ti, Zr or Hf) to zonventional solder and brazo compositions and firing
these mixtures in an extremely inert atmosphere (c. g., At or vacuum) at generally 850-950°
C at which point the zetive 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 muterials is termed the
Intragene™ procesy (8-10], This metallization is prepared through the application of u -325
mesh metallic powder mixture of tin with partioular 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 (o 800-900°C for roughly
10-15 minutes at tempetature, The fitlng atmosphere must have a presence of CO In it to
facilitate the bonding/wetting reaction, It is known, howevet, that by firing such a paste in an
N, atmosphete that sufficient CO is gonerated 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 surfuce and, further, the
formed metallization surface can be safely reflowed at 232°C (the melting point of tin)
without dewetting from 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 witl
the surface of the substrate and with a substrate such as graphite, revert to a carbide structure
(with oxygen outgassing). Possible advantages over aotive metal methods can include
avoidance of excessive and unarrested diffusion reactions between the substrate und the
active metal, and avoldance of oxidation/competitive reaction possibilities of the final
metallization surface,

In the specific case of graphite, a composition of 5 wt, % Cr-balance S, is generally used
as the metallization composition. The solderable layer that the above process generates
allows for the soldering of graphite to OFHC copper for applioations 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 aud fiomm the graphite is required, respectively.

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

Mat. Res. 80c. Symp. Proo. Voi. 314. ©1983 Materiale Research Society
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EXPERIMENTAL PROCEDURE

A picce of high purity (99.9995%)/high density (1.90 gm/cm?) graphite® was painted
with an Intragene™ composition of 5 wi, % Cr-Bal. Sn and alr dried at 150°C for 8 minutes.
The part was then fired in an N, atmosphete to 900°C for 20 minutes at temperature. The
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 picce wus then placed on n
hot plate and heated to approx. 250°C at which point the metallization layer way then
quickly thinned down in its molten state with a razor blade. Conventional solid bar 60Sn-
40Pb solder was reflowed on top of the metallization surface and this part was then placed
with metallization face down, against a pre-tinned, pre-solder-wetted plece 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 backseatter and secondary electron images of the
overall joint along with clemental dot maps for C, Cr, Pb, Sn and Cu with EDS quantitative
data collected for Sn and Pb in the solder rogion and Sn and Cu in their interdiffusion 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 :

{-A pitch black (i ¢, low atomic #) layer (grophite)
2-An approx. 10pm, thick semi-derk region
. 3-The buik of the intermediate phuse (approx, 100um, thick)
4-A region between zone 3 and the bottom phase (approx. 45um. thick)
5-Bottom phase (copper)

FRATSE0 i (A WIS
Figure 1. 300X backscattet electron image of bond oross-section
showing 5 distinot phases present in bond.
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Figure 2. is a 500X secondary electron image of the joint. Figures 3-7 are the clemental
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 3. Elemental dot map for C showing graphite whero expected,
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Figure 4, Elomental dot map for Cr showing enrichment
at the solder/graphite interface, Spectrum for this region
i shown in Figute 8, Zone is essentially pure Cr.

" XSeN 1eve WO24

Figure 5. Elemental dot map for Pb showing uniform distribution
throughout the solder Inyer. EDS analysis showed this region to
have roughly 37.5 wt, % Pb which approximates the starting
composition,

[RRPRIPNLN

G TR




13 " ISK
Figure 6, Elemontal dot map for Sn showing unilonn presence
throughout tho solder layer but also some diffusion with Cu,

il S d n sdadildus '\ Yo
Iigure 7. Elomuental dot map for Cu showing some diffuslon
with 8n,

Closer oxanination of zone 2 (spectrum shown In Fig, 8) coula not flnd mote than trace
amounts of C, Sn and Pb and thelr preseiee could not be ruled out as belng due to signal
bleed-over from tho udjocont zones, It uppears that in order 10 doeteet the reglon of actual
trunsition from the Cr to the C, much high resolution microscopy would be required. It
should bo further stated that there is somo possibility that the Cr prosence at the interfuce
may not be entlroly duo to chomical bonding potential but that some small amount of Cr may
segregate {o that location due to solidification effects of the bulk solder layer.
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Figure 8, Spectrum for Cr region highlighted in figure 4,

Energy dispersive spectroscopic (EDS) analysis of Zone 3 showed 62.43 wt. % Sn- 37,57
wl. % Pb , EDS is never expected to give highly precise numbers and these values ure
clearly representative of the starting solder composition, It s, nevertheless, possible that
sinoe these values are so close to the euteotic composition that there Is some greater
fluoresoence being detected from the eutectic structure. It is necessary to consider a
posuibility along these lines especially compensate for the additional fact that soine Sn is Jost
to diffusior into the Cu and thus less than 60 wi, % Sn should be remnant in the solder layer,
This waes tiol u crucial point in this work, '

The spectrum for this Sn-Cu ditfusion zons is shown in Figure 9. EDS analysis of this
reglon gave compositional values of B0.35 wt, % (8842 at. %) Cu and 19.65 wt. % (11,58
at. %) Sn in this zone, If accurate, this would correspond to a two phase mixture ol almost
pure Cu und gbronze seen in the Cu-Sn phase diagram | 11] shown in Figure 10,

SUMMARY AND CONCLUSIONS

A solder bond between graphite and vopper wus propared through motallization of the
graphite with a Sn-Ce mixtute followed by retlow soldering with 608n-40Pb, SEM, x-ruy
mivroprobe und BDS analysis showed that Cr is enriched ot the solder/graphite intorfuce and
that a diffuslon zone of Sn (but no Pb) with copper oceurs ut the solder/copper interfacs, The
latter finding Is not at all unexpected as u natural solder joint interface, The preferential
reaction of Sn with Cu over Pb with Cu could be duo to the physical and chemical
aggression of the predinning of the copper.

Meticulous resxumination of the Cr reglon avuld not verlly sufficient C presonce to
suggest deflnite carbide formatlon throughout, To detent the exact nuture of the Cr-C
Interaction, it is oleae that much higher mognification microscopy work would have to be
porfotmed, Howsver, 5 distinct zonos were Identified and show u general macroscopic,
chamlea! transition from the graphblie ‘v the copper.
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Figure 9. Spectrum of Cu-Sn reaction zone. EDS anvlysls
showed this zone to have an approx. compouition of
80,35 wt, % Cu- halance Sn.
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EVALUATION OF ADHESION STRENGTH
IN A Ti/Al20; 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 Malrix Composites Program, 3M Company, MN 55144,

ABSTRACT

The mechanical properties of interfaces in Ti/Al;03 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
compasites. By changing the processing temperature from 700°C to 1000°C, the
interfucial fracture enerfy was found to increase up to 950°C. It then decreases when the
processing tempetature iy further increased to 1000°C, This is because of the formation of
the intermetallic compound (TiyAl). Interfacial shear strength and interfaciel frictional
stress of 323MPa and 312 MPa were obtained, respectively, by performing tg:::hout tests
of the Al20; fiber reinforced Ti mactix composites, ‘These values ars smaller the shear
yielding strength of the Ti matrix which is 525 MPa,

INTRODUCTION

Continuous fiber reinforced Ti matrix composites have received attention in the
aeross)ace industry as advanced structural materials because of their high specific strength,
excellent corrosion resistance and good high temperature thermal stability(1-3). The
macroscopic mechanical Froperties of thess composites are controlled not only by the
mechanical properties of the constituents but also by the adhesion strength of the
fiber/matrix inteifaces. Usually, bonding and adhesion bétween the metal and the ceramic
are critical to the rmechanical sroperdes of the composites. When a metas/ceramic 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]. Interfacial 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

rocess in the fiber composites are dominated bf' the interfacial fracture encrgy and
interfaciul frictional stress respectively[6]. The main purpose of this aner is to report on
the interfacial fracture energy and interfacial frictional stress in Ti/Ala(); composites as
measured by four point bending and fiber pushout tosts. The relationship between the
mechanical properties and microstructure is alsn discussed.

EXPZRIMENTAL ' ROCEDURE
Four point bending tests

The test specimen which served as a model system to evaluate the interfacial
fracture enmo:iy consists of a bimaterial beam with symmetric precracks, as shown in
Fig.!. To make sandwich specimens for the four Foint bending tests, they were prepared
as foliows: thin foils of Ti (99.8% pure) and Al;03 rlazes were immersed in isopropyl
alcohot for 10 min and then cleaned in an ultrasonic cleaner for 20 min. They were
sadwiched with a 3mm gap between the two foils to form a precruck, wrapped with Ta
foils and encapsulated in glass containers evacuated to 1g© torr. They were then Hot

t4at. Res. Soc. Bymp. Prac. Vol 314. ©1993 Materials Research Sociely
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Isostatic Press (HIP) bonded in an Ar gas atmospliere. 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 simultaneonsly raised to 7 MPa and a fixed temperature which ranged
fiom 700°C to 1000°C. The bonding time was fixed at thr. After HIPing, a notch was
cut in the sandwich specimen from the Al303 side with & low speed diamond saw, Becauss
of the gap between the foils, this forms a well defined precrack.

notch

o ARYT g PV AN,

yrwse E
SUGORTINRR ROV RNV L

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

The specimens were placed in a four point bending fixture mounted on an MTS
machine. The crosshead speed was 0.06 mm/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 Al203. This critical load was used to calculate the interfacial
fracture toughness, The details of the calculation are described elsewhere[7]. After tho four

int bending tests were completed, the specimens were cut perpendicular to the bondin
nterfacs with a low speed diamond saw, The exposed ctoss section was then polished.

FollowlngEzhis, microstructural observations and chericul analyses were conducted by .

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Analysis (EDAX).

Fiber pushout tests

The Aly05 fiber reinforced B-218 Ti alloy composites used in this test were
provided by 3M company. The diameter of the Al0; fibers was 10 wm, To reduce the
chemical reaction between the fiber and the matrix, the fibers were coated with a refractory
meotal and Y;03 duplex coating, the nature of which is proprietary. A sample with a
thickness of around 0.3 mm was cut perpendicular to the Al;0; fibers b‘\: using a diumond
saw. This was thinned down to 100 pm by sanding followed by polishing with 1.0 pm
diamond puste. By utilizing a dimpler to provide the final thinning and polishing, a
thickness of 30 um 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
tests were performed by driving the
indentor into the fiber at a constant
rate of 0.3 um/s. During the test, : : # N AL20s fiber
the load-displacement curve was L
recorded continuously by using an
IBM personal computer and a chart
recorder, When the displacement of
the fiber was about 3 jum, the

indentor

Fig. 2. Setup for pushout tests




e

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

Eour point bending testa -,

The interfacial fracture toughness was measured at different applied bonding
temperatures for a 25 pm thickness Ti interlayer, The relationship between interfacial
fracture toughness (or Interfacial fracture energy) and bonding temperature is shown in
Fi%'.s. The interfacial fracture toughness ( or interfacial fracture energy ) increases to 2,66
MPa-m!72 § or 34,1 JJm? ) as the bonding temperature increases to 950°C. Then the
interfacial fracture toughness drops to 1,9 MPa-m'/2 (‘or 16,9 J/m?) when the bonding
temperature is further raised to 1 . A reaction layer exists between Ti and Al;03
when the bonding temperature is 1000°C. The compaosition of the reaction product at the
interface was analyzed I?' u“r::f EDAX with the semi-quantitative data being shown In
Fig.4. From the measured atomic % of Ti and Al, the reaction lnyer between Ti and Aly03
Is Identified as Ti3Al. Because the TizAl 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 Ti3Al is produced which will decrease the
interfactal fraoture toughness of Ti/Al203 composi‘es. This Is consistent with Tressler and
Moore's[10,11] results on the deterioration of Ti/Al203 composite tensile strength caused
by the presence of TizAl produced during processing. . '

@ Interfacial fracture energy
C Interfacisl fracture toughness

50 } 3.8

Yy Y
S—
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1 2.8
30+ 2
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0 0

600 700 800 900 1000 1100
Temperature (*C)

20

10

TYTY Y TYTTY

Interfacial fracture emergy (J/m?)
I3 3

Interfacial frecture toughness (MPa-m'’'?%)

Fig. 3. The relationship between the interfacial fracture toughness (or interfucial fracture
energy) and applied bonding temperature,
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Fig. 4. EDAX analysis of the reaction product ut the Interfuce.

The load-displacement curve of u fiber pushout test s shown as Fig. 5. At first,
the load increased with increasing displacemers, This corresponds to the initial elastic
loading, There is a criticul load drop (Per) at 0.3 N which means that the initial debonding
between the fiber and the msteix oceurred. Then continulng debonding and fiber sliding
happened concurrently to a fiber slidln% distance of 1 pm which marked the end of
debonding. After the fiber had slid unother 1,5 r.m, the unloading stage was initiated,
The observation of the fiber after the pushout test is shown in Flg. 6.

35 ! ‘1 ! 1 ]
0.3
0.25 5
0.2
0.15
0.1
0.05 -
o

o 1 2 3 4

Indentor Displacement (um)
Fig.5. The load-displacement 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 intertacial shear strength (1',) and interfucial frictional siress (T) ware

calculated as follows:
P
=k

t =iy

where P is the loud measured during the pushout test, R is the radiug of the fibsr, tis the
thickness of the composite und d is the pushout length of the fiber. The relationship
between the interfacial frictional stress and fiber displacement s shown in Fig, 7. The
caloulated interfacial shear strenpth and interfucial frictional stress are 323 MPa and 312
MPa wsg:ctlvely. The calculated interfaciai shear strength is a little higher than that of «
Boron fiber reinforced Ti-6-4 alloy composiie{3). These values are also smaller than the
shear ylelding stress of the -218 alloy which is 525 MPa[12). From the X-ray mn[:lfing,

it was found that the interfacial fracture process ocourred betweon thy mefractory metul and
Y03 interface,
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Fig. 7. The relationship between the interfaclal frictional stress and fiber displacement.
CONCLUSIONS

The interfaclal fracture toughness (or interfaclal fracture energy) reaches a
maximum value of 2,66 MPa-m!/2 (or 34,1 J/m2) with a bonding temperature of 9505C for
the Tl/Al203 composites. Becuuse the intermetallic con_llpound i3Al was produced during
bonding at 1 C, it deteriorates the composites. The interfacial shear strength and
Interfacial frictional stress in Al30s fiber reinforced T mutrix composite are 323 MPa and
212 MPa respectively, Thess stresses are smaller than the shear ylelding stress of the p-
218 alloy which is 525 MPa, It was seen that the crack propagates at the interface between
the refractory metal and Y303,
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STRESS-CORROSION CRACKING AT CERAMIC-METAL INTERFACES

J, C. CARD, R. M. CANNON, R, H, DAUSKARDT and R. O. RITCHIE

Center for Advanced Materials, Materiala Sciences Division, Lawrence Berkeley Laboratory,
and Department of Materials Science and Mineral Engineering, University of California,
Betkeley, CA 94720,

ABSTRACT

It is known that the fracture resisiance of glasy-copper interfaces depends strongly on the
watel content in amblent gaseous environments. In the present study, subcritical orack 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-butancl, All were
found to accelerate fracture with the greatest effects from liquid water, Results are considered
in the context of current models for siress-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
allhl'\l:vo hr:eehmlul properties that critically depend on the ceramic-metal interfaces contained
within them,

The integrity of such bimaterial interfaces is often characterized in terms of thelr resistance
to fracture, as defined by a oritical fracture energy Gy, or fracture toughness X [1], However,
since components often fail at stresses far below those required for such cutastrophio failure, it
is necessary to consider additionally subcritical crack growth [2) and oyclically induced fracture
(3] at of near these interfaces when predicting in service life,

It has previously been observed that glass-copper interfaces exhibit environmentally-
ausisted suboritical orack growth at ratex that vary by orders of magnitude depending on the
water content of the guseous 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 einﬁ compared with those
for bulk glass, rather than co;;per which is immune to stresy corrosion in these environments
{4], with the objective of providing some insight into the micro-mechanisms of stress-corrosion
cracking along glass-copper interfaces,

BACKGROUND

A schematic crack velocity-driving force (L-G) curve for stress-corrosion crncking Alon%a
glass-copper interface (Fig. 1a) displays four distinct regimes of behavior which should be
anticipated based on reported behuvior [2,5). Three of the regions, labeled I, II, and I1I, are
analogous to the three regions readily observed for stress corrosion in bulk glass [6,7]
gig‘ b). Models for these regions, developed largely for glass, are described b eﬁy.
owever, it Is recognized that for interface cracks, a stress fleld rotation is introduced l(aly
elastio discontinuities [}8{] which makes the relationships among struin energy relesse rate, G,
stress intensity factor X, and crack-tip geometry more complex, Even s0, the approximate
models now available for stress cotrosion crack growth should provide useful Puidnnce
erpecially for nominally symmetrical far-field loading wherein shear eftects are minimal.

Threshold Regime

The threshold region, displayed in Fig. la, is somewhat ambiguous for bulk glass,
Although there have been studies in which a threshold has been indicated for glass [9%, its
existence is hard to confirm since it occurs at such low crack growth velocities that
measurements are difficult. However, ths observations for fracture of glass-Cu interfaces
reveal pronounced threshold-like behaviur becomling apparent at higher velocities than for
glass [2,5] that must be considered and further characterized.
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8i0,/Cu | Silicate Glass |

Siresa Corrosive
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, da/dt

Region ill
Reglon Il

Alr + Corrosive Vapor

Liquld + Corrosive
impurities (b)

CRACK EXTENSION FORCE, G

Threshold

LOG CRACK
LOG CRACK VELOCITY, da/dt

()

CRACK EXTENSION FORCE, G

Fig, 1: Schematic dingrams showing (a) regimes of stress corrosion crack growth
?ntielpltod for a typical ceramic-metal interfuce, and (b) behuvior typically observed
or glass,

Reglonl

n Re%:on I, the orack velocity is highly dependent on spplied stress intensity and Is
thought to be controlled by the rate of » stress-dependent chemienl reaction ocourring vi:tually
at the crack $ip, where adsorbing species expedite bond rupture giving [10,11,12};

vm v, exp[(~dH + 4G)/kT] 4))

where v, s approximately proportional to the sctivity of reactive species; A4 is an activation
enthalpy; A, the activation are; &, Boltzmann's constant and 7, the absolute temperature,

Resglon Il

Two distinct situations have been identified for stress corroslon in bulk glars wherein
orack growth rates are limited by transport of water, or other reuctive species, to the cruck tip
[6,13]. In a gaseous environment, the transport ¢ limited by the rate of diffusion of the
reacting species throuﬂh a stagnant reglon which extends a distance & behind the crack tip.
The crack velocity in this plateau region is given by [6,12):

bDC,
Upat ® --——-“'5 @

where 4 is a constant dependent on bond length and number ot bonds broken per unit ares of
fracture surfuce, C, is the bulk concentration of the diffusing species, D is the diffusivity of the
diffusing species, which may be inversely proportional to # the viscosity of the solution.
Similar behavior obtainy for specimens immersed in inert liquids in which impurities of an
active species control crack extension, e.g. for tolusne containing trace amounts of H,0 [7].

Tests conducted on glass in liquid water also display a plateau reglon; this case cannot be
described by diffusion limitations but instead derives from viscous drag effects [13]. As the
crack extonds and the crack surfaces are pulled further apart, & negative pressure develops in
the liquid immediately behind the orack tip, The negative pressure osuscs closing tractions on
the crack flanks thereby Rppolln the applied stress intensity. Caloulations suggest that the
orack-tip stress intensity, K, is reduced from the far field value by the amount [12]:

AK = -8.76vr{ £’/ 2K, [ ()" )]
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whert ¢ .8 the crack length. The dependence in terms of G can alternatively be seen by using
the approximation for 8 homogoneous material: K-?GE')‘A. For plane-strain conditions,
E’-E/(p -12), where E is Young's modulus and v is Polsson's ratio, This equation predicts a
gradus! downturn in the -G curve at higher crack ﬁrowth velocities, which i often leas sharp
than the transition observed between Region I and the g’luteuu region [12),

Further models for this regime yield differences based upon the wssumed profile of the
crack flank and upon whether or not the fluid is supposed to be retained olear to the tip of the
moving crack [1 ,lsll. However, cavitation was found to cause an abrupt transition from the
plateau region into Reglon 111 by Michulske and Frachette for bulk gluss [16]. Apparently
there is a critioal orack growth velocity st which the pressure gradient created is not sufficiont
to drive the fluld fust enough to ke:p up with the rapidly moving crack tip. Once cavitation
bubbles nucleate, they rapi hf spread and largely eliminate the viscous drag. A simple model
for the critioa! velooity at which oavitation first ocours is [16);

V= [(210)+ )/ [2 ne(x;' - X,“)] @)

where ¥ Is the surface tension of the liquid, » is the radius of the cavitation bubble, p is the
stmospherio pressure, o ls the half-angle orack opening, and X; and X represent the positions
of the center of the cavitation bubble and the open end of the crack, respectively,

Begion 111

Crack growth in Region 111 is dictated by thermally activated processes in which inherent
barriers assocluted with bond rupture at the crack tip must be overcome for brittle cerumics,
Although crack growth seems telatively independent of environment, weak environmental
dependencles have been studied for bulk glas &2]. The further complexities associated with
plasticity for ceramic-metal interfices remain to be understood.

Reactive Species

Studies conducied In various liquid environments for bulk glass [17] showed that species
other than water promoted stress corrosion crack growth provided that they have a similar
structure as water (proton donor on one side of molecule and lone pair of electrons on the
other) und, equally important, that lher can reach the orack tip free of steric hindrances.
Fig. 1b shows the diffétence between a liquid anvironment that enhances stress corrotion and
otie where the residual impuritics are responaible for any subcritioal crack growth, The larﬂo
differences in the velocity for Reﬂion 11 have been used to judge whether or not a specifle
quﬁld is active toward glass, In the following, several liquids sre compared In terms of thelr
behavior at glass/Cu Interfaces versus that with bulk glass,

EXPERIMENTAL PROCEDURES

Studies were conductad using double-cantilever-beam (DCB) specimens, consisting of a
1.5 um thick copper @lm bonded between two glass substrates (l;‘lg. 2), Samples were
Eregared by evaporating copper fllms onto each of two fused silica substrates (of size 75 by 25
y 2 tnm), A 10-20 nm layer of chromlum was evaporated onto one substrete prior to the
co&)er in order to confine crack propagation to one interfaco, The substrates were then
diffusion bonded at 470°C for 2 hours under a pressure of 9 MPa. These conditions leud 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 immersing the bottom grip and specimen in
the liquid contained in a 500 ml dish and surrounding tho whole loading apparatus with an
environmental control chamber. The chamber was purged with dry nitrogen gas (passed
through Drierlteﬂ? for at least one half hour prior to the addition of each test liquid. A
conistant flow of ~1 liter/min was used to minimize the water absorbed by the liquids from the
surrounding environment during testing,

Both constant displacement and constant crosshead-speed loading conditions were used.
In constant displacement tests, the samples were loaded to a pre-determined value and the
crosshead position was fixed. The lond was then allowed to relax during crack advance. The
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Fig. 2: DUB specimen used to evaiua xuboriticnl fracture,

lond versus time data were converted into a cruck velocity versus astrain energy release rate
plot using compliance relations and a computer curve fitting routine, A similar, although more
complex, am\lfnll was used for the constant crosshead-speed tenis, which are more accurate
for higher velocities, The results presented are consistent with those from direct ortlcal
measurements of ctack position (used earlier [2]), which meana the technique is spplicable for
opaque ceramic-metal couples with single Inierface cracks.

RESULTS

Due to differencen in bonding and chemistry introduced during fabrication, each interface
1s expected to have somewhat difterent fracturs reaistunce and crack growth behavior, Thus, it
Is necossary to synthesize results from several samples in a way that recognizes such variations,
an well as the genmotry dependenocies for different orack growth regimes,

Yapor Environmenta

Data for soveral tests conducted in umbien: air (~50% relative humidity) shown in Fig, 3a

exhibit marked acceleration of flucture in the moist stmosphere, Note that there Is signiticant
umple-to-umﬁle variation in the threshold and Region I regimes, However, these data are
consistent with prior results 2] indicating that the plateau (Reginn 1I) regime remains
relatlvely unaffected. At lower velocities, the log v-G cutves hecome very lteeg, u%uin
consistent with earlier data for glass-Cu intarfaces [2,5] that show distinotly threshold-like
behavior obtaing over a much wider range of crack velocities (< 1 x 10°7 mv3) than for glass;
for glm any indication of threshold behavior only appears at very low crack velooities
< 4x10-% m/s) [9]. The posittan of the threshold shifs to higher or lower G values
epending ou the chemistry of the interface. Although further evidencs is needed, the
threshold is thought to be amociated with cruck-tip bridging [2] or blocking processes,
renultlnfg from formation of corrosion debrix in the near-tip region,

A tew data for tests in dry N, in Fig, 3b suggest that some thermal activation, i.e. velodi
derendence. occnrs in Region m’. The magnitade of G is similar to that for u few other hig
velocity data in Fig. 3a, Although some samplo to sample variation exists, these provide an
eatimate of the inherent -G behavior to be compared with fracture in active environments.

Liquid Environrzents

Three of the liquid environments used to conduct testy oni glass-Cu interfaces were; water,
N-methylformamide, and n-butanol. These were chosen us some amides and alcohols cause
stress corrosion in glass, but n-butanol, which possesses the necesrary reactive groups, is not
aggressive to glass since it has too large & molecular size to penetrate through the small crack
opening to reach the tip [12,17].
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Fig. 3. Subcritical e*ack growth rates versus driving force for Si0O,/Cu interfuces, (a)
exhibits data for tests In ambient alr (50% R.H.) from four nmpiel, including those
shown in (b)«(d). In each of (b)-(d) the data are from only a single specimen; for each,
&M‘t of the test was in ambient air and part was in a different liquid, respectively water,
‘ ~5netll?lfonmnﬂde. and n-butanol. Also note that in (b) some of the data were taken
n dry Ny,

Water: A comparison of the water teat results with those for amblent 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 enhances crack

rowth relative to that In moist air, a much Hmter increase than is seen for glass [6]. This
increase may be due to the deterioration of the corrosion product film at the crack tip by the
watet,

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

N-Methyiformamide: Tests conducted in an N-methylformamide environment show that it
al30 actively causes stress corrosion cracking for glass-copper interfacos (Fig. 3¢), Comparing
the results to those for moist air shows that the accelerating effects are comparable except at
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high crack velocities where the tormamide is more aggressive. The detalls 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.

Butanal: It was found that an n-butanol environment also causes stress cortosion crack

rowth st glass-Cu intorfuces SFIQ. ?.d_z. ain the rates in Reglon I are more like those
nduced within H,O vapor then liquid. There 1a a suggestion of a high velacity plateau rogime,
but it is much less pronounced than that seen with liquid water, :

DISCUSSION

Resulty presented in Fig, 3 ave consistent with ihe situation hypothesized In Fi;. 1.
Although not studied in detull here, the behavior in all environments suggests threshold-like
behavior obtains at relatively high urack velocities compured with fracture of bulk glass, and at
0.1 t0 0.5 of (7, depending wpon the environment, The transition from threshold to Region 1
miay be determined by a mutusl compatition betweon the rate of chemical reaction, which
promotes urack extension, undl the rate of corrosion product formation, which hinders it,

For botl the vapor and liquid H,O environments, the orack growth curves clearly exhibit
Reglon T type behavior, within which crack growth {s controlle by the kinetics of & stress-

. dependent chomical renction. Using Eqn, (1), the sctivation sres for the reaction can be

determined from the slope of the log, 1-G curves; this ylelds 4 = 0,15 nm? and 0.12 nm? for the

‘glaea-Ou intorfuces tested in molst alr and in liquid water, respectively, For fracture within the

two organie liquids, the activation areas are similar, By comparison, A = 0,01-0,02 nm? for
typical data for glass In H;0 containing environments, ¢.g., from refs, [6,7). The latter values
lmgly an activation siep lnvolvinﬁ rupture of a single atomic bond, The Fornter values remain
10 ba explained, but are still plausible for & local chemical reaction. Complete explanation must
addrous the role of the residual interfuce impurities as well as that of the stmospheric species,

For tests in liquid water, 4 well defined plateau in evident at much higher velocitiey than
for the vapor case, For the liquid case, the platoau, at velocities of ~1.3 % 10 m/s, reflects
viscous drag control. Howsvar, the plateau velocties reported for bulk glass in water are
about 10 times hlﬁher [16), censistent with the extent of other Region 1 date for glass [6,9],
The dllcrepmoa/ kely results because the glass tests were performed on samples with &
thickness of a tew millimeters whoreas these interface samples ure 28 mm thick, Thus, the
plateau in many other tests incy be controlled by fluld flow from the sample sides, (paratlel to
the orack fronti and 80 occurs ut hilfher velooity than here,

For the n-butanol and espevially the N-methylformsmide, no plateau behavior was cloarly
evident. The lack of a plateku st low velocities and the accelerated cracking in the valouity
rango studied combing te confirm that both specles promote corrosive cracking. However,
both liquids are more viscous than water, as shown in Table I [18,19], Thus, Region II tdyge
behuvior similar to that seen so clearly in liouid water in expected but at velocities reduce y
the viscosity ratio, i.¢,, factors of 2.3, Althom:fh the absence of well defined plateaus could
mercly refloet scatter in the datn, it may instond ropresent a rapid onset of cavitation near the
crack tip. From Eqn, (4), the cnitical velocity is proportional to the ratio of surface tension to

TABLE1
QU SR VISCOSITY “;“0
v (mN/m) M (Pas) @ 1/2)
Watet 7 1.0x103 73
N-Methy!formatide a8 17102 23
n-Butanol 25 2.9%10° 8.3 N
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viscosity for the liquid, i.e., vy, « »/7n. It also depends on details of the crack-tip geonietry,
which should be similar among the present tests, The values of #/n, listed in Table I, indicate
that near-tip cavitation should occur at as much as an order of magnitude lower vefocity for
these organ c fluids than foi liquid H,0, Thus althouegh confirming experiments are needed, it
Is considered likely that the absence of a welf defin 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,

Steric hindrancex 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 promoling stress corrosion cracking In glass [12,17]). As both are
active for glass-Cu interfuces, 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 or~ck 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 nprarent threshold conditions,
Gyyy. These are based upon continuum caloufations usin purely elastic behavior for the glass,
lnq,uuppmlns crack blunting leads to a crack-tlp opel n§ displacement given by CTOD =
2(¥/a, (wheta o, is the yield stress) for the Cu side of an Intertace crack on]. learly, only
angstrom sized “molecules can access the tips of oracke in glags at threshold oondl'tions.
whereas molecules several times bigger may possibly be aggressive 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.

G
B
Gc GTH
Gy %
GLASS
METAL
_—‘-/—

GLASS

26 A

20A 20 A

Fig. 4: Caloulated crack profilcs for loading at G,, the maximum fossiblo force, and at
Gyyy, the threshold force for glass (assuming purely elastic continuum behavior) and
for gll?l/?l; (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 typlcally near most ceramic-metal interfaces could drive
appreciable crack growth t:fon even brief exposure of unloaded pleces to aggrossive
snvironments. The resultant damuge could critically depend upon the level of the high velocity
plateau. Clearly, owing to the geometry dependence indicated for Region II, further analysis
of this issue for small cracks that would typifg devices is needed.

CONCTLUSIONS

Subcritical crack growth ulon? 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 CTODs3,
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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 liquid 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 awey some of the corrosion products
and increasing access to the crack front,

Both N-meihylformamide and n-butanol can causs stréss corrosion crackin nlonizlm-
corper interfaces. Although n-butanol has too large a molecular size to reach the crack tip in
bulk glass, the larger CTOD due to plasticity in the metal apparently allows it to be reactive for
glass-copper interfaces. Thus, it is anticipated that many alcohols and amides should promote
stress co/rosion oracking of such glass-mets! interfaces.

Mechanistic studies, still in progress, suggest that fracturc is controlied by mechanisms
similar to those that govern the stress corrosion in glass, Four distinct rogions of behavior in
lasa-copper interfaces appear to occur for both liquid and vapor environments to varyin
egrees. Region I is controlled bly as yet unidentified, highly stress-dependent chemic
reactions at the crack tip. Region I is only mildly dependent on the applied stiess intensity,
Where it is controlled by diffusive transport of reacting 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 extent by cavitation near the
crack-tip. The environmentally insensitive Region III appears to be thermally activated, The
threshold region, which is rarely observed for glass, is very apparent for glass-copper interfaces
and occurs at much higher orack velocities; it likely involves the more extensive corrosion

products formed from the metal,
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JOINING CERAMICS USING MICROWAVE ENERGY

IFTIKHAR AHMAD and RICHARD SILBERGLITT [
Technology Assessment & Transfer, Inc,, 133 Defense Higiiway, Suite 212, !
Annapolis, MD 21401,

ABSTRAC!

In the past several years there hus been an explosive growth in the use of
microwave enetgy for the processing of a host of materials. Microwave energy provides :
rapid intérnal heating which results in an cverall reduction in the processing time. The
important features of microwave processing ate described, as well as severa! applications,

Microwave energy has bsen used by a few groups for the jolning of alumina,
mullite, silicon nitride and silicon carbide. The work performed by these groups will be
reviewed. Typicnlly,u single mode microwave applicator has been used to join ceramics
at temperatures mnmi'ngf between 1250°C - 1800°C. Microwave joining of ceramics was
achieved in a matter of 'minutes, in contrast to hours reported by conventional methods,
The strength of the joints +. 5 equal to or greater than the as-received materials, Joining
of specimens of sinta1-1, 81l n carblde (Hexoloy™) using Interlayers, and direct joining
of reaction bonded sh.¢ . carbide (RBSC) to itself and Hexoloy™ has been
accomplished recenily, Both single mode and multimode microwave applicators were ]
used and lurger specimens of RBSC having complex shapes were joined using hybrid
heating. The puper describes microwave joining apparatus, techniques and results,

INTRODUCTION

The use of microwave energy for industrial 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 food in consumer microwave ovens,

A comprehenslve historical review of microwave heating is given by Osepchuk [1).
There {8 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
inicrowave energy to affect materlaly properties for industrial purposes, In particular,
Kassner (having patents on a spark-gap microwave generator) belleved that it is possible
to achieve useful changes in moleculur state, and hence the chemistry of materials,
without heating [1].

During the Second World War, there were efforts to measure dielectric properties
of various materials, This work wus doue us 8 necsssary task in the development of the
radar, telephune and communication systems. The work begun under Von Hippel at the
MIT Laboratory for Insulation Research and the relcvant 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,

losdustrial Microwave Heating Applications

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

Mat. Res. Soc. Symp. Proc. Vol. 314, ©1093 Malerinls Research Soclely
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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 Soclety, 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 food industry microwave energy is utllized 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 polymer industry microwave energy is used for ouring 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).

Medical applications include 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 diugnostics area
Includes measuring the changes In ung 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 industry Superwuve Technology (Santa Clary, 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 mineral processig the U.S, Bureau of Mines is looking into means to reduce
energy for grinding (50 to 709 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).

Waste treatment and disposal of radioactive as weil 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 materlal Is dried and decomposed Into gas by means of microwave energy.
The gas generated is burned in a sanitary way, leaving only u smal! amount of ash [13).
Similar processes are under investigation for the troatment and disposal of radioactive
waste [14, 15].

technology is still in an early stage of development,
Microwave energy i8 being explored to process u wide variety of ceramics, An excellent
summary of almost all the applications in the area of microwave processing of cerumics
is presented by Sutton [16]. These include, but are not limited to ceramic drying--
particularly effective in removing water from thick ceramic bodies; binder burnout--
removal of polymers used in the cerumic forming process; sintering of numerous ceramios
and compasites--including ferrites, boron carbide, titanium boride, partinlly stubilized
zirconia, and composites such as ALO,/SIC, ALO,/TIC, ZrO,/SiC, ZrQ,/Si,N, and
AlOy/SiyN,; processing and sintering of PZT and PLET--with high density, small grain
size und improved piezoelectric properties; processing of superconducting. ceramics--
microwave processed samples exhibiting more diamugnetism than conventionally
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processed samples; comb
combustible mixtures and controlled combustion wave propagation;
of glasses-to strengthen the surface by lon exchange; and joining of cergmics.

--{nternal ignition of

Important 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.
Besldes the savings in energy and cost, a major reason for this substantial interest is the
importance of processing-microstructure-properties 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 uction of the microwave energy
into the materlal results in the internal and uniform heating of large masses in rélatively
short periods of time, Generally the Internal heating results in an inverse 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 completely dependent on the heat trunsfer characteristics of the
malerial.

Another importunt aspect Is that different constituents (us well as phases) absorb
microwaves at different rates. The possibility of controlled selective heuting 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 tungent increnses significantly,

Temperature (°C)
200 800 1000 1400
| ] il I { | 1

0.01a |- :
< o——“’"T";r-oTyno SlaNa

E :!7:3,“"

£ 0.008 |~

g, 0,008 -

g 0.004 : 99+ % pure
0.002

" 1000 2000
Temperature (°F)

Figure 1. Qualitative representation of the loss tangent (8 to 10 GHz) as
a function of temperature [19}],
(Reprinted by pormission of the American Ceramie Soclety)
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Coupling agents can be added to materials that cannot be efficiently heated with
microwave energy, The coupling ugent preheats the entlre sample, which -t higher
temperature starts to coupiv with microwave radiation, A common example is that of
the SiC whiskers in a low loss alumina matrix. SiC is an excellent dbsorber of microwave
energy, which can heat the entire composite sample, making sintering of the composite
possible, ‘

* Alternutively, the sample may be preheated to temperatures where it efficlently
couples with microwave energy, This can be convenjently achieved by placing the
sumple inside u susceptor (low loss insulation lined on the {nside with high loss material
such as silicon carbide), The heut generated in the silicon carbide is vetained within the
insulation, which preheats the sample to above lts critical temperature where microwave
losses become substantial, This is referred to as "Microwave Hybrid Heating." Usually
with microwave heating ulone there is an inverse temperature gradient, with higher
temperatures In the interior of the sutaple and lower temperature on the surfuce because

of the enargy radiated from the surfacs, Microwave hybrid heating, in addition to -

preheating the low loss materials, provides an external heat source and compensates for
raciation losses from the surface, Microwave heating is generally much fuster than
conventional heating, However, for low loss materials, heating rapidly with microwave

" energy alone (without u 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 heating, The sintering ot aluming with this method resulted in fine and uniform

" micrstructures {17,18),

' MICROWAVE JOINING OF CERAMICS

One of the important aspects of microwave processing is the jolning of ceramics,
which is imperative to the widespread commercial use of these advauced materlals. The
high-temperature, cotrosion- and wear-resistant ceramics need to be joined to metals to
allow their use In sevore environnients. Ceramics can ulso be joined to ceramics to form
complex shupes required In industrial applicutions, which will eliminate the costly
machining of these hard materials.

The novel use of microwave encrgy for joining of ceramics allows rapid and
proferential heating throughout the joint interfave, which makes it a viable and efficlent
method of joining ceramics. Microwaves cun penetrate the material to rapidly provide
the heat necessary to join cerumics, Conventional procesues, on the other hand, heat *he
surface of tiie spacimen and rely on thermal conduction to join ceramics. Sealing of
ceramics using microwave energy was first accompiished by Meek and Blake [20).
Alumina substrates were sealed using glass as the interlaysr material. Direct microwave
joining of ceramies was reported by two groups. One of the groups was at Toyota
Central R&D Laboratorles in Japun, where 8 6 GHz klystvon power amplifier was used
us the power source. A directional coupler was used to sample the power reflected from
the cavity, The outputs from a pyrometer monitoring the surface temperaturs and the
directional coupler were directed to a control system that automatically 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, which can cause local melting in
the specimen, The sample was mounted transverse to tha electric fleld and was stowly
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 [21].

W e b e 4 Vb 901

et e

LTS,




s ay i

Er T

The other group was originally at QuesTech Ine, 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 thirough 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
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 dlagrum of this single mode microwave joining apparatus, Provision was made to
alter the environment of the sample elther by evacuating the cavity or by filling the
cavity with an appropriate gas. An important feature of thiy system is the acoustic probe
which allows in-situ non-destructive evaluation (NDE) of the joint, This system consists
of an acoustic transducer smbedded In a stainless steel ucoustic lens that forms the
bottom anvil of the compressor. The transducer is connected to & transceiver that
transmits dcoustic pulses und receives acoustic echoes, The echoes ure displuyed on an
oscilloscope, and the echo from the joint interfuce s 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 froni the joint Interface disuppsars, and a new echo from the far end
of the sample appeurs on the right of the oscilloscope [22),

Compressor
Magnetron Voluige Acoustic Probe
Clreulntor smu\l Ciroulator coustic —(-llvlty
U e ma—
o s Pﬁw'e‘r
et Voluge
Termination Power Meter \ songe
P o
Vacuum
Syatemn
L
P4
R
Reader Pyrometer

Figure 2. Block dlagram of the single mode microwave joining appuratus,
(Reprinted by permission of the American Coramic Society)
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The ceramic materials joiried 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 und 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 {mplies
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
Al-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
achioved In both cases, with and without gel, when the samples were heuted to
temperatures of 1600°C and 1650°C,

Yu et al, reported simultangous sintering and joining of aluming specimens (24},
The specimens joined were pellets of alumina dry pressed at 2800 MPa. A slip
interlayer of the same materiul was used to conform to the usperities under isostatic
pressure of 150 MPa, The whole body was prefired at 600°C for two hours before
microwave heating/jolning at 1400°C for 14 minutes at 0.283MPu pressure, Some
defects were {dentified at the joining interfuce, but the dimensions of these defects were
simllar to those in the sintered bulk material, With conventionul heating at the same
temperature und pressure for 2 hours, the low density interface was clearly visible,

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

Sintering and joining of a SIC body is u 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 fubrication of
some components of SIiC.

These difficulties in forming and sintering complex shapes of an excsllent ceramic
material necessitate development of inexpensive and reliable medhods to join ceramics,
s0 that complex components could be fubricated from smuller and simpler shapes, which
would be easier to reliably manufucture, One of the novel methods involves infiltration
of 4 SIC preform (having excess carbon) by molten silicon at high temperatures, The
resuitant 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 (RBSC)

Joining of reaction bonded silicon carbide by & conventional heating method was
reported by Iseki {26], with aluminum metal s the interluyer, No reaction layer was
detected [n the micrograph of the region near the reaction bonded SIC-Al interface,
Aluminum and silicon in the reaction bonded SiC tormed & 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 crucks are believed to be formed because of the difference in thermal
expansion of aluminum, SIC and silicon,

Microwave joining of reaction bonded s{licon carbide with aluminum as the
interlayer wus reported by Yiin et al, [27]). A single mode resonant cavity wus used to
heat and joln reaction bonded silicon carbide, The joined specimen was repotied to be
stronger than the as-received materinl, similar to the earlier microwave joints in oxides
and nitrides, A similar penetration of aluminum into Si regions between the SIC graing
as noted above was reported,

EXPERIMENTAL RESULTS

Experiments have been carried out for jolning of 8Sle and RBSC, both in a single
mode resonant cavity (us indicated in Figure 2), as well as in a multimode microwave
oven with hybrid heating, Microwave joining of SIC (Carborundum Hexoloy™), was
performed on specimens 0.9 em in diameter and 0.6 cm height, as cut with 4 wafering
suw with no polishing, Since direct joining of SSlc is difficult, two different avenues
using interlayer materials were followed [28]. The first is essentially a metallic braze
Joint using Si us the Interlayer materfal, ‘The second atiempts to form a SIC or SIC/TiC
composite through combustion synthesis using blended powders of Si, C und T, The SiC
specimens and the Interlayer material were held in place in the single mode applicutor
described above by two alumina rods under a pressure of 2.5 MPa provided by
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 1450°C for 5-10 minutes with applied
power around 250 watts, Figure 3 shows the SEM micrograph of the sectioned joined
specimen, with a homogencous but fairly thick Si interlayer (almost 50 microns when
used us powder), Jolning was also achieved using the combustion synthesls of SiC/TiC
as the interlayer, This technique resulted in & thick interlayer (around 300 tnicrons) with
significant porosity (inherent in these reactlons), The best results were obtained by
plusma spraying a Si layer on one of the specimens to be joined. This joint was made
uting 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 varlation in Knoop hardness across the
Jjoint was observed.

As described above [26,27] RBSC could be joined using eluminum as the
interlayer both by microwave us well as conventional joining, Our experiments
demonstrated microwave joining of sintered SiC using silicon as the interluyer material,
Furthermore microwave heating has besn 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 materlal to join RBSC, The
presence of silicon at the grain boundaries of silicon carbide grains, and the enhanced
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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 avold problems caused by the mismaich of thermal expansion coefficient.
With this rationule, experiments were curried 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 Jolnt showing a fairly thick
interlayer of SI.  (Roprinted by permission of the American Coramie Sovioty)

Direct joining of RBSC specimens of 0.9 em 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 terperature) und placed at the
muximum electric field position In the cavity. Microwave power was coupled to the
specimen by adjusting a plunger and un adjustable {rls such that the reflected power was
minimized, In 4 few minutes the specimens turned red hot and the surfuce temperature
was monitored with an optical pyrometer, The specimens were held in the 1450 -
1500°C temperature range for 10 - 15 minutes and then cooled by turning off the
microwuve power. Figure 4 shows an example of the micrograph of RBSC specimens
joined in a single mode cavity,

The Interfaciul reglon Is similar to the bulk of the specimens, A silicon rich bund
of about § micron width Is observed at the interfacial region. Since similar patches of
silicon are sgen throughout the RBSC materlal, the presence of this band does not
negatively impact the mechanical properties of the joint. This argumnent is supported by
the essentially identical appearance of micrographs of sectioned joints that had greater
strength than as received RBSC [27].

Joining of ceramics is possible with the single mode apparatus, but there is o
limitation on the size of the specimens that can be joined. Therefore, designing of
special applicators Is essential for specific applications, Microwave hybrid heating, on
the other hand, is more flexible for industriul applications. Specimens of varying shape
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or size can be pluced inside ths insulation lined with 4 susceptor. The radiative losses
from the surface of the speamer are compensated by the radiant heatlng from the
susceptor, which provides for uniformity in heating the specimen, The soak temperature
cun be maintained by pulsing the mlcrowave power, Pulsing the microwave power helps
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
fs ut higher temperature will absorb more microwave energy, which may result ln
nonuniform heating and even thermal runaway, The combination of microwave hybrid
heating and maintuining the temperature by pulsing the power (as opposed to lowering
the power level) provides much better uniformity. )

Figure 4. SEM of RBSC-RBSC joint.

Short lengths (2.5 ¢m) of small scale (5 em dinmeter) RBSC tubes intended for
radiant burier tube applications were supplied by Coors Ceramics. These tube sections
were Joined directly with and without any polishing, using the rultimode oven with
hybrid heating [29], The bleeding of silicon filled the vold space, making the joint leak-
tight, The joined tube was installed on a vacuum line which held the vacuum (12x10?
torr) as well as a single tube. Similar joining experiments were performed with surfaces
polished (by LANL) to a 5 micron finish. Figure 5 is a picture of these joined RBSC
tubes. Joining is appurent all around the circumference with substantial bleeding of
silicon, The tubes were cut into test bend burs (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 performed 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 joint strengths observed in microwave joining using single mode applicutors
(having very high power densities) would be attained with multimode applicators,
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; :'. R Figure 5. Photograph of Coors RBSC tube sections joined in a multimode oven,

Lo . Joining of RBSC to Hexoloy™ (SS1C) specimens (0.9¢m diu) was tirst carried out
R “in n single mode cavity, The joined specimens were sectioned and polished for electron
b ¢ microscopy, Figire 6 shows u low mugnltication micrograph of o joint betwsen RRSC

A and Hexoloy™. The joint [s not visible In the interior of the sample (region A) but s

" {dentilied close to the edge of the sumple (regivn B) bacuuse of the poor matching of
the two surfaces. A crack in che RBSC (reglon C) where the joint is good indicutes that
the Joint i stronger than RBSC, Figure 7 shows a higher magnification of region A
which iy similar in appearance to that of the RESC-RBSC joint shown in Figurs 4,

Figure 6. SEM micrograph of RBSC to $iC joining. Note a arack in RBSC
w/here joining appears to be good.
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Figure 7. RBSC to SSIC using u single mode applicator.

Lurger dlameter (2.5 cm)tubes of SSIC were joined to RBSC tubes in a
multimode upplicator with hybrid heating, Micrographs of joined sections were identical
to that of Figure 7, indicating that a similur joint can be made with either 4 single mode
or a multimode upplicutor, This work hus demonstrated the feasibility of joining RBSC
to itself and to SSIC, an important step for the fabrication of tube assemblies for high
temperature heat exchungers and radiant burners,

SUMMARY AND CONCLUSIONS

It has been demonstrated that joining of oxide, nitride and carbide ceramies cun
be accomplished using microwave energy. Strong jolnts can be produced much more
rupidly than with conventionua) methods, Single mode applicators are presently restricted
to small specimens of simple configurations, However, joining of larger specimens
having more complex shapes I8 possible using & multimode applicator with hybrid
heuting. Current efforts ure underway to scale-up tite microwave applicator design to
allow joining of larger components for Industrial applications,
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‘TEM INVESTIGATION OF MICROWAVE JOINED 8i-SiC/Al/Si-SiCC AND a-§iC/AVa-SiC.

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

ABSTRACT

Blectron probe microunul¥sls (EPMA) and transmission electron microscopy (TEM)
have been used to examine the SIC/Al interfaces in microwuve joined Si-SIC/AY/S1-81C and
a-SIC/Al/0-SIC. Both the SiC/Al interfaces display intimate contuct between the cerumic and
metal and are free of porosity, EPMA of the ¢.-SIC/Al/a-SIC joints reveals that no Al hay
diffused into the bulk a-SiC, unlike the reported diffusion of Al in $1-81C/Al/81-S1C. ‘The TEM
investigations show thut while the Si-SIC/Al/SI-SiC interface is reaction-free, the
o-8iC/A)/a-8IC golnt containg Si at the interface. The TEM findings are correlated to the
strength dotu available on these joints and the possible reasons for the presence of S in the
ubsence of Al4Cs in the 0-SiC/Al/-S1C joint are discussed.

INTRODULTICN

Silicon carbide is an excellent cundidate for advanced high-temperature structural
applications in automobile and aerospace industries, due to its toughness, high strength to
welght rutio, und good strength retention ut high temperatures, The upplications involve the
fabricatlon of comnpiex SIC components; hence, the joining of Si(C becomes important, One
technique employed Is to join SiC blocks using foils of Al or Ti us an intervening layer, Al has
been widely investigated due to the good wettlng, fewer reaction products, and lower
fabrication temperatures associnted with it. In the conventiona! jolning of SiC In a furnace, the
Al foll, due to u much higher thertnal conductivity, heats faster thun the SIC bulk material,
sotting up shurp temperature gradients in the ceramic, Complex heating eycles, which can prove
to be costly, are therefore required to ensure uniform hcutan; and subsequent jolning, One
ulternutive route, which offers features like uniform and rupld heating and consequently very
short jolning times, Is microwave heating,

Since microwave heating is bused on the "in-situ" conversion of slectronugnetic energy
to thermal energy within a material, it provides the possibility of uniform heating of the bulk
mutterdal, 'The feasibility of utilizing microwave energy as a joining technique has been explored
extensively and the resulting joints huve been reported to have strengths equal to und sometimos
exceeding those of the starting materlals [1-3],

In this preliminary investigation, transmission electron microscopy (TEM) combined
with energy dispersive spectroscopy (EDS) hus been used to exumine the microsteucture at the
SiC/Al Interfuce formed in the microwave joining of SiC with un intervening layer of Al To the
best of our knowledge, this is the first reported TEM Investigation of microwave joints. A TEM
study of this kind uncovers important microstructurul information about the metal-ceramic
interfuce such as the wetting und porosity at the interface and characteristics such ay the
morphology, grain size, and distribution of the phases present at the interfuce. ‘This
Information, along with the measured properties of the joints, can lead to a belter understanding
and subsecuently bettar control of jolnt properties,

__Two cuses have been examined In this study using TEM: siliconized silicon carbide
(81-8iC) joined to itself using an Al foil (8i-8iC/AI/SI-SIC) and single-phase alpha silicon
curbide (2-SiC) joined to itself using an Al foil (-SiC/Al/-SIC), EPMA hus been performed
at the o-SiC/Al/w-8IC interfuce to examine the diffusion of Al into bulk «-SiC, Fracture
strength values and Welbull moduli of both types of SiC meusured before and after joining have
been reported earlier [1], For reference, the fructure strength values are Hsted In Tablo 1,
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Table I, Fracture Strength data, Table IT, Compositions and Dimensions of

materials u
Material Average Fracture Material Composition Dimensions
Strength (MPa)
. . 8 at% Si,
Original Si-SiC 215.4 SISIC  pglance$ic  30x20x6.mm?.
Si-SIC/AYSI-SIC 2194 .
Original 0-SIC  ~388 wSIC  Op o WER . 35x256 mund
a-SiC/Al/e-SiC 194.4 balance Sig .
1.5 ui% ¥e

Alfoil g9 % 8i, i6 Hm thick

'

[
¥

EXPERIviENTAL PROCEDURE

The compositions and dimensions of the 8i-BiC, w-8iC, and Al foll used as the
interlayer are as given in Table I1, The joinitig, surtzces were polished 2nd were cleaned in.an
ultrasonic cleaner just before joining. "’

The Al foil was sandwiched berween a pair of SiC blocks, and the specimen was then
placed inside the center of a multi-mede Cu cuvity, 500 W of microwave power wiis supplied
to the cavity through a variable iis which wac tunad to r2sonate at 2.45 GHz by an adjustable
short, Quartz through-tubes were ple {.ed shove any balnw the SiC Al-Sif assembly to exert
pressure of 1.2 MPa on the systents, The eatire process was carried out in air and the system
was heated until the surface tem} erature (measured &y a pyrometer) reached 125C°C, The
temperature was maintained at 1250°C for o.e minute and the systemn was then turned off to let
the assembg' cool to roum temperature. Aftor joinlng, cross-sectional samples were cut and
polished and EPMA was performed using a Camebax 8X:50. Sections of the sarnple containing
the interface were used to riake TEM samples by standard techmgues - mechanical polishing
and dimpling followed by ion-bram thinning [4], The TEM and EDS ware done on a Philips
420T instrument at 120 kV. Both the EPMA and microscopy were done at the Materials
Characterization Laboratory of the Pennsy!vania Stats University.

RESULTS AND DISCUSSICN

(i) Diffusion of Al

While the presence of Al at the SIC/SIiC joint limuts the high-temperature applicability of
the joint itself, the joined component could still be subjected to Higher temperatures at regions
away from the 8iC/Al interface. However, a significant in-ditfusion of Al would seriously
restrict the high-temnperature capability of the entire SiC component. Electron probe
microanalysis (EPMA) was done on the «t-SiC/Al/oi-SiC sample to examine the diffusion of Al
into bulk a-SiC and g, 1 shows a line scan of the Al Ky signal at the interfave. It is evident
from the scan profile that the concentration uf Al falls oft rapidly away from the interface. Point
analyses of the Al goncentriiion were petformed at varying distances from the interface and it
was found that, at distances of more than 3.6 um from the interfuce, the amount of Al present
was less than the detection limit of the instrument (S00npm).

EPMA of microwave joined Si-SiC/Al/SI-SiC, regoned curlier [21, showed extensive
diffusion of Al into tiie free Si present in the bulk Si-8I1C. Since AL-Siis 2 surectic system [3], it
is possible that above the eutectis iemiperature of 577°C, Al diffuses through the free Si \in the
§i-81C) through liquid phase transport, This bypothesis is supported by the absence of
detertzeble amnunts of Al in the (Si free)bulk o-SiC.
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Fig. 1. EPMA scan of the A} Kq line superimposéd on the backscattered image of the
a-SiC/Al interfuce. . _ S T i

(ii) Interface morphology ' .

Figs, 2 and 3 arc TEM microgracka of the SiC/Al inteifuce in Si-SiC/Al/SI-SIC and
a—S{C/Alﬁz-SiC respcctivol?. The boundary bet:veen SiC and Ai, in both cases, is completel
continuous and pore-frec. [t was seen that the Al ascurately follows the contoars of the §i
along the entire length of the interface nbserved in whie TEM. 2 some reglons of the jnterfice
exarnined in the TEM, it was found thut ervvices on the 8iC surface, up to g few microns in
depth, were completely filled with AL This can b seca to a lesses 3xtent in Fig, 2, in which the
Al has fully penetrated a dent, abeut 0,25 i dosp, on the SIC sorface. The prusence of strain
contrast along the interface in Fig. 2 further emphasizes the intimate contact batween tae
interlayer and the SiC substraie. The difference in the extent of polishiny of the two samples is
seen in the different surface roughness ot the interfaces, The Al interlayer has an unusually
large grain size, with the crains being much larger iu the direction slong the interface than that

erpendicular to it, Thix would suggest that the Al foil melted ruring the joining process, which
s congistent with the surface tes pevature of 1.250°C recorded by the ): roreter, The thickness
of the Al interlayes, from Figs. 2 and 3, is about 1 pum in the 8i-81C741/3i-SIC and 2 jum in the
O-SIC/AVa-8ic, while the original foil usex in both veses was 15 ura thick. The observations
of beads of Al at the edges of the sumple after microwave juining and the diffusion of Al into the
bulk Si-SiC are consisient with this large redurtion ir the tnickness of the Al intezlayer,

ili) Al4C3 fortngtion
The microstructure of the SiC/Al interface that results from conventional joining
techniques has been widely investignted {6-8? and ths relevunt reaction at this interface has been

shuwn io be [6] ‘
4AT + 38IC ---> Ally+ 381 (1)

This reaction is gercraily not desired at the interface, since the precance of aluminum carbide, a
brittle 9pmduct. adversely affecis the mechanioal propertiea and the corrosion resistunce of the
jeint (91, As is evideat from reaction (1), che formation of the carbide van be suppressed by the
presence of free Si with & sufficiently hgh cheinical activity. Since there is almost no solubility
of S in Al at temperatures below 300°C, and Si in GIC bolow 2000°C [5), even a small amount
of §i present in either A} or SiC wowld be assovlated with a significant chemical activity,

it the Si-SiC/AV/SI-SIC inerface, the free Si in the Si-SiC retards the formation of
AlyC3 by reaction (1) und hence the Interfdce i3 expeoted to be free of reaction products, This is
consistent with the fracture strength values of the S1-SiC/AYSI-SIC joints [1], which are similar
to those of the original 8i-8iC befor joining. In the presence of Al4Ca, a brittle phase, the joint
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Fig. 3. TEM micrograph of «-SiC/AYa-SIC intesface.
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- strength would be expected to show a deterioration. No interfacial reaction products were

detected at the Si-SiCYAYSi-SIC interface, ’

. The a-8iC/Al/a-8iC interface, with no free Si, might be expected to contain the
produots of reaction (1): Al¢C3and 8i, Here, although the strength values of the
a-StC/AYa-SiC joints huve beer found to be only 50% of those of the oviginal a-SiC before

Jolning [1], it must be noted that the average strength values of the SiC/Al interface itself iir boih

the Si-8iC/A1/8i-SIC nnd the a-SIC/Al/6-S1C ure within 10% of cuch other, This would be
consistent with the absencé of the brittle Al4Cs at both interfaces, TEM micrographs of the
a-SIC/AL/a-81C Inserface showed the presence of free Si at the 0.-SiC/Al/a-SiC interface;
however, Al4Ca was not detected, Fig. 4 is a TEM image of the Si particles, The presence of
these Si particles was confirmed both hy the corresponding electron diffraction pattern and
EDS. All the Si detented was in contact with the SiC surface, i.c., there were no isolated Si
rnniues within the Al intetlayer. This presence of free Si and the absence of Al4C3 al the
niexface could be aue to one of several reasons as described below, :

' Cne possibility is thac reaction (1) did ocour at the intérfsus and Si and Al4C3 were
formed as reaction products. ' The Si has beoa detected in the TEM, but the carbide has not.
This would be ths. case if $1 furms as isolated partioles, while Al4Ca is prcscnl as u very thin
film — a few nanometers thick - along the ¢-SIC/Al boundary. A simaplistic caloulution using
reaction (1) and the densities of Al4C3 and Si shows that the amoun: of free St deteoted in the
a-81C/Al/a-8iC system cpu}d be consistent with the presence of such a thin layer of AlsCa at
the interface, Further investigation uslig high-resolution TEM would be necessury to examine
this possibility, It is also possible that isoluted particles of Aj4Ca are present, but were not seen
in the elscirott transparent sreas of the samples exainined, This i8 alsu concoivable, since the
alectron transparent area in a TEM sample is only a small fraction of the tota! niterfuoial area in
the sample; which in turn is a small fraction of the interface forred, On the other hand, the
AlCa formed as & reaction produst would be expected to exist in ¢ontact with the Al, SIC, and

© the Si; however, no Al4C3 was detected in the vicinity of the S: particles. The formation of

Al4Cy and its subsequent Uiffusion into the bulk a-SiC does nut appear to occur, since results
of the EPMA confirm th# absence of any Al in the bulk o-SIC,
_ . ~Anorher explanation arises frort the 0.85 wi% Si prosent as an impurity in the Al

Fig. 4. TEM micrograph showing Si particles at 0-SiC/Al interface. Inset shows selected areu
diffuction eattern from a 81 partiole and corresponds to [011] zone uxis of Si,
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intezlayer, Since Si has rractlcall no solubility in Al below 300°C (5], even a smull amount of
81 present in the Al would have a Ligh activity, increasing the suiface energy of the sysiem, On
cnoling, this Si could tend to:segreégate to the intéiface with a.-SiC to lower the energy, resulting
in & sharp increase ih the concentration of Si at the interface. This in turn would supprass the
formation of Al4Cs, and eventually, the fres Si would precipitate at the SIC/Al interfaze. 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 mos&‘:m. the intertuce was barreni and contnined no 8i; the
free Si was prosent only in sthall dsolat kets, This argument, however, would imply the
precipitation of free Si in the 3i-SIC/Al/SI-SIC syswem also; as mentioited earliet, the interface in
the 51-SIC/Al/SI-SIC system appears to be free of any additiona) phases including Si).

SUMMARY AND CONCLUSIONS

8iC/Al interfaces in microwave juined $i-31C/AYSISIC and o-SiC/AlVa-SIC have been
investigated using EPMA and TEM, EPMA of ths 0-SiC/Al/o-SiC joints reveals that no Al has
diffused into the bulk -8iC, as opposed to Si-SIC/Al/Si-SiC joints in which diffusion of Al
into the bulk §i-8iC has heen previously repnrted, This would support the contentinn thiat the

o

Si in the Si-8iC provides a diffusion path for the Al dus to lquid phase ransport, '

TEM investigation of the SIC/Al interfaces in S1-SIC/AV/SI-SIC ani a.-SiC/AV/0SIC -

shows that both interfuces are free of porosity and disﬁ»lay intimate contact between the Al and
SiC. Large graing of Al tre seen, indicating that the Al has melted during jolning. As expected,
TEM imuges show no reuction products at the Si-SiC/AI/SI-SIC interface, While the
«-SiC/Al/0:-SiC intorface might be expected to contain both Al4Ca and Si (formed as produots
of the reaction between SiC and Al), thers was no clear degradation of the fracture strength of
the joint, #s would be expeoted ir the.presence of significant vmounts of a brittie phase like
ALiCs. Si was dewected by the TEM, but no Al4C3 was imaged, Gne explaration would be that
the Al4C3 is present at the Interfaco but has not been imaged in the TEM dut to the limited field
of view in the TEM samples. It is ulsc possible that Al4C3 is present as a thin layer ~ a few
nanometers thick ~ along the o.-SiC/Al Interface, The prosence of such a thin film of AlLC3
would be expected to have little effect on the strengsth of the joint, which is consistent with the
observations. It would be difficult to sonfirm the presence of such a thin layer in a conventional
TEM invesdﬁation of this kind; further work using HREM would bt necessary to ¢xamine this
possibility, Another explanadon, the precipii. iion of supersaturated 5i from the Al interlayer,
would satisfuctorily explain the pressnce of Si out not Al4Cs at the joint, and is also consistent
with the absence of any ciear change in interfacial strength, "This weuld, huwever, suggest the
precipitation of 31 in the 8i-SiC/AYS1-$iC system also, which was not observed,
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HIGH SPEED JOINING OF ALUMINUM METAIL, 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 10 their superior mechanical properties und high strength to weight ratio, metal matrix
composits matorialy 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-equilibium phases in the weld zone, where as

“diffusior. and adhesive joining techniques are rathar slow. Non contact multi-kilowatt laser

Joining, though fully developed for high speed wto’%enous Jjoining of different alloys, is not yet
adequate for joining of mutal matrix composites, Efforts have been mude by severul resesrchers

" to control the composition and microstruoture 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 metalwerking agflicaﬁons. the authors have reviswed the current
stutus of high speed laser jolning of metal matrix composites. Emphasis is placed oh problems
and varlous techniques which can be used to achieve a better control on composition and
microstructure during high energy luser joining of aluminum metal matrix composites,

INTRODUCTION

The ever growing demand for new high performance materials to be used in highly
specialized applications s%urred the development of rew engineering materinls, Composite
materials were developed because no single, homogeneous structural material could be found
that had all of the desired properties for a given application [1,2). Various stiffer und stronger
reinforcements such as particulates, continuous and discontinuous fibers or laminates when
added to 4 relatively weak matrix form a composits material whose properties ure superior to that
of the matrix. Depending upon the type of the matrix, comFosites are divided into polymer and
ractal matrix, Metal matrix composites consist of a matal base that is ;einforced with one or
inote considtuents, such ag continuous graphite, aluming, silicon carblde, 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 coefficlent, resistance to moisture, dimensional stability, jolnability,
high ductility and toughness,

Some of the importunt applicati~as of metal mutrix composites include, mid fuselage,
lunding gear drag link of space shuttle, neutron shielding, aitcraft, missiles, engines, bridging,
}I:_rossure vessels, projectile fins, drive shafts, tubes, reint!orcedesistonn and missile wings [3%.

he structures made of cotnposites 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 _Loininf technique, such
as, arc welding leads to the formation of undesirable non-equilibrium phases In the weld zone,
whete as diffusion and adhesive jolning techniques are rather slow. Several researchers have
conducted differont studies to control the composition and microstructure of laser joined metal
matrix composites. 'The ourrent status of high speed high energy laser joining of metal matrix
composites is disoussed in this review paper.

Electton beam SEB) and luser beam (LB) are two impottant high power denslty joining

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

Mat. Res. $oc. Symp. Prac. Vol. 314, 1093 Materlals Research Soclety
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laser systems, especially in laser beam and workpiece positioning and process control, have
significantly enhanced materials processing applications of lasers. Although, lasers have been
used for joining many im) t engineering materials, its applications to Jlolning of metal matrix
composites is not yet fully developed. A survey of the recent composite and laser literature
clearly demonstrates that in the last thirtecn years, Japunese, Burdpean 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 Glags esoxy composites [4-6], The earlier work on laser processing
was performed on continuous fiber metal matrix carbon/1100 aluminum matrix co,n]z_gosite,
cm'bon/léms%7 a;l]uminum composite, graphite/aluminum composite, and SCS-6/Ti-15-3
composites [7,8].

Mores recent work (Table I) has been primarily on cutting and welding of SiC and
Alumina reinforced aluminum matrix composites whioh are increasingly being used in serospace
applicationy due to their high strength and light weight [9-15]. Dahotri et al, have performed
severyl studios in which the cutting and welding behavior of A356-A] compnsite reinforced with
10-12% SiC was investigated [9-12). A 3.7 Kilowatt, RF excited, catbon dioxide laser
operatinf in continuous and gulscd mode was used. Cola et al, also investigated high speed
laser welding behavior of A356-Al compostte reinforoed with 15% SiC particulates by using a
1.5 Kilowatt continuous wave, carbon dioxide lnser, 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 S and 1.5 Kilowatt curbon

“dioxide lasers respectively [14,15]. These recent studies have greatly emphasized the
advantages of lasers which make it tpossibl«s to uchieve u better control of composition and

microstructure during laser welding of metal matrix composites,
Table 1
Summuary of Recent Studies on Laser Joining of Metal Matrix Composites [9-15]
Duhotri et ul, Cola et al, Kawali et al. Meinert etal,

(1989-91) (1990) (1991) (1992)

A356 + 10% SiC A356 + 15% SiC 6061 Al 6061 Al + Al203,
+20%A1203 20%8iC
3.7 Kilowatt CO2 1.5 Kilowatt CO2 $ Kilowatt CO2 1.5 Kilowatt CO2
(RF Excited) and 300 watt Pulsed | (Continuous wave) (Continuous wive)
Nd:Yug
Microstructurs Microstructure Weld Chemicul Composition
gomg:lsidon Anulysis Control
on

In their earlier study, Dahotri et al. used a continuous laser power of 2, 3 and 4 Kilowatt,
a traverse speed of 25 omys and Ar flow rate of 4 liters per minute to weld A356-Al 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, whereus, the
HAZ consisted of platelike precipitates along with SiC particulutes and small blocks of 8i. X-
ray analysis of the laser melted reglon (Figure 1) showed the presence of Al4C3 carbide and
other phases, It is believed by many researchers that the formation of Al4C3 carbide takes plice
dus to the following chemical reaction between - sminum and $iC.

4Al (1) + 38IC (5) = Al4Ca(s) + 38i () )
The intense heat developed in the laser melted region melts SIC to provide C for the formution of

Al4qC3 (Flgure 2), It cin be seen from Figure 2a, that the amount of Al4C3 formed in the fusion
zone is u function of gpecific energy. This oun be verified frem Figure 2b, where the effect of
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%: specific energy on the volume of SiC is plotted along with the volume of Al4C3, A drop in the
g volume of SiC associated with an increass in the volume of Al4C3 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 controlled 0 3nme extent by controlling
the heat input [9-12),
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Figure 1. The X-ray analysls of laser melted A356-A1+10% SiC composite [9]. |
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Figure 2, (s) The length and width of AL4C3 platey and (b) volume fraction of $iC and
Al4C3 as a function of spevific energy [9).

In another study, Dahotri et al, investigated the effect of laser power on the extent of
energy transfer for three different materials, namely, A356-Al, A3S6 reinforced with 10 and
20% SiC{11]. It was found that the hea: transfer to the composite In actully energy dependent

ses Table II). At low laser powers, the surface emissivity plays an imporiant role, hence the
0% S$iC reinforced composite had the hi’helt abgorption and meluna igure 3). At medium
laser power, the extent of energy transter is controlled by fluid flow, hence the ratio of
Dispersive Power to Incident Power (EDP/IP) which {8 similax to absorptivily, increases more
nop { for A356-Al than for any of the composites tested. It actually decreses for A356-
20%81C composite, indicating that other heet iransfer effects were influencing the fusion zone,
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The presence of reinforcement diminishes the role of convection, At high laser power, due to
onset of the keyhole, the absorptivities (Table IT) and hence the extent of melting (Figure 3) was
same for all the materials, .

(13

)
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Figure 3, Weld bead radius vorsus iricident power [12).

Table I
Ratio of Dispersive Power to Incident Power (EDP/IP)

[ Tncldeit Power EDPIIP
(Watts) AJ383-Al 10%SIC 20%SIC
1000 0,04 A1 24
1200 0.04 10 20
1400 0.04 10 A7
1600 0.07 13 A7
1500 0.09 13 16
2000 0.09 14 A5
2400 013 15 13
v » ] 5
~¥Relerence 12

It ix important to tnention that these observations are similar te those reported by Meinert
et al, (lFigm 4) on absorptivities and depth of penetration for 6061-Al and 6061-Al reinforced
with 8iC and AIE‘(‘? [15). Ttuvan be seen that 6061-Al has the lowest penetration, whereas, the
presence of SiC and A1203 increused the aborptivity, 6061-Al reinforved with Al203 showed
highuat sbsorplivity and dopth of penetration, The presence of Al203 chanyes the eleotrioal
resistivity amd surface properties of 6061-Al matrix, hence due to a better coupling, more
efficient transfer ¢ energy takes place. The formation of carbide was still a problem, however,
it was proposed that lz‘ ing a suitable filler alloy its formation could be suppressed to a lorge
extent, Fres ensrgy data shows that due to thelr [ow energy of formation (Figure 8) titanium
and zirconiumn form carbides in rpmforence to aluminium carbide. The laser walds made with
dtandutm fillur wire showed that formation of aluminum carbide was indeed summued. Instead
of lerge plates of aluminum carbide, a very fine dendritio strusture was found. in the fusion zone
of 6061-Al composite [15).

Kawali et al. provided some vety interesting tesults on the role of shielding gas flow and
direction ot the suppression of plasina, weld quality and surface appearance [14?. 'Weldn werr
made on 6061-Al and Duraloan composites uging a § Kilowatt laser and nozales of different
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orientation and shapes. All orizntations of nozzles, excopt when the nozzle was placed in such a
way that the gaz flow and weld directions were same, falled to pmduc:‘good welds in Dyralcan,
A theory 10 explain plasma breakage and formation of crescent sha ges for laser welding of
Duralcan was proposed. When the gas flow is in the divection of welding, the gas pushes the
ridge out of the plasma plume reglon and hance the explosive plasma-Al203 interaction does not
take place. Any other nvzale orientation would result in plasma-alumina reaction for laser
welding of Duralcan, It was suggested that to make good welds, the gas flow should be lurninar

. and free of any turbulence in the weld arca [14].
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Figure 5. Free euergy of formation of several metullio carbides [15],

CONCLUSION

Several ressarchers have performed high speed jolning of metal matrix composites using

both continuous wave and pulsed lagers. 1t was found thut the formation of non-equilibrium

hases, which is very common for fusion welding, and loss of relnforcement partioles, which

eads to excestive pomlt{. c&n bo reduced signifinantly by (a) controlling the heat input, and
(b) using u suitable filler alloy, such us titanium wire durlng luser welding,
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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 und Engineering, M.L, #12 University of Cincinnati,
Cincinnati, Ohio 45221-0012

ABSTRACT

A rapid infrared joining (R1) technique hus been developed at the University of Cincinnati for
high temperuture materinls, This technique tukes only a few seconds to a few minutes to join
urts up to 1.8 cm in thickness. The advantages of the RIJ technique are quick, simple,
nexpensive, no vicuum or pressure needed, no effect on the taicrostructure of the base
material, flexible and feusible for portable operation, For titanium joining, both Ti-6Al.4V

; and 218/SCS-6 composite huve been successfully joined with infrared at ubout 1000 °C for
: 30 seconds in urgon with u TINICu brazing alloy, ‘The maximum joint shear strength Is up to
354 MPu, which s higher than thut of uny bond joined with conventional brur.lnf techniques,
b Our study hus shown that the longer the joining time, the wider the joining uffected zone.

Prolonged joining cycles allow for attuck of the titanium ulloy by the molten brazing alloy.
Results from the titanium matrix composite (TMC) jolning show that the joining strength for

' the infrared bonded puits Is superior to those processed with the conventionul techniques.
INTRODUCTION

} With increasing complexity of enginesting components to fulfill ever increasing nemfs
In machineg performance, new demands for jolning advanced high tempetature materialy are

f warranted, Bonding of honeycoinb structures, small purts, composites, und dovices where

the materials ure relatively thin and intelcute, requires i tust, controltuble method of heatlng In
otder to limit the diffusion, chemical reaction, and alloying between the buse material and
brazing allay, A rapld infruved joining process being developed ut the University of Clacinnuti
‘ hus met the stringent requivements of such new demunds in mutertuls joining[ 1], This process
! has been demonstrated to provide a rapld, simple, and instant storting nnd stopping technigue
‘ for muterials bonding.
: In joining of titunium alloys and titanium matiix composiies, Issues of concem include
(1)the joining temperature, (2)the developrment of the Widmunstatten structure in the jolnt, and
(3)solid-state diffusion of brazing alloy into the substrate, which results In requiring excess
amounts of filler muterlal to provide perfoct weting and bonding. Joining ubove the a/p
trunsition temperuture, Y55-982 °C, for un extensive perlod has been reported to cuuse the
mechunieul propertiss of the buse metal, such us ductillty and toughness, to be lmruh‘ml
brecause of the phase transformution und coursening of graing of the base metul] 2,3}
Conventionally, folning of titunium alloys Is neconiplished by fusion welding, resistence
{ welding, diffusion bonding, or brazing|2-6]. Among tﬂcm. braving and diffusion bruzln;[x ure
preferred For jolning complicated and precise components, Joint strengths of Ti-6A14V
reported In the literature vary with difterent llolning mothods, When jolned with laminated
brazing filler metals, Ti-14Cu- LAN] witlo, with v overlap length equal to the thicknesy of the

\\;- buse muterinl, designuved as 1Ty u soom temperature tensile shear strength of 310 MP was
8 obtained(2). Diffusion brazed TI-6 AL4V Jolnts using Cu filler metals with 1T overlap showed
N room temperature tenstle shear strengths of up o 496 MPald]. In the case u{ induction
i bruzing, room temperagure tensiie shoar strengths for Ti-6AL4V 1T overlap [oints 4F 427 MPa
) have been repon | with an amorphois Cu-30T1 wi% filler metal|6],

I The rapid infrared jolning technigue that we developed can produce heuting rtes
L excoeding 100 °C/see up to the bruzing temperature and cooling to below 800 °C in o few
[. seconds which decreuses or eliminates the ndverse etfects of prolong heating above the o/
\ trunsformation twmperature, Procise heating with infrured further mininuzes the formudon of
! the Widmunstagten structure in the joint, which was believed to couse deterioration of joint
l”:\
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ductility(3]. With infrared joining, the amount of filler raaterial necessaty to form a good i1oim
can be minimized due to the fast headng vate which linits the solid-state diffusion of the filler
material, thereby leavirig 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 atmosphere[1], This value is on the order of
that obtained by conventional vacuum brazing of the same material, .

EXPERIMENTAL

The Ti-6A1-4V alloy used in this study was obtained from Air Force Wright
Laboratory. The titanium matrix composite, p215/SCS-6, was obtained from NASA Lewis
Rescarch Center. Ti-6Al-4V wus sectioned into 50mm x 15mm x 3.5mm specimens by
electron discharge machining, EDM, p21S/SCS-6 specimens were sliced with dismond
whecls on # Buchler low sfced saw into 31 mm x 3.5 mm % 1.2 mm specimens. All TI-6Al-
4V samples were chemica l%! ¢leaned with a chemizal etchunt conslsting of 10ml HF, 45l
HNO3sund 45ml water. The TMC sum?lcs wete ground to 4 16 pm finlgh, The viched samples
hud a surface roughness of less than 14 microns when measured with a profilometer, Such
surfuce roughness was similar to that polished to u. 600 grir finish, Beéfore joining, sumples
and filler material were degrensed in an witrasonic cleaner and rinsed in acetore. 'The filler
muterial wus a 17 micron thick foll, MBF 5003 Ti- 15Cu-15Ni wt% supplied by METGLAS,
The specimens with the filler metal were theg&l)aced in the Infrared furnace In d single lap jolnt
configuration aocording to ASTM standard D0012-72!7), No cxternal pressure wis applied to
the parts being Joined. The specimens wers argon purged for approximdtely 60 seconds prlor
to the heutlng c(‘;cle. During the entire jolring procesn, argon wus puiged through the heating
chamber at 250 mi/min in order to prevent oxidation. The processing temperature wus
monitored with a chromel-ulumel K type thermocouple spot welded on the specimen near *he
Jolning area, T{glcally. the temperature of the specimen was brought to the praset joining
tempatature in

utmosphere. The conling rate was rapid dug to the cold wall pracess of Infrared joining, in
which only the sumple was heated to the desired jolning temperature, The sumples normally
cooled to below S00 °C In less than 10 seconds. .

RESULTS AND DISCUSSION

Joining of TI-6AL-4V

With Ti-15Cu- L5Ni alloy as the filler mutonal, Ti-6Al-4V specimens were joined at
virious temperatures for 30, 60 and 120 seconds, Figures 1a, b, and ¢ show plats of joint
shear strength as o function of joining temperature for holdin%‘ times of 30. 60, and 120
seconds respectively. It cun be seen that the bond shewr strength inereuses with incredsin
temperature and time to a maximum value of 554 MPa. It is clear thut at the joining time of 3
seconds, the higher the temperuture, the higher the shear strength. At 60 saconds, the bund
shear strength shows b maximum at 1100 °C; und at 120 seconds. ihe bond strength shows u
muaxlmum at 1250 °C. It uppears that the 60 second bonds ute stronger thun both the 30 second
und 120 second bonds, oxcept those joined ut 1250 °C Joining at 1250 °, lwwnver, is not
desirable due to the large reaction zone,

The quality of jolning was inspected from cross sections of u different set of joints
mide at 1120 °C with infrared as shown in Fi¥um 2. The joint cross section inspections from
oplical microstructural photos reveal that: (1) all Infrared bonds exhibit excellent wetting
between the flller ulloy and the base Ti-6A1-4V alloy: (2) no veids were observed in the joint;
(3) the Widmunstatien structutes hus developed in ul joints: (4) the width of the joint uren
Increase with increasing Joining time and temperuture; und (5) i bright zorc observed n the:
middle of the joint ut low joining temperature and short joinlng time demninished os the joming
tempetrature and time increased.

-20 seconds und then, held ut that teriperature for various lengths of time
before the power 18 terminated, After jolning, the sample covled naturstly in an argon
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Flgure 1, Joint Sheur Strength of IR Ronded ThOAL-4V Specimens,

Figure 2. Optical Microgvapii of Joint Cross Secticns, 1120 °C u, 30 sec, b, 60, and ¢, 120

From Flgue 1, it can be concluded that the optimum infrared joining ¢ondition for Ti-
6Al-4V iy at 1100 °C for 60 seconds. Joints mude under this condition have a joint shear
strength of 554 MF4,  The best _lulnt strength reported iv 496 MPy for joints mude by
Freedmun[4] with a diffusion brazing technique ustng Cu as the filler material. Due to the
prolong hauting of Freedman's joining procecure, it was reported that the mechanical strength
of Ti-6Al -4V hus been deterlorated signiticuntly, With Freedman's joining process, th tensile
strength of tae buse atloy cun be reduced by 6% und, the vield strength by 9%, Not only
providieg stronger juints, the infrared joining process |s superior also i that there is little
effect on the bavs materiul properties,

Figure 3 shows the meusured vidth of the joint ares us u function of the jolning time at
respective. teinperatuies, Duta from this dingram indionted that the jolnt width vurles lineurly
with the processing time. Such a trend suggested that the bond widih is controlled by the
dissolution of the base material by the moiten tilier alloy daring jolning, Comparing the bond
strength with the width of joints, it cas be seen that thers is no definite cotrelation between
these two joint mopemea. However, examinations of the debonded fracture surface of the
jnintri’ \.lvh SEM reverl a possihe linkage between the bond strength and the bond
morphulogy,
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Figure 3. Joint Zone Width as a Function of Joining Temperature und Time.

Careful inspection of the joint cross section microstructures suggest thut during. replid
infrared joining, dissolution of the base metal begins as soon us the braze alloy melts. The
addition of Ti-6A1-4V into Ti-15Ni-15Cu shifts the brazing alloy composition and chianges
both liquidus and solidus t¢mperature of the molten phase. As time goes on, moie Ti-6Ak4Y
is dissolved. Eventually, The composition of the molten phase will shift to a corposition in
equilibrium with the Ti-6A1-4V phase. From then on, no more dissolution of Ti-6Al-4Y will
occur, However, since both Ni and Cu are present in the molien phase, these two elements
will diffuse into the Ti-6Al-4V phase. Concentration gradients of Cu and Ni will be

established. The depth of diffusion depends on the temperature, time, und the diffusion

coefficients of Cu of Ni in the Ti-6Al-4V structure, Meanwhile, a5 # result of the diffusion,
the Cu and Ni concentrations in the molten phase will be reduced, Such u skitt in composition
will cause precipitation of the Ti-5Al1-4V phase beck on to the dissolutice: front. It 1s likely
that the growth of the Widmanstatten structure is the result of sucl: Ti-sAl-4V phase
precipitates which contain both Ni and Cu.

Although the infrared joining time is short, our exp=iimenis huve shown that the
dissolution has largely widened the joint area. Maur.siils, +t 1250 °C and long processing
time, regions of diffusion uffected zone beyond the joint zonc: can he identified, Figure 2. At
the completion of joining, the power was terminated and cooling occurred rapdly. Ty%icnlly.
it takes only less than 10 seconds for the specimen to rocl duwn to 500 °C. V/'ith such rapid
cooling, solidificaiion would occur most likely following .. con-equilibrium path, Burlng
solidification, even if the composition in the mohen nortion of th~ joint could be treated as
homogeneous due to rapid diffusion in liquid, the soliv.fied pcrtion w , uld have significont
composition variation since the solid state diffusion is severu) orders of magniuGe smaller the
that (a-the liquid,

‘There is no phase diagram of the Ti-Al-V-Ni-Cr systam avuilaole for us to verify the
joining puth mentioned above. Howevey, it is most likely tout the final arap of the gnid
would be the composition approaching the eutectic vompesition of this fire component
system. It is to be noted, also, that depending on the smouit of the Ti-»Al-4V dissolution and
the tcmsaemurc of joining, the solidification nath wili be Sightly differed und, the €inal liquid
composition will be shifted.

The existence of the Widmunstatten sirurture has been reported in the joint of Ti-6Al-
4V with conventional vacuum brazing tecuniques. The devclopment of this sivucture wiss
believed to huve jeopardized the joint progerties. in this study, although the joining time iy
only up to 120 second:, the Widmanstatten svecwre was still developed even in the jnia:
prepared ut tiie least severe condition of this study, Since evan the least severe processing
concitior has evolved the Widmanstatten structure, it is unlikely that there is an optimum
joining procedure in which the Widmanstatten structure can be eliminated in the as joined
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specimen, However, due to the fact that this structure is the result of the micro-segregation
during the solidification stage ofgoining. it cain be removed viu n post heat treatment practice
should this structure bz not tolerable in the final product.

Long heating times above 955 °C have been reported to oause excess grain growth und
p-phase embrittlement of Ti-6A1-4V[3]. In this study, although joining was perfortned up to
1250 °C, since the joining time was extremely short, 1.e. 2 minutes at most, there was little
grain growth observed, Figure 4 shows the microsteucture of the as received and infrared heat
ireated (1250 "C for 120 seconds) Ti-6AI1-4V . recimens etched with a 2 ml HF in 100 ml
water ¢tching solution for 10-20 seconds, Both- the grain size und the o/g phase rutio remain
unchanged from the heat treatment. - In order to determine the effect of the infrared joining
cycle on the tensile property of the Ti-6Al-3V alloy, six dog-bone tenslle specimens were
prepared with EDM to d dimension of 10 x 1.5 x 0.3 cm with a the %“LC aren being 3.5 x 0,65
cm, Four of the speciinens were infrared heated to 1100 °C for () seconds. 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 advuntage of infrared joining over
other joining techniques for Ti-6Al-4V reported in the literature,
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Figure 4, Base Material Microstructural Comparison of Ti-6A1-4V Before & Afier IR Joining
Jaining of Titanium Matrix |

The joined TMC, 215/8CS-6, samples were tested by the shear mestind used utwve
in order to obtain shear strengths for the jolned lap specimeans{8], The sirain rate used was
.254 mmymin for all cases, In order to determine the effec:s of the hewing cycle during lnining
on the degradation of composite fibers und the properties of the TIAC, o separare. expdiiment
was carried out by exposing the TMC specimens to the IR brozing conditions, Thrae poiut
bend tests were conducted on the as received and thermal cycled TMC in ordér to estubiish the
strength and modulus of the TMC, SEM examinations were performed o1 the ps-receiver! aud
IR ¢ycled TMC in order to establish if any expansion of the veaction zone arourid \he fiber had
oceurred, Optical examinations of the cross sections of the debonded TMC joint were also
conducted ta reveal the plane of failure,

Effects of Infrared Joining on the Titanium Matsix Coruposite §218/5CY:6
Joint shear strengths of 285.6 MPa were obtaineu for the IR joinzd p215:8CS-6 TMT
[8). Optical examinations of cross sections of the TMCZIMC Joints thow na vokl content, The

three point bend tests on the TMC sumples revenled that there s little change in flexura)
strength, approximately 3%, due to the IR tempurature cycling. Tiis suggests that there is no
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dettimenial effects occurtiag to the TM during jolning of shear samples, Also, a 2.5 % total
strain was obseived in the thermal cycled sampler wirich further sufge.sts,ahaz no detrimendal .
effects occuired in the have TMC as 4 result-of the infrared jeining. Scanning eleotron
microscopic'examinatiung of the reaction zone betwern the fiber nnd matrix reveal no change
in the reection zone size, s indicates that the rapid Infrared folning techuique is so rupid that
¢xsentially no microstructusal odisizaticn is mads to the buse TMC, N _
’ . The plane of failure-of thy TMC/TMC was in the joint aréa for the RIJ sumples, There
o was delamiqags'm eftests Jbserved in conventional joining of TMC[B), Such delamination
- - phenornenot: of the: TMC i the converitioful pocessing is belirved to be duato the hrazing
. affected Zune. The RY jrocedsed 'I'MC vithed crars #eations in und outside the joind areds
fucsher denlct thesthere 18 litde to no bnawe sffecied wone, .+ S
A'compariron ot conw¢ntionul vasuutny prazing of B1-58C8 TMC and RIS joinin
of ?ZISISCS- 5 TMLC ceveals tant thie sheur,s\:e,ng;im-h’ﬂ ihe RUJ jolnad wniterial are 12,5
larer. Aisa, the conventionii process shols U 38% degirdation In the room temperatiyre
strongsh of the TMC due to procelsing, ssuuming a thtde polat bend test was used to obeain
strengih values, On thiy othet hipd,a 3% degrade In the-y 50 TMC was ubscrvea when three
point bend tests wer: performedd on tha RIS lher'm%! cyeled TMC whiol 1 within experitrental
error, Furthermore, tfi¢ conventionalty prousssed TMC showed a. 829 % 1otal strain while the. .
RIJ piocess TMC shicwed u 2.5-2.6 % total i »2 1y9r temperature[R], - X

. CONCLUSIONS T

\ [T o !
Tulmitig of Ti-6A1-4V and #1215/5CS-6 s bekiy studied upplylnf; a vapid infraved.
d Johting technigue ciing developed at the University of ircinzat, The joining way perforimed
: at wriperatarss between 1000 and 1259 °C and times betwenn 10 and 126 secons, kixcellent
© jotts ware obtained using Ti- 1SNI-15Cu with as v folnh:g filloi'imaterial. A maximut. joint
shear strepgth of 544 H1}a was obtained for i153Al-4V whet procesued at 1100 °C for 60
seconds, It was observed vinat.the width of the jqint in: reases lineariy wiik time at a constant
emperawre; However, thero is 1o defilide corrulallan Loaween the joint sarength and the Jolnt
zane width, IR joining of 21 $3/SCS-6 1evanled vold free joints with shear,strengths of 2856
MPs st 1t processing temperatuse of HKT“C nnd time of 10 seconds, The TMC maintained
97% of its origina.’ Hexural strengvh after inteabed: processing whiie producing the larges) juint
shear strength eveilable in the liternture. " C T
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CAPACITOR DISCHARGE WELD MODELLING USING
ULTRA HIGH SPEED PHOTOGRAPHY

R. D. WILSON!, J, A, HAWK' AND J. H, DRVLETIAN?
! U.S. Bureau of Mines, Albany Research Center, Albany, Oragor-97321-2198
2 Oregon Graduate Institwe of :Science and, Teql;nology, Beaverton, Qregon $7006-1999

ABSTRACT

'Camitor'dlséhirgu welding (éDW) 13 & rapid solidification joining process where
high cooling rates (10% K/s) ate obtainsd a3 a result of the large weld surface atea to small
weld volumc. Tha objective of this gudy, direcred by the U.S. Bureau of Mines and the

", Oregon Graduate Institute cf Science and Technology, was to vse ultra-high speed
- photography to quantify transient arc beliavior during the CDW coycltt, The simple

oylindrical geometiies of the CD welds have heen used to thrmulate analytical models
which are compared to ths high speed photographs of the weiding process. The high speed

. photogiaphs “ware analyzed with 1espect to welding time and process weld variables and

compurvsi 1o Sredicted values Srom the analytical moflel, . The detailed photographic
analyses revealed ..t material is continucusiy ejected as a plasma froni the weld area due
1¢ induced magnetic forcea, rither tnan having the linuid metal squeezer out of the weld
upon conwst, i was found that walditig time was controlled by tip length and drop height,
Resuits from high speed photogrunha:found the arc trave! speed utound tube welds to be
109:n/s. Finally, ihe high sueed pliotographs revealed that the valocity of are propagation
during ignition was fast ennugh to uliow the CDW procesy to e modelled ay one-
diensionu! isat flove.

INTRGOUCYION

The cepacitor dischirge (CD} weldiag unit consists of a capacitor bank, a power
tupply for cxarging the vapacitors, and the alectiodes {o ba welded, This unit, in
operation, is shoven in Fig, 1. The actual welding process takea from 1 to 3 ms, using a
ourrent of about 10¥ A (DC). Initial contaut starts ai the welding tip vith tp lenpth
controlting tie welding thne, Recont studies kave shown that couling rates during CDW
approuch 10° K/s, making CDW a raplr rolidification process: !

The purpuse of the CO'W investigation was (o detertrine the sharacteristics of are
inltiotion and propagation, he interhctisn of the metyl plasma wiith the induced magnetic
field, and the fiow behavior of the metel plasmw/molten metal upon jolnt closure.  Ultra-
high spexd photogruphy was usid to devalop o mathematical nusdel, capable of predicting
are bahavior und weiding time, In another study, the rasulis fiom the high speed
ttatography coupled wiih a one-dimensitnal finits slement lieat i=anstar model, were used
tu p.edict thy weld thicknoss, amoun of e pelled meil, cooling rate, and the solldification
parsaotor u¥ 2 unction of time aad distanas from th, wveld cettorlinet

"The impo an factors controliing the < IDW process are welding tip length,
capacitance, voltage, are’ Wleetrode xeparation, 1.e., diop height, Figure 2 is a schematic
represcntavion of she CDVY cye . Flaute 2a Lhows the imtin! positon of the tithode with
weldirg tip and te anode. At this point the capavitor Lank Is fully charged und the
resistance of the aircunt is laflnite, Figure 26 shows the p »f tha cathode striking the
ancde, thus discharging the cupacitor vank and iaitlating e arc. The arc quickly spreads
across the electrode Jace and metnl plesie streams away from the jeint (Fig. 2c), At this

M4t, Ree, e, bymp, Proo, Vol. 314 «10w3 Materin/g Researy: Society
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‘ Fig. 1. Capacltor discharge welding process used to join metal cylinders,

Id
S Vopar = . L‘«.‘F g

Fig. 2, Time process of COW process: (1) cathods positioned above anode; (b) arc ignition
at the welding tip; (¢) plasma expulsion; (d) ejection and condensation of plasma
into small metal particles; and (e) CD Joint after electrode contact,
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instant, the resistance of the clrcuit is 2 X 10 chms. 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 fleld. Plgure Ze shows full electrode contuct. The resistance of the circuit at
contact decreases to zero as the ate is extinguished and the layer of liquid metal at the
electrode interface sotidifles to form the joint, Figure 3 shows the microstructure of CDW
304 stainless stevl, 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 s 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 i3 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 um 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
dinlmlhu 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 Fe,Al intermetallic alloy
was vacuum induction cast, Electrodes for the digsimilar metal welds were made from
commercially available 304 stainless stes! 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 buse. Tip lengths were varied
from 0.63 mm to 1.65 mm, while the tip diameter remained 0.5 mm. 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 conslsted of a Eric Jones (Model PSWW.100)" capacitor
discharge, production welding system. The welding unit uses gravity to drop the cathode
onto the anode while discharging tha capacitor bank, Table | lists the welding conditions
used in these experiments. Four primary welding parameters were selected for svaluation
in this invastigation: drop height, tip length, voltage and capacitance,

High speed photogtaphy 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
commerclally 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 aro {nitiation,

*Reference to specific products does not iruply U.S. Bureau of Mines endorsement,
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TABLE I
Welding Conditiony
Voltage o 90-100V

Capacitance 80,000 uF

Drop Height ‘ 50 mmi

Tip Length 0.63-1.4 mm

Filin Speed 44,000 frames/s
RESULTS AND DISCUSSION

Ultra high speed photography was used ‘o record the CDW of similar mmals with
different tip lengtha, dissimilar metal joining, and the jolning of stalnlesy steel with varlous
electrode geometries, Figure 4 s a high speed photograph of a typloal arc strike observed
at the onset of the CDW process, The cathode, with its 1.1 mm long, 0.5 mn diameter
tip, can be seen above the anode. An inverted cone shape I8 often seen in the first frame
of arc Initiation, indicating the ignitlon tip has contacted the anode. If the £xo 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 anoce. At 44,000 frames/second, the elapsed time
between frames i3 22,7 us, Within 44 us, the arc has spread across the surface of the
anode, Compared to the total are time of 1,5 ms, 97% of the arc process Is between the
elestrodes ay determined by the one-dimensional heat transfer model,!

After arc initiation, metal plasina is expelled from the CDW jolnt, Figure 8 (Frame
P-2-14) illustrates the process of plasma expulslon due to are magnetic forces, The
magnilude of the arc force (F,uc) is defined by Bq.(1)*

where y, is the permeability of free space and 1 is the current, When the current is 132
kA, for example, an arc force of 877 N s calculated from Bq.(1). Thus, the plasma is
expelled from the joint at a velocity of 35 m/se, as mesured form high speed
photography.

The shapa of the plasma cloud (Fig. 5, Frame P-2-14) I3 a totus and iy due to the
interaction of the positively charged, metallic plasma with the current induced magnetio
field, A sohematic representation of this process is shown in Fig, 6, (Conventional
electrio current is upward in the opposite direction of electron flow from the cathode to the
anode, The magnetio field vector on the right side of Fig, 6 13 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 axpelled with an initial velooity
perpendicular to the axis of the electrodes, The plasma experiences a Lotentz force
perpendicular to the velocity vector and changes direction as it movey 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 expelied ;lasma can be
calculated, assuming singly charged iron fony maving at a velocity observad in the high
speed photographs, using Eq.(2)
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Fig. 2, 304 stainless steel weldl deposited by CDW uuing short (0,63 mm) ignitior: tip, The
coll spucing Is 1.0 um, correspording to & cooling rate of 5 ¥ 16? K/, 500,

g, 4. High speed phoograph of the CIY welding 1, ay the cathode contacts the anedo.
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P-2-13

P-2-14

P-2-15

P-2-16

Fig. 4 CD weld of Hy,Al at 100 V, 50 min drop helght, and 0.88 mm ignition tip length,
'The plusma "ourl” has & radius of 3.17 \om,

OO O] b & @
D 0 0 & @ @
O © 6 B & B

Fig. 6. Nuswation of the electvic curcen! and induved magretie fleld lines generated during
CDW, Magnetle fleld liney ot through the paper o Indicated--the path of the metal
plasma lons Is cireular with a radius equal o R,
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anﬂmvzt (z)
9 H,l

Where m is the mass of the moving lon, v s the mugnitude of tho initial velocity, t iy the ;
. elapsed iime from arc initiation, q, i3 the chargs on tie metal lon, p, is the permenbility of i
" free spave and I is the current at the elapred time after arc initlation. Eq,(2) prediots the l
! plasma radlus (Fig. 5, Frame F-2-14) to be 2,1 mm 0,8, The correlation between the
: observed metal plasma behuvior and the predicted values from Equation 2 strongly suggest: ‘
, (1) the plasmu conylsts of metal lons with u uingle charge, or greater; (2) the magnetio
: field is the primary force conirolling the plasma behavior; (3) the radlus ls Inversely
: rolated to lonls oharge and current; (4) the plasma radius Ja directly related ‘to the fon inase :
and welding time; and (3) the plasma 1adius is related to the sguare of the Initial veloeity,
Bquation 2 through 4 were derived fiom the consesvation of mass and energy by the ;
author, : ;

Aas the eloctrodes close, soveral important observatlons ean be made from the high |
speed photogtaphs, After arc initlation, matal plasma is seen to continuously stream from i
the CDW joint, At joint closurs (Fig. 7), inctal plasma ceases to be cxpelled from tie !
Jolnt, As the plasma cooly, it condenses into hot metal particles and continues to mowe ‘
away from the jolnt, Contrary to popular belief, liquid metal is nov extruded from the !
CDW joint after electrode contact due to hydrodynamle pressure, Inatead, a thin Ml of
metal remaining on the eleotrodvs at the time of closure rapldly solidifies due to the good
heat transfer batween molten metal and eleotrode,

The olapsad time {rom arc inltlation to iolnt olosure was measured for several €D
weldy, with variouy tip lengths and drop heights. Figure 8 llustrates theso msults, 'Two
CD welding trends tan be retated to Jgnition tip length and drop height, Inoreasing the
ignition tip length inoreases the CD welding time, Coaversely, {f the deop height {s
increased, the welding timo is decreased,

The ourrent in the CDW circull lncrenses after are inltiation and then decrearos as o
function of the resistor-cupacitor {RC) time constants, As the electrodes make conficit, the
olrouit reslstance deoreases, resulting in i curtent spike, as illusteated in Fig, 9, The
welding time is measured from the start of cuirrent flow to the currant spike at electrode
closure. An equation was develnped to predict the walding thine with the rosults illustraied
as dushed liney In Fig, 8. The welding time, T,ls caleulated from:

L+b

- nn il @

G

Where L, i3 the welding tlp length, b Is the distance the elactrodes melt back, g is the '
accelerniion of gravity, and H i the drop height, Control of the welding time 18 very \
important in CDW, because T,, 1y directly related to cortain metallurgical charaoterdstics, -
such as weld strength and weld porosity, For example, too short of a velding time results

in poor electicde fusion, because the capacitois cannot discharge lito the weld completely

before ¢lectrode contact, Howover, the molten meiat of the elsctrode suifuces can solidify

before jo!nt closure if thie welding time is longer than the RC time constant, BEq.(3) :
auggosts the most important factor controlling welding time iy tip length, The melt back '
disiance s linearly related to walding time, but melt back distances cre very short in the

CDW process compared to welding tip length, Af high heat input, however, melt back

distance can be an importunt varinble, increasing the overall welding time, The square

ront of drop helght is inversely related to the welding time; this means it has a lesser effect
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Fig. 7. High speed photograph of joint closurs during COW, Plasma und metal purticles
continue to move sway from joint in trajectories doseribed in Fig. 6,
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Fig. 10, SEM micrograph of a CD welded 304 stinless steel (cathode)-6061 aluminum
tanode) couple. Note the purtinlly 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 welght is not a
factor I Bq.(3). Furthermore, Danks® and Venkataraman et al.* have shown that
varia,tions in drop weight have an insignificant effsct on welding time.

Due to the rapid solldification churacteristios of the CDW process, joints in
dissimiler metals have only srmall amounts of deleterious intermetaiiic phases, Dissimilar
metal couples have been recently examined by Dogan et ul,” Figure 10 illustrates a joint
between a 304 stainless steel {cathode) and Al-6061-T6 (anode). A partially mixed zone of
the primary base mietal constituents is observed in the weld zons, However, in dissimilar
welds ‘vhere aluminum was used as the cathode ahd 304 stainloss steel was used as the
anode, significant microstructural differences resulted. For example, a thinner weld {s
obtainec' using stainless steel as the cathode, In addition, the partially mixed zone (PM7)
in the D weld (A) 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 disvimilar metals,
Alumin n /steel cathodes wore welded to steel/aluminum anodes, No observable
differences in arc initiation and plasma sxpulsion could be determined from the high speed
photographs. Further expetimentation is needed to vlarify the source of the metallurgical
differences in ihe dissimilar metal welds,

Capucitor Discharge Tube Welding

Typlcally, CDW has been used to weld fasteners to plate or sheet, Recently,
methods for welding tubular products have been developed, e.g., the welding of 304
stainless steel iube {o stainless steel plate or tube, Some of the important fuctors to
consider when tube welding include: (1) welding time and (2) the velocity of the arc
travelling around the circumference of the tube arc initlation, As with the CDW of
cylinders, the welding time must be controlled, or cold welds (i.¢., poor fusion of
surfacos) with little strength will result, If the welding time Is too long, then solidification
of the weld pool occurs before the electrodes make contact,

Control of arc velocity is Important in tube welding, because the are must move
around the tube fast enough to ensure that both anode and cathode are still liquid upon
contact, Figure 11 shows the steady-state CD tube welding process. Imagine that a
tubular cathode is cut along the longitudinkl axis and then flattened., Assuming the cathode
is perpendicular to the anode, the urc will move alony 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 of the material, The relatianship between
arc velocity, dx/dt, and the CDW varlables in CGS units, is glven in Eq.(4):

[ L L e G

dx 4
at ~ Rp AH,wh °’“’( RC) “

where V is the capacitor charge voltage, R s the resistence of the are, p is the deasily of
the material, AH, 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 suggesis several
interesting variables for controlling the arc veloclty in CD tube welds. The aie veloclty is
directly related to the discharge rate of the capacitors, Therefure, at the beginning of the
discharge cycle, the veloeity is fast, but it slows at a rate equal to the RC time constant
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Pig. 11, llusretion of the CD tube welding process. W Is the wall thickness and b is the
melt buck disianes, ' S
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Flg 12, Sequence of high speed photographs of an arc moving (from right to left) around
the periphery of u 6.35 mm diameter tube. The urc velocity os 109 m/s,
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i until it reaches zero at complets discharge, The are velocity is also directly related to the

i : square of the voltage; that iy, slight increases In voltage will produce significant quadratic,

: nowiinear increases \n arc velocity, £s wouid be oxpected,'electriral resistance and the

thermo-chemical inelting factors w, b, p end AH, ute invessely related to arc velocity.

< This simply mesvis that materiale with high melting te peratures, or tubes with thick walls,

0 . will have slows? arc velocities.

: Figure 12 shows a high speed photograph of the CD lube welding process, A 304 _

stainless sieel cathodg, 6.35 mm in diameter with a 1,0 mm wall thickness and a 60° )

" beveled edge, was welded to a similar stainless stéel tube anode, Initia; welding
conditions were 90 V and 80,000 uF, The first frame shows the 2xc strike at the right
edge of the tube which moves to the [eft at 109 m/s. After four frames, the ars has inoved
completely around the tube. A predicted arc velocity from Eq, (4) of 108;{;10 m/s was
caleulated, assuming the melt back distance is 1 mm, the arc resistance is 102 ohins, and

. the energy needed to melt iron is 1925 J/g. Research contindes in the area of CD tube

v welding in order to determine the maximum tube weld size and the viability of joining
dissimilar metal tubes,

d ‘ . CONCLUSIONS

Ultra high speed photography is an effective means of exanlining the translem
behavior of the capacitor discharge process, Hig!. speed photography-hds shown that
welding e is primarily controlled by welding tip length, Mete! plasma is continuously

: cxpelled as a consequence of the induced magnetic forcen generated during CDW and
. hydrodynaitiic extrusion of weld meta! after joint closurs is an insignificant effect, Finally,
CDW tube welding i possible if arc velocity and welding time can be controlled.
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CAPACITOR DISCHARGE AND FLASH WELDING OF SIC-REINFORCED HIGH
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Abstract

Discontinuously reinforcer- Al allbys (DRAs).are difflrult to join using conventional fusion
welding technigties due to irhomngeneous redistribution of the reinforcements and rsaction
between molten Al and SiC” Two speciulized welding techniques, capacitor discharge welding
und flash seliding, werc.ussessed as possible ways to gvid these problems, Using these
techniques, welris were made with two DRAs: 8009/SiC/1 1}y and 2009/SiC/15w, Capacitor
discharge we'ding resulted in the formation of Al-carbldes in the weld zones, but flash welding
preduced satiqfnmorv Joints in both DRAs.

Introduetion

The serospace industry is seeking Al alloys with incrensed elevated tempersture strength and
inereksed modulus in order o lower aircraft weight and improve performance. Discontinuously
reinforced Al alloys ‘DR As), reintorced with SiC whiskers or particles, are currently recelving
cong'derable aitention. Joining DRAs by fusion techniques such us meral/inert gas or laser
welding Is problematicul, however, The high temperatures experienced in the weld zone (WZ)
can cause mollen Al to react with the 3iC reinforcements, forming undesirable Al-carbide
precipitates. In addition, the reinforcements can redistribute themselves in the molten weld
panl, resulting in an inhomogengous distribution of the reinforcements in the WZ and degraded
mechunical properties.

Two joining merhods which show promise for ovarceining these problems were given a
preliminary assessment ut McDonneii Douglus Aerospave, The first, capacitor discharge
welding (CDW), fozcas joints at rapid solidification rates with very narrow WZs [1,2]. Most of
:he molten material produced during this joming technique is rapidly squeezed out of the WZ,

b fore solidification, so the SIiC relafereemens do not have time for significant redistrlbution,
The secund joining technique, flash welding (FW), also forms joints with exceedingly narrow
WZs (3], FW joints experience relatively low, localized heating, and litt'e or no nselted material
ataning in the WZ, CDW and FW were used 1o make weld specimens from 8009/81C/11p and
NKIY/SIC/1Sw. The fores alloy Is o hybrid ninterial, consisting of a rapid solidification
processed, dispersion strengthened (RSP) matrix, reinforced with 11 vol. % SIC particles. The
composition of the 8009 matrlx is nominally Al-8.5Fe-1,3V-1.78i (wt. %). The latter alloy is a
convemtional Al matrix composite, reinforced with 15 vol. % SIC whiskers. The composition of
the 2009 matrix is nominally Al-3,8Cu-1.3Mg-0,258i-0.1Zn-0.05F¢ (wt. %), Both CDW and
FW hiive been shown 1o be suitable for joining RSP Al alloys [4,5), which are difficult to join by
conventional techniques even when free of SiC relnforcements. The welds were mechanicully
and metallographically assessed, and the results will be discussed in this paper.

Mat. Res. Soc. Bymp. Proc. Yol. 314. ©1993 Materlals Ressarch Soclety
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Figure §. Ulitmato wnillz Strongth v, temprastc:

for ODWed 8009/4C. 113 (W 2257, W 4247,

«riahle being the weld energy, given
approzbmigtely by 'nCVﬂ Tharelinm,
weid sietgy wiil be the quantiy
vegerid i, The welds were exaialhed
raaailog ymcan,. and pasimeiis
e el iingd i, 0.3 diai,

. ¢ A6 b‘“‘“‘"“')' cy'tdnioal mephanienl % 3t specimens |
. ard teaslle rented, '
o W was perf.amned on 2,50 x 1,.0om & 0 em p.mc shaped coupons. bW iy an upm
pragors, and (a0 ey’ procers vavduble is the tpret ke Ad upgey 1o of 15-25enysee was ovd
to b2 saituble Lor the DRAS studied in this progran, FW wal perfonried wsing DC powet,
whirn prxduces fine, evea dashing [3]. Ar shieiding gns was used to svaid trappad osde
| dmfocts in the lotni, The Fw specimens were examined metal'pyeesphicatly, mushined into
mechamos) tes: specimens with a 0.3ur gange widin, and tenile tested.

Resulfx

CDW was used io join 8008 reinforced
with 11 vol.% partieatuts S1C at iy i
differen: weld energy puts, 2257, 324), and
486]. "'he we'd \aisile strengths ar plotted
#3 ¢ function of thmperatie Ia Flgare 1, Due
aviack of material for baseline tensile testing,
the bassling strength piatied in Figure | is
tiuken from (6], and s tor sub-optimul sheet
nudterial, whicl. has Inwer strength thaa the
ox’ rudt i Tod used for CHIW, The weld
trenzias significantly exceed the strangth of
this sub-optima! shiat at elovated
temperatures. and it is likely that the welds are
fully as steong as the base muteiial. However,
. At ipom temperature and 200°C, the
specinens failed before yielding, and even 1t
350°C the: auctllity was low. The spucimens
welded vsing 225 input eneryy were

Figuro 2. COWed 8009/S1C/1 Ip, showing
iuhomngancous redisiyition &l
reliforcements and cracking,
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substantintly weaker at all iemperatures, but
the difference betvveen the 3241 and 486)
specimans was uot significant, Fallurs of the
CDW specimens generally occurred in the
WZ. Examination of the WZ (Rigure 2)
shows that the weld microstrusture is
Inhomogerieous, and n crack can be seen
initiating in the WZ, Figure 3 shows a typical
fracture surface, uisplaying brittle
transg-unular fracture, as well as large-scale
. ) cracking through the WZ, This fracture mode
, ' . wis generally observed, and did not change
Figure 3, Fracture surfucy of weld failure in  with the weld energy Input. 'TEM of the WZ
. CDWed B00Y/SIC/11p.. ' (Figure 4) skows the formation of acienlar
y precipitates. These have been studied in detail
- \sing electron diffrnciion, and wers Identified us Al4Cq precipiiates formed by reaction of Al
with the SiC reinforcemoiits. During CDW when the studs come into contact and the capacior
dischai gee, extrema tempssiares are reached looally, producing superheated liquid Al which
reants with thw SIC. A1 (ower temperatures, the reaction between molten Al and SiC is
comparatively inelgnifie unt, Dwe to the likelihood of reaction also occuring during CDW of
ADVYSICASw, (DN welds wes ot performert on that kllpy. The matrix surrounding the
Al4Cy precipitutes in Figure 4 has a cellular structurs, typicaily observed In the 'WZ of CDWed
Al alioys like 8009°(4) and 8019 [5). This structure =2cults from the very rapid soiidification of
the weld zone, which freezes n nonequilibrium level of solute into the matrix, Welds with this
cellular smuctne show iigh tenatle strengtiis [41, so if the reaction between Al and SIC during
CDW of 8009/81C/'11p could be eliminated, it is likely strong joints could be produced.

Figure 4. Center of WZ in CDWed 8009/8iC/11p showing Al4Cj preoipitates formed by
reaciton of superheated Al and SIC.
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EW 3009/81C/11p

350 -

800 T:\ U The tensile strength of FWed

&~ e \w 80019/8iC/11p is shown in Figure 5.
w0 [ \ ..... The weld strengths are comparable to
g wo [ U U TR N the base metal at room and clevated

L \ . temperatures. 'The FW upset prooess

E %o = "\ strongly deforms the specimens in the

280 = v\ WZ, us seen in Figure 6. The

0 S deformed material extends ~200pm

wo Lol bololu i from the weld center, Striations,

which are a characteristic
0 30 100 150 200 250 300 350 400 microstructural feature of the 8009
Temperature Q) matrix and are normally approximately
stralght, can be seen to bend >%0° in
Figure 5, Ultimate tensile strength vs, temperature the heat affected zone (HAZ), The
for F'Wed 8009/81C/11p (® FW, — baseline). width of the WZ is about 40um, 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 n portion of the molten material from flowing
out of the W2 during flushing. At higher magnification (Figure 7), the distribution of SIC
reinforcements appears fairly uniform i the WZ, and no obvious Al-carbides or other large-
scale precipitates are present,

Figure 6, FWed 8009/8iC/11p showing
large deformation in the HAZ,

Figure 7. WZ of FWed 8009/8iC/11p
showing uniform reinforcement distribution,

EW 2000/8iC/ 15w

The tensile strength of 2009/81C/18w as a function of temperature is plotted in Figure 8, At
room iemperature and 200°C, the welds are comparable in strength to the base matexial. No
data was readily available for the baseline strength of 2009/8iC/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
tun in the extrusion direction in this alloy bend ~90° from this direction. In addition, the
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Figure 8, Ultimate tensile strength vs, temperature
for FWed 2009/8iC/15w (® FW, — bnseline),
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striations appear to be closer together
in the HAZ than in the base metal,
Figure 10a shows the base
microstructure in the material at higher
magnification, to compare to Figure
10b, the weld microstructure, The
weld, which runs vertically through the
center of Figure 9, Is very narrow
(<20pm) and nearly invisible, The SiC
whiskers, which are randomly oriented
in the base microstruoture, are
orlented parallel to the weld plane in
the WZ, The parallel orientation of
the whiskers is consistent with the
direction of deformation flow
ocemring during FW. The orientation
change does not appear to have a
strong effect on longitudinal tensile
properties.

CDW uppears to be unsuitable for joining $IC DRAs, The SiC reinforcements are typically
not uniformly distributed throughout the WZ in CDWed SiC reinforced Al alloys, and reaction
cun take place between Al and SiC to form embrittling Al4Cj precipitates in the WZ, These
factors result in low ductility joints for CDWed DRAs. FW appeurs promising for both of the
DRAs exomined in this study, The WZ was typically wider for these DRAs than is normally
obiserved in non-reinforced Al alloys, but the WZ is nevertheless much more narrow than those
preduced using conventional welding techniques, The material that remains in the WZ is never
heated ¢nough to cause any reaction between Al and SiC, and the WZ is free of embrittling
precipitutes. The FW upset process heavily deforms the specimens up to ~200pm 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 orlentation change,

V Figure 9. Microstructure of FWed
2009/S1C/15w.
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Figure 10. TEM micrograph of (a) base microstructure of 2009/81C/15w, und (b) HAZ in
FWed 2009/81C/1 5w showing alignment of whisker reintforcements,
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CD WELD INTERFACIAL STRUCTURE FOR Al-Fe BASED COUPLES

C. P. DOGAN, R, D, WILSON AND J. A, HBAWK
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 rapid 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
(10° K/8) 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, tie nature of which depends upon the starting electrode materials. This
effect is churacterized by a marblecake pattern in optical micrographs. The amount of
mixing iy related to the melting temperature of the cathode with respect to the anode.
Increased mixing ocours when the melting temperature of the cathods is higher than the
melting temperature of the anode, TEM has revealed that when aluminum is the anode
material, the tron grains of the cathode ars surrounded by a layar of aluminum. When the
iron is the anode, a thin layer of iron surrounds the aluminuin grains,

INTRODUCTION

One possible method of joining dissimilar materials is capacitor discharge welding
(CDW), a rapid solidification teehnique' that has evolved into an efficlont method for stud
welding.? In CDW, energy i3 applied for vary shot times to create @ shaliow layer of
molten metal, which cools very rapidly (10% K/s) vhen in contact with a large thermal hest
sink, As a result, the fuglon 20ne (FZ) is nariow, and the heat affected zone (HAZ) Is
virtually nonexistent,

The CDW process Involves the gravity assisted, axial impact of cylindrical
speoimens with subsequent ar¢ing and melting (and thus joining) of the materials by the
discharge of a capacitor bank. During impact the uro is extinguished, and any excess
molten metal is expelled prior io electrode contact, Attractive features of CDW include the
suppression cf FZ porosity dus to hydrogen uptake and a minimal HAZ,® 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 cnaracteristic of the base metal and is
affected little by the joining procexs, The width of the fusion zone can be controlled by
varying the welding parameters, and thus the cooling rate.*® For evample, a slow cnoling
rate (10° K/s) leads to a larger FZ. Faster cooling rates (> 10° K/s) result in much
narrower FZs.

EXPERIMENTAL “ROCEDURE
Electrodes wore prepared from 6061-T6 aluminum and commercial purity iron rod.

(For detalls of COW specimen preparation see Ref, 7.) The 6061 aluminum contained the
following: Al (bal)-1.0 Mg-0.6 $i-0.6 Fe-0,2 Cu-0.2 Mni+0,2 Cr (all values in weight
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percent), The iron contained a number of minor impurities, The drop height for these tests
was 51 mm and the drop weight was 1,9 kg, ‘the welding opetation was performed at 90
Y and 0,08 R,

Optical microscopy and transmission etectron microacopy (TEM) of the FZ and
HAZ were porforniod on samples sectioned transverse to the weld zenterline, In addition,
x-ray chemival analyses of these 1egions were performed using a microprobe, Knoop
microhurdness measuremnents (300 g load) were made from the buse metal on one side of
the weld centerline through the FZ und Into the base metal o the other side of the weld
centerline, Each indent covered a lateral distance of around 50 um, ~iependent upon the
material being tested,

Samples were prepared for TEM examination by grinding and polishing the
transverse sectiony to a thickness of approximately 100 um; cutting 3 mm discs from the
sections, insuring that the weid line was near the center of each dize' and dirapls grinding
the weldment to a thickness of npproximately 10 um, Samples were then ion niiled to
eloctron transparency using Ar ions with a 5 kV potential, Sanples of the base metal Al
and Fe were similarly prepared, except that they were electropollshed to electron
transparenoy using & 1:4 solution of nitvie acid in methanol and a 1:9 solution of perchloric
acld in acetio acld, respectively. All TEM analyses were performed at 100 kV. Phase
Identification was through a combination of X-ray Brergy Dispersive Spectroscopy (XEDS)
and eleotron diffraction analysis,

RESULTS AND DISCUSSION
CDW Migrostruciurey

Figures 1 and 2 are optical micrographs of the Al-Fe CID weld and the interfacial
reglon for the Al-Fe CDW couples, At low magnifications (Figs. 1a 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 apparsnt, When aluminum is
used as the cathode, the amount of "mixing" of the base metals and Iniermetallic 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. 1b, The marblecake structure forms wher Al and Fe are not
intimately mixed in the liquid weld pool because of the rapld solidification process.® Note
that the marblecake region accounts for only about one-half the thickness of this weld.
When iron is used as the cathode, on the othr hand, the marblecake structure in many
places accounts for the entire weld thickness (Fig. 2b). In both cases, weld FZ thickness,
deterniined from optical micrographs, ranges from 50 to 100 um.

X-ray microprobe traces were performed on the marblecake regions of the weld
interface, and an example of one such region, in which Al is the cathode, is Hlustrated in
Fig. 3. Each line on the micrograph indicates one set of microprobe traces. At position 1,
the componition is approximately 100% Fe (all valusy are in atomic percent). Between
points 1 and 2, the material has a near stolchiometric 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 i3 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 duta 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, i.e., for the separate cases when Al and then Fo served as the cathode. The
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microhardness of the Al, well away from the FZ, averages 119.8 (& 4.2) kg/mm?,
regardiess of whather the myasuaments are macie nn the anode or the cathode, The
mictoharddess of the bulk Fe is 165.1 (£ 8.5 kg/mm?, When Fe iy used as the cathode,
the hardness beging to decrease some 200 to 300 um from the interface, falling to a low of
77 kg/mm? within the FZ, 'The Al anode counterpart mainiains a relatively constant
microhardness from the bulk up to approximately 100 um from the weld centerline, at
which point the hardness be!ins to decreass, On the Al-anode side of the P2, the
microhardness is 71 kg/mm®,

When Al i3 used as the cathode material, the microhardness values of the near-weld
reylons on bath the ¢athode and anode sides are substanilally affected. Some 2 mm from
the weld centerling, the microhardness of the Al is about 104 kg/mm?, and the hardness
continues o drop to fens than 80 kg/mm? at about 1,3 mm from the weld centerline, The
mictohardness then increases us the weld centerline is approached, reaching a maximum of
104 kg/mm? 130 um from the weld centerline, The corresponding Fe anode shows a
significant decrcase In ity bulk microhardness in this weld couple, At 110 ym from the
welil centerline, the hardness of the Fe (s only 83 kg/mm?, roughly half the microhardness
of the bulk, The microhardness of the Fe then begins to incrvase as the distance from the
HZ Increases, riving to 125 kg/mm? 400 um from the FZ. The average Fe hardness is
1209 (£ 2.6) kg/mm? over the next 3 mm, and only approaches ita average bulk value 3.5
mm from the weld centerline, From this data, it I3 clear that while the HAZ in CDW Al-
Fe i3 narrow when Fe is used as the cuthode, it can become quite substantial if Al is the
cathode material, '

Baio Meiuls

TBM examinution of the base metuls, several centimeters from the weldment,
indicates no change in microstructure as a result of the welding process, The
microstructure of the Al 15 typical of that of a 6061 glloy, and jucludes a number of intra-
and trans-granular a-AlFeSi and Mg, 51 precipitates (Fig. 4a), The base-metal iron is
primarily forvitic, with an occusional small, transgranular Fe-Cr precipitate (Fig. 4b).

Waldments

As is apparent in the optic.l miorographs (Figs. | and 2), the mierostructure of the
weldment does not change in an orderly manner from base metal to base metal. Rather it is
a marblecake mix of regiona of metals and intermetallics that gradually changes in
composition witoss the weld from lron to aluminum. Although specific features vary,
depandent upor which material is the anode and which s the cathods, the general
microstructural characteristios of the fusion zone of CD-welded aluniinum-iron are &s
follows, Soms 50 to 100 um from the FZ, the grain size of the base metals decreases, and
the size of the a-AlReSI precipitates within the Al alloy increases, although this is strictly a
qualitative obsarvation and has not yet been quantified,  Outside of this region, however,
there is no obvious change in microstruoture with chavige in cathode material that explains
the Iarge vatiations in microhardivers described previously, At the iron-FZ interface (Fig.
3), there is a narrow region of equiaxed FeyAl graing, followed by an area of mixed FeAl
and FeyAl, The FeyAl grains at the interfuce frequently contuln fine, transgranular
precipitates that are tentatively identified as FeALO,; these pircipitates also form in the
base metal adjacent to the interfacs, In rows perpendicular to the FZ, When iron is the
cathode materinl, the intermetallic grains are frequently bounded by an Al-rich, amorphous
phase, and larger w-Fe graing are also present within the FZ,

On the afuminum-side of the FZ, columnar Al grains, boundet by an Fe-Al
intermeotallic phase, form with their long axey at an angls to the Al-FZ intetface, as
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TEM images of the base metuls several centimaters from the FZ, (a) Al and
(b) Fe,

- BASE METAL
'The Fe-FZ interfuce, In thiy Fig. 6. The AL-FZ interfuce, Horw
caye, Fe is the cuthode, Al s the cathode material,

Region of cellulur Al within the FZ of the CD weld in which Fe is the Cathode
materlal, The cellular phase is Fe-rich,
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illustrated in Fig, 6. When iron is the cathode material, the columnar Al grains tend to be
coarser than when aluminum is the cathode. And in fact, the overall scale of the
mricrostructure within the D'Z tends to be coarser when iron is the cathode. In the welds in
which Al is the cathode, a narrow zonw of Al;Fe grains may alzo form at the interface
between the base-metal Al and the coltmnar Al grains, as illustrated in Fig, 6, These
AlyFs grains are orieated with thelr {001) planes perpendicular to the interface. Thia
{001} grain orientation is u preferred growth divestion in many cubic materials, During
solidification, yrains with their "easy growth direction parallel to the direction of the
mr:xlmun’l tempernture gradient® grow at the expenss of graing which are not so favorably
oriented,

The central reglons of the FZ gencrally consist of mixed aveay of metals and
intermetallics. If Al is the cathode, the comblnation is of equiaxed FeAl and FeyAl grains
and columnar, faulted AiyFe, (Diffraction analysis suggests that these faulty are siacking
faults on {001} planes, with a displacement veator In the [010] direction,) “Plpes® of an
athorphous, Al-rich phass form boundarizs hatween these different regions. Wher. Fe is the
cathode, the icrostructure iy similar, with mixed regions of FeyAl, FeAl, AlgFe,, and
faulted AlyFe, Tu addition, on the Al-slde of the FZ, there are pockets of cellular, and
cellular-dendritio Al graing (fig. 7), with an Al-Fe intercellular phase and occasional
inteirmetallic primary paricles, The cellular spacing varies from pocket to pocket in this
region,

CONCLUSIONS

Capacitor discharge welding is an effective technique to Joln dissimilur 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 possessey a
marblecake appearance, The overall effect of the welding process on the microstructure
can be localized to a region of several hundred micrometers on either side of the centerline
of the 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 um. However, if Al is used as the cathode, the FZ remrins small, but the HAZ
encompasses about 5 mm, with the major effect occurring in the ) anode,
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FUNDAMENTALS OF THE SHS JOINING PROCESS

ROBERT W. MESSLER, IR * AND TIMOTHY T, ORLING**
¥/mrRensselaer Polytechnic Institute, Department of Materials Engineering, Troy, NY 12180

ABSTRACT

The process of self-propaga‘ing high-temperature synthesis offers potential for joining i
similar or dissimilar combirations 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 8
study the role of substrate 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, precomraction and a(fplied pressure, and atmosphere. Ultimately, a
model of the SHS grocess for joining will be developed to facilitate joint design, predict joint
properties, 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 Erovide needed structural integrity,
ﬁmiculaﬂy te accommodate load-induced strain or shock, or to keep the resulting optimized,

ybrid structure atfordable. Joininy of ceramics, intermetallics or their composites, in similar
and dissimilar combinations with one another or with metals, poses numerous challenges
arising from inherent charucteristics of one or more of the materials or from incompatibilities
between materials. Chemical decomposition, sublimation without melting, loss of long-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 tamperature synthesis (SHS) or combustion synthesis offers great
promise as a joinin tﬁrocess for advanced materials and hybrid structures therefrom,® By
taking udvantage of the energy generated internal to the synthesis reaction, simultaneous
consolidation by reactive sintering has already been demoustrated and employed,4-5 while
joining has been shown feasible but remains to be developed.6-7 Advantages inherent to the
SHS process for {oinin include: (1) energy efficiency (given that energy for joining is

enerated internally); (2§ capability for joining in & primary mode, while one or more of the
oint materials are being synthesized, or in a secondary mode, in which two or more preexisting
subistrates or uint elements are joined; (3) suitability to the production of functionally gradient
material (FGM) joints that bridge chemical, mechanical and physical property mismatches by
grading composition from one ‘ioim element to the other; (4) potential for incorporating
reinforcing phases within joint filler to produce a composite; and (5) similarity to the process
that was or could have been used to produce the substrate material(s).

Despite the iteed for an advanced process for joining advanced materials, and the

numetous potentinl advantages of SHS as a joining process, little is known about how the
process can or should be practiced to advantage for joining.

Mat. Res, $0c. Symp. Pros. Vol 314. ©1993 Malerisis Research Soclely
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RESEARCH OBJECTIVES

The objective of on-gning research at Rensselaer i3 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

rocessing parumeters, to optimize the process, and, ultimately, to develop a model to enable
nding predictions, process and property optimization, and intelligent process control,

TECHNIC AL APPROACH

ive and Multidisciplinary Approach

Until now, SHS Joining R&D has not been the focus of jolaing speclalists, but, rather,
of ceramists as a variant of the basic synthesis process to soime other end, Joining speclalists
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 than
primary joining of green parts during material synthesis. In this effort, {oin‘mg slmcinhsls are
working in cooperation with specialists in ceramic and intermetallic materials, powder
processing, and material characterization in an essential multidisciplinary approach,

Key Process Yariables

There are several groblems related to successfully employing SHS for joining, The flrst
is achieving wetting and bonding 1o a preexisting substrate, as opposed io producing a joint in
situ during fabrication of the joint end elements and filler, For successful bonding to
preexisting substrates, sufficient heut must be developed by the reaction at the interface to
either cause melting and wetting or solid-state reuction or interd|ffusion, Substrate temperature,
reaction mode (.., self-propaguting 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-time profile duting reaction, The third problem is avoiding
cracking of substrates, filler, or, especially, substrate/filler interfaces due to mismatch of
thermal coefficients of expansion, Here, appropriate selection of process heuting rates, cooling
rates, and reactant composition are important variables, The use of functional gradient
materials ofters particular promise,

L ive Use of Soccialized Fi

To simplify studf' of key parameters in SHS }oining. these parameters are being
decoupled wherever possible. As a means of expeditiously investigating and charucterizing the
role of substrate temperature on bond formation and precompaction and applied pressure on
oint density, three special fixtures are bein et:(rloyed. In & Substrate Temperature Gradient

ixture (Figure 1), a rectangular groove machined along the centerline of a plute of the desired
substrate material is filled with reactant powder precompacted to the desirecr density. The plate
is fixtured between two large thermal masses, one held at a high temperature near the reaction
triggering temperature (1}) and the other near room temperatuse (using cooling). Temperature
is monitored at several points along the plate to provide duta on the prevailing gradient during
reaction. Gas inlets and outlets provide protection by argon throughout processing. The
reaction Is triggered from the cool end using a resistance heated element. Following reaction,
the plate is sectioned to permit examination of the degree and mechanism of bonding as
function of substraie temperature (i.e., solid-state reaction, interdiffusion, or fusion and
wetting). Initial studies are being conducted with Inconel 00 substrates and Ni3Al filler.
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Subsequent studies m'plnnned for SiC fillers to SIC or Ni superalloy substrates znd TiC to
graphite or titanium alloy substrates, using appropriate inserts in the Inconel 600 fixture,

g

600
400 |:

200

s 8 ) 79 12
Distance, inohes

teectants

Thermal mass T Thermal mass
T1=20°C Thermocouples T2 = 600°C

Figure 1: Substrate 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
gradcd or stepped applied Pressure during reaction are being considered. In one design (Figure

), & tapered cover plate-will be forced into powdered reactant in a machined rectangular slot in
a plate to produce high conipaction at one end and low compaction at the other, Other schemes
are planned for stepping apgl‘}ed pressure along the groove. The entire fixture will be at a
uniform temperature, just bolow the reaction triggering temperature (Tj) for the self-
propagating mode or just above T; for the simulianeous combustion reaction mode. The rate of
reaction-front propagation, the degree of reaction, the peak temperature reached fotlowing
reaction, the degree of bonding to the substrate, and final density will all be assessed by
monitoring temperature and by conducting metallographic analysis.

P

coatainment blocks

substrate

containment blocks

applied pressure
Figure 2: Compaction Density Gradient Fixture
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Cleshle-Based Stdiex

There are some process parameters and conditions that are not amenable to study usin,
the specialized fixtures described above, so a Duffer's Glecble 1500™ thermomechanical
simulator and test apparatus iy being employed. Using & test sct-up ﬁFigure 3) conslsting of a
gra];hlte support tube, sandwiched end-elements and reactant fillers, and graphite load-
application plungers, various key gmmelers are beint :Xstemntlcally studied, functionall

adient material joints are being fabricated, and finished joints will, sventually, be tested.

arameters to be studied include: reactant ‘powder particls size and size ratio (as these affect
reaction Kinetics and product homogeneity); reactant composition (as this affects peuk
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 und mode); and atmosphere (vacuum
versus inert versus active gas), Figure 4 shows NijAl 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 longer hold times (i.e., 15 versus 2 minutes), and
for increasing applied 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, with more homogencous product, as the reaction temperature and/or hold time is
increased, Axially-gradient joints are also being produved between various metal, ceramic and
intermetallic end elements. Such FGM joints have been already been attempied between Ni-
base superalloys and silicon carbide and between Ti-6Al-4V and graphite,

Water-cooled
Copper Jaws

Monolithic
i-Superalloy
and 8IC

Pressure

Graphite
] Rod

Tape cast
Graphite Tube or layered

powder mixtures

Figure 3; Functionally Gradient Material (FGM) Joint Gleeble Fixture

EGM Joint Design Model

In joints between dissimilar materials, mismatoh 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 tabrication or lead to joint failure in service. FGM joints offer an
attractive means of overcoming such property mismatch and associnted stresses, As part of thig
rescarch, an analytical model hased on a thin plate assumption that allows simplification of the
generalized heat flow equation to one dimension hus been developed to permit the ready
calculation of temperature distribution and associated thermally-induced stresses, accounting

for critically important material properties as functions of temperature. The model facilitates
FGM joint design for successful processing.
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SUMMARY

SHS represents an exciting possibility for joining similar and dissimilar combinations
of refractory ceramics, intermetallics and metals, but only if process fundamentals are fully
understood, An on—goin‘P program of rescarch at RPI is systematically studying the role of
SHS joining process fundamentals using a multidisciplinary approach, innovation specialized
fixtures, and the Gleeble thermomechanical simulation and test apparatus,

'»—__.

(b) (©

Figure 4: SHS joints of INGDO/Ni3AVINGOO show excellent bond integrity and decreasin

levels of Iomslty with increasing reaction temperature, hold time, and appiied pressurs; 5&2
630 °C/15 minutes/1250 psi (17.9 MPa); (b) 650 °C/2 minutes/6000 psi (85,7 MPa); and (¢

1000 °C/15 minutes/2500 psi (35.8 MPa), As-polished.

Figure 5: The deyree of reaction in {oinu of IN6UO/NisAI/INGOD is more comﬁlete when
reaction occurred at (a) 1000 versus (b) 650 °C for 15 minute versus 2 minute hold times,
respectively. Nonuniformity of composition is indicated by discoloration around pores. As-
polished. ws indicate interface.
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SELF-PROPAGATING, HIGH TEMPERATURE SYNTHESIS
AS A TECHNIQUE TO JOIN METALS

, S. Bureau of Mines, Albany Research Center, Albany, Oregon 97321-2198,

ABSTRACT

|
1. A, HAWK, A. V. PETTY, C. P. DOGAN and J. C, RAWERS l
U
c
\
i
|
1
1

. Self-propagating, high temperature synthesls (SHS) can be used to bond both similar ! |
. and dissimilar metals. A unique feature of this technique is the ability to stack either metal . ‘
v folls or'metal folls and powder, and o process them to form two-dimensional, layered !
composites with & "graded" intermetallic interface between layers, This process can also be :
used to modify a surfaze for corrosion or wear resistance, To date Bureau of Mines research l
hac focused on. making iron-, titanium-, and nickel-aluminum composites. The elemental ‘
metal foils ate stacked and placed in  hot press, and the tem erature is raised until the ‘
_eomposite sandwich undorgoes the SHS reaction, At approximately 660°C (i.e., the melting :
: point of aleminuih), the ¢luminum reacts with the transition metal to form intermetallic y
' phasey. 'The SHS process in thaks and cnergy limited; i.e., mass transport controls the
chemical reaction rates, while the en¢rgy liberated by the chemical reaction is distributed to
the surroundinge by heat conduction, convestion and radiation,

\ ' INTRODUCTION

. In weif-propagatiug, high temperatuze synthesis (SHS), the initial reactants (often in
the form of elenialial powrers; are ignited, {aitiating u self-sustaining, heat-generating
ch.saital reaction that sesults in theli transformation into compounds or intermetallic
phasen.52 Yer sxample, if a stoichiometric one-to-one mixture of elemental Ti and Al
powdur is compacted inw g rod.and one end Is heated, the Ti and Al at that end will react,
producing pritarily titanium aluminide {TiAl), (During the SHS processing of clemental
powders, ¢ wide range of phases will form, For example, the 50/50 atom % mixture of Ti
and Al will form not only TiAl, but alsu TiAly and Ti)AlL) Because of the large amount of
exoihermic heat libetated during the formation of TiAl, 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 compuot, converting it to TIAl, No additional external heat is

required fur the reaction to go to completion, SHMS processing has been successfully used to

; form metal-aluminides, -borides, -carbides, -nitrides, and -sliicides,

; Advantages of tiie SHS process inctude the follcwing: (1) The ability to preform
green povider conipacts into the shape desived for the final product. Thus, SHS allows for
near net shape production of hard-to-fabricate and hard-to-machine materials, (2) SHS can
lead to economic xavings because the reaotion is heat-genernting and self-sustaining,
Additionaily, tne starting materials need only be heated to the temperature of the reaction,
which can be hundreds of degress Icay thian the melting temperature of the product. SHS can
thus reduce the cost of material processing, leading to an environmentaliy-cleaner process,
(3) SHS regulte in a purifisd final product. Becuuse the SHS reaction is exothermic, the

i process volatilizes coniaminantx ahead of the reaction front and removes them, thereby

purifying the end product. (4) The SHS process allows several different reactions to occur

concurrently. Thus, it is possible to produce difficult-to-form intermetallic-coramic

Mat. Ree. 804, Symp, Proo. Vol. 314, ©189) Materials Research Society
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composites '4-slu. (5) SHS processing offers high productivity as it has the highest reaction ‘

rates.? This is especially attractlve when compared to the usual high energy processes used |

to vbtain some refractory compounds (e.§., cubic tartalum nitride), which require long hours

of reaction at high temperatures in furnaces or plasma reactors, The usual problems

associated with the scale-up of 8 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 sigrificantly less than that X

desired in the final solid compact, U, S. Bureau of Mines scientists have developed a i

technigue leading to full density compaction during SHS processing,®s Powder compacts, or {

metal folls, 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; i.e., the SHS reaction is initlated at many

points in the sample simultaneously. Porosity is greatly reduced because pressure s applied

when the reactant material is molten and the process iy carried out in » vaouum fumnace. :
U, S, Bureau of Mines scientists have also successfully fabricated a number of !

products with commercial potential, including TiAl diesel engine valve lifiers, However, In ‘

addition to being a technique that allows the formation of near-net-shape products, SHS can

also be utilized ay a unique method of juining metals and alloys, The principle of the

technique iy quite simple. In SHS joining, the exothermic heat generated is used bath for the

SHS combustion reaction and the SHS reaction at the joint interface. The result in many

instances is a layered metal-aluminide composit, where the metallic phase {s separated by

SHS intermetallic product phases. This technique hus been successfully used to joln sheets of

Al with sheets of Ti, Ni, Fe, and stainless steel (88}, and to make layered metal sheet and

powder comp.ites, Consequently, SHS layers with unlque wear, corrosion, or heat resistant

properties can be synthesized, or joined, to inoxpensive metal substrates,

SHS PROCESSING PRINCIPLES

Two variations of the SHS process are generally recognized: the process in which
layer-wise combustion ocours, and the process in which volumetric combustion occurs,
Layer-wise combustion occurs when the SHS reaction is initiated t some point on the
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 ourrent 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 belng 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 Bursau of Mines
foousses on two physicochemical classifications:® (1) bolh 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 s
lower than their boiling points, then the combustion reactions will ocour in the liquid state,
Ir. general, adiabatic temperatures for aluminides are law compared to silicides, carbides,
borides, eto., 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 NiAl from Ni and Al, The adiabatic temperature for the
formation of NiAl {s 1637°C, while the melting temperatures of Ni and Al are 1453°C and
660°C, respactively, (It should be noted that powder particle slze and heating rate are
important process conditions.” With & small powder size for both the Ni and Al, a liquid-
Hquid 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 creating 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.* 1t Is established that the melting of T 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,®

1t is clear that many processing parameters affect the formation of SHS materials, In
this study, no attempt has yet beert 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 jolning advanced materials,

MATERIALS AND PROCESSING PROCENURE
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 stesl (S5)-Al, with the starting materials consisting of
either sheet or powder. Figure | diagrams the lay-up sequence typlcally used to make the
composites. Several composites were 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 (l.e., either a stoichiometric Fe,Al or FeAl composition for the powder
components) and the Ti-Al (i.6,, a stoichiometric TiAl composition for the powder
components) syatems, The sheet material used to form the powder-sheet composite was
either Fe, 8§, 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 initlate the SHS reaction, TiAl powder<Ti sheet composites prepared using this
technique have been studied extensively,>> %! In widitlon to layered composites of Ti and
TiAl, interaeiailic-coramic particulate composites have also been formed, with TiAl as the
mattix. Ternary additions of C, B, and Si have been made with mole fractions of up to
60%, yielding high volume fractions of TiC, TiB; and TisSi; strengthening dispersoids.'?

As previously mentloned, composite formation was accomplished in & vacuum hot-
press. The general processing sequence was as follows: the material way placed in a
graphite die and transferred to the hot-preds; 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-trcatment at
an elevated temperature; and finally, the sample was furnace cooled to room temperature
under pressure. The application of pressure to the composite during the SHS reaction, and
any post-SHS lieat treatment, reduced composite porosity and improved bonding at the
interface. A number of processing times, temperatures and pressures have been investigated
by Buveau scientists. For example, the layered sheet samples wore placed in a graphite die
and vacuuin 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 compaosite, (b) Fe-Al metal

sheet compoyite with EDM'd ¢ylinders; and (c) SS-Al metal shest composite.
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elemental powders or powder mixturcs were placed between metal disks in a graphite die and
then hot-pressed. To obtain maximum density and optimum strength, the laysred metal-
powder composites were hot-pressed for times equal to or greater than one hour at
temperatures equal to or greater than 1000°C, The usual pressure applied to the compact
during this procedure was 20 MPa. These composite samples were also furnace cooled,

TEM Specimen Preparation.

Transmission electron microscopy (TEM) was used to investigate the microstructure
of the interfaces of the SHS-joined metal foils, Samples were prepared for TEM analyses by
sectioning the material transverse to the foll 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 ym, Samples were ion milled to electron transparency using argon lons
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 Munir'*!* 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-intermetaltic composite studies, Wright et, al,'* and Rabin'® have also used
SHS process technology, both vressureless and pressure-assisted, to join {ron aluminide
(FeyAl and FeAl) and SIC,

Bureau of Mines researchers have modified the SHS composite process developed by
Anselmi-Tamburinl and Munir to successfully produce large, layered metal-intermetallio
composites, Figure 2 illustrates several examples of layered composites formed using the
Bureau-modified SHS technique, Table 1 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 pressurs 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 faot that although thin sections of this
compoyite curl during sectloning, the comnposite remains intact,

TABLE 1. Thickness of the disks used to form layered composites.

Composite Metal Disk Thickness (mm) Aluminum Digk Thickness (mm)
Fe-Al 0.75 0.10
Ni-Al 1.40 0.10
Ti-Al 0.40 0.10
§8-Al 0.25 0.10

A look at the Ni-Al Interfacial regions of these SHS com osltes in the TEM indicates
that they conaist 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 Wi containing Intragranular y Ni,Al precipitates.
This microstructure is revealed in the dark field image of Fig. 3, The intermetallic region
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Fig. 3.

Fig. 4.

Dark field micrograph of interface in SHS Ni-Al sheet composite showing the
NijAl precipitation adjacent to the SHS joint,

SEM micrograph of $5-Al layered composite,
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stretches approximately 20 um on either siue of ths residual Al foil, with Ni grain size
increasing with distance from the interface, Within the intermetalllc region there are also
small, intragranular Al- and Al+Mg-rich precipitates which are as-yet unidentified.

An example of Fe foll jolned to Al can be found in Fig, 2b. Cylindrical samples of
this composite were electro-discharged machined (EDM) from the cotmpact to make pin-on-
drum abrasive wear specimens and it is the BDM'd semples and a remalning portion of the
original compact that are shown. Wear tests, performed on the layered compact both
perpendicular and parallel to the jolnts, 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 reglons of the Pe-Al composites has met with
limited success to date. Because the residual Al foll fon 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 materialy,
That is, It probably consists of a thin, residual layer of Al surrounded by a narrow zohe of
Fe,Al and/or a-Fe with Al in solution,

A first attempt to join thin sheets of stainless stee] with Al s illustrated in Fig, 2.
To date, & square composite, 50 mm x 50 mm x 3 min, hag been fabricated that can be
sectioned without gross layer separation, Thin sectioning thls composite into slices ~ 300
pum thick is not possible, however, as the stresses generated cause the material to separate at
the siteel-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 stalnless stesl sheet
resulls in & composite in which the aluminide interface forms a signiticant 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 intermetailic regions of a thick Al-Ti
compoaite using TEM indicates that it consists primarily of grains of ALTI wet by un Al

boundary phase. Aluminum is present at all of the three- and four-grain junciions within this -

reglon, and likely wets most, if not all, of the two~grain boundaries as well, An occasional
grain of TiAl is also cbserved, and is also wet by the Al boundary phase. In addition, there
are also Al,O, particles at the boundaries which were probably present on the starting Al
sheet, but which did not dissolve during the SHS reaction.

Joining thin A} sheets to thicker metal (N1, Fe, and Ti) sheets tesults in « layered
composite which appears quite different from those in which the Al sheet is thick compared
to tho metal, Several examples of thin Al/thick metal composites are given in Fig, 5§, Note
that all of the composites develop porosity In the join region, as is apparent in greater detail
at the Ni-Al interface in Fig, b,

The results of microprobe analyses and microhardness measursments across the
interface regions for the Ni-Al, Ti-Al, and Fe-Al layered sheet material are given in Fig, o
Microprobe data across the interface seem to suggest that a number of stoichiometric
intermetallic phases form as a result of the SHS reaction between the Al and *he metal,
However, TEM analyses have indicated that this conclusion is not entirely correwt,

Laysred Powder snd Sheet Composites

An alternative to lnyering metal sheets to form composites is to use either only
powders, or a combination of powder and sheet, to make a conposite, The udvantages of
using powdery are many, among them the ubllity to make complicated (l.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 TIA] mattix composites with strengthening dispersolds have been
produced at the Bureriy of Mines using the powder-sheet method. Figure 7 shows a
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Fig. §.

Fig. 6,

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 mind: First is to determine the feasibility of areating intermetallic-
ceramic composites with differing ceramic volume fraciion, The second goal is to determine
which ceramic dispersoid is most effective in strengthening the TiAl matrix, The third goal
of this study is to assess the microstructural features of the powder-sheet interface and then
1o find ways to optimize them,

Figure 8 shows a typicdl interface that develops between SHS-processad powder and
shez!, In alnivst 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 felt 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 glven a significant post-SHS heat treatment, the interface shows
evidence of interdiffusion and directional phase growth (Fig. 9).

UTILIZATION OF TECHNOLOGY--APPLICATIONS

'The SHS jolning process has many exciting potential applications, a few of which are
listed below:

(1)  Inexpensive means of producing enginesred outer surfaces of varying thicknesses,
with designable mechanical, physical, or chemical propertles, on low-cost base
metals,

(2)  Efficient way of applying thin, well-bonded, multi-phase, i,e., metatlic, intermetallic,
or ceranic, layers to the surface of a homogeneous material,

(3)  Process technique which can produce bulk, non-lsotropic properties in materials,

(4)  Technique for developing functionally-gradient inlerfaces between dissimilar
materials,

(5)  Meray of joining similar or dissimilar materials,

(6)  Low cost method of providing a varlety of engineered, protective surfaces (e.g.,
corrusion or oxidation resistant) to a single substrate,

POTENTIAL AYENUES OF RESEARCH

Several innovative rescarch possibilities may make use of SHS precess techrology,
and warrant further investigation, For example, vacuum tolling technology might be used to
densify layered siructures following SHS (thermal explosion) teactions. Laminated
sttuctures, 1.e., folls/sheets or foils/sheets plus powders (with or without cladding), can be
heated in a vacuum furnace until thermal explosion is initiated. The layercd composite can
then be quickly transferred to rolls for bonding/densification. Ideally, cladding will not be
necessary and a relatively good vacuum (103 to 10* Pa) will prevent gas entrapment during
densification. ‘'This technique has potential to internally-bond complex layeved structures such
as lightweight structural components made of, for example, honcycomb 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 seeminply uffer the greatest potential for
success, SHS might also provide a means of joining n.etals to "conductive® ceramics for
electricnl applications at elevated temperatires,
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Fig. 9. SEM of powder interface region showing directional solidification and growth
from 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 layered structures, Similarly, two- or three-dimensional
woven fabrics might also be used to form composites through SHS, A key goal in such a
study 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 coatlng of materials. The Bureau will continue to explore potential research
avenues as described above, in an eftort 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, 1daho Falls, ID 83415-2218

ABSTRACT

Reaction rrocessing 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 capillar{ action forming a reactlon bonded silicon carbide (RBSC)
interlayer and simultancously 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-matiix composites have congiderable potential as elevated
temporature structural materials in fossil energy npplications, It is widely recognized that
joining methods are needed for these materlals to allow the fabrication of large or complex
shaped parts, and the integration of structural components into existing systems, Although
considerable efforts have been devoted to understanding the processing, microstructures and
propenties of SIC-bused materials, joining remains largely an unresulved issue, Ideally, joined
components should exhibit mechanical properties and environmental resistance comparable to
the base material, and the joining inethods should be practical, reliable, and cost effective,

Reported techniques for joining SIC including direct diffusion bonding [1,2]; co-
densification of interlayer and green bodius [3]; diffusion welding or brazing with boride,
carbide and silicide interlayers [1]; hot pressing of sinterable SiC powder [41; bonding with
polymeric precursors [5}; brazing with oxide [6] or oxynitride materials [7]; solid state reactive
metal bonding [8); active [9] or traditional [10] metal brazing; and pressurized combustion
reactions [11], 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 matorial properties. Metallic brazing has
received considerable recent attention since processing is attractive and high joint strengths
con 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 Eroccssinf $ attractive since the thermoelastic
properties of the interlayer are very close to those of SiC and excellent mechanicul properties
can be achieved, Furthermore, ay with brazing, external pressure is not required, thus making
the process inexpensive and practical com?ared to other joininngethods‘ Reaction bonded
interlayers have previously been used to join bulk RBSC [12], More receatly, invostigations
demonstrated the success of this approach for joining dense SiC and SiC)éiC composites
[13-15]. This paper briefly describes the reaction processing method as applied to the joining
of a commerciul pressureless sintered -SiC. A typicaldjoint microstructure 18 shown, and the
results of mechanical property assessments are presented.

EXPERIMENTAL

Joining experiments were carricd out using a commercial pressureless sintered a-8iC
(Hexalloy SA, 'The Curborundum Company, Niagara Falls, NY) in the form of rectangular bars
12x 12 x 25 mm, Prior to joining, the specimen surfaces were prepared by hand lapping with
6 pm dlamond, followed by ultrasonic cleaning in acetons and rinsing in alcohol,

Precursor interlayer materials wete prepared by tape cust n? mixrtures of SiC and
%_raphile powders. The materiels and amounts used in the tape casting formulation are listed in

dable 1. The mtio of SiC:C was 2.1, A polysorbate surfactant was found to be effeciive for

Mal, Rea. 8cc. 8ymp. Proc. Vol. 314, ¢1993 Materials Research Soclety
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stubilizing the slurry, allowing a stable homogeneous mixture of $iC+C to be produced using a
relatively simple ultrasonic dispersion treatment rather than extensive ball milling as is
common in slurry preparation, De-airing was carried out by continuous stirring under a partial
vacuum to avoid the formation of dried agglomcrates, 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 shupe, pluced 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 ~20°C min*! 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 Casting Formulation

amount,
material | type/vendor wt%
515 gE! mesﬂ, 55%, Eerch !nc., M"wau_ﬂee. Wl 14,3
SIC 3.0 Um, Grade Al, Hermann C, Starck, Goslar, Germuny [ 14.3
graphite [ 1.0 Um, type 7X99, Cummings-Moore, Inc,, Dewoit, MI [11.9
solvent echanol, éuamum tﬁl emical Eorp,, Tuscola, IL 56,0
solvent toluene, Fisher Scienulic, rair Lawn, NJ 17.1
inder Ethocel "Stendard”, Dow Cheraical Co., Midland, Mi 2.6
plasticizer ilycerin. Flsher Scientiiic, Falr Lawn, NJ 0.2
surfactant | Tween 40, [CI Americas, Inc,, Wimington, DR 2.8

1.0 cm

Figure 1, Macrophotograph showing the experimental arrangement used to produce
§iC-t0-81C 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 wers beveled, and the surfaces were polished to a 12 um finish, Strength and
fructure toughness were measured in four-point bending with spans of 20 and 40 mm using a
crosshend speed of 0.13 mm min-1, 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 um by microscopic examination, Fructure toughness, Kie, was calculated
according to the formula

K1 = onal2Y(afh) )

o



where o is the maximum stress, a is the notch depth, A is the specimen height, and Y(a/h) is a
known geometry function [16]. Elevated temperature tests were performed in air. Specimens
wete heated to the desired temperature at a tate of ~20°C min-1, 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 comatning SiC and C. The processing, microstructures, and gropertlcs of these
materials have been studied extensively [17-23), Typical commercial RBSC ceramics are neur
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 microstructures, as shown in Figure
2. The joint interlayer thickness was approximately the same as the thickness of the original
tape, about 150 pm in the case of Figure 2a. Compiete infiltration of the interlayer usually
occurred, and in most cases the interlayer material exhibited fewer and smaller defects then
what was typically observed in the SiC. Qccasionally, large porosity defects were observed in
the joints; these were believed to originate from defects within the as-cust tapes, Figure 2b
shows a higher magnification view of the interfuce between the interlayer material and the SIC,
iNot:f the continuous SIC grain structure thut has apparently formed across much of the
nterface.

(b)

Figure 2. Typical microstructure of a SiC-to-SiC joint bonded with # RBSC intetlayer
fubricated by Si Infiltration of SiC+C tape cast precursors, Optical micrograph in (a) and
higher magnification view of the SIiC/RBSC interfuce in (b),
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Tape casting offers several ndvantages for fabricating ‘jjoinlng precursor materials from
powder mixtures. This upproach 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 indefiniiely and are easy to handle. Furthermore, because the
800 T T
«-SICARBSC/u-SiC joints
four-point bending '
4% i e ]
1 1

strength, MPa
»
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o | ! e i '
0 400 800 1200 1600

temparature, 'C

Figure 3. Four-point bending strength of SiC-10-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 strengih was 327 MPa, comparable to the strength reported in the liternture
for bulk pressureless sintered a-SiC [24-28]. The strength increased very slightly with
Increasing test temperature up to 1200°C, At 1400°C the strength decreased significantly to an
average of 208 MPa, The reduction in joint strength at this temperature is churacteristic of
RBSC wherein the Si phase softens appreciably as it approaches its melting point (e, 1412°C)
[19-21]). Above the melting point of Si the RBSC materials still retain some strength as a
tesult of the continuous neiwork of SIC graing within the microstructure,

The failure Ogrobubilities 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 m=5 and m=7 for room
temperature and 1200"C tests, respectively. An increase in Weibull modulus with testing
temperature hus previously been observed for SiC, although the values obtained for the joined
sreclmens were slightly lower than the values reported in the literature for bulk Fmssurcless
sintered o-81C [28], In almost all cases, fracture occurred either within the joint interluyer or
within the a-81C adjacent to the joint; few interfuce failures were ever observed,

The results of fracture tou%hnen meusurements usinf SENB specimens tested in four-
point bending ure summarized in Figure 5. In all cases the load-deflection curves were linear
up to the point of fullure, At room temperature Ko was calculated to be 2.8 MPasm1/2, This
value is similar to the toughness values reported in the literature for bulk SiC [26,29-31), The
jolnt toughness remained constant at 600°C, but inoreased si nlﬁcnmlf' at hlghor tosting
temperatures, The effective Kjo values calculated for the 1200 and 1400°C tests were
~7 MPaem!/2, This bohavior can be explained based on the presence of free Si in the joints
The compressive flow stresn of Si Is known to decrense matkedly above ~800'C, allowing for
inoreased plasticity and vrack-tip blunting at higher testing temperatures [32), Such an effsct
hay rovloulll‘f been cbserved in studies on the elevated temperature fracture behavior of bulk
$1/81C materials [19,2% Evidence of plasticity can be readily observed on the fracture
sutface, as Hlustrated in Figure 6, which compures 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 propuﬁutlun within the joint interlayer. In some specimens, the
notch was not centered exactly on the joint region and occasinnal failures within the base
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a-SICARB SUa-SiC joints
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Figure 4. Weibull plots showing the strength distributions for the sets of specimens tested ot
toot 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
cerumic, 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 u 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 strenith and toughness of joined specimens are controlled primarily by the
properties of the RBSC interlayer, particularly at elevated temgeraturcs. The potentiai
therefore exists to improve the elevated temperature joint properties by altering the RBSC

10 . v ey v r v
«-8ICRBS C/a-SIC joints 1
g} single-edge notchedbeam 1
g four-pointbendng )
£ e
§ 6l y -
/
. I ,/
[ !
g -
2 p
o " i ' b
0 400 800 . 1200 1600
tenperature, 'C

Figure 5. SENB fructure toughness for SiC-to-SiC joints bonded with RBSC as a function of
test temperature.

microstructure. For example, it hus been shown that by infiltrating with alloyed Si-Mo melts,
it is possible to produce reaction bonded SiC-MoSi; comgosltes, containing little ot no free Si,
thut exhibit superior elevated temporature capabilities [33,34]. Such an approach has been
used to produce SIC-MoSia joint interlayers, although property measurements have not yet
been carried out [15).
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Figure 6, Scunning electron micrographs showinﬁ the mogahology of joint fracture surfuces
for specimens tested at () room temperature, and (b) 1200°C,

In order to further illustrute the utility of this ij)oining method, severnl additional
experimenty have been carried out. For exumple, it has been successfully demonstrated that
the method can be applied to join SIC (Nicalon®) fiber-reinforced SiC matrix composites
produced by a chemical vapor infiltration (CVI) [13,15]. Joint microstructures were
essential? 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 1egion, Other thun requiring the uss of a larger thun usual lump of Si
to ensure complete filling of the joint, the pressnce 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 loculized externul heating rather than furnuce heating. This is Important
for the ability to joln very large components und for providing a meuns to conduct joining or
tepair work in the ficld, Although several methods are available for localized external heuting
(e.g. microwave, luser, stc.), the initial experiments were conducted using RF induction
heating. The assembled gruﬁhite jig (Figure 1) was placed inside an induction coil such that
only the joint was heated to the maxirum (loining) temperature, The joint microstructure was
ugain similar to that shown in Pigure 2. Using this heating method 1t would be possible to join,
for example, long SiC heat exchunger tubes, ‘The only requirement is that intimate contact be
maintained between the joining surfuces. Although a graphite jig was used in this case, it

}\:foulg be possible to use a simple mechanical clamping device, since only the joint reglon is
euted.
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SUMMARY

Reaction processing methods have been developed and applied to the fabrication of
SiC-to-8iC joints for potential use at elevated temperatures, The microstructure and properties
of joined ceramics have been characterized using a commercial sintered a-SiC us 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 1400°C. The joining
technique was shown to be applicable to other SiC-based ceramics and provides & 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 plasima immersion ion implantation
is a novel technigque which in combination with meta! 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
repetitivel?' pulsed bias (us pulses) is used to avoid arcing and other deleterious effects,
Between high voltage pulses, metal plasma is deposited onta the surface with an energy typical
of vacuum arcs, about 50--100 eV. The underlying idea of this mixed implantation-deposition
techniqus is the furmation of an extended substrate-film intermixcd layer, We have
demonstrated the technique for nickel films on carbon-carbon composite materials.

INTRODUCTION

Carbon-curbon matetials are composites which can be made in a variety of forms such as
sheets, tows, tapes or woven cloth, Becuuse of their diversity they can be easily tailored to
meet the requitements of specific applications. Cuarbon-carbon composites are used for
structurd] 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 {1].
Ap%lication of carbon-carbon materials has been restricted by the low oxidation resistence at
high temperatures in an oxidizing environment, The protection of these materials from
oxidation or penetration by moisture his been a major problem because the formation of reliable

rotective coatings which can resist the hifh 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 oxidation
protection film (e.g, SiC) develops cracks due to the mismatch in thermal expansion between
substrate and film [2]. For example, SiC is used as an oxidation barrier with silicon or boron
doped glass sealants on top to fill the cracks caused by the mechanical mismatch of the SiC film
and the carbon-¢arboa substrats. Another structure consisting of pyrolytic carbon for
mechanical compatibility, SiC for carbon diffusion protection and Ai1303 as an oxidation
barrier, has besn tested as 8 protective coating for carbon-carbon [3],

The ap(rlicallon of carbon-carbon materials {or aircraft requires furthermore a high
electrical conductivity to reduce damage caused by lightning impact. Metallic overcoats are onc
possible solution, but the standard coating techniques such as sputtering are plagued by the
protlem of poor film adhesion. Metallic coatings could also prevent the carbon-curbon inaterial
from oxidation and moisture if the films were cuntinuous and sufficiently thick,

In the present paper we describe a technique of combin=d plasma immersion implantation
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 mewal
{4). Here we describe our first results for metal bonding to carbon-carbon substrates,

Mat. Res. 30c. Symp. Proc, Vol. 314, #1993 Materials Resesrch Soclety
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EXPERIMENTAL

The carbon-carbon compositc material used as 4 substrate in this investigation was made
from carbon fibers impregnated in an epoxy resin matrix to forin a two-dimensional mat. The
mu:terit;l had u mass density of 1.8 glem?. The sumples were cleuned prior to deposition by
cthanol.

The metal piasma for the deposition was produced by small plasma sources based on
vacuum ar¢ discharges (5], The plusma formed at the cathode of u vacuum arc discharge
expanded through the hollow anode and was focused by an axial magnetic field around the
clectrode arrangement [6]. :

The deposition was carried out in two phases. The aitn of the first phase was to produce
a well intermixed layer between the carbon-carbon substrate and the metal film, so praviding
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 ai the cathode alung with the
plasma). The substrate was exposed to the metal plasma and pulse biased to a negative voltage
of - 2KV to accelerate the ions to the substrate and implant themn with an energy that is given by
the accelerating voltage und the ion charge state, For vacuum arc plasraas, the mean fon charge
state is between 1 and 3 depending on the cathode material, We have chosen Ni for our first
tests which has a mean ion charge stute of 1.8 [7]. A film of about several hundred angstroms
w?’s produced that showed a broad Intermixing between the Ni film und the carbon-carbon
substrate, ‘

In the second phase, a 1 um thick metal film was deposited on tog aof that intermixed
layer using a second plasma source, without magnetic filter to obtain a high deposition rate. In
this phuse 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 urc plasmus [8]. A schematic of the
arrangement is shown in Fig, 1,

Ni source without filler

I}

==——1 substrate holder

rotatable
feedthrough

Ni source with filter
vacuum chamber

Fig. 1; Schematic of the impluntation/deposition arrangement.
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RESULTS

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

i
The filins were investigated by Auger Electron Spectrescopy (AES), and the broad i
plasma immersion loa implantation), !
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Fig. 2: AES spectrum of o Ni film intermixed into the carbon-carbon substrate after the first
phase of the deposition process (imetal 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 ndhesion exceeded 9800 psi (6.8 x 107 N/m2). The oull test was dorse in a
Sebastian Pull Tester where the sample is mounted on a test platter and a stud is bonded to the
coating surface at one cnd, 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
Eexformcd to analyze the moisture rrotectlon of the carbon-carbon material by the Ni films,
or this purggse the sumples were placed in an environmenta! chamber where the temperature
was varled 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 observed,
The high ion energy elevates the tempersature of the sample during deposition. This leads 1
to outgassing of the substrate, When depositing on ail sides of 4 carbon-carbon material, .
blistering of the film cun occur. Interestingly, the film did not simply peat off from the i
substrate in this case but the subsirate structure itself was desiroyed, Possible ways to solve
this problem ure prehuating of the substrate in vacuum prior to deposition or strong cooling of
the sumple during deposition, ot both,

e
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CONCLUSIONS

Plasma immersion implantation is a novel tschnigue for coating and bonding of carbon-
carbon composite materials, providing films with excelient adhesion to the substrate by forming
# broad intermixed layer between the carbon-carbon substrate and the film. Any solid metal can
be implanted and deposited by the vacuum arc deposition technique described, and chemical
compounds such s nitrides or oxides cun alyo be formed by adding gas to the deposition
process [4]. Structures of soveral layers can be formed also by grouping several plasma
sources with different cathode muterials {9). By varying the blasing of the substrate the
intermixed layers can be tailored over u broad range of iaramcters. The auperior adhesion of
the films and the great variety of possible coatings makes this tmethod a promising tool for
protection of carbon-carbon against oxidution and moisture penctration s well as for the
formation of conductive or base films on carbon-carbon composite material for further
coatings.
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DIRECT BONDING METHOD OF ALUMINUM TO STAINLESS STEEL
BY PRESSURE CASTING OF ALUMINUM

KATSUAKI SUGANUMA
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ABSTRACT

A new pirocesa for joining Al to stainless stee] has benn eetablished by using pressure
casting of Al in air, Blocks of AISI type 304 auatenitic stainless steel to be joined were
placed in a mold und were preheated at 450 °C - 800 °C in air. Molten Al was poured
isto the mold and a pressure of 50 MPa was applied immediately. Stainless stoel 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 inlerface, en intermetallic compound layer was formed, and it was
analyzed by TEM. Because this process can be carried out in air by caating of Al, the
process has a potential for the mass-production of Al/stainless steel joints or clads,

INTRODUCTION

Al alloys have been expanding their uses in industrial fields primarily because of
their light weight character. In many applications, Al alloys are combined with other
materials and then jolning technology becomes one of the mejor concerns, Joining Al
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 fillars or materials to be joined, A certain activation
treatment of the Al alloy surface {8 required before joining, The other prcblem ia high
reactivity of Al nlloys. Once the stable oxide is romoved from the interface, Al alloys
soverely 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 been used for most structural
components in commereial fields. Joining Al alloys to ateela/stainless steels is not so
easy because of the same reason mentioned above, By brazing or by aolid-state
bonding, the formation of a thick intermetallic compound layer preventa getting & 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 work shows the naw joining technique to bond Al and stainlees steels
by a simple method. The method utilizes equeeze casting of Al alloys, a inethod 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 PROCEDURE
Materials

The atainless steel used was a commercial AISI type 304 uustenitic stainless steel
(Fo-18wt%Cr-8wt%NIi). Hereafter, this alloy is simply callod 304 steel, The rod of 20
mm diameter x 15 mm high wus prepared and one end became the face to be bonded.
This face was finished with 400 mesh abrasive paper. The rod was washed ultrasoni-

Mal. Res. Soc. Bymp. Proc. Vol 314, ©1093 Materlals Research Boclety
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cally in acetone and then the surface not to be bonded was coated with BN powder.
The Al used was commeroial JIS1050 (99.5 wit% pure), Blocks of 304 atwel and Si N,
of 16 mm x 20 mm x 20 mm were alea used for joining trials.

Cast bonding

The sat-up for the cast bonding is schematically illustrated in Fig.l, The 804 stecl
rod and the mold were preheated at 450 °C - 600 °C. Two types of joining 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 50 MPa was applied.

The whole process was carried out

in air. By the present method, the P

surface stable oxide of Al liquid is

broken under pressure and, further- \L Pl

more, the reaction between Al and .~ Fiunger
the steel finishes within a very Mold Heater

short period because Al liquid solid-

ifies within one minute under pres. \
sure, Thus, if the casting condition
is appropriately selected, good inter-
face bonding van be achieved even Al
In oxidizing atmosphere. Because
the squeeze cast process itself is
widely applicable for the mass-pro-

- - - -

duction of structural components, . Si{Nl 304

the present joining method can be

an economic joining method, 194 i
Several irial jointe such as the b "

304 steel/6061 alloy, tho 304 Type A Type B

steel/6061 matrix composite and the
304 ateol/Al/SI,)N, wero also made S / //%’7/ // / // //

by the present method,

Fig.l Schematic {llustration of cast bonding.
Evaluation

Joints were cut from cast joined ingots. Tensile specimens had a cross section of
1 mm thick x 4 mm wide. Bending bars having 3 mm x 3 mm square cross-section
were also prepared. The crosshead speed was 0.6 mm/min for both tests and the tests
were carried out at room temperature,

The microstructure was observed by SEM, EPMA and TEM, The TEM specimen
was madoe by mechanical thinning followed by Ar ion thinning, The TEM used was a
JEMZ200CX 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 strese of pure Al and showed some plastic deformation
before fracture. When the preheating temperature of the mold was low, e.g.,, 450 °C,

g4 by A1
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the joint strength became high and fracture acsurred not at the interface but in Al, The
Y affect of the preheating temparature on atrength is ascribed to the resulting thickness
of the intermetallic reaction layer mentionsd in the next subwection. Table 1 also
summarized the measured thickness of the reaction layer, As the thickness of the
reaction layer inoreused, the atrength of the joint decremsed, It can be said that the :
interface strength is higher than 70 MPa in the optimized joining condition, On the |
other hand, when the preheating temperature was high, the strength decreased and i
fractura cccurred at the interface zfter a little plastic deformation in Al becauss of the '
formation of a thick reaction layer, i

Table 1, Sirength of joints and fracture positions,

MT : 450 °C | MT : 450 °C | MT: 680 °C
ST : 560 °C | ST: 600°C | ST: 800 °C
Tonsile strength > 70 58 40
(MPa)
Fracture position in Al 304/Al 304/A1
interface inturface
Reaction layer 4 10 20
thickness (pm)

; Mold temparature, ST: 0U4 steel temperature

Interface microatructure

In evary 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 procesded near the 304 steel/reaction layer interface, not in the eentral region
of the reaction layer,

60 40 20 0 20 40 &
Distance from inter face (um)

Fig2 BEM photograph and EPMA line analysis of 304 steel/Al interface, Temperaturos
of the mold and 304 steal were 550°C and 500°C, respectively. ;

—r
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Fig.2 shows a SEM photegraph and EPMA line analysis across the intexface, The
interface reaction layer consists of three distinot layers. The firat layer, which is facing
the 304 steel is quite thin and was not distinguished by the line analysis. The second
layer was richer in Fe, Or and Ni than the third layer, which ls on the Al aide.

Since the first layer s quite thin, EDX quantitative analyais also doea not have any
meaning on tho 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 » fine particle disperaion, The particles hau similar compositions as the second
layer. Quantitative analysis by EDX on the first and the sacond reaction layera is
summarized in Table 2. The composition of the first layer is axpressed approximately
a8 (Fo,Cr,NDAl, ;.. Similar expression of the sacond layer is (Fe,Cr\NiAly 5 No

macroscopic diffusion layer is observed either in the steel or in the Al

Table 2. Typical composition of reaction layers determined by EDX (at%),

Elementa Fe Cr Ni Al
1st, layer 23,0 52 31 68,7
2nd, layer 3.5 1.5 1.7 93.3

Fig.3 whowa a TEM photograph of the 304 steal/Al interface, The thickneas of tha
first reaction is approximately 0.1 um, From electron diffraction, this layer has an
FaAly (orthorhumblo) orystal structure, Thus, combined with the quantitative analysis,
the firet layer s determined as FaAl, 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 raaction
layer!, Also in the present case, the higher strength was achieved for the thinner
reaction layer, Then it is required to choose the appropriate cesting conditions to
nentenl the thickness of the reaction layar,

Fig.3 TEM photograph of 304 steel/Al interface. Nemperatures of 304 ateel and mold
ware 550 °C and 480 °C, respectivaly.
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Joining 304 steel to 6061 alloy and te 6061 matrix composite

6061 alloy and 606" matrix composite reinforced with 20 vol% K,Ti 0, whisker
were also joined to 304 steel successfully by the cast bonding method, e joining
structure was the sandwich structure (type B) of 304 steel/6081 or its composite/304
steel, The thickness of the center layer was 2 mm, Table 3 summarizes the strangth
data of the joints, Both joints have excellent strengths, T8-treated 6061 alloy had a
strength of 280 MPa and then the joint achieved approximately 71 % of the parent
materials' strength, The strength of 8061 tnatrix compoaite is 350 MPa and this joint
strength reached 88 % strength of the parent materials.

Table 3, Joint atrength of 304 stee!/6081 alloy and 304 steel/806
composite with 20 vol% K TigO,, whisker. Both were heat-
traated under T6 condition.

Joints 304 steel/ 304 steel/
8061 alloy 6081 com posite
Tensile strength (MPa) 197 _ 310
Fracture position Interface Interface

Fig.4 shows one of the trial joints
of 304 steel nnd 8061 alloy, where the
bund face had some curvature, One of 0001 alloy
the benefits of the present joining
mothod |8 to make a tight interface
even if the bond face s not flat, Any
kind of joining shapes can become
possible, Furthermore, the size limita-
tlon ie lews 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
Al hes produced components larger
than 100 e¢m in diameter,

Fig4 304 steel/8081 alloy joint having
Joining 304 steel to §i, N, with Al a ourved bond face,
Interlayor

Joining ceramics to metals requires a certain kind of an interlayer to accommodate
thermal expansion mismatch between the two constituents, SigN, i one of the most
diffioult ceramics to be joined with motals because of its extremely low thermal
expansion coefficiant. Several types of interlayer structure have been developad for
such joining system. A soft metal layer, which can reduce thermal stross by elastic-
plustic deformation, is one of the effestive methods to reduce thermal stress near the
interface, Al has been frequently used as the soft metal interlayer and successful
rosults wera obtained for muny joining systems®34, Then, in the present work,
Bi,N,/Al/804 steel joining was performed by the cast joining method of typs B, Al in
In?lltratad into the gap between Bi;N, and the steel and bacomes the soft metal
intorlayer. The distance between the twa conatituents was sat to bo 1 mm, a thickneas
which is thought to be effective to compensate thermal expuansion mismatch betwesn
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ceramics and metals. The pre-
heating temparature of the
specimen was 600 °C. This
temparature was determined
by two roasona, When S8i,N
contacts with Al liquid at 800
°C, Si,N, will suffer from
thermal n’wck. The tempera-
ture difference between SigN, .
and Al must be within the
heat shock resistance. On the
other hand, the excess in.
crease of the preheating
temperature decreases the ¥
strength of the interface of Figh SigN,/Al/304 joint and various bending bars.
304 steel/Al as shown in

Table 2. The ather joining conditions were the same as for the 304 steel/Al system.
Fig.5 shows the 8i N /A1/304 ateel joint and the bending bars of 8i,N, /AI/AI/S{;N,, 304
steal/Al/304 steel and Si N /A1/304 steal.

Table 4 summarizes the four point bending strength of these joints, All joints
fracturad after plastic deformation in the Al layer, Then it can be said that the
strengths of the interfaces are higher than the yleld 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 pm. To prevent the growth of the
reaction layer in such a joining system, a certain kind of surface treatment of the steel

Si,N/A304

may be needed.
Table 4. Four point bending results of various joints,
Si.N /Al/81.N, 304/A1/304 Si N /Al/304
Strength (MPa) > 126 > 94 > 103
Fracture Si4N /Al 304/A1 804/Al
position interface interface interface
CONCLUBION

The present work concentrated on a new joining technique of Al alloys to stainless
steals utilizing squeeze casting of Al alloys, Severel triale were successfully performed.
In the optimized case, the interface reaction layor became thin, resulting in an interface
strangth beyond the parent body strength, In such a ease, the interface did not fracture
by tensile testing. Because the squeeze casting method has been widely used for mase-
production of Al products, this process has great potential for joining Al alloys to
stainless stouls in commercial fields.
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A NOVEL BRAZING TECHNIQUE FOR ALUMINUM AND OTHER METALS

ROLAND §, TIMSIT* AND BJ. 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 51 and a potassium fluoroaluminate flux, During brazing at ~600°C In
nitrogen gas, the flux melts and removes the native ALO, surface fllm from the coated aluminum
components, This action allows the siticon to diffuse into the ﬂumlnum to generate [n-ajty a layer of Al-Si
filler mlll!tll of eutectic composition, The liquid metal then flows Into thejoint and ylelds a metallurgical bond
on coollng.

This bgrlzlnglechnlque may beexplolted withaluminumusing intermedlaty clementsother than S1. The
technique may also be used for joining other metals,

INTRODUCTION

Recent years have witnessed an increased rellance on nlttogen-furnace brazing for the jolning of
aluminum heat-exchangers and air-conditfoning condensers {1,2], This brazing technique requires thatone
ofthealuminum componentsin a joint beclad with filler material conslsting of an Al Sl alloy of near-cutectic
coraposition such as AA4048 or AA4343 3], These alloys are characterized by a molting temperature
(-57;‘(:) [4] considerably lower than that of the core alloy (~660°C). Joining I8 carried outat approximately
600°C in the presence of a non-corroslve flux, such as potassium fluorvaluminate {1), to rerrove nativo oxide
Fims from thealuminum surfaces, Atthat temperature, the filler metal melts and flows Into thejoint to yield
a metallurgical bond on cooling.

The present work was mativated by the need to develop a brazing technique that obviates the use of clad
aluminum sheet, The novel technlque reported in this paper fulflits this requirement and has been used for
brazing aluminuim /Cu, Cu/Cu and Cu/brass in addition to aluminum/aluminum joints,

THE BRAZING PROCESS

In the hovel brazing technique, atleast one of the aluminum surfaces Is coated with a layer of a powder.
mix conslsting of S and a flux capable of dissolving surface oxide flims [3), as lllustrated in Fig, 1(a), A non-
corrosive flux compatible with aluminum {1,3] consists of a mixture of KAIF, and K, AlF, H,0 powders In
amolat ratio of approximately 13:1 witha particle dimenslon of the order of 1 ym, Typical surfacecoverages
:y S! powder range from a few to several grams per square metre, depending on the joining application,
onsiderably larger St surface coverages maybe used, The welght ratio of Si to flux-powder varles typleally
from ~1:1t0 1:3, also depending on the application, The 51 powder-particle dimensions may range from ~1
to 100 um. Brazing 1s carried out by heating the joint at approximately 600°C In nitrogen gas at near.
atmospheric pressute for a time Interval of the order of one minute, During temperature ramp-up, the flux
melts at ~562°C and dissolves the sutface oxide layers on alumlnum [6) as illustrated In Fig. 1(b). Oxide
removal allows thesllicon particles to come into intimate contact with the bare metal and diffuse into it (Fig,
1(c)). At lemremumu exceeding 8774C, the sllicon diffuses rapidly into the aluminum to generate ‘m;gu_un
layer of Al-51 Hiquld alloy of eutectic composition (Fig. 1(d)). The flller metal punetrates the Joint of Interest
by caplilarity action and forms a fillet, thus producing s mutallurgical bond on cooling. Some unused filler
?ﬁcu 1m)a)y remain on the aluminum surface to form a thin layer of Al-Si alloy of near-cutectic composltion
10
slnﬂndu»trhl npgllcnuons of the new brazing technique the entire jolnt assembly {5 coated with the 8i/
flux mix, gencrally by exposure to a slurty, In order to keep the application technique simple, Filler metal
lethus formed from all the contacting surfaces. However, excetlent joints arealso obtalned if only one surface
In a Joint Is coated with the brazing mix, This is because the molten flux spreads rapidly across the joint to
removce oxide films from the mating surfaces, and sutficient filler metal can befurmed from only one surface
to yleld a good metallurgical bond, Because Jolnts are formed through caplillarity flow of the filler metal,

brazing requires only minimal contact force at the joint interface,

PROCEDURES AND RESULTS

The successful use of the novel brazing technique requires a uniform coating of 51/ flux powdur on the
metal surfaces priot to brazing, Unlform coatings could be deposited by dipping Into a watee- or aleohol-
based slurry atter cleaning the surfaces chemically [7], The S1/flux weight ratlo in the slurty was varied
between 1:2 and 1:3, Depending on the concentzation of solids in suspension, total surface coverages by the
brazing mix ranging from 1 to 80 g m+ could casily be obtained on aluminum. After deposition, the coating

Mat. Res. 8oc, Symp. Proe. Vol. 314, <1903 Matstisls Research Society
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Si particle flux

oxide

$62°C < T< 577°C
©

T > 562°C T>571C
o )
o residual flux
~* oxide
room T
(e)

Flgure1.  Successlve steps in the novel brazing process:

(a) deposition of a 8!/ flux powder mix on the aluminum surface; the Si patticle dimensions

range from ~1 to 100 pm, the flux particle dimenslons do not exceed ~1 pm.
) melting of the flux at ~562°C and dissolution of surface oxide films,

¢) at 562°Ce T <377°C, nolld-state diffusion of St into aluminum

d) at'T >577C, rapid dissolution of 51 to form localized pools of filler metal of near-eutectic
composition, followed by coalescence of liquid-metal pools,

(e) end of filler metal generation and solidification,

was drled in o clrcullth:f alr oven,

In the work reported below, the efficacy of the brazing technique was assessed by assembling the tost
components In the desired joint configuration, heating the assembly in a nitrogen furnace at the selected
temperature for a timo Interval not exceeding two minutes, and examining the brazed jolni(s) after cooling,
All brazed joints were produced by coating only one of the contacting surfaces with S1/flux powder.

ni/Aluminun Jolnts

The novel brazing technlque may be used with any aluminum alloys, provided the Mg content of the
alloylismaller than ~0.1 wt% [7]. Figure 2(a) showsa metallurgical cross-section from a typleal jolnt formed
between two AA3003 aluminum sheet specimens (composition: 51 0.6, Fe0.7, Cu 0.03.0.2, Mn 1.0-1.8, Zn 0.1
wit%, balance Al). In this example, only the sheet shown horizontally In the figure was coated with the 1/
flux mix, Brazing was carried out at 600°C. Note the uniformity of the fillet, The dark necdle-like particles
in the fillet are 51 particles precipitated from solution duting cooling, For comparison, Fig, 2(b) shows a
metallurgical crods-section obtalned from a jolnt simllar to that lllustrated in Flg. 2(a) but formed by
conventional brazingat 600°C. In that Juint, thevertical A A3003 specimen wasjoined toa coupon of AA3003
clad with AA4045 al 0{ [3) (AA4048 compasition: §1 9-11, Fe 0.8, Cu 0.3, Mn 0,08, Mg 005, Zn (.1, T10.2,
balance Al) and flller liquid was generated on melting of that alloy. The fillets {n the two figures are
essentially Identical.

One attractive feature of the new brazing process Is a capabllity tor introducing additional materials
Into the 51/ flux mix to enhance selicted propertius of the joined components, For example, the addition of
Zn powder was found to lead to diffusion of Zn into the component surfaces without adversely affecting
the generation of ALSI filler materlal {7), The Introduction of Zn by this method was found to provide
sacrificlal corrosion-protection for the jolned aluminum surfaces [7),

Aluminum/Cujoints werebrazed by the novel technique using theSi/ flux brazing mix, The mechanism
of filler metal goneration in this system will be outlined below. Prior to brazing, the copper and aluminum
component (A A1100, composltlon (81 + Fe) 0,93, Cu 0.05-0.2, Mn 0,08, Zn 0.1 wt%, balance Al)) were both
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cleaned chemically. The aluminum surface was coated with Si/flux powder using a water-based slutty,
Typleal surfacecoverages by Sand flux were respectively ~8 g m?and 28 g m*, Brazing was carrled out by
heating to 884:C in nitrogen gas tomelttheflux, and then reducing the temperature to below 348°C asquickly
as possible by cutting off power to the furnace and Increasing the nitrogen gas flow. Figure 2(c) shows a
typical metallographic cross section obtained from an aluminum/Cu lap joint, Note the presence of a

Figire2, (a) motallurgical cross-scction from a typleal A.ASOOBgolm.
(b) metallucgical cross-section from a Joint formed by conventionul brazing whervin the
vertcal componant wan joined to a coupon of AA3003 clad on both sides with AA4048¢,

(c) metallographic cross-secton from an aluminum/Cu lap joint,
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relatively wide layer consisting of Al-Cu-Si solld solution and intermetallic particles at the interface (8],
Exposure of the joint to temperatures higher than ~548C for ime intervals exceeding ~1 minute led to
excesslve dissolution of Cu Into the aluminum sheet, This dissolution stems from the large solubility of Cu
in Al in that temperature range [4).

Brazing cf an aluminum/Cu joint in the presence of Si oecurs by Initlal dissolution of Si into aluminum
to form a layer of Al-Si eutectic liquid at a temperature exceeding 577°C as explained previously; welting
oftheCu surface by the molten eutectic metal then leads to Cu dissolution to generatea molten ternary alloy,
Because of this filler formation mechanism, aluminum/ Cu joints could notbe brazed at temperatures lower
than 577°C |.e, below the eutectic temperatuze of the Al-S1 system,

8
Joining of Cu/Cu and Cu/brass joints was also successfully carried out using the novel brazing
techrique, The brass consisted of 70/ 30 Cu-Zn matetial of commercial purlty, After chemlcal cleaning [7],
the brazing mix was deposited from a water- or isopropyl alcohol-based slurry to generate typleal surface
coverages of Sl and flux of ~10 and 30 g m* respectively, Brazing was carrled out at an elevated temperuture
as the eutectic reaction between Cu und 31 occurs at 803°C [4), It was found that excellent fillets were formed
In Cu/ Cuand Cu/brass joints by heating for a few minutes respectively at 900°C and at 876°C In nitrogen

PN

3. Metallographic cross sections from typleal brazed joints: (a) Cu/Cuy; (b) Cu/brass (Cu coupon ls
horlzontal), The 51/ flux mix was deposited on the horlzontel metal surface,
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4.  Metallogruphic sections of:
()) a AA1100 aluminura joint brazed with Cu/flux,
(5) & AA1100 aluminum joint brazed with Ge/ flux,
(6)  aCu/Cujvint brazed with Ge/ flux powder.
The 51/ flux powder was deposited on the horizontal metal surface,
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gas, Here again, thebrazing tenr:renture was significantly above the Cu-5l eutectic iempesaturs to induce
rapid gnmeration of filley metal. Metallographiccross sections from typlcal brazed jointsareillust: ated in Fig,
3 glole the excellent fillet geometry, . ‘

BRAZING WITH MATALS OTHER THAN 8i

AlthouEh the work reported above has focused on Si as the Intermedlary materlal for. brazing, the
brazing technique may use other eletiients to generate'tiller metal. The only heq::lremem 18 that these
elements form a relatively low-temperature cutectic alloy with at leust one of themetals in the joint. Several
elements such as Cu, Ge, Zn, La; Ca, Ba etc., form a low-temperaturo eutectic with Al (4], However use of
these metals for brazing aluminum may not alwngs be desirable (7] since, for example, tome of these melals
are chemically unstablein air. Similarly for Cu/Cu joining, the selection of an intermediary metal from Ge,
La, Nd, Sb, Se, Srete., all of which form low-temperature eutectics with Cu , requires careful consideration (7).
Inthe following, the use of brazing elements other than Siis illustrated only to show the broad applicabillty
of the principles on which the novel brazing process s based, L

Pigures 48) and (b) show mmllt’)'gglghlc sections of AA1100 aluiinum joints brazed respectively with
Cu/ flux and Ge/ flux powder mixes. The Cu-and Ge-contalning prwders were deposited from an isopropyl
alcohol-based and an aqueous siurry respectively to yleld surface covarages of 46 g m* for Cu and 15 gm'
3for Ge, The Cu:flux and Ce:flux welght ratios were respectively 1:1and 12, Brazing wascarried outat b
{nnltrogen gus as described eariler. Note that metallurgical bonds areformed in the twocases, As mentioned
earlier, the filler metal formed with the Cu and Ge powders sterms from the eutectic reaction with Alat S48C
and 420°C (4] in each case respoctively, In both cases, the joints were heated to 600°C to cause melting of the
flux. As expected, the fillet in Fig, 4(a) consists of a Cu-Al solid solution interdispersed with intermetallic
particles such as CuAL, The dark patticles In the fiflot shown in Fig, 4(b) conslst of Ge precipitates,

Flgure 4(¢) showsa metallugraphicsection from & typical Cu/ Cu jointsrazed with Ge/ flux powder. The
brazing mix was deposited from the aqusous slurry mentioned above. Brazing was carrled out in nitrogen
gs at 700°C (o take advantage of the Ce-Cu eutectic reaction at 644+ [4) to generate filler metal. Althougi
some porusity Is evident in the fillet, the metallurgical bond was found to be excellent.

SUMMARY AND CONCLUSIONS ]

This paper has reported on a novel brazing technlyue for aluminiim. The brazing process uses the [n-
slty formation of filler metal by the eutestic reaction of an intermediary metal powder with the core-mntal
surface, The requirement on tlie Intermediary metal is that the temperature of the eutectic reaction be
appreciably lower than the melting point of the core material, The brazing technlque also requires the use
ofa non-corrosive flux [1,2) to removesurface oxlde films from the components tobejolned, Withaluminum,
the brazing technique has been shown to be successtul using 8, Cu or Ge as Intermediary metals, The
tcchn‘:qt’l‘e{unnot be used for jolning aluminum alloys containing Mg In a concentration as smali as ~0.1
weight % [7), .

amples of Cu/Cr- and Cu/brassjoints brazed using mixtures of flux and 8 or Ge powders show that
the underlying principles of the novel brazing technique are widely applicable. Thus it should be possible
tobraze a vatiety of metals using an appropriate intermedlary material .. a material capable of forming a
low-temperature eutectic with the corematerial. For example, brazing of Nl or Ni-rich alloys may becartled
out using Sl, Ge, Sm etc powders since euteciic reactions of these elements with Ni occur at temperatures
of ~ 963°C, 762°C, 570°C etc respectively (4], In principle, thete are no constraints to using any compatible
combilnation of core materlals and Intermedlary metals for brazing, In practice, constraints may arise from
such factors as the reactivity of the Intermediary motal in alr or in the slurry, the formation of brittle
Intermetallics, thecosmetic propectios of thejolnt etc, For the brazing of Al alloys, theseconsraints areclearly
avolded by theuse of Intermediary metalysuch as Sl or Ge, which ure relatively inertinairand water, Finally,
the flux must be capable of stripping surface oxide films from the core materiels of interest at the brazing
temperature,
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INDIRECT RONDED METALLIZATION OF ALUMINUM NITRIDE

M, GRANT NCRTON :
wflggnlgﬁtgn Siate University, Department of Mechunical and Materials Engineering, Pullman,

ABSTRACT

: The use of aluminum nitride (AIN) as a subsirate and ‘packaging materul for microcircuit
applications Is of present intorest due to its many advantageous physical properties, A limitation
to the widespread use-of AIN is the lack of an adequate metallization:system. The most common
method of achlevin? high-integrity motallized ceraniics is throngh the use of indirect-bonded
metallizations, A wide range of intermediate bonding materlals are tised, for example glusses,
oxide mixtures, and active metuls, In this paper, the indirect-bonded mewliization.of AIN will be
reviewed und discussed. Requirements which must be considered in, praducing successful

metatlizatiohs include; wetting of the substrate and the metal by the intermediate phase and the
reactivity hotween the inlermediate phuse and the substrate, The reactions which ocour in maty

of the systoms considered can be predicted by examindtion of thermodynamic data.
INTRODUCTION

Aluminum nitride (AIN) has produced a great deol-of intorest as u substrate material for
microcireuit packnging applications duc lo ity high thermal conductivity [1-6]. The thestnul
corductivity of presontly avatlable AIN substrats is as high us 260 Wm-1K-}, Tho thermal
conduoctivity ol’ 96% Ala03, the most widely used substrate material, (s in tho range
10-30 Wm-!K-1, In the most simple approuch to upplication AIN will replace surface-mount and
pin-grid-utray modules where substantial benefit niay sccrue from |is order of magnitude better
thermal conductivity. Struotures with large heat sinks are alreudy required to n:cet the present
thermal specifications of sume optical components. Since these thermal upecifications determine
the reliability of the componenty, significant improvements may be uchioved by boing uble to
specify a lower device temperature through the use of AIN. AIN also has a number of other
physicul properties that render it intorouting for packnging apptications: close coefTicient of
thermul expansion (CTE) match to silicon, high electrical resistivity, und moderately low
dioleetric constant [7,8),

A limitation in the more widespread use of AIN has been the luck of an adoquate
metullization system. For example, the limated availubility of computible thick film matnrial
systoms has rostrictod the production of hybrid circuits based on AIN to low volumo
applications, The metailization system s required for mounting of the integrated ¢ircuit, for
interconnection to other circult components and in the cuse-of cersmic packugey for jolning the
Iuwkugo baso and lid. Metallization cun be clussified into two mn‘!‘or types—direet bonded and

ndirect bonded, Direct-bonded metullization is achioved without the use of a sccond ur
intermediate phase, for exumple, by prossing togethor very flat mating surfaces to achieve
diffusion bonding {9-11], The most common method ol uchieving high-lmcgrit?' metullized
ceramics is through the use of indirect-bonded metallizations, A wide range of intermediate
bonding materiulg are used such os glasses, vxide mivtures und sctive metals. A number of
differcit indircct-bonded metallization systems have been developed for oxide curamics,
principally Al203, These systems will be discussed and their application to the metullization of
AIN roviewed, Whatever the process, the busie requirements for strong bonding are the
achievoment of intimate contact between the iwo materials, the conversion of these surfaces into
a chemicully-bonded interfaco, and the ability of this interfuce to accommodute CTE mismatch
siresses goneruted during cooling after Mbrication or temperature changes in operational
conditions.

THICK FILM METALUIZATION
This technique utilizes u conductor ink which containg a metal powder, a bonding agent,
und un organic vehicle/solvent system which has well-defined rheologleal propertics, The ink is

sereon printed onto the substrate, dried and fired to produce & conduclive metal layer, The firing
temperaturo is usually in the range 700.950°C, There ure two primary methods used o achieve
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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 materials are
enerally oxides which, during firing, form mixed-oxids phases or liuid sutectic phases at the
nterface. Bonding occurs by the reduction 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 matal. During firing the gluss 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
interlocking in additlon 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
gubstrate. The glasses are often high-lead borosilicates, a typical composition being 63wt%
PbO-25wi% B203-12wt% SiO2. A number of review articles ate available which discuss thick
{ illlzn m?terluls and processes, the reader should refer to these for an overview of this technology

AIN/Cluss Interactiony,

The interaction between typical high-lead borosilicute glasses and AIN results in three
ggenomenu [15]. At temperatures above 670°C bubble formution occurs, indicating a reaction
tween the glass and the ceramic, At higher lemperatures (> 900°C) dewetling 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 utmospheres. Because of these reactions most
commercially available thick film materiuls are not sultable for use with AIN. The reactions
which occur, for examplo between PbO and AIN, can be cxplainod with reference to un
EJlinlghmn diagram [16]. An Ellingham dluf;rum isa Fr aphical representation of ree energy data,
The [ree energy of formation of several oxides used in gluss monufuoture is shown as a function
?‘t‘ tem;;erature in figure 1. The line for the oxidation reaction of AIN has alsu been included in

gure 1,

4/3 AIN + O3 —: 2/3 Al203 + 2/3 N3 (n

At a given firing temperature, say 850°C (1123K), the Gibbs {rec onergies of the following
reactions are:

2Pb+ Oy —> 2 PhO ; AG" = - 218 kJ/mol (2
4/3 AIN + O ~> 2/3 Al203 + 213 N3 3 AGO = -628 k)/mol 3)

Thereforo, the reaction:

2PbO + 4/3 AIN —> 2/3 Al303 + 2 Pb + 2/3 Np; AGU = -41G kI/mol 4

is fuvorable s wrilten, leading to ¢volution of nitrogen gus and the formation of lead, These
products have been confirmed by porforming the reaction in a seuled crucibie and monitoring the
gaseous emissions using gas chromatography, Nitrogen evolution was found to become
significant above ubout 700°C and contiaue as the temperature was increased. The solid
products weie identified by x-ray diffraction (XRD).

The relative positions of the AQP versus T lines for the metal oxidation reaction and the
AlN oxidation reaction allows predictions to be made about the stabilities of various oxides in
contact with AIN, Ata given temperaturs, 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
AGY lies below that for the oxidation of AIN (i.c., more negutive AGO), al u given temperature,
will be stable in contact with AIM, The free energy of formation of several common glass
constituents lies ubove the line for AIN oxidation. Similar studies have been performed with
other gluss systems in contact with AIN, for example mangonese oxide containing glasses {17).
These results also agreed welt with the predictions bused on the use of Ellingham diagrams.
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Figure 1, Gibbs free onergies for selected reactions us a function
of tempoerature. The lines represent reactions of the form
2 Pb (8) + O3 (g) = 2 PbO (s).

Using the data in figure 1 u model glass (in the Li»O-B20j3 system) was formulated
which was compatible with AIN. A glass of the composition 20 mol% Li20-80 mol% B203 has
comparable rheological properties to a high-lead borosilicute glass [18], In uddition to chemical
compatibility, a further requirement is that the gluss wets the ceramic surface during the firing
process, The wettability of a muteriul is evaluated by measuring the contact angle, 8, between
the peripheral surface of a small sessile drop of the molten material und the horizontal surface of
the ceramic substrate, A number of studies have evaluated the wettability of oxide cerumics by
%nsscs and metals [c.?., 19-22] and the wettability of nitride ceramics by molien metals [e.g.,

-26], Far fewer studics have examined the wettability of nitride cerumics by glusses [27-29],

The contact angle of the 20 mol% LizO-80 mol% B203 gluss on AlaO3 und AIN
substrates was determined in both uir and nitrogen ambients [30]. In air, the glass behaved
similarly on both substrates—in the luttor case presumably due to oxidation of the surface. In
nitrogen, instantaneous wetting of the AIN by the gluss was not observed, however, a time-
dependent contuct angle was found. Time-dependent contact ungles have been obscrved in
metal/nitride-ceramic coupies, e.g., Al/SiaNg, AI/AIN, and Al-In/AIN [23,25) and in many
other systems, e.g., lcad borosilicate glasses on ruthenium dioxide [31], polymer melts on
uluminum, mica and Teflon [32], and water on 3lnss and molten copper on iron [33].

Time-dependent contact angles ure indicative of reaction-driven spreading. When a
reaction ocours between the liquid and the solid, the free energy of reaction per unit interfacial
arca and unit titne enhances tho driving force for wetting [34,35]. In the cuse of the lithium
borate ﬁlass on AIN and Al203 the tate of reaction involving the glass and the oxide surfuce is
faster than the corrcspondlngreuction between the glass and the nitride surface. For high-lead
borosilicate glasses on Al20j3 substrates it has been found that significant quantities of the
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substrute can be dissolved Into the glass during the firing process of the film {36-38), This
interaction lcads to an improvement in the adhesion of the metal [39]. Dissolution off AIN was
found to occur in the lithium borate glass at typlenl processing times and temperatures, however
the dissolution rate was lower thun that observed for the dissolution of Al303 in high-lead
borosilicate glasses {30]. .

Futther rescarch is warranted to understund the reactions occurring between various

glusses and AIN substrates. A rceent study has evaluated the uso of low-lead containing oxide
lusses in thick film resistor ink formulations for AIN [40], The glass contained only 6wt
bO and based on the releuse of nitrogen the extent of the reuction between the PbO and AIN
was limited, However, the most promising approach lies in the dovelopment of new computible
bonding systems specifically designed for use with AIN substrates [¢.8., 41).

One particulur type of glass system that may find application in this aren I8 the
oxynitrides [e.g., 42], These glasses huve been ol considerable interest in recent years and u
number of review articles on the subject huve uppoared [o, ., 43-47), Oxynitrido glasses ure
known to wet and adhere to nitrogen ceramics, for example in metallizing silicon nitride and in
jolning silicon nitride components [27,28,42], Some preliminary studics have domonstrated that
oxynitride glusses wot AIN substrates but because of the high gluss transition temperature (T)
of the compositions fabricated, it was not ascertuined i complote srrcuding would oceur [301.
Oxynitride %hwscs have different physicul propertics from their oxide countorparts, a result of
the substitution of trivalent nitrogen for bivalont oxygen in the glusy structure. The oXtrn bond
offered by tho nitrogon produccs a tighter, more highly cross-linked gluss structure, For
oxample, an inorease in 1y is often noted [n an oxynitride glass compared to an oxide glass of
the same cation ratio [48,49), The increaso In Ty being proportiondl Lo nitrogen concentration.
Othor changes in physicul properties include a decrouse in the CTE and an increaso in the
viscosity of the glass [50]. Although the mujority of research work on oxynitride glusscs has
ggl;sidorcd multoriuls having high Ty, some studios huve cxomined glasses with lower Ty [51-

AIN/Oxide Inteructions.

Thermodynumic stability criteria cun also be used to identify possible oxide additives for
use us adhesion promoters in reactive-bonded thick film materialy {;54,]. Cudmium and coprcr
oxides urc the most widely used udditives in thick film materials for oxide ceramivs, During
firing, diffusion of the cations into the substrate (normally Al203) occurs thoreby forming
mixed oxides (spinels) or a liquid eutectic phase which promotes adhesion of the mota! film,
Bonding to the metal occurs by reduction and solid solution into the metal, These oxides ure
udded at the level of 0.1-1wt% relative to the motal powder, For AIN substrates, no such
reactive bonders huve been developed. The reuctivity of some oxides with AIN hus been
examined by caleining oxide/AIN mixtures at high tomperatures in nitrogen und then identifying
the products using XRD [54]. A summary of these results is shown in Table 1. Some
preliminary studies have indicated that the addition of reactive oxides, c.ﬁ., Co0, to a standurd
cogjm thick film formulation can lead to significant improvemonts in adheslon of the metal to
AIN; compared 1o the adhesion of & similar formulation without the reactive oxide.

Table 1. Reaction products of' AIN + oxide

Oxide Maln Product 8ide Product
CaO Cu0, AIN Caf2Al1401, CaiAl20¢
BaO BuAlp BagAl204

_Vals A/ a-Al Oy
MnO MnQ, AIN
Col Co, Co0), Co30y4, CoAl204, AIN, Als()y
NIO Ni;ﬂlﬁ#ilﬁ
CusO Cu AN
CuO Cu, AIN
700 Zn ZnAl04
(e AN ATON, Ci0. T

T TN
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REFRACTORY METALLIZATION

Traditionally this process omploys molybdenum or tungsten and 'debused' Al203. The
mrt;ljrbdenum is applied to the surfuce as u powder, often mixed with manganese oxide, and
fired in a reducing atmosphere with a controlied dew point so that the Mn is present us MnO and
Mo as the metal [35), The MnO reacts with both the ceramic grains and the liguid glassy phase
{56]. The glassy phase from the Al203 migrates into the metul powder under the influcnce of
caplllary forees and bonds the metal particles to cach other and to the AlaO3 surfuce, producing
a weltable surface layer. In the case of pure Al303 and oXides without binder Fhaseu. itis
necessary to add ﬂnsm to the metallizing mixtures [57]. The Mo coating Is gencrally
clectropluted *wlih Ni to provide a clean and continuous surfuce us well us one on which an
applied braze would casily spread. A similar process Is used for W metullization,

Commercially available AIN substrates ure produced to be us pure us possible and
contain only a very small amount of second phase muteriul, Therefore for metullizution using the
molybdenum-mangancsc system a gluss must be added to the metallizing mixture. 1t hus been
shown that munganese oxide (MnO3) is unstable in contact with AIN at typical motalllzation
tlemperatures —resulting in the formation of nitrogen gas [17]. Transmission eleotron
microscopy (TEM) studies of MoMn and W metallizations vn AIN have shown that complox
reaction interfucey are formed [38,59], The myjor bonding mechunism was dotormined to be
ggnln boundary ponetration of the glass into the substrate, There wus also evidence for chomideal

nding via the dissolution of AIN by a Al-8i-Mn glass phase und subsequent precipitation of o
complicated sequonce of precipitates,

THIN FILM METALLIZATION

Thin [ilm metallization involves the evaporation or sputiering of thin motal films onto u
cerumic surfuce, It hus been domonstrated that u sequenco of luyers of different metuls iy
required for optimum fifm propertics Lﬁo « The first luyor is usually u refractory motal such us
Tl, Cr or NICr} this luyer provides adheslon to the coramic, These clemonts ure reactive and
bond through redox reactions with the substrute, The second lu%:cr acts us u diffusion burricer,
This muteriu] will usually bo a noble metal, preforably Pt or Pd, The top layer will be the moti
of cholee for the particulur x;pgllculinn. for example, Au for wire bonding, Ni or Ag.Pd for
solderability, Cross-scction TEM studies ol a AwPUTI thin (ilm metullization on AIN huve
indicuted that the bonding mechanism appears (o involve Interdiffusion ucross the motal/cersmic
interface with tho formation ol TiN, Al203, and TiAls [58]. These reaction products cun be
predlcted by exumination of freo energy data and uro consistent with phases produced during
autive motl brazing of' AIN.

BRAZING

A bruze must reaet with und reach chemicul eyuilibrium at the Interfacos with both the
metal and ceramic comronomu {34). Meltul u{;moms ure genorally compalible, resulting in
wolting und solulion/diffusion bonding of the bruze with the metul component, Conventional
braze ullqg's. for oxample Ag-Cu, Au-Ni und Ag-Cu-Zn, gencrally do not, however, wol
coramics, They do not react with the coramic sinee the oxidation potontials of Cu and Ag ure less
than that of Al The inlerface enorgy can be lowercd when thero are strong forces of chomical
altraction, The ree onor%y of the reaction contributes to the driving foree for wetling
{34,61,62], Liquid motuls have much higher surfuco energios than most cerumic oxidos, und
therofore the inlerfuciul onergy is high so that most liquid metals do not wet and spread on
corumics unloss special efforts are made [63],

Two general approuchen have beon used in the developmont of metal bruzes for use with
cerumic oxides. In one method, sotive metuls such as titanium or zirconium are udded to the
motil; theso effectively reduce the interfuolal onergy by their sirong chomical uttruction to the
oxide und onhance the wetting behavior (64}, For exumple, brazos to be used dircetly with
cerumics generully have u small percentuge of an uetive metul, e.g., Ti, added [6S). The high

oxidation potential of the T causes it to undoergo o redox reaction with the cerumic (t):ricul y
n

Al1203) which results in the sproading of the braze and formation of an oxide compound at the
interface which is compatible with both phuses, producing a chemical bond at the interfuce (66].
Severul studies huve demonstraled the effectiveness of small smounts of an uctive metal in
increusing the wetlability of both oxide [67] and nonoxide coramios (42,68-72). In the other
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method, the surface of the ceramio is activated by application of a suitable motal hydride, for
¢xample, TiHg [73]. The hydride decomposes at a temperature bolow the bmzinﬁemperature
and the T undergoes a redox reaction with the ceramic at the interface to form a bond, and the
bulk Ti sinters to form a wettable coating [74,75]. Other techniques may be used for the
deposition of titanium coadngs on thie surface of ceramic samples prior to brazing, for example
chemical-vapor deposition [76). The interfacial reactions which occur duting the brazing of
nonoxide cerumics using elther an active melal braze or byareacuvallng the cerumic surface with
an active metal can also be expluined by reference to an Ellingham diugram, An example of the
latter case Is discussed bealow,

Cr/CtN
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8
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- 2004 B/BN

AVAIN

\

Free energy (k)/mol)
g

\
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8 3
\
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Figure 2. Gibbs free enorgics of formation of selected nitrides us o
function of temperature, The lines ropresont reactions of tho forny
2%Zr (8) + Na () = 272N (8).

In this particulur exumple, the AIN surfuce was activated by the in-situ decomposition of
a metal hydride [77]. The choice of suitable metuls can be made by reference io a standard free
cneray diagrum for the formution of metal nitridos 78], as illustrated in figure 2, Metuls whose
nitrides have lower freo energies of formation than AIN will be suituble us active metals, for
example titanium and zirconivim, The decomposition of the metal hydride results in the
formution of' an active metal species. For TiH2 the decomposition reaction is believed to ocour at
~340°C with the subscquont reaction between the titanium and AIN occurring in the temporature
runge 500-700°C [77]. The products, identified by XRD, for reactions between TiHz und AIN
und between ZrHa und AIN are shown in Tuable {1, The rcactions between Tl and Zr with AIN
are lhermodynamicully favourcd us shown below [79):
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2Ti + AIN —> TigN + Al ; 469 (1123 K) = -27.6 kl/imol ()]
Zr + AIN —> ZrN + Al ; AG9 (1123 K) = -83.3 kJ/mol (6)
Thus the overall reactions are proposed:
STiHz + AIN =5 TigN + Ti;Al + 5Hz )
4ZrHp + AIN —> ZiN + ZrjAl + 4H, (8)

The intermetailic phases (Ti3Al and Zr3Al) are formed by reaction between the free
aluminum and either the titanium or zirconium, respectively, The formation of intermetallic
phases during reaction of Ti and AIN has been roported by other authors although the
composition of the intermetallics varies between the different studies [B0,81). Interfacial
microstructures associated with the active metul brazing o AIN with a Ag-Cu-Ti alloy have been
oxamined using TEM [82). It wus found that a layered serics of reaction products was formed:
TiN was found nujuacent to the AIN and o complex n-type (Ti,Cu,Al)gN phaso was found
further from the substrate,

Table 1. Phasey idontified in hydride/ceramic reaction

““Reaciants “Products

T, AIN AN
TigN
TiAl

~ ZrHj, AIN A

ZrH
Zr3Al
ZrN

The general requirements for brazing w AIN are that (1) there must bo u chemical reuction
occutring at the interfuce botween the brivze und the substrate surface, and (ii) the CTE of the
Jolning materials must bo similar to avold residual stresses being generated in cooldown from
the brazing temperature. Also, it is nccessary to cosntrol the brazing embient to avoid direct
reaction between the active motal and the gascous iatmosphere and to control the umount of
active metal to avoid the formation of excessively thick interfacial layers. The design of brazes
for nitride cerumics continuey to be an active arc, of materials rescarch [83).

It has been observed that metuls that do not form stable nitrides can ulso be joined to
AIN [84]. The reactions which ocour cun, in many cases, be correluted with thermodynamic
predictions of the reaction products. An important consideration in those studies hus been the
nitrogen activity, In some microclectionic applications, metals such as Ti, Zr, and Ta are not
attractive as conductors since they casily form siable oxides, Some I\smalimlnnry studies of the
interaction of non-oxygen (non-nitrogen) active metals with AIN have been reported. In
particular, reuctions belween AIN and the metuls Pt and Pd, und the alloys Pd-Ni and Pd-Ag
were studied. In the case of PYAIN, for exumple, the following reactions were considered [84]:

AIN =5 Al + 12 N2 O]
3 Pt+ Al —» PyAl (10)
PtaAl —> |Allp + 3 Pt (11)
AIN —> |Allpy 4 1/2 Na (12)

The reaction only proceeds if’ the temperature is & 1390 K, For the reuction to proceed at
lower temperatures the nitrogen activity has to be lower than 1, Although some thermodynamic
caloulations have been performed on the use of non-nitride forming metals with AIN, more
work has (o be done to explain the AIN-metal reaction and tv ciarify the morphology of the
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reaction layer, This work is cspcciullg rﬁulred in the bonding of metal foils to AIN where the
thermodynamic conditions are not fulfilled and the inteiacial layer conslsts of unknown phases,

SURFACE MODIFICATION

Preoxidizing of AIN substrates hay been shown to be successful in providing u
coniputible surfucc for u number of existing metallization (echnologics. For exumple, the direct-
bond copper (DBC) process, which has been developed for AlyQ3 [85] can work well when
used with oxidized AIN substrates [B6-89), The process requires an inert atmosphere with o
controlled O pressure, The necessary reaciion to provide the udhesion between the oxide and
the copper is the formation of u copper-oxide eutectic phuse (CuA|O;3) at the interfuce which is
compatible with both the ceramic und the metal, For the metallizution of AIN using the DBC
process, the oxidation reaction is ‘porfonncd at tempetatures >1100°C. At these temperatures the
Frcdomlnunl oxidation product {8 a-Al203. The thickness of the oxide layer is un important
actor in determining the adhesion strongth of the cu‘ppcr to the AIN, If tho layer is too thick then
cruck generation is obscrved during cooling, followin bondlng. This cracking is due to thermal
siress cuused by the differences in the CTE of AIN, Al3O3, und Cu. II' the oxide layer is too thin
thon it wilt be dissolved completely in the Cu-O cutectic, The Ecel strength of copper films was
found to bo & muximum whon the Al203 layer was 1.2 pm thick,

Another factor that can influence the adhosion of applied metallizations is the surfuce
roughness of the substrate, 1t hus beon well documented thut the sdheroncé of thick film
muterials on Al203 is cnhunged by interfaciul roughness, presumably due to the formation off
interlocking structures [90-92]. Although surface roughness cun contribute to adhesion it ofton
appeurs to be u secondury fuctor, Surfuco roughness hus been shown to be a fuctor in the
adhesion of metal films W AIN, The etching of AIN substrates by NaOH solution incroased the
surfuce roughness and enubled the formulion of Ni-P films on the surfuce which had high
adhesion sirengths [93,94], The adhesion mechunism was attributed to the formation of
intarlocking surfuce structures through the selective ctehing of the substrate by NaOH, The
adhasion of a commercially availuble Ag/Pt thick film materiul to AIN hug also been attributed to
surfuce roughness [9S).

Recently u now technique for the seleetive metallization of AIN has been reported [96].
This technique utilizes an cxcimer lasor (o activale the AIN surface which rosults in the
decomposition of' AIN and the fortnatlon of un Al film on the substrate surfuce. The {rrudinted
arcas van then be clectroless plated using Au, Ni or Cu. This technique has beon used for
wrmn% a cc;;’);)er patiern into alumina substrutes where the setivation mechanism is reported to
be similar [97).

FUNDAMENTAL STUDIES

In studies of metallization behuvior and reactions batween intormediate phases and AIN,
the intrinsic inteructions may not be obsorved, Polycrystulline AIN substrates often contain
second phase malerials formed s o rosult of liquid-phuse sintering, and almost always contain
some oxygen on the surfuce or in the bulk, Therefore, the inteructions observed may be one or o
combination of the following: 2) interaction with AIN, (if) interaction with the second phuses,
(iil) interaction with oxK';en‘ Ithough it is necessary to detormine the intoractions botween
commercially avalluble AIN substrates, which contain & number of different phases, and various
intermediate materiats, it is also important 1o study the intrinvic inteructions belwoen various
materials (intormediates und motals) und AIN, Recently oxamination of the roactions between
borosilicate glass and Ala03 huve been performed using sapphire substrates [98). Similar
studies using AIN would be more difficult because high qualll?' § nFlo crystal AIN substrates aro
not availuble. In x-ray photoelectron spectroscopy (XPS) studies of the bondir;g of Cu o Al203
and Cu to AIN, thin films were used as the substrates for deposition [99,100], A numboer of
techniques have been shown to produce hifh purity, single phase AIN films [e.g., 101-103].
One of the udvuntu%cs of thin fllm deposition for producit;j; AIN iy that the crystallographic
ortentation 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 und the (1702) plane of the

substrato l;urnllel or with the (1010) plane of the film parallel o the (1102) plane of the
substrate. These different orlentations were produced by changes in the deposition parametors.




et ARV R Vb e

B T T T Y T PP A Ry B N T e

231

Initial studies have demonstrated how these films can be used in studying the interaction
between glasses and AIN [104], It is possible to deposit glass or metal layers dircetly onto the
AIN films without breaking the vacuum during the different depositions; thus avoiding uny
possible contamination of the AIN surfuce. Examination of the interface structure cun be
periormed by TEM using sumples propared in a cross sectional geometry,

Recently, » new specimen preg:\mtlon technique was devoloped for the study of surfuce
reactions and thin film effects in AIN using TEM [105,106), The technique uses speclally
prepared electron-transparent thin foils which act us substrates, The preparation of these
substrates involves o high temperature annealing step in nitrogen which produces relatively lurge
crystaltographic tormaces within the individual frulns of a polycrystalline materinl as iljustrated in
figurc 3, The abrupt variations in intensity In the image are due to discrete chunges in the
thickness of the specimen due o tho presence of macroscopic stops between the facots, The
traces of two sets of terrace edges can be clearly distinguished; one running horizontally in the
image, the other ut an angle of ~ 30°, Relutively wide, low-index ierruces may bo formed by this
technique, depending on the initial gcomotry of the grain, These terraces provide ideul surfaces
for stu;?iné the metallization und rouctions of AIN. For example, by heat-treating these
annealed TEM upeciinens in the proximity of u metal source in 4 controlled environment, small
metal particles can be deposited on the surface of the AIN. The metal/AIN intoractions cun be
obyerved using the clectron microscope, The sume sumple may, with cure, be examined and
then redeposited upon many times to follow the metallization process,

Flgure 3, Bright-ficld imnge of pre-thinned AIN TEM sample after
anhealing at 1800°C for 10 mins,

CONCLUSION

1n conelusion, & numbor of studies have investigated the indirect-bonded metallization of
AIN substrates, These studies huve shown thut high-quility joints ean be obtulned between AIN
and vurious metals. In oll cuses the choice of intormediate material is very impottant and these
choices can be made based on thermodynamic considerations, Fusther ‘studies are howover
needed to understand in detail the interfacial renctions which occur between the eeramic and the
intermediate muterial, us these interactions are important in dovoloping high adhesion interfuces,

Lo Lo RMMLLANNE 10 o8 Wi QAT w6 5 m S i ke 1y 83 R e beents MG o ket v

o A




"

232

REFERENCES

1. F. Aldinger and W, Werdecker, IEEE Trans, CHMT 7, 399 (1984)

2. Y. Kurokawsy, K. Utsumi, H, Takamizawa, T, Kamata, and S, Noguchi, ib/id, CHMT
8, 247 (1985)

3, N. Kuramolo, H. Taniguchi, and 1. Aso, ibld, CHMT 9, 386 (1986)

4, §.G. Konsowski, J.A, Olenick, and R.D, Hull, Proceedings of the Intornational
Symposium on Microelectronics (International Soclety for Hybrid Mivroclectronics

1 . 213

5, R.R. 1Pummnlu. in; Advances in Coramicy vol, 26, edited by MF. Yan (American
Ceramic Society l987f p3

6. N, Kuramoto, H. Taniguchi, and 1, Aso, Amer, Cerum, Soo, Bull, 68, 883 (1989)

7. E.S, Dettmer und H.K, Charles, Jr., in: Advances {n Ceramics vol, 26, edited by M.F,
Yan (Ametican Ceramic Soclety 1987) p, 87

8. D.D. Marchant und T.E. Nemecek, in; Advances in Coramigs vol. 26, edited by M.F.
Yan (American Cotamic Society 1987) p, 19

9, K. Suganuma, T, Okamoto, M, Kolzumi, and M. Shimudy, J. Amer. Ceram, Soo, 68,
C334 (1985)

10, LT, Klomp, Amor, Ceram, Sac, Bull, 51, 683 (1972)

11, M. Ruhle, K. Berger, and W, Mader, J, Mioros, Spectrosc, Election, &1, 163 (1986)

12, R.W, Vest, Ameor, Cuoram, Soc, Bull, 68, 631 (1986)

13,  L.C Hoffman, Amer, Ceram. Soc. Bull, 63, 572 (1984)

14, JR. Larry, RM, Rosenbery, and R.O, Uhler, IEEE Trans. CHMT 3, 211 (1980)

15,  M.G. Norton, J. Mater, Sci, Lett, 9, 91 (1990)

16,  R.A, Swalir, in: Thermodynamies of Solids 2nd, ed, (John Wiley und Sony, Now York
1972) p. 116

17.  EY. Luh, J.H. Enloe, L.E, Dothert, J, W, Ly, AL, Kovacs, and MR, Ehlert, [EEE
Trans, CHMT 14, 538 (1991)

18,  O.V.Muzurin, M.V. Streltsing, and T.P, Shvuiko-Shvaikovskaya, in: Handbook ol

\ss Data (Elsoviet, Amsterdum 1983) and references thereln,

19,  J.E. Comeforo and R,K. Hursh, J, Amer. Cerim, Soc, 35, 130 (1952)

20.  S.J. Hitchcock, N1 Carroll, and M.G. Nicholas, J, Muter, Sci. 16, 714 (1981)

21. M.Q, Nicholas, T.M. Valentine, and M.J. Walte, J. Mater, Sci. 18, 2197 (1980)

22, Yu, Naidich, Prog, Surfucc Mombrane Sci, 14, 353 (1981)

23, R. Sangiorgi, ML, Muolo, and A, Passarone, n: High Tech Coramics edited by
P. Vincenzini (Elsevior, Amsterdam {987) p. 415

24, S.K. Rhee, J. Amer. Ceram, Soc. 53, 639 (1970)

25. M. Naka, M. Kubo, and 1. Okamoto, J. Muter. Sci. Lett, 6, 965 (1987)

26, S.K. Rhee, J. Amer, Ceram, Scc, 83, 386 (1970)

27.  R.E. Loehman, in: Surluces and Interfaces in Corarie and Coramic-Mety)

cditchny LA, Pask and A.Q, Evuns (Plenum Press, INew York 1981) p. 701

28, ?/119%5 X ecurtney, R, Sinclair, and R.E, Lochmun, J. Amer, Ceram. Soc. 68, 472

29, M.G. Norton, J. Mater, Sui, 26, 2322 (1991)

30, M.G. Norton, PhD thesis, University of London, 1989

31.  R.W. Vest, Conduction Mechanisms in Thick-Film Microcireuits, Final Technical
Report, Purdue Research Foundation Grunt Nos, DAHC-15-70-G7 and DAHC-15-73-
08, ARPA Order No, 1642 (1975)

32,  H. Schonhorn, H.L. Frisch, and T.W. Kwei, J. Appl. Phys. 37, 4967 (1966)

33, ?ilngOokom. N. Moto-oka, A, Hara, and H. Mitani, Trans, Jpn. Inst, Met, 21, 645

)

34, LA, Pask, Amer, Ceram, Soc. Bull. 66, 1587 (1987)

35, LA, Aksa* C.E. Ho&,e. and J.A, Pusk, J. Phys, Chern, 78, 1178 (1974)

36.  W.S, Machin and R.W, Vest, in, Materiuls Science Research, edited by H. Palmour II1,
R.F. Davis, and T.M. Hure, vol. 11 (Plenum Press, Now York 1976) p. 243

37. M. Prudenziati, B. Morten, L. Moro, G. Ruffi, E. Argentino, and C, Juchetti,
Proceedings 6th. European Hybrid Microelectonicy Conf, (International Soclety for
Hylrid Microelectronics-United Kingdom 1987) p. 95

38. Y. Nakamura, Intl, J. Hybrid Microelectron, 4, 168 (1981)




T

b AR 18 At AARAIN AN 13 B PSR 7

60,

233

Nlibg;ldenziati. B. Morten, and M.L. Brigatti, Active and Passive Elect. Comp. 12, 41

(

L Klugr;h?m, ?) Takahashi, K. Yamada, T, Endoh, and K. Kanai, IEEE Trans, CHMT
, 199

fovsti%'sg’)” Hutfless, K. Allison, and D.L. Harkey, Intl. J. Hybrid Microelectron,

RE. Lochman and AP, Tomsia, Amer. Ceram, Soc, Bull, 67, 375 (1988)

S. Sakka, Ann. Rev. Mater. Sci. 16, 29 (1986)

R.E. Lochman. in vol 26 Glass IV

edited by M, Tomozawa and R,H, Doremus (Academic Press, London 1985)

S. Hampshire, R.A L. Drew, and K.H. Jack, Phys. Chem. Glasses 26 182 (1985)

D.R. Messier, Revue de Chimie Mincrale 22, 518 (1985)

R.E, Lochman, J, Non-Cryst, Solids 56, 123 (1983)

R.E. Loehman, J. Amer, Ceram, Soc, 62, 491 (1979)

G.H. Frischat and C, Shrimpf, J. Amer. Ceram. Soc, 63, 714 (1980)

P.E. Jankowski and 8.H, Risbud, J. Amer. Ceram, Soc. 65, C29 (1982)

(o
Q.H. Frischat, W, Krause, and H. Hubenthal, J. Amer. Ceram, Soc, 67 C10 (1984)
H. Unuma and S. Sakka, J, Mater, Sci, Lett. 6, 996 (1987)
H.-G, Burcthardt, H. Vavra, and M.G, Norton, Proceedings of the 7th. European
Hybrid Microelectronics Conf. (International Society for Hybrid Microelectronics-
Germany 1989)
E.A. Hayduk, Jr., Solid State Technol. 1985, 321
D.M. Mattox and H.D, Smith, Amer, Ceram. Soc, Bull. 64, 1363 (1985)
M.E. Twentyman, J, Mater, Sci, 10, 765 (1975)
A.D. Westwood and M.R. Notis, Mater. Res. Soc Symp. Proc. 108, 331 (1988)
A.D, Westwood and M.R. Notis, Mater. Res, Soc. Symp. Proc. 154. 479 (1989)
W, Werdecker, Proceedings Sth, European Hybrid Microelectonics Conf. (Interational
Soclcty for Hybrid Microelectronics-Italy 1988) p. 472
Loehman, Amer. Ceram. Soc. Bull. 68, 891 (1989)

FG Yost and A.D. Romig, Ji., Mater, Res. Soc, Symp. Proc. 108, 385 (1988)
W.D. Kingery, H.K. Bowen, and D.R. Uhlmnnn. in tion to_Ceramics, 2nd.
ed. (John Wiley and Sons, New York 1976) p.
M.G. Nicholas and R.M. Crispin, Ceram, Eng. Su Proc. 10, 1602 (1989)
H. Mitzuhara and E, Huebel, ’Vcld J. 68, 43 (1986)
M.G. Nicholas, Br. Ceram. Trans. J., 85, 144 (1986)
A. Tomsia, Z. Feipeng, and J.A, Pask Amer, Ceram. Soc., Bull, 63, 473 (1984)
A.P. Tomsia, J.A. Pask, and R.E, Loehmnn. Ceram. Eng. Sci. Proc. 10, 1631 (1989)
(Yl Ku)nhara.s Takahushi §8. Ogihara, and T. Kurosu, IEEE Trans CHMT 15, 361

992
A.-P. Xian, X.M. Xue, and Z.Y. Si, J. Mater. Sci. Lett, 10, 246 (1991)
A .-P, Xian, J. Mater. Sci, 28, 1019 (1993)
R.K. Brow, R.E, Lochman, A.P. Tomsia, and J.A. Pask, in: Advances in Ceramics
vol, 26 edited by M.F. Yan (American Ceramic Society 1987)
R.J. Bondley, Electronics, 20, 97 (1947)
M.G. Nicholas and D.A. Mortimer, Mater. Sci. and Technol. 1, 657 (1985)
N. Iwamoto, Y. Makino, and H. Miyats, Ceram, Eng Sci. Proc. 10, 1761 (1989)
M.L. Santella, Adv. Ceram. Mater. 3, 457 (1988
M.G. Norton, J.M. Kajda, and B.C. H. Steele, J. Mmer Res. §, 2172 (1990)

J.M. Blocher, Jr., in: High-Temperature Muterjals and mlgy edited by L.E.
Campbell and E. M. Sherwood {John Wiley and Sons, New York 1

O, Kubaschewski and E.L. Evans,in: MmmLmL_'[hﬂmg_dy_nmm_g 3rd cd.
(Pergamon Press, New York 1958)

R. Beyers, R, Smclair, and M.E. Thomas, J. Vac. Sci. Technol. B2, 781 (1984)

A.D. Westwood and M.R, Notis, Advances in Ceramics, 26, 17 (1989)

A H. Carim, J. Muter. Res. 4, 1456 (1989)

J.R, MeDermid and R.AL. Drew, J. Amer. Ceram. Soc. 74, 1855 (1991)

J.T. Klomp, A.).C. van de Ven, and M. Monneraye, Coll de Phys. 51, C1-745 (1990)

Vgsl;';lpms' F. Quanxin, H. Quanging, and L. Jiazhi, J. Non. .Cryst. Solids 56, 167

3 Pl e e e

B T T o T N S L PP




B T S T T
B e T R LR i ORIV “

234

85.

86.
87.

J.lgagurgess. C.A. Neugebauer, and G. Flanagan, J. Electrochem. Soc. 122, 688

)
P. 1*uge-Weiss and J. Gobrecht, Mater, Res, Soc. Symp, Proc, 40, 399 (1985)
T. Takahashi, N. Iwase, A, Tsuge, and M. Nagata, in: Advances {n Ceramicg vol. 26
edited by M.F. Yan (American Ceramic Society 1987) p. 159
N, Iwase, K. Anzai, K. Shinozaki, O, Hirao, T.D. Thanh, and' Y. Sugiura, IEEE
Trans. CHMT 8, 253 (1985)
W.L. Chiang, V.A. Greenhut, D.J. Shanefield, I. Salvati, and R.L. Moore, Ceram,
E.r’lig. Soi. Proc. 12, 2105 (1991).
T.T. Hitch, J. Electron, Mater, 2, 5§53 (1974)
P.F. Becher and J.S. Murday, J. Mater. Sci, 12, 1095 (1977)
P.F. Becher and W.L, Newell, J. Mater, Sci. 12, 90 (1977)
T. Osaka, H. Nagata, E. Nakajima, 1. Kolwa, and K. Utsumi, J. Electrochem, Soc,
133, 2345 (1986)
'(I‘l. gts)sezaka, T. Asada, E, Nakujima, and 1. Koiwa, J. Elecirochem. Soc. 135, 2578
)
A.A. Mohammed ang S.J, Corbett, Proceedings of the International Symgosium on
Microelectronics (International Society for Hybrid Microelectronics 1985) p. 218
H. Esrom, Mater. Res, Soc. Symp. Proc. 204, 457 (1991)
A.J. Pedraza, M.J, Godbole, MJ. DeSilva, and D.H. Lowndes (1993 unpublished)
J.-H. Jean and T.K, Gupta, J. Mater, Res. 7, 2514 (1992)
F.S. Ohuchi, R.H. French, and RV, Kasowski, J. Appl. Phys. 62, 2286 (1987)
F.S. Ohuchi and M. Kohyama, J. Amer, Ceram, Soc. 74, 1163 (1991)
M.G. Norion, P.0. Kotula, and C.B, Carter, J, App!, Phys. 70, 2871 (1991)
I%.S. Ohuchi und P.E, Russell, J, Vuo, Sci, Technol. A 8, 1630 (1937)
X. Liand T.L. Tansley, J. Appl. Phys. 68, 5369 (1990) '
M.G. Norton, P.G. Kotula, J. Li, 8. McKernen, K.P.B. Cracknell, C.B. Curter, and
J.W. Mayer, Matet, Res. Soc. Symp, Proc. 226 (1991)
S. McKernun, M.Q. Norton, and C.B. Carter, Proceedings of the XII International
Congress for Electron Microscopy, 350 (1990)
M.G. Norton, S, McKernan, and C.B, Carter, Mat. + Res. Soc. Symp, 228 (1991)




[PPSO

.......

- B L L R e P m

€ F S e L

245

A JOINING TECHNIQUE USING MULTILAYER LEAD-INDIUM-GOLD
COMPOSITE DEPOSITED IN HIGH YACUUM

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 electionic 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 atmosphers, The GaAs dies are bonded to a gold-coated alumina substrato
at a process temperature of 250°C., Nearly perfect joints are achieved as verified by a
scanning acoustic microscope (SAM). SEM and EDX resuits indicate that the alloy joint
consists of Auln, grains embedded in an In-Pb solid solution phase, as predicted from the Au-
In-Pb phase diagram. Compared to lead-tin solder, indium-fead solder has been shown by
others to exhibit much better fatigus resistunce and have much less of a scavenging effect.
Thermal shock as well as shear fests confirm that 4 good die attach is obtained with the lead-
indium-gold composite.

INTRODUCTION

The semiconductor device package ssrves the multiple purposes of mechanical aupport,
environmental protection, heat dissipation, and electrical connection. Reliable die bonding is
a necessity for u good IC package. Commonly used bonding media include metal-filled
organic adhesives and glasses, hard soldets, and soft solders. Hard soldets 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 siresses developed, Soft solders, on
the other hand, incur thermal fatigue and creep movement, The most cammonly used soft
solders are tin-lead alloys of various compositions, Regardless of the wide and popular use,
tin-lead solders do have significant thermul futigue. 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, Sinve electrodes are frequently gold plated,
the rapid gold-tin interdiffusion ia either the iiquid or solid state cun degrade bonding quality
and thus requires careful evaluation,

In spite of its seldom: use in the industries, In-Pb solder hus been shown to exhibit much
better thermal fatigue lifstime than Pb-Sn solder [1.3], Furthermore, molten In-Pb alloy
dissolves gold much more slowly than Pb-Sn alloy, thus greatly reducing the scavenging effect
[4]. Accordingly, the In-Pb alloy appears to be o worthwhile subject to study for electronic
packaging. Fig. 1(a) displays the In-Pb phase diagram {5). The In-Pb binary system is quite
simple in that indium and lead form continuous solid solutions except for the alloy with an
indium composition ranging from 54 wt.% to 78 wt.% where a soparute phase o, it present.

To exumine how the In-Pb ulloy scavenges less gold than the Pb-Sn alloy, we turn to the
Au-In-Pb phaie diagram. Fig. 1(b) exhibiis the isopieth for the S0In/50Pb alloy te Au taken
from the Au-lu-Pb ternary phuse dingram |6). As we can see from this figure, at 250°C the
S0In/50Pb solder needs to dissolve only | wt.% Au to produce solid Auln, intermetalilc. In
the case of 37 wt.% Pb-Sn solder, approximately 13 wt.% Au must be dissolved before a solid
AuSn, cari form {7]. Since these solid intermetallic compounds can protect the Au layer from
further dissolution, $0In/50Pb solder scavenges gold much more slowly thun Pb-Sn solder.

Mat. Res. $oc. 8ymp. Proc. V'ol, 314, ©1893 Materials Resssrch Soaleiy
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Fig. 1 (a) Phase diagram of indiuni-lend binary system [5); (b) The isopleth from 50In/S0Pb

alloy to Au [6).

Oxidation of solders presents a major difficulty in producing high quality die attach joints
[8,9]. ‘The oxide forms a solid film on top of the molten solder solution, which prevents he
solution from achieving a bond with the device die or the package. It common practice, the
oxide film is broken down by a scrubbing action in the bonding process. However, the
scrbbing motion itsslf 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 Au deposited in high vacuum directly on the objest to be joined. Cr imiproves the
adhesion on the object, The outer gold layer of the Cr-Ph-In-An composite forms Auln,
Immediat: ly upon evaporation that protects the inner In und 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 heie the use of & Pv-In-Au multilayer composite solder for bonding at a
processing temperature of 250°C. Using the composite solder, GuAs dies have been
successfully bonded to alumina substretes without the nse of flux, High quality joints heve
been obtained as verified by a scanning acousiic microscope (SAM). The resulting bonding
layers are found to be uniform and horogenerus, SEM and EDX ttudies roveal 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.% Au will solidify to
torm solid alloys consisting of three phases: o4y, indium-rich o, and Auln, compound. The
Oy, phase i3 a solid solution of In in Pb. The a, phase is cheracterized as an fct structure with
a c/a ratio of 0.93, as compared to an fct structure of indium with a ¢/a ratio of 1.075 to 1,078
(6]. ‘There is no evidence that Auln, intormetallic compound produces joint embriitlement
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while some claims are made that the formation of the Augln, intermetallic compound might
embrittle the joint {13,14], Therefore, by restricting the amount of gold in the composite
solder, the formation of AuyIn, is prevented, thus preoluding the joint from becoming briitle.

;_.y..-‘ “Device Die |

Au 7.0 W% ro. 1 — «-- Chromum (Cr) .
In 46.5 w.% { ro. § -— l'ndl“u’"n'g (in) ATl
Pb 46.5 wi.% no, 4 g AU, In 445 wi %

' Pb4d.5 we.%

“ e Gold (Au)
no [} q < Ghromium (Or}

LAIumlm ‘ubnmo-z Figure not 1o scale )
Fig.2 The composite structure after deposliion of & thin outer gold leyer on the Indium-lead

Igyers, The gold lnyer forms Auln, lt the outer surface of the cotiposite solder,

Fig. 2 shows the multilaye: composite deslgn. In fabrication, chromium and lead are first
deposited un the GiAs wafer, followed by the deposition of indlum and an cuter gold layer in
one vacuum cycls to prevent oxidatlon of the indium layer (layer rio, 3), The chromium layer
(layer ne, 1) enhances the adhesion of lead layer to the die, Right after deposition, room
temparature intgrdiffusion occurs so-that the outer goid Jayer (layer no, 4) forms Auln, very
fast [15). This luyer inhibits contact of the pure indium layer with oxygen when the composite
is exposet: to air. The alumina substrate is deposited with chromium and gold where the
chromiunm 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 & hydrogen atmiosphere. For the ternary system of Au-In-Pb, indium
has the Jowest melting temperature (157°C). Ths indium layer of the composite thus melts
first ag the specimens are heated above the indium molting point. As the indium layer melts, it
dissolves the lead layer (layer no. 2) and breuks up the Auln, layer (layer no, 4). The
composition of the Pb-In-Au compos ‘¢ shown in Fig. 2 iy designed so that at 250°C it
becomes a mixture of a liquid solution and Auln, as indicated in the isopleth of Fig. 1(b). This
mixture in turn wets and dissolves the gold layer on the substrate to form a jolat. When the
temperature is reduced to room temparature, the mixture rolidifies to form an alloy joint that
containg three phases: oy, indium-rich o, and Auln, as determined from Fig, 1(b).

FABRICATION PROCESS

Chromium, lead, indiuin and gold ure deposited directly on the pilished side of the GaAs
wafer in high vacuum with the thicknesses of 300 A, 3.9 um, 6.2 gm, 5,35 um, respectively,
After deposition, the backsicle of the die loses the gold color indicating the formation of Auln,
which protects the inner In and Pb layers from oxidation. The multilayer composite is
designed to have equal weight percentage of In and Pb, If the composite were to form a
uniform atloy, it would have 7 wt.% of gold, The aluming substrate is coated with 300 A-
thick chromiwm and 0.22 wm-thick gold layers. If the gold layer on the substrate and the
composite on the GaAs die together fotm a uniform alloy, it would have 11 wt.% gold, After
deposition, the GaAs wafers are cleaved into dles of 2 mm x 3 him in size,

The die is placed on the substrate which is then laid on a graphite boat, Static pressure is
upplied to the die using a plute forced down with compression springs. ‘This is to ensure
complete contact between the die and tie substrate surfices to be joined. Static pressure in the
range from 40 to 60 PSI was found to be low enough not to damage the die while achieving
good contact. The boat is then loaded into a process furnace. The assembly is heated in a
hydrogen atmosphere to 250°C within 10 minutes with a dwell time above 240°C of §
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minutes, Afterward, the boat is pulled out and cooléd down to room temperature within 20
minutes, High quality bonds were achieved using this technique.

EXPERIMENTAL RESULTS

To cxamine the bonding quality, u transmiysion scunning acoustic microscope (SAM) [8)
{s used to image the specimen. With the operating frequency of 130 MHz, the SAM has a
spatial resolution of 25 um, with diitk'areas corresponding to voids, Fig. 3 shows the SAM
image of a specimen that iy well bondéd using the composite solder, Due to the resolution
limit, voids smaller than 25 pm muy 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,

Fig.3 SAM image of a 2 mm x 3 mm GaAs die bonded on a gold-coated alumina substrate.

In order to form a basic model of the bonding piocess, we studied thickness uniformity,
alloy composition, and grain structure of the bonds. Several specimens wers cut into cross
sections, polished, and e¢xamined with an optical microscope and a scanning electron
microscope (SEM) with an euergy dispersive X-ray (EDX) spectrometor. 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 4 thickness of 3.6 um, Thete ate two distinet
phuses, one with blocky grains that is embedded in the second phase, EDX study reveals that
the blocky phase is Auln, with a composition of 55 wt.% In and 45 wt.% Au, very close the
Auln, stoichiometry, 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 ix the oy, phase shown in
Figure L.

GaAs

Bonal
Llyl'l"g

Alumina

3y g0t
Fig.4 SEM image of the cross section of the specimen showing the bonding layer.
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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 interfuces. One, marked "C", is inside the joint and shown to
the right of the picture, The left side of the specimen broke at the interface of the GaAs die
and the bonding layer, which iy matked "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 1
pm in slze corresponding to the blocky grains of Auln, 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.

20k v 4. Ol

Fig.§ (u) SEM imuge of the bondlng layer afier GaAs dle is sheared off - A: gluming cross
section, B: Joint cross sectlon, C: broken Intorfuce Inside the Joint, D: Interface of GaAs
and the joint; (b) top vlew 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 luyer to form a mixture of liquid solution and solid Auln, intermetallic,
Due to the pressure upplied, 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 Auln, 13 kept in the remaining solution in
the bond aren 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,
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Fig.6 (a) SAM image of the specimen before thermal shock test; (b) SAM Imuge of the same
specimen after 10 cycles of thermaul shock (est.
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To test the reliatility of the joint, therinal shock testing was carried out. The temperature

" extremes of -196°C (liquid nitrogen) und 160°C (boilirg cyelohexanol) were used with a dwell

time of 2.5 minutes, After ton cycles, the specimens wore examined under the SAM to
determine whether any bonding degradatizia ancumed. Fig, 6 shows the SAM image before and
after the thermal shock test. As we can &, from the picture, the bonding quality does not
degrade after ton cycles of the thermal sho cest,

Shear test was carried out on seveiwi samples scconding to the MIL-STD-883C. The
samples passed the test for 1,25 X the ratod sheur strength while the die attach area exhibited
evidence of adhesion across the whole die, In the cuse of a sample where some edge volds
were secn on the SAM, the sume 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 pusied the shear test.

SUMMARY

A lead-lndium-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 perfect joints ug determined by the scanning acoustic
microscope. SEM and EDX studies on the crogs sections of the bonding layer reveal the basic
bonding mechanism and identify the two phuses prosent s Auln, intermetallic and the In-Pb
solid solution, The thertnal 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 ratlo of the Auln, 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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WAFER BONDING FOR HYBRID CIRCUIT TECHNOLOGY USING SOLID-STATE
REACTIONS ‘

Z. Ma%, G.L. Zhou®), T.C, Shen#), M.E, Lin®, K.C, Hsiehb), L.H. Allen®), and H, Morkog®)
a) Coordinated Science Laboratory, University of Illinols, Urbana, IL 61801,
b) Departinent of Electrical und Computer Engineering, University of Illinois, Urbana,

IL 61801,

. ABSTRACT

In this study, we report a new wafer bonding technique for the integration of GaAs- and
InP-based optical devices with prefabricated Si electronio devices in hybrid ciroult technology.
This technique uses a Au-Ge cutectic alloy ay the bonding materialy between GaAs and Si
wifers, and between InP and Si wafers. This process takes advantage of the low temperature
tolid-state reactions at GaAs/Au-Ge, InP/Au-Qe, and Si/Au-Ge interfaces, The bonding was
cattied out by annealing the samples at 280-300°C in an slloying furnace. The reliability of the

Joined wafers was evaluated by both cleavage st and standard thermel oycling 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
GeAs/Au-Ge and InP/Au-Ge interfaces as well as solid-phase epitaxial regrowih at the 5i
interfuises, The joined structure has very good integrity.

INTRGDUCTION

The rapid progress in hybrid circuit technology hus stimulated considerable efforts in the
integration of micio- opric components with the optoslectronic and microelectronic clrcuitry, and
integration uf digital and analog microelectronics with optoelectronic componenis {1-3), To
realize this, heteroepitaxial growth of device-quality GaAs, InP, 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-currier lifetime in these epltaxial films by
introducing strained-layer supertattice and various buffer layers to reduce the threading
dislocation density.

Recontly, Lo et al[7] demonstrated an alternative approach to optoelectronic integration
for InP-based materials on GaAs substrates using the so-called bonding by atomnic rearrangement
(BAR) method. Thix method involves high temperature annealing and requires precise
crystallogtaphic alignment of InP and GaAs, To overvome these problems, Venkatasubramanian
et al.[B] used Au as the bonding material and developed an eutectic-metal bonding (EMHE) method
by muking use of the low temperuture eutectios of Au-§1 and Au-GaAs, But their bonding
provess involves liquid-phuse reaction. In this work, we have explored a new bonding

Mat. Ras. Soc. Symp. Proc. Vol. 314, ©1893 Materials Research Socisty
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technique, which utllizes a commercial Au-Ge low temperature eutestic 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 HF, A commercial Au-Ge
cutectic alloy was used us the adhesion material, The Au-Ge films were deposited onto the
cleaned GaAs, InP, and Si substrutes using a thermal evuporator, The Au-Ge-coated samples
were then stacked face-to-face, l.e., GaAs/Au-Ge/Si and InP/Au-Qe/Sl, in Intimate physical
contact, The bonding process was oarried out by unnealing at 280~300°C for 0.5 hr in an
alloying furnace. The strength and reliability of the joined structure wire evaluuted by a simple
cleavage test as well as standard thermal vycling experiments, The joining interfaces were also
examined by scunning eleotron microscopy (SEM) as well as transmission eleotron microscopy
(TEM) equipped with x-ray microanalysls.

RESULTS AND DISCUSSION

Figures 1(a) and 1(b) show cross-sectional soanning electron micrographs (SEM) for the
Joinud sumples of GuAs on Si and InP on 8, respectively, The cross-section samples were
prepured by cleaving with a diamond scriber. The adhesion is seen to be fairly uniform across the
entire regions undor inspeotion. Also, the original physical points of contact can not be
distinguished after bonding, implying thut atomic rearrangement occurred during annealing, Only
limited teactions are observed at the interfaces, To obtaln more detuiled pictures about the
honding process, we further characterized the joined reglons of the samples using transtission

Figure 1. Cross-sectional SEM micrographs of the joined wafers (a) GaAg/Au-Ge/Si and
(b) InP/Au-Ge/Sl,
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Figure 2. XTEM miorographs of the
Jolning interfaces (a) GuAs/Au-Ge/Si
and (b) InP/Au-Qe/Si.

electron mictoscopy equipped with x-ray microanalysis. Since the preparation of TEM specimens
involves both diamond-blade outting and mechanioal polishing down to about 40 um, the
prepuration itself provides the initiul stress test for the strength of the adhesion, Figures 2(a) and
2(b) are cross-seotionzl TEM micrographs corresponding to Figs.1(s) and 1(b), respectively. In
both cases, it is seen that the initially codeposited Au-Ge eutectic ulloy separates Into Au(Ge) and
Ge rogions 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 statile compounds exist {9), More interesting Is that after phase
separation, the Ge grows epitaxially anto the Si substrate, This is clearly shown in s high-
1esolution TEM micrograph (Fig,3), X-ray microanalysis indicates that this epitaxially regrown
region contains only & small amount of Si, which iy believed to be initially dissolved in Au and
then incorporated in the epitaxial film during regrowth [10), The strain contrast i3 also seen in the
image and is due to the large Iattice mismatch between the epltuxially regrown region and the Si
substrate (*he in.2rface is delinsated by a set of arrows), '
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Similar to previous studies on Au-Ge vontucts 1o 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 hy TEM diffraction analysis, At the InP/Au-Ge
interface, In-rich In-Au compounds are found, The detaited phase identification is under way,

Based upori our microstructural characterizations, we believe that the bonding is achieved
by the low temperature solid-state reactions ocourring at these interfaces as well as the solid-

Figure 3. High-rasolution XTEM micrograph showing solid-phuse epitaxial
regrowth of Ge-rich SiGe allny to the Si substrate. The strain contrast shown
18 due to the lattice mismatch between the regrown SiG and $i substrate,

phase epituxial regrowth of Ge-rich SiGe to the Si substrate, The presence of Ge In initial Ar»
film not only suppresses the dissolution of Si Into Au but also nets as a buffer layer botwesn the
Joining materials through the heteroopltaxial regrowth owing 1o the close lattice constants und
linour thermal expansion coefficlents between Ge and GuAs or InP,

To evaluate the strength and reliabllity of the jolned wafers, we also perfornied a thermal
cycling experiment with a temperature ramp from -50°C to 150°C for 13 oycles. The bonded
wafers show very good mechanioal integrity after the thurmal cyvling test even though there were
further rouctions at the GaAs/Au-Ge and InP/Au-Ge interfaces, s reverled by cross-sectional
SEM observations, Residual elastic straln generated duting cycling is confined within the
Interfuce reglon and the Si substrate, This simple wafer bondiny technique is governed by the
low temperature solid-state reactions and shows promise in designing new substrates for
heteroepitaxinl growth as well s in realizing the intogration of GaAs- und InP-based optioul
devices with profabricated Si electronic devices {n hybrid irouit technology.

SUMMARY

We have presented u low temperature wafer bonding technique, whish involves the low
temperature reactions ns well as solid-phase epltaxiul ‘egrowth, for the integration of GaAs- and
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InP-based optical devices with 8i microelectronic components. The Au-Ge eutectic alloy as the
bonding material not only suppresses the interfacial reactions but also enhances the bonding
strength through heteroepitaxial growth, Both simple mechanical tests and thermal cycling tests
confirm good mechanical integrity of the joined structure,
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