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Abstract

Sintering additives containing,0; influence the microstructure and the crystalline-state gifl Steramics produced via pressureless sin-
tering, and determine their response towards oxidatig®i® and Y,Si,O; were formed after sintering and oxidation, respectively. The
superficial layers formed after oxidation are thinner and formed faster on the surface of the compositigNg-83¥30;—-5Al,0; and
90SEN4—5Y,03-5AIN than on 90SiN;—5Y,05-2.5AL03—2.5AIN (in wt.%). The 90SN,—5Y,03—5Al,0s/liquid Al interface features

strong interfacial adhesion while mild diffusion should govern the interfacial interactions. Compounds, whose formation results from the
yttria-containing sintering aids, such as yttrium aluminates, should act as diffusion barriers at the ceramic/liquid metal interface. The experi-
mental results indicate attractive features for applications in both Al-foundry industry and productigN gfAicomposites.

© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction Their results showed that enhanced open porosity of ceram-
ics favours the reaction with Al, which occurs in relatively

The study of SiN4/liquid Al interfaces attracts special short times. In the case of densegl®i, a dense and thin
technological interest in both ceramic joining field and AIN layer formed at ceramic/metal interface seemingly func-
aluminium-foundry industry. The research group of Sug- tioned as a diffusion barrier. In that study, however, there is
anuma and coworke¥s® investigated the production of no clear evidence of the influence of sintering additives.
joints of SgN4 ceramics using Al-braze. Morita et 4l. Johnson and Little investigated the performance of tubes
measured the non-wetted areas in the joints and concludednade of SiN4s—SiC composites (with no sintering aids)
that preheating of $N4 remarkably improves wettability of ~ which can provide indirect heating in non-ferrous foun@iry.
SisN4 by liquid Al and accordingly increase the mechanical The samples were oxidized for several times and then im-
strength of the joints. Ning et &lcompared the microstruc- mersed into liquid Al. The experimental results showed
ture and the mechanical strength of similar (i.e., with Al) that prolonged pre-oxidation of ceramics favours the reac-
joints using pure SN4-ceramics and N4 with Y203 and tion with liquid Al and therefore reduce the mechanical
Al;O3 as sintering additives. According to the chemical properties of ceramics after their contact with molten Al.
analysis, the reaction-zone formed at the ceramic/metal in- Non-preoxidized ceramics showed higher stability towards
terface comprised all the involved elements (i.e., Si, Al, N, liquid Al.

Y and O). The development of ceramic devices which can be reli-
Schwabe et al. have studied the interfacial interactions ably used in Al-foundry industry motivated the present study.
of eight different types of $N4 ceramics with Al-meltd. In the frame of this particular application, ceramic/metal

reactions are not generally desired, since they reduce the
* Corresponding author. Tek+351-234-370242: lifetime of ceramic components while the reaction products
fax: +351-234-425300. can contaminate the Al-melt. Therefore, the use of ceram-
E-mail address: jmf@cv.ua.pt (J.M.F. Ferreira). ics based on SN, can be proposed for these applications
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since they can potentially combine high chemical inertness lowers viscosity, comparing to the use of pureQOg, re-
against liquid aluminium and very good mechanical proper- sulting in higher densification but lower thermal stability at
ties. The aforementioned earlier studiésindicated thatthe  elevated temperaturé$1®

performance of $N4 devices in Al-industry should depend To the knowledge of the authors, except oxide sintering
on porosity and pre-oxidation. Porosity deals with infiltra- aids (i.e., %03—Al»03),%13 there are no reported results
tion process and pre-oxidation with the alterations of chem- on the oxidation behaviour of N4 ceramics using nitrides
istry, crystallinity and topography of the surface, which can as sintering aids, such as AIN. Moreover, earlier reports on

change the wettability and the interfacial interactions. SIAION ceramicé®14 have shown that AIN and @il form
The kinetics of the oxidation of g@iNs-based ceramics  a solid solution resulting in high densification of ceramics.
generally follows a parabolic lai: Therefore, this work investigated the influence of complete

and partial substitution of AIN for AlOs in the sintering
aids on the oxidation of 8N4. The interfacial interactions
between the $N4 composition, which exhibited the best be-
haviour in oxidation conditions, and liquid Al-alloy were ex-
6{Perimentally determined at different temperatures and hold-

chemical reactions have been proposed to describe the oxii"Y times and discussed in the light of thermodynamics.

dation of SiN4:10

W? =Kt+ B (1)

whereW is the weight gained due to oxidatiohis the ex-
posure time to the oxidation atmosphere, &dndB are

2SN (s) + 1.50, (g) < 3SkbN20(s) + N2 (9) (2 2. Materials and experimental procedure
3SkN20(s) +4.50, (g) = 6SI0; (s) + 3N2 (9) 3) Three different types of N4 ceramics with compo-

i oo sitions 90SiN4—5Y203-5AI,03, 90SEN4—5Y203-5AIN,
SizN4 () +302(9) = 3SIQ (9) +2N2 (9) 4 and 90SiNs~5Y»05-2.5Ab0s—2.5AIN (in Wt.%) were
SiaN 3Sj = 6SIO N 5 produced and tested. For simplicity reasons, in this work

5Na (8 3512 (@) 0@ +2N2 (9 ®) they will be referred as A, B and C, respectively.
2SiN4 (S) + 30, (g) S 6SiO(g) + 4N3 (9) (6) In the previous similar studies, the testedN& samples

were of commercial quality.®8 In this work, they were pro-

Therefore, the weight gain during oxidation should re- duced using powders of-SizN4 (Grade M11, H.C. Starck,
sult from the formation of Si@and the intermediate layer Germanyd = 3.2 g/cn?), a-Al,03 (Grade A16SG, Alcoa
formed between Si©and SiN4 grains, whose composition ~ Chemicals, USA4 = 3.98 g/cn?), Y203 (Grade C-Fine,
features a gradient between Siénd SgN4. This layer, of- H.C. Starck,d = 5.03g/cn?), and AIN (Grade C, H.C.
ten reported as 9N,O., functions as diffusion barrier of  Starck,d = 3.26 g/cn?). Suspensions comprising 100g
nitrogen towards the atmosphere, and atmospheric oxygenof appropriate powder mixture and 85&rof 2-propanol
towards the ceramic bulk:12 (Riedel de Haen, Aldrich, Germany,= 0.87 g/cn?) were

Production process largely defines the porosity of prepared. The suspensions were planetary-milled in an
SigNg-ceramics. For instance, reactive sintering results in Al,O3 cube (i.e., milling container) for 4 h, using 300 g of
ceramics with large porosity (>20%), which are obviously Al,Og3 balls of different sizes. The weight loss of the@5
not suitable for use in metallurgy industiyDense S§N4 balls and the cube was always measured. The results indi-
ceramics are typically produced via liquid phase sintering. cated that the contamination level introduced in this stage
There are generally two groups of sintering aids used in was <0.3%. After drying (40C, 72h), the powders were
SizN4 ceramics. The first group comprises mixtures of ox- sieved (8Qum) and calcined at 600GC for 4 h. Cylindrical
ides which do not form solid solutions with $8l4. The pellets (3g,2 20 mm) were prepared by uniaxial pressing
most widely used mixture is 203—Al»03, which reacts (60 MPa) following by isostatic pressing (200 MPa, 1 min).
mainly with SiG formed at the surface of §\4 grains, The green pellets were embedded in a mixture of pow-
resulting in an intergranularly distributed liquid phase, ders of S§N4 and BN (1:1 weight ratio) inside a graphite
which remains amorphous or partially crystallised after crucible and sintered at 175Q for 2 h, in nitrogen atmo-
cooling. The second group comprises mixtures of oxides sphere (0.3-0.4 MPa). The weight loss during sintering was

and non-oxides, which form solid solutions with3Si, measured.

such as ¥O3—Al>03—AIN and Y,03—-AIN. In this case, the To remove any possible superficial layer formed at the
partial dissolution of SiN4 results in solid solutions which  surface of the pellets during sintering, the sintered pellets
incorporate a certain amount of addities> 16 were rectified and then polished until mirror finishing at both

Yttria (Y203) essentially determines the formation of sides. After cleaning in ultrasonic bath with acetone and
Y 2SiOs, which is precursor of ¥Si,O7. The later compound  then with distilled water, the pellets were stored in an oven
exhibits high resistance towards oxidation since it is the only of 80°C to avoid water uptake from atmospheric humidity.
stable yttrium-containing phase against S 18 The use The measurements of the density of the pellets (by the
of Y203—Al,03 mixtures reduces solidus temperature and Archimedes’ method, i.e., immersion in ethylenoglycol,
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0

Riedel de H&en, Aldrichd = 1.115g/cn?) allowed the —_
calculation of the densification of the sintered samples. Ng
Oxidation experiments were carried out in air at 1000 w041
until 192 h. The big volume of the furnace chambe(x £
108 mm?3) comparing to the size of the pellet8x 107 mm?) E 00¢
as well as the connection of the chamber with open air en- o
sured abundance of oxygen during oxidation. The weight ﬁn -0.4
change of the samples was measured every 24 h of firing §
(the results are presented with respect to the unit surface 0.8 ;-
area). The crystalline phases were detected by X-ray diffrac- 0 48 96 144 192

tion (XRD, Rigaku Geigerflex D/Mac, C Series, CuKa-
diation, Japan). The microstructure of the oxidized surfaces
was analysed with scanning electron microscope (SEM, Hi- 1.6
tachi S-4100, Japan, equipped with energy dispersive spec-
troscopy apparatus, EDS).

The experimental procedure for studying the interfa-
cial interactions with molten pure Al (Al99.98) and an
Al-foundry alloy (AISi7Mg, 92.6% Al, 7% Si, 0.4% Mg, in
wt.%) was as follows. Discs of @4 (either as-sintered or
oxidised after sintering at 100€ for 192 h) were put to-
gether with metal blocks~25 g) inside high-density AD3

Time of exposure (h)

—
)
=

P S

/!/

Weight gain (mg/cmz)

crucibles (doped with 0.2 wt.% MgO and sintered at 1800 00 ; ' 7'2 l 1_;0 ' 1(')8 216
for 2h in air) and heated at 900 and 11@ (heating and .
cooling rates of 1@min), for 4 or 24 h, under dynamic (b) Time of exposure (h)
vacuum (from the total pressure inside the furnace chamber 5s
pO» was calculated<2 x 10~3Pa). Cross sections of the "E ’
obtained ceramic/metal interfaces, polished untin dia- 2 201 ¢A mB oC
mond paste, were analysed by SEM/EDS (EDS at element %‘)
mapping mode). XRD analysis was employed for detecting = 1.5 1 T 0.0186x- 03273
reaction products probably formed at the interfaces. '§D Lo 4 R = 0.986

% .

‘© 0.5 y=0.0027x - 0.0688

= y=0.0077x - 0.3373 R2 = 0.9954
3. Results and discussion 0.0 — " .

24 72 120

3.1. Sntering ability © Time of exposure (h)

The Weigh’[ loss, which a|Ways oceurs during sintering Fig. 1. Weight change of the investigated compositions A, B and C over

of green ceramic bodies, was the lowest one in the ceram-SXPosure time in air at 100€: (a) differential plot; (b) cumilative plot
considering as initial weight that one measured after 24 h of heating; (c)

ics with the lowest content of oxides (i.e., B), specifically ot of weight gain from the beginning of the experiments according to

4.48% for A, 1.90% for B, and 4.38% for C. The consid- the parabolic law oEq. (1) where the points of weight loss (i.e., at 24 h)

erable difference of weight loss between the investigated as well as the points where there was no actual increase of the weight

compositions likely indicates the formation of volatile SiO of the samples (i.e., at the plateu of panel b) have not been considered.

and AlO, whose formation was favoured under the loy O

partial pressure conditions of sintering procéss. formation of a liquid phase; (c) dissolution and diffusion of
The calculated values of the ratio apparent-density/ a-SisNy in the liquid; and (d) precipitation ¢f-SizN4.1420

theoretical-density indicated high densification of all the in-

vestigated compositions, specifically 97.27% for A, 98.18% 3.2. Oxidation

for B, and 97.20% for C £<0.5%). Experiments with

SIAION ceramics have shown that,®3; and the nitrides Fig. 1aplots the weight gain over exposure time to air at

Si3N4 and AIN can form solid solutions resulting in com- 1000°C. Weight loss was observed only after 24 h (but it

plete dense material$;!* which is in accordance with the  was more pronounced in A). Similar weight loss has been

highest densification of composition B. reported in the case of $4—SiC ceramics after similar heat
According to earlier studies, the stages of sintering should treatment (1000C until 138 h), attributed to th&qgs. (5)

be as follows: (a) reaction of SiCfilm, already formed at  and (6)2 In the present study, the large volume of the fur-

the surface of SN4 particles, with sintering additives; (b) nace chamber and the connection of the chamber with open
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air should favour these chemical reactions. Neglecting this oxidation conditions. A thin layer<£2 m) was formed on
effect, Fig. 1b and cshows that the weight gain followed the surface of the oxidized samples of composition A, while
parabolic evolutionEq. (1). edges of crystals, probably of38l4, can be the observed
The curves ofig. 1breach a plateau after 72 h of heating under this layer Kig. 29. The microstructure of the sur-
for A, 96 h for B, and 120 h for C. The plateau must indicate face was slightly porous{g. 2b. It is difficult to observe
the complete formation of a superficial oxide layer which can any oxide layer at the surface of samples of composition B,
provide the highest protection against oxidation. The richest whose microstructure was fin€i§. 2c and ¢l In composi-
composition in oxides (i.e., A) reached faster this regime tion C, the SiN4 crystals were covered with a thick oxide
than the others. The complete formation of this protective layer (~10-12 Nm) Fig. 2e and ).
layer might be assigned to the maximum devitrification state  Fig. 2 reveals that prolonged oxidation caused increasing
of materials since crystallized materials generally feature surface roughness. Nevertheless, the effect of increasing ex-
higher chemical stability than the corresponding glassy ones.posure surface area over oxidation time was impossible to
Fig. 2 allows the comparison of the influence of oxides be taken into account in the plots Big. 1 Thus, the plots
and nitrides sintering additives on the microstructure (shown of Fig. 1 were calculated with respect to the initial polished
at fracture surfaces and top views) oglSi-ceramics under  flat area of the pellets.

Fig. 2. Microstructure observed at fracture surfaces and top views of the surfaces of the investigdtedo8ipositions A (a and b), B (c and d), and
C (e and f), after oxidation at 100C for 192 h.
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Fig. 3. XRD spectra of the investigated compositions A (a), B (b) and
C (c), after sintering (AS) and after oxidation (AO) in air at 10@0
for 192 h. JCPDS card$-SizN4: 33-1160; Y,SiOs: 41-0004; Y;SixO7:
82-0732. In the spectrum of composition C after oxidation (c: AO) the
phase of ¥Si,O; was identified using the JCPDS card 48-1623.

XRD analysis Fig. 3) showed that together wifB-SizNg,

card 82-0732) while in a regime of abundance the strong
peaks correspond to monoclinic lattice (plotrae§. 3c AO;
JCPDS card 48-1623).

The aforementioned results indicate that the compositions
A and B should anticipate reliable performance in relatively
high temperature applications since they featured dense mi-
crostructures and favoured the formation of superficial thin
films, which resist to further oxidation, in comparison with
composition CFig. 1bindicates that composition A reaches
faster the equilibrium regime with regard to the formation
of the superficial oxide layer. Therefore, the experiments
for determining the interfacial interactions with molten alu-
minium alloys were carried out with composition A.

3.3. Ceramic/metal interfaces

3.3.1. Microstructure

The interfaces betweengBl4 ceramics of composition A
(90SEN4—5Y203-5Al1203) and liquid Al-containing phases
at several temperatures and times, are characteristically de-
picted inFigs. 4—6in the form of the distribution of Aland Si
across the interface (element mapping). In general, the inves-
tigated ceramics exhibited high chemical stability towards
liquid Al-alloy since there was no evidence of intensive
chemical reaction, such as irregularities along ceramic/metal
interfaces or formation of separated reaction zones with dif-
ferent composition than those of the contacting phases, even
over prolonged experiments (24 h). X-ray diffraction analy-
sis (not shown) did not identify newly formed phases. The
interfaces were continuous and featured no gaps or cracks,
as characteristically shown Fig. 4a After the experiments,
several times the N4 pellets were found not entirely im-
mersed in the Al-alloy. In these cases, the contact angles vi-
sually observed between ceramic and metal we3&°. Be-
yond these general characteristics, careful observation can
provide more detailed information for each experimental
condition, outlined as follows.

In the samples heated at 90D for 4 h, solidified Si-rich
clusters were homogeneously distributed in the metal phase
(Fig. 4b—9. AISi7Mg alloys typically feature similar struc-
tures of Si-rich phase dispersed in the aluminium maix.
Pre-oxidation of ceramics had no perceptible effect on the
interface at this temperatur€if. 4f and ¢. The Si-rich ir-
regularities observed at the metal side of interface (shown
by the arrow inFig. 4f) should be attributed to the super-

Y 2SiOs predominantly formed during sintering (presence of ficial layer formed during oxidation, resulting in increasing
traces of %SiO; might be also suggested), while oxida- surface roughnes&ig. 2a and h!

tion mainly resulted in formation of ¥SiO7. These results

Heat treatment at 110@ for 4 h (Fig. 5a and por 24 h

support the aforementioned stages of sintering and agreeg(Fig. 5¢ and Jl had no effect on the high inertness of ce-

fairly well with earlier studies with $N4-ceramics doped
with oxide additives:'2 The effect of oxidation was more
pronounced in composition &ig. 39, which agrees fairly
well with Fig. 2e and flt is worthy nothing that the identi-
fication of the X-ray patterns which correspond tgS O
revealed that at low concentration regimeS%O7 crystal-
lizes in orthorhombic system (plots Big. 3a—c AS; JCPDS

ramics. In prolonged experiments (24 h), a tiny shadowed
zone (~5pm) seemingly exists at the metal side along the
interface Fig. 5¢ and might indicate the formation of a dif-
fusion zone between the contacting phases. Pre-oxidation of
ceramics has seemingly more sound effect at the interfaces
tested at this temperaturEi¢. 6). Islets enriched in Si were
seemingly migrated towards the metal, regardless the nature
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300 pm

Fig. 4. Cross section at interfaces between composition A §DSbY,03-5AI,03) and AlSi7Mg after heat treatment at 90D for 4 h: mirostucture
(a) and element mapping scan (Al and Si) at low (b and c) and high magnification (d and e); element mapping at interfaces whble dbeBics
were preoxidized at 1000 for 192 h. (In the element maps, the identified element appears with light colour; M: metal; C: ceramic).
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Fig. 5. Distribution of Al and Si at interfaces between composition A (9S+5Y203—-5A1,03) and AISi7Mg after heat treatment at 110D for 4 h
(a and b) and 24 h (c and d). (The identified element appears with light colour; M: metal; C: ceramic).

of liquid phase (i.e., Al-alloyfFig. 6a and bor pure Al, However, it is well known that yttria exhibits remark-
Fig. 6¢c and gl able stability against liquid aluminium! The X-ray spectra

of Fig. 3ashowed that the investigated ceramics also con-
3.3.2. Interfacial interactions and adhesion tained the yttrium-containing phases30Os and traces of

The prolonged experiments (until 24 h) at such high tem- Y 2SioO7. The complete dissociation of these ternary yttrium
peratures imply that there should be no factors which might silicates from Al to AbO3 possesses positive of slightly neg-
delay the kinetics of the investigated ceramic/metal reac- ative chemical potential, respectively:
tions and whose action would be revealed over longer (i.e., ) .
>24h) experiments. In the light of this assumption, the ex- 325105 () +10Al () — 5A1205(s) + 3Si(l) +6Y ()
perimental results demonstrated that there is no intensiveAG1ooo-c = —32.5 kJ/mol Al 9)
chemical reaction between the investigated ceramics and lig-

uid Al-alloys. Nevertheless, the reaction betweesNgiand 3Y2Sib0O7 (s) + 14Al (1) — 7AI,03(s) + 6Si(l) + 6Y (1)
Al described by the following chemical equation

AG1000cc = —12.0kJ/mol Al (10)
SizNg (s) + 4Al (I) — 4AIN (s) + 3Si(l) () Nevertheless, from the phase diagrams betweg®3Y
. . . SiOy and AbOs3, except %BSiOs and Y»2SixO7, Y4Siz012,
is thermodynamically favourable at 1000 since AG = Y 4Al,00, YAIO3 and YsAlsOpp are also predicted. Al-

_hgg_l kJ”.“O' of Al %OOOO% s the a&/erage temﬁgrﬁture of though neither SEM nor XRD detected newly formed phases
the gxper;nen;s an dcan 3 C?]ns' e';_e asahg ]Eerr’?peraét the interfaces after the experiments, calculationa Gf
turg in Al- oundry in ustryf. The ear er sections o t_ IS" values indicate that the substitution of Al for Si in the yt-
article also impose the existence of Silevertheless, its

leads th ) : bl ) trium silicates to form ternary yttrium aluminates is thermo-
r;rgser)lgtze eads the ceramic to a vulnerable regiti@e) < dynamically highly favourable, as shown in the following
(nJ)-

equation, just to refer one:

3SiO () + 4Al (I) — 2A1,03(s) + 3Si(l) 3Y2SibO7 + 8Al — 5Y3Al5012 + 6Si+ 3YAIO3
AG1o00°c = —1232kJ/mol Al (8) AG1000°c = —119.86 kJ/mol Al (112)
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Fig. 6. Distribution of Al and Si at interfaces between preoxidized (2@0192 h) SiN4 ceramics of composition A (908W,—5Y,03-5A1,03) and
AISi7Mg (a and b) and Al99.98 (c and d) after heat treatment at 1C0@r 4 h. (The identified element appears with light colour; M: metal; C: ceramic).

Therefore, the formation of yttrium aluminates, whose nism can generally approach the investigated systems, which
formation is thermodynamically anticipated, must be as- certainly differ from solid state diffusion couples since one
sumed. Their concentration was probably below the sensi- phase was in liquid state, then there should be a difference of
tivity of the employed apparatus under the particular exper- the diffusion coefficients at the interface (for instance, those
iment procedure. Their low concentration can be attributed of Si to Al-melt and Al to S§N4). This difference should
to the overall low concentration of the yttrium silicates have caused the migration of either the phase formed at the
in the ceramic materials as well as the limited contacting surface of the ceramic after the pre-oxidation or a product of
solid/liquid area (i.e., no infiltration). In the light of the this phase after a reaction with liquid Al, or a combination
highly negative AG-values of theEgs. (7) and (8)these of both phenomena.
phases of yttrium aluminates should act as diffusion barri-  The microstructure of the fracture surface showhin 2a
ers at the solid/liquid interface which moderate or suppressindicates that the adhesion between the superficial layer
the possibility of occurrence of the reactions of &#gs. (7) formed after oxidation and the parent ceramic is lower than
and (8) the cohesion of either the layer or the bulk ceramic. How-

Consequently, mild diffusion should govern the ce- ever, the SEM micrographs &fig. 6 do not indicate pres-
ramic/liquid metal interfacial interactions. The possible ence of well separated islets of different phases in the metal
diffusion zone observed in the shadowed ribborig. 5¢ phase. Therefore, the observed islets-igf. 6 are probably
is very thin, with respect to the prolonged heating (24 h). Si-rich clusters (similar to those shown fiigs. 4 and 52!
Thus, the diffusion kinetics should be very slow. However, Egs. (10) and (113how two possibilities of formation of Si
the present experimental results cannot assure that this posdue to reaction of ¥Si,O7, which is the main product of
sible zone was formed when the Al-alloy was still in molten oxidation, with Al. At lower temperatures (90C, Fig. 4f

state or during cooling. and 9, the difference of diffusion coefficients is probably
In the case of pre-oxidized samples, the migration of small and cannot cause detectable migration of such phases.
Si-rich islets towards the metal bulkify. 6) may resemble With regard to interfacial adhesion, the interfaces were

results obtained in solid state diffusion, where chemically continuous with no gaps or cracks. In the literature, the good
stable markers can be used to determine experimentally thewetting between Al and $N4-based ceramics at temper-
Kirkendall plane in a diffusion coup® If similar mecha- atures higher than 82T has been attributed to the reac-
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tion which results in formation of AIN. In this study, the
presence of Si in the alloy likely improved liquid metal’s
fluidity?* and bettered wettability, resulted in the strong and 1.
continuous interface. Several authors have reported that the
presence of sintering additives and/or the formation of a su-
perficial oxide layer favours @N4/liquid metal adhesion at
elevated temperatures and prolonged corftéftThe same
effect has been observed in SiC-based cerafits.

Beyond refractory properties of ceramics, which is a 3
key issue in Al-foundry industry and motivated the present
study as mentioned in the Introduction, this study features
interesting results for producing $8i4—metal composites.
Strong adhesion and continuous interfaces were achieved
with no formation of new phases, whose probable brit-
tleness and mismatch of thermal expansion coefficients
with the parent materials would result in a failure of
interfacel 25729

27
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