
MT-CWR4}9728

AD-A254 002

FINAL REPORT

Infiltration Kinetics and Interfacial Bond Strength of

Metal Matrix Composites

DTIC
Submitted to: ELECTE

Dr. Steven Fishman AUG12 19921
Office of Naval Research D
Arlington, Virginia 22217 A

Submitted by:

Glen R. Edwards and David L Olson
Center for Welding and Joining Research

Colorado S-chool of Mines
Golden, Colorado 80401

dmeat has been papproved

ublic release and sale; ifs [
E o,, is Vltd 61

July, 1992

92-20904I I 1J 1NH l ull 1111 11111i1il1 III

CENTER FOR WELDING AND
_7 JOINING RESEARCH

C LORAOO

Colorado School of Mines
Golden, Colorado 80401



TABLE OF CONTENTS

Page

SUMMARY OF EXPERIMENTAL ACCOMPLISHMENTS 3

GRADUATE DEGREES. 5

PAPERS PUBLISHED IN REFEREED JOURNALS 5

CONFERENCE PROCEEDINGS AND TECHNICAL REPORTS 6

INVITED PRESENTATIONS 7

PRESENTATIONS 7

APPENDIX I - PAPERS AND CONFERENCE PROCEEDINGS 9

Accesion For

NTIS CRA&I
DTIC TAB El
Unannounced Li
Justification

By ..................
Dist; ibition 

Availability Codes
Dist Avaipci or

I I,

V= QUALMT IN G3OP

Statement A ,per telecon Steven Fishman
ONR/Code 1131
Arlington, VA 22217-5000

NWW 8/11/92



3

SUMMARY OF EXPERIMENTAL ACCOMPLISHMENTS

The research accomplishments for this three-year metal matrix composite research

program centered upon three areas: infiltration kinetics, wettability studies and

predictions of interfacial properties. The major accomplishments for each year are

summarized in the following section.

Year One

A pre-conditioning reaction model was hypothesized to explain the incubation

period observed to precede the liquid metal infiltration of SiC particulate, and a rate

equation for pre-conditioning was experimentally established for the infiltration of SiC

particulate by liquid aluminum (CR11). A threshold pressure, or the minimum pressure

required for infiltration after incubation, was estimated.

Experimental wettability studies were completed for Al-Si, AI-Mg, and Al-Li alloys

in contact with SiC by utilizing a capillary rise apparatus (T4). The oxide layers on the

ceramic substrate and on the molten metal surface were observed to strongly influence

wetting behavior.

A theoretical model to predict interfacial properties such as interfacial bond

strength was developed. The model incorporated measurements of optical reflectance to

determine the surface properties of a solid. Calculated interfacial bond energies of pure

metals Cu-Zn alloys and Al-SiC interfaces were completed (J6).

Year Two

Differential optical reflectance was used to measure the optical transitions in

aluminum and its alloys, and the previously developed semi-empirical model was used to

calculate surface energies. Predicted surface energies were in close agreement with

experimentally determined surface energies taken from the literature.
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Interfacial bond energies were estimated using a work of decohesion model (J6).

Punch shear tests then provided relative estimates of bond strengths for several

aluminum alloys in contact with silicon carbide. The predicted bond energy trends

correlated well with observed bond strengths.

Year Three

Concepts from surface science and thermodynamics were coupled to theoretically

predict wettability. Wetting was treated as a surface phenomenon, in which a surface

reaction monolayer was sufficient to cause wetting (J). According to this model, the

spontaneity of wetting is governed by AGw, a thermodynamic term defined as the free

energy of wetting. Theoretical predictions compared favorably with experimental

wettability measurements made using a capillary rise apparatus. The model was further

validated for silicon dioxide surfaces (CR14).

Compacts of silicon carbide prepared by a vibration technique were found to have

reproducible gas permeabilities. The infiltration of these compacts was then studied as a

function of temperature and pressure (T3). The progress of the infiltration front was

monitored on line by observing the changes in the pressure drop.

A phenomenological equation relating the infiltration rate to the applied pressure,

threshold pressure, height of the compact, activation energy for viscous flow of aluminum,

and the absolute temperature was determined. Aluminum powder additions to the

compact prior to infiltration were found to alleviate porosity and provide a method for

varying the volume fraction of reinforcement.

Aluminum matrix composite processing using the liquid metal route is complicated

by the oxide barrier formed on the liquid metal. A transport model was used to explain

the observed interfacial reaction behavior (CR15).
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The Infiltration of Aluminum into Silicon Carbide Compacts

P.B. MAXWELL, G.P. MARTINS, D.L. OLSON, and G.R. EDWARDS

Although liquid-metal processing of metal matrix composites offers economic advantages, problems
related to the nonwetting nature of the ceramic discontinuous reinforcement create obstacles to
its ready implementation. Infiltration can occur only if a threshold pressure is applied to over-
come the unfavorable interfacial forces in the system. The research reported in this paper has
been devoted primarily to experiments on infiltrating silicon carbide compacts with pure alu-
minum, aluminum- 1 wt pct magnesium, and aluminum-I wt pct silicon. The major finding has
been that an incubation time is necessary before infiltration can proceed, even though the thresh-
old pressure is exceeded. Thus, while the model equations available for predicting the infiltration
rate of compacts appear to be adequate, the incubation time can represent the rate-determining
step in the process. It is suggested that the mechanism responsible for the incubation phenom-
enon may be related to a surface modification produced by either reaction of liquid aluminum
with an oxide film on the surface of the particles or coverage of the surface by a capillarity-
induced aluminum condensate.

1. INTRODUCTION shaped parts such as tubes, where the full benefits of
continuous fibers may be realized.DISCONTINUOUSLY reinforced metal matrix corn- The advantage of producing silicon carbide/aluminum

posites have been fabricated by various techniques of matrix composites by liquid-metal infiltration techniques
which the most successful have been the solid-state p cannot be fully realized without improvements in the in-
cesses. These include powder metallurgy processing and filtration behavior and fiber matrix bonding.'8' Previouslamination of reinforcement and metal by diffusion investigations have focused on the effects of processing

bonding.' Liquid-metal processes have had less suc- ivsiain aefcsdo h fet fpoesn
cess, although liquid processing of particulate-reinforced parameters such as pressure, temperature, and alloy-

composites is potentially more economical. Moderate ing.'9 101 This paper reports on an infiltration model whichcompsits i potntillymoreecoomial. odeate considers the physical properties of the liquid and pre-
success has been experienced with both the addition of form. These properties include viscosity, density, sur-

the ceramics to the liquid metal prior to casting and the face tension, wettability, and pore size. The model has

direct infiltration of ceramic preforms. 12 ! A primary ob- been assessed in terms of its ability to predict infiltration

stacle to the liquid-metal techniques is the nonwetting behavior from known physical properties of the material

nature of the ceramics. Flocculation of the ceramic oc- uedin conoe l abo roperies fltation
curs~~~~~ ~ ~ ~ whe mie noteml ro ocsig od utilized in controlled laboratory experiments. Infiltration

curswhe mixd ito he mlt riorto astng,'' vids problems can be solved by modification of the properties
form at interfaces, and incomplete infiltration results. oble canibetlved/or modificatinfore es

Degradation of the silicon carbide by reaction with alu- of the liquid-metal and/or ceramic reinforcements.
minum is also a concern,"*" and various techniques have
been employed to overcome these problems.'3 ' A. Wettability

Liquid-metal processes which have had limited suc-
cess include compocasting and infiltration."' In compo- An understanding of the infiltration thermodynamics
casting,'6' silicon carbide powder is stirred into the melt provides information on whether infiltration will occur
at a temperature between that of the liquidus and the spontaneously for a given system or whether external work
solidus. Since this partially solidified melt behaves as a must be performed upon the system. Wettability is com-
slurry, the silicon carbide powder can then be mechan- monly used to assess the interfacial tension driving forces
ically entrapped, allowing the mixture to be cast into a and is measured in terms of the liquid-solid contact angle,
metal matrix composite. Composites produced by this 9. Values of 9 less than 90 deg indicate a propensity for
process have been characterized by voids and often by wetting, whereas nonwettability is defined by values of
poor bonding at the ceramic/metal interfaces. 0 greater than 90 deg.

Vacuum coating and pressure (squeeze) casting171 have There is a lack of consistency in the experimentally
been applied to the liquid-metal infiltration of silicon determined contact angles for the silicon carbide/
carbide fibers. Liquid-metal infiltration processes offer aluminum system.('""2 ' The measurement is complicated
a considerable advantage in the production of intricately by the nature of the silicon carbide/aluminum interface.

Since both materials generally have an oxide layer, some
investigators may actually have reported equilibrium

P.B. MAXWELL, Regional Metallurgist, is with the Carpenter Steel contact angles for aluminum in contact with an oxide.
Division, Carpenter Technology Corporation, Los Angeles, CA 90058- While it is believed that the oxide layer associated with
0880. G.P. MARTINS, Professor, D.L. OLSON, Professor, ad G.R. the silicon carbide may be reduced by chemical reaction
EDWARDS, Professor and Director, are with the Center for Welding with aluminum, depending on the temperature and time
and Joining Research. Department of Metallurgical and Materials of cun m, tipess o b e aniediby
Engineering, Colorado School of Mines, Golden, CO 80401. of contact, 1 1 this process may also be accompanied by

Manuscript submitted October 31, 1988. the formation of aluminum carbide at the interface.
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Measurements of the contact angle for this system are
therefore very sensitive to material preparation, time,
temperature, and atmosphere.

Kohler1131 reports contact angles for several aluminum
alloys in contact with silicon carbide, as shown in
Figure 1. These data indicate that a transition from non-
wetting to wetting of silicon carbide by aluminum alloys -
occurs between 900 C (1173 K) and 1000 °C (1273 K).
This transition may be the result of either the breakdown
of a passive oxide film or the formation of aluminum
carbide or the sequential occurrence of both. Alloying
additions apparently do not affect the degree of wetting 5-
outside the transition temperature range but do alter the
temperature range over which the transition occurs.

Shaler l4t defined an infiltration indice, la, for the 4-
tendency of liquid metal to form a mutual plane interface
with the idealized porous substrate:

1, = 'rr 2 y(I/O - l) (cos 6 + 1)1 [1]

where the porosity, 4, is the volume fraction of the ma-
terial occupied by the pores and yt, is the liquid-vapor 2
interfacial tension. The resulting index of contacting, l,*, 0-0.3
is positive for all values of 0, 0, r, and -,y. This ten-
dency for the liquid metal to form a mutual interface
with the substrate is illustrated in Figure 2 as a function -__ _ 7
of contact angle, 0, and pore volume fraction, 4. It can
be concluded that the tendency for the liquid to adhere 0 30" o 90- 1200 150 ,so.

CONTACT ANGLE, 6 -0

Fig. 2-Tendency for a liquid layer to adhere to a porous surface.,"

to the surface increases with decreasing contact angle 0
,so and porosity.

-o0-A- 5.7 Ni B. Infiltration Kinetics

7 -Al "1 "1 The kinetics of infiltration can be described by equat-
ing the rate of change of momentum of the liquid within •
the capillary network to the forces which act on this liq-

Al, -I Ceuid. s a I6 For a wetting system, the force due to surfaceA1.1" tension, F,,, acts to move the liquid up the capillary,
At -5 V -- while this motion is resisted by the forces due to gravity,

- ¢.Fg, viscous drag, F,,,, and end drag, F,. These forces
are presented schematically in Figure 3. When these forces
are equated to the rate of change of momentum of the S
liquid, the following equation is obtained. For a capil-

Go - lary tube of uniform circular cross section,
PURE U-- rr~p d (hc- = 2rryl cos 0 - vroghc - 8rih c

30o- dt d

___________________ (1 ) - i (dhc)2  [21. I I i " -t -4 (r~ -dt )2

0 oo 900 1000 1100 where hc is the distance infiltrated at time t, r is the

(1073) (1173) (1273) (1373) capillary radius, p is the density of the liquid, A. is the

TEMPERATURE, GC ( K') viscosity of the liquid, and g is the acceleration due to
gravity.

Fig. I - Viadou of t econtact angle between aluminum and silicon A similar force balance was utilized by Semlak and
cabde as a funcion of eoepmve and alloy coosion. Rhines[  for describing the infAIlaton behavior of l
I - 3.5 to4.5 'pctCu,0.4 to I pctMg. and0.3to I pctMn; AZnMgCu
1.5 - 5.1 to 6.1 pet Zn, 2.1 to 2.9 pc Mg, 1.2 to 2.0 pct Cu, 0. 1 rous metal bodies. In their analysis, the porous body is
to 0.3 pet Cr, and 0 to 0.3 pct Mn. replaced by a bundle of tubes with an Oeffective radius"
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Fig. 4-Schematic illustrating the infiltration of a powder compact.

Fig. 3-Schematic showing the forces acting on a liquid column within
a capillary. and

I f2 = /A, (or heat ' 2) [4]

which can then be determined experimentally. More re- 2

cently, this model has been reexamined by Martins where
et al.,[ISl and dimensionless parameters which delineate K.A(h)
the limiting behavior have been developed and quantified. A, = [5]

For the work reported in this paper, the analysis of (PAPef)"'2

Martins et al.""' was adapted to treat the nonwetting sys- and
tern studied and is described in detail in the Appendix.
Since pressure must be applied to induce infiltration in 150(1 - 0)2

such a system, it was found convenient to measure the K3 2 161
rate at which the liquid aluminum flows downward
through a silicon carbide powder compact. A simpler ex- In the equations above, APff is the effective pressure
perimental arrangement is required compared to that for difference across the compact, and AP* is the difference
inducing upward flow. A schematic describing this sys- between the applied pressure in the reservoir and the
tern is presented in Figure 4. The quantity hRo is the ini- pressure of the gas in the compact.
tial height of the liquid in the reservoir, hc is the distance
the liquid has infiltrated at time t, Ac is the cross-sectional
area of the compact, rp is the effective pore radius (hy- H. EXPERIMENTAL PROCEDURES
draulic mean radius), d, is the particle diameter, and 0 The model indicates that the infiltration rate is depen-
is the void fraction. dent on the following properties of the system: (1) pore

It has been shown""' 1 that radius of the compact, (2) viscosity of the liquid,
2 ,y, cos 0 (3) density of the liquid, (4) surface tension and/or con-

APff = AP* + + pghio > 0 (31 tact angle, and (51 applied pressure. The properties se-
rf lected for study were those associated with the liquid

METALLURGICAL TRANSACTIONS B VOLUME 21B, JUNE 1990-477



[i.e., surface tension (VI,) and contact angle, density, Table I. Characterization of the
and viscosity]. The alloys selected for comparison to 100-Grit Green a-Silicon Carbide
pure aluminum were aluminum-I wt pct silicon and Nominal Composition (Wt Pct)
aluminum-I wt pct magnesium.

The infiltration temperatures of interest included SiC Si Si0 2  C Fe A]
1123 K, where aluminum alloys will wet silicon carbide 98.65 0.15 0.63 0.36 0.08 0.08
(Figure 1), and near the fusion temperature for alumi- 0
num, where reaction with silicon carbide is less severe. Particle Size Analysis*
The viscosity of aluminum and its alloys shows a sharp Standard
increase as the melting point or liquidus is approached. Parameter Average Deviation
To avoid this behavior, the temperature selected for
comparing the alloys was 943 K or 10 K above the melt- Average diameter (rm) 47.73 24.08
ing point of the aluminum. Limited infiltration studies Minimum diameter (jsm) 25.97 17.57
were also made with pure aluminum at 3 K above the Shape factor 2.35 0.66
melting point and aluminum-I wt pct silicon at 6 K above
the liquidus and 2 K below the liquidus to observe whether sed upon 524 panicles evaluated.
any dramatic changes in infiltration behavior occurred at
temperatures in the vicinity of the solidus temperature.

The basis for selecting the applied pressure was first press. This applied load assured that the powder compact
to determine experimentally the minimum pressure nec- was pressed uniformly and also provided an upset to the 0
essary for infiltration of each alloy at the temperature slug, securing it tightly in the tube so that the compact
selected. To define this pressure, referred to as the would not be disturbed during handling prior to the
"threshold pressure," a time limit of 30 minutes was se- experiment.
lected within which infiltration either occurred or it was The sealing arrangement was such that when the
concluded that the applied pressure was below the SWAGELOK* fitting was tightened, a copper ferrule was
"threshold pressure." This pressure could be discrimi-
nated to within 3 kPa. To resolve the effect of alloying *SWAGELOK is a trademark of Crawford Fitting Company, Solon, 0
on the infiltration kinetics, data were obtained for each

composition using the greatest of the "threshold pres- forced to seat onto the inside diameter of the alumina
sure" for the three alloy compositions investigated, tube, thereby effecting a gas-tight seal. The stainless steel

fixture was then connected, by means of SWAGELOK
A. Materials fittings, to a smaller stainless steel tube, which supplied

The silicon carbide used was 100-grit green a-silicon argon to the top of the interior of this assembly.

carbide. The chemical composition and particle size C. Characterization of Porous Compact
analysis of this material are presented in Table I. The
average size and shape factor were determined using a In order to use the model for the prediction of infil-
JEOL JXA 840 electron probe analyzer with a particle tration rate, values for the void fraction, effective par-
recognition and characterization program. The shape factor tide diameter, and the effective pore radius are required.
is defined as (perimeter)2/(area x 41r). The results are The last two quantities are not directly measurable for a 0
presented in Table I. High-purity aluminum (99.95 wt compact containing different size and shape particles.
pot) was used in the experiments and for preparing the However, if the void fraction is known, these quantities
alloys used. The compositions of the alloys were deter- can be derived experimentally by application of Ergun's
mined using an Applied Research Laboratories 34000 equation to a system with established physical properties
optical emission spectrometer. The aluminum-silicon al- (Appendix).
loys were determined to be 1.00 to 1.07 wt pct silicon, The void fraction was determined by adding water to
and the aluminum-magnesium alloys contained 1.03 to the silicon carbide powder compacts. The specimens were
1.13 wt pct magnesium. weighed before and after all the voids were filled with

water. The open void fraction was then calculated using

B. Sample Preparation the weight of the water added.
Pressure drop vs flow rate measurements were then

The infiltration apparatus used for the experiments is obtained for argon flowing through the silicon carbide
shown schematically in Figure 5. A 12.5-mm ID x compacts contained in the alumina tube. The range of
19.0-mm OD X 92.0-mm-long alumina tube was in- flow rates selected was such that the flow behavior would
serted into a stainless steel tubular fixture. A sintered be similar to that expected in the infiltration studies. This
stainless steel porous plug with a nominal 15-Am pore was determined by calculating the range of Reynolds
size was then inserted into the tube. The tube was filled numbers which would be expected in the infiltration study
with 8.5 g of the silicon carbide powder and a 6-g alu- and then determining the argon flow rates which would
minum (or aluminum alloy) slug. The slugs used were cover this range.
precast to match the inside diameter of the alumina tube The Reynolds number, Re, is given by
and cut to achieve the desired weight. The sample was
then compacted by applying a stress of 72.5 MPa (10,200 Re = v7
psi) to the top of the slug via a punch, using a hydraulic AO - #)So [7]
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The quantity So is the specific surface area of the par- a
ticles and given by

6
SO d [8 b

dp 1 C
and, Vo, the superficial velocity, is given by

dhc Q
V= -t - [9]

In the above equations, dp is the average (characteristic)
particle diameter and Q is the volumetric flow rate of L f
the gas through the compact. In this regime, only the d
viscous term in the Ergun's equation is significant, and h
the equation may be simplified by eliminating the in-
ertial term. (The inertial term would only become sig- I
nificant if the velocities in the infiltration experiment were j
of the order of meters per second.) Ergun's equation must k
also take into account the compressibility of the argon.
The applicable form becomes

dP GoRT m
- = K, 1 tt [10]
dz MP

where Go is the superficial mass flux (pQ/Ac), R is the
gas constant, T is the absolute temperature, and M is the
molecular weight.

On integrating over the length of the compact, this
equation becomes

1 2RTI(P2 + 2PPb) = Kj L- Go [11I
2 gM

where P, is the gage pressure measured at the top of
the compact, Pb is the ambient (barometric) pressure at
the bottom of the compact, and L is the length of the Fig. 5-Schemaic of the experimental system: (a) pressure gage,
compact. The value of K, can then be obtained from the (b) chamber, (c) vent,(d) furnace, (e) valve.(f) argonsupply,(g) fixture
slope of the plot of I/2(P2 + 2PPb) vs Go, the slope for holding and sealing Al203 tube, (h) A120 3 tube, (i) aluminum in-

filtrant, (j) compact. (k) porous plug, (1) crucible to receive alumi-
being equal to K, 1ALRT/M. Knowing K, and #,, the ef- num, an thermocouple.
fective particle diameter can be calculated from the def-
inition of K, and can then be related to the effective pore
radius by the desired run time had elapsed, as indicated by a stop-

_ _ [12] watch, the vent was closed, and the argon supply valve
to the chamber was reopened. The specimen was then
raised into the cold zone. After the specimen had cooled,

D. Infiltration Tests it was extracted from the alumina tube using a hydraulic
press.

The test fixture arrangement within the furnace is pre- The specimens were examined to obtain the infiltra-
sented in Figure 5. To assure temperature uniformity tion distance with respect to the infiltration time. They
within the working zone, a tube furnace was used with were sectioned longitudinally with a diamond saw, and
a large length-to-diameter ratio (9. 1-m long x 0. 1-m ID). the infiltration distance along the centerline was mea-
A thermocouple was located in the working zone. The sured. Four samples at various stages of infiltration are
furnace temperature was increased to the test tempera- shown in Figure 6. The data obtained from the partially
ture selected and the chamber allowed to equilibrate under infiltrated specimen were processed to obtain an average
a cover gas of 99.998 pct argon at a gage pressure of infiltration rate and initiation time by least-squares
3 kPa. Once the furnace reached this target temperature, regression analysis of the model equation (Eq. [4]). Se-
the specimen was lowered into the working zone, and lected samples were also examined using a scanning
the gas pressure was increased. The specimen was al- electron microscope to determine whether there was an
lowed to reach thermal equilibrium (approximately effect of the alloy upon the appearance of the silicon
90 minutes) before the test began. To initiate the test, carbide/aluminum interface. Photomicrographs of rep-
the argon supply to the furnace chamber was shut off resentative samples are shown in Figure 7. Samples were
and the chamber vented to the atmosphere, causing a prepared by polishing with 600-grit paper to remove any
pressure drop to be developed across the compact. Once aluminum that had been smeared over the surface during
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F 7 Each compact was pressed in an alumina tube with a
stainless steel porous plug. The results are presented in
Figure 8, along with similar data for the porous plug by
itself. Linear regression analyses of the data were per-
formed. The nonzero intercept of the regressed lines can
be accounted for by a zero offset of the pressure gage
used in the measurements. The coefficient of determi- *PU. .nation for the data was found to be 96.4 pct, indicating
good linear correlation. The slope of the upper line is
related to the resistance to flow of the argon through the

' overall system. This resistance is due to contributions
. ,provided by the compact and the porous plug in series.

Consequently, the individual contribution provided by *
the compact can be obtained from the difference in the
slopes of the lines obtained for the compact and for the
porous plug. This quantity, in conjunction with the prop-
erty values for argon at the test temperature (295 K) and

Fig. 6-Photograph of compacts at various stages of infiltration. The the length of the compacts (L = 40 mm), was then used
cross section is approximately 12.5 nmm in diameter. to obtain the value of Ki = 2.34 x 10" m2 .

Five compacts were evaluated for pore (void fraction). 0
The average pore fraction was found to be 0.426 with a

the cutting operation. Coarser grit sizes were not used standard deviation of 0.007. Using this value in the
in order to avoid pulling out the silicon carbide particles equation for K, (Appendix, Eq. [A 111 ) provided a value
from the matrix. The coarse texture of the samples made of 51.2 lsm for the effective particle diameter which agreed
them unsuitable for optical microscopy at magnifications well with the particle measurements performed on the
above 100 times, and no benefit was realized from pol- scanning electron microscope. The effective (hydraulic •
ishing or etching. mean) pore radius was calculated, from Eq. [121, to be

6.44 jsm.
III. RESULTS AND DISCUSSION

The results obtained from characterization of the po- B. Infiltration Tests
rous compacts and from the infiltration of the compacts Data obtained from the infiltration experiments are
with aluminum are now presented and discussed. presented graphically in Figures 9 through 14. Included *
A. Porous Compact Characterization with these data are lines from the linear regression anal-

yses. Table I provides a comparison between the ex-
The flow rates of argon through three silicon carbide perimental results and predictions using the infiltration

compacts were measured over a range of pressure drops. model. It is seen that the measured threshold pressures

50,u0

ai 15o -m b:

Fig. 7-Pbatonicrographs of silicon cabide/metal interface: (a) aluminum-I wt pct silicon, (b) aluminum, and (c) aluminum-I wt pct magnesium.
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to0
pies, at low magnification indicated that the void fraction
was indeed grete than 0.43, which had been measured

* prior to inifiltration. Photomicrographs were then used to
deternmie silicon carbide volume fraction by the point
count method. The void fraction, the complementary

0 quantity, obtained by this method was 0.80. Based upon
0 a 10 15 20 25 this value, the effective pore radius was calculated to be

G~xi2, k ,,rsri34.1 g&m, and the extrapolated value of K, was 4.47 xQ~xjo2 kg fr~irl I M-2 . Based upon these values, there was now good
Fig. S-Presure drop/armo flow rme corrlation used for cliarac- correlation betwee th epmental results and predic-
tizazion of compacts. Slope of ?pr line = 1.573 x 1010 kg -s-3; tions. Apparently, the flow of aluminum into the coin-
slope of lower line - 0.2M4 x 10 kg _S . pact results in significant drag forces (in addition to the

buoyancy force) on the silicon carbide particles, which
lead to their redistribution and, hence, larger void frac-

were consistently lower than predicted, and conse- tion of the compact.
quently, the measured infiltration rates were higher. The To calculate the threshold pressures, it was necessary
only factor that could rationally account for these dis- to assign a contact angle value of 155 deg for all coin-
crepancies was the void fraction of the compact. An in- positions and temperatures, due to insufficient data con-
creased void fr-action would be expected to increase the cerning wettability of SiC by liquid aluminum (Figure 1).
effective pore radius and decrease the value of K1. The Discrepancies between the calculated values and ex-
void fraction was therefore reevaluated using samnples penimental results may also be due to the use of bulk
which had been infiltrated. The appearance of the sam- thermodynamics to describe a powder compact where the
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surface condition and small radii of curvature of the par- ature gradients may be present in the preform, resulting
tiles can contribute significantly to the free energy of in localized regions at temperatures less than the melting
the system. point or liquidus. When the temperature was increased

The infiltration rates predicted for the systems tested to 943 K, the threshold pressure for both the aluminum
near their threshold pressures are within the 90 pct con- and aluminum-I wt pct silicon decreased. In Figure 15,
fidence intervals of the experimental results. At larger it is seen that the effect is more pronounced for pure
values of the effective pressure difference, &Pef, the aluminum.
derivations between the experimental results and the pre- Tests performed below the liquidus for the two alloys
dictions cannot be accounted for by experimental errr. resulted in the liquid-phase fraction infiltrating the corn-
This indicates that a change in the flow behavior, which pact, while the solid-phase fraction was trapped at the
may be coupled to void fraction increases, may occur upper face of the compact. Also, tests conducted at 1323 K
when the applied pressure is increased, demonstrated that contrary to what the available contact

The effect of increasing the applied pressure upon the angle data indicate, infiltration could not be accom-
infiltration behavior of aluminum at 943 K was to de- plished without the application of a pressure difference
crease the initiation time. Tests run near the liquidus across the compact. Tests conducted at this temperature
(936 K for pure aluminum and 933 K for alunimm-I wt and without applied pressure for extended periods as long
pct Si) were characterized by long initiation times and as 24 hours did not result in infiltration.
significant scatter in the data, as evident from Figures 13 The initiation time prior to the start of infiltration is
and 14. These observations may be consistent with the obviously due to an unfavorable force balance being *
previously reported variability in viscosity near the melt- present at the start of the test. It is apparent that APf
ing point, which was attributed to short-range ordering is not only a function of the applied pressure difference
prior to the onset of solidification. Also, slight temper- and weight of the liquid (Appendix, Eq. [A151) but of

the interfacial tension term as well. It is conceivable that
40 during the initiation period, contact of the silicon carbide

by the liquid aluminum results in modification of the
25 P - * interface, and thus, in the -/j, cos 0 term, such that M'f

T -ruMK is greater than zero. Either the passive oxide film on the
30 silicon carbide particle reacts with the molten aluminum

or it becomes covered by a capillarity-driven aluminum
*condensate, which ultimately leads to a favorable AP fF

20 for infiltration. The rate of either process should be de-
I pendent on both temperature and composition of the alu-

5 minum alloy. Furthermore, either an oxide-scavenging
reaction or a condensation mechanism would be ex-
pected to be thermally activated; i.e., higher temperature

5 tests should be expected to yield higher rats of surface
* modification and, consequently, shorter initiation times.

40.0 40.6 4f.0 41.5 Z0 :9.9 3.0 -. ".'aTis o;m- to be the case when comaring the initia-
to times for aluminum infiltraion at 943 and 936 KrTilt1  ' (Figures 9 and 13). It should also be noted that the lower

Fit. 13-MoImant4 we Ysm root of = for . - temperature teat was conducted at a higher applied pm-
936 K wie a qmlid uW me of 96 kt. am. This effect of temperature on the initiation time can
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Table 11. Comparion betweean Experimental Resnts and Predlkoms

Predicted"* Measured
Temperature dc(mdc(T p ~t

Aluminum 943 90 11 113 71
Al-lSi 943 90* 9 19 71
AI-IMS 943 90 11 96 67
Aluminum 943 69* 25 19 71
Aluminum 936 98* 6 17 71
Al-lSi 933 98* 6 17 71

*Denotes threshold mwsure (+3.5/-0), AP,., for AI-IMg at 943 K is 72 kPa.
"Padictios based upon = 0.8 and 0 - 155 des .

also be observed for the aluminum-I wt pct silicon alloy Finally, with regard to the photomicrographs showing
(Figures 10 and 14). the interfaces between the metal matrix and silicon car-

For higher applied pressure, a smaller increase in the bide particles, it can be seen from Figure 7 that the alu-
interfacial tension term is required to initiate infiltration minum and aluminum-I wt pct magnesium appear to have
(Appendix, Eq. [A151). This influence of applied pres- adhered to the silicon carbide particles. However, this is
sure is apparent from the initiation times for pure alu- not the case for the aluminum-I wt pct silicon alloy.
minum illustrated by Figures 9 and 12. The smaller applied
pressure of 69 kPa resulted in a much longer initiation
time for infiltration to commence. Again, this could be IV. CONCLUSIONS
due to either the oxide dissolution reaction or to capillarity-
driven condensation, since the change in state of the There are three important features related to the infil-
interface which would have to be effected would now tration of nonwetting porous compacts by liquid met-
be larger, requiring a longer time. als-the threshold pressure, the incubation time, and the

rate of infiltration once it is initiated. While the threshold
pressure can be predicted (not withstanding the uncer-
tainty in surface tension data) and the infiltration rates

120 can be adequately predicted from the models available,
the most important aspect of the overall infiltration rate
process is the incubation time.

The more important conclusions regarding the exper-
100 iments conducted are enumerated below:

I. Pressure is required to initiate infiltration of silicon
carbide powder compacts with aluminum within the

Q.3so.temperature range of 933 to 1123 K.
2. The pressure required for infiltration of silicon car-

bide compacts with aluminum is dependent on alloy
composition. Alloying aluminom with either I wt pct
silicon or 1 wt pct magnesium was found to increase
this pressure, with the effect being greater for the
silicon alloy.

3. The pressure required for infiltration of silicon car-

bide compacts with aluminum decreases with
40 - Aluminum increasing temperature.A - Al-IS SI 4. There is an initiation time associated with the infil-

tration of silicon carbide compacts with aluminum.
This initiation time decreases with increasing pres-

20 sure and temperature. The mechanism responsible for
this phenomenon may be due to either an oxide-
scavenging raction between the liquid aluminum and

__ the silicon carbide particles or a capillarity-driven
0 ,condensate which covers the surface of the particles.
650 650 670 80 690 700 5. When a silicon carbide powder compact is infiltrated

(9M) (O) (943) (953) (963) (9n) with aluminum, redistribution of particles occurs,
TR Iwhich leads to increased void fraction and effective

pore radius. It is hypothesized that the drag forces
Fig. IS- Thbld prowe vs fortau asr aln d produacd by the flow of the liquid metal ae respon-
animim-! wt pet gie. sible for this phenommon.
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APPENDIX equation (Eq. [A6]). The first approach," s" it may be re-
Analysis for infiltration in a nonwetting system called, yields

Referring to Figure 4, the total cross-sectional area of Ftc hc [A91
the pores, A,, can be related to the area of the compact F 2 8J -tJ[9
by the void fraction whereas the Ergun equation leads to 2

By continuity, at time t, the height of the liquid in the F,, = -4cK, Lhc ±h + K2PhC [AI0]

reservoir, hR, can be related to the infiltration distance, I KP kd)
hc, by where

hR f 4Ohc - hRo [A2] 150(1 - _)2 1.75(1 - ) All]

The origin of the coordinate system is located at the o3 2  K2 3dp
interface between the reservoir and the compact, with
the positive direction being that in which the fluid flow The gravitational force acting upon the liquid within
is induced, the Compact is

The equation of motion for this model is given by F.8 = O'Acpghc [A12]

d[ .tIC] Fw+ Fr + F. [A31 The rate of change in momentum (acceleration term) can
t) F F Fbe further developed to give

The difference between this force balance and that de- m() hc 4iAc d [hc hc I[A131
veloped by Brinin(1 51 is that the end drag and surface dt L dt J d dt J
tension appear within a preme-related force, F,, which
accounts for the applied pressure and the weight of the On introducing these terms into Eq. [A3] and dividing
liquid, through by vc, the following is obtained:

This force is related to the pressure drop across the d AF + 2yj, cos 0
porous body by Py hc - - AP* + rh

F, = AP#c [A4] I + dhc 2
where + PshR - (/

AP = Ph. - Phc [A51 4 • d

Here, P1. is the pressure in the liquid at the reservoir/ - [K, jhc" t- + Kdphc(-ct
compact interface, and Pic is the pressure at the intfil- td

trant front. The pressure at the reservoir/compact inter- + pghc IA141
face is the result of the applied pressure in the reservoir,
PGR, the weight of the liquid above the interface, and where &P* = PR - Prc. It is noted that infiltration will
the end drag." 5 ' The relationship for this pressure can only occur if •
therefore be expressed by 1 2 y cos 0

l [d,. 2 AP.=P*++pghRo>O [AI5]

Ph = PG + pgh - "- p R - ) [A6] rh

The expression on the left side of the inequality defines
The pressure present at the infiltrate front is the result the effective pressure difference, AP,. When APf is
of the pressure on the gas-phase side of the front, Pcc, zero, AP* is then the threshold pressure difference, AP,,
and the pressure due to surface tension (curvature of the which is the applied pressure difference that must be ex-
liquid front). The expression Pc is therefore given by ceeded to initiate infiltration.

2yi, cos 0 .The solution to the equation of motion (Eq. [A141)
P = P c JA71 may be simplified, and the results interpreted on a broader

rh basis, by recasting the equation in dimensionless form.

The pressure drop across the compact then becomes Using r and j to represent the dimensionless values of 0
2 o 2 time and infiltration distance, respectively, the infiltra-

AP P - Pac + + pghR - I p tion equation is now expressed as
rh4 \dt/ f d 2 j A2

[A81 +2- + +A,- =A 2f=l [A161

The viscous resistance to a fluid flowing through a
powder compact can be developed by either interpreting where

the equation for steady Poiseuille flow through a tube C Il/7;A x1
within the context of a quasi-steady process or, more in h-) - t (Ah);AIS]
tune with the physical situation, by using the Ergun (h)( P
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WETTnIG OF CERMIaC D OLTEIN= T AW:

ATE CONTROLLING PhEMOiM

P. R. Chidambaran, C. R. Edwards, and D. L. Olson
Center for Welding and Joining Research

Colorado School of Nines
Golden, Colorado 80401

AbRet equation:

Formation of interfacial chemical bonds between yM + 20 KOy (1)
the mating surfaces is treated as the critical event in 2

the wetting of ceramics by molten metals. The oxide
layer present on the molten metal acts as a barrier to The oxygen partial pressure, Poa required for this
interfacial reaction. Transport of material through this reaction to occur is given by:
oxide layer is treated as the rate controlling
phenomenon. The observed wetting behavior of molten ek2 / 6Z (2)
metals on ceramics is explained using this approach. PO 2  e k

Experimental data available in the literature is used to
estimate an activation energy for the process. Concepts where k is the reaction constant, GAW is the standard
from point defect chemistry are used to classify the free energy change for reaction in Eqn. 1. R is the gas
various metals according to the nature of oxide they constant and T is the temperature in degree Kelvin. The
form and relate the n4ture of oxide to the observed oxygen partial pressures required to oxidize many
wetting behavior. Oxides that exhibit stoichiometric reactive metals can be calculated using thermodynsaic
compositions are protective in nature, and the handbook data (2). The oxygen partial pressures shown in
corresponding metals exhibit a time dependent wetting Table I are calculated for a reaction at 1300' K.
behavior. Alumintm, magnesium and chromlm do not
instantly wet ceramics for this reason. Conversely, non-
stoichiometric oxides of titanium, manganese and
molybdenium possess sufficient lattice and electronic
defects to rapidly transport the metal ions across the
oxide layer. Doping the oxide lattice can alter the MaaM b
transport behavior of material through the oxide
lattice. e km

A liquid is defined to wet a ceramic when the
liquid spreads to form an intimate contact on the solid a) Joining
surface. Vetting in metal-ceramic systems occur
essentially by chemical bond formation. In an earlier
study, a thermodynamic approach was used to predict the
wetting behavior of liquid metal on ceramic substrates
(1]. Vetting was treated as a surface phenomenon. It was
established that wetting occurs when the liquid metal
has sufficient thermodynamic activity to reduce the .
surface phase of the ceramic; surface phase is more
amenable for reduction than the bulk of the material.

Reactions mentioned above are possible only when
the liquid metal is available at the ceramic surface for
interfacial phase formation. At experimentally . . .... . . dtbo

attainable oxygen partial pressures, most metals form an
oxide layer that is a few A thick on the surface. In
Joining, the braze metal is melted in between the two
ceramic components, while some mtal-matrix composite
materials are fabricated by Infiltrating the
reinforcement with the molten metal. In both ces the b) Composites Processing
existing enviromental gas mixture is adsorbed on the
ceramic surfaces. When the liquid metal comes in contact Figure I Schematic Representation of the
with the ceramic, it oxidizes from this adsorbed gas Formation of an Oxide Barrier
mixture. This situation is described schematically in
Figure 1. The liquid metal reacts with oxygen in the
environmental gas mixture according to the following
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Table 1. Oxygen Partial Pressures Required to aluminum (5,6.81.
For. an Oxide Layer at 13000C Laurent at. &l. have studied the vetting behavior

of aluminum on silicon carbide as a function of time
(5]. They used the sessile drop technique to measure the

Metal Oxide AGO Po2  contact angle; a molten drop of aluminum was placed in
a controlled atmosphere on the ceramic substrate, and

kJ/mole atmas the solid angle subtended by the liquid drop on the i
metal was measured by an optical microscope. They
measured the contact angle as a function of time at

Al a.A120 3  -1262.18 1.8 10 - 3  three different temperatures. The results obtained in
their study are shown in Figure 2.

Hg HgO -458.15 1.5 10 - 37  Alloying liquid aluminum alters the transition
temperature. Transition temperature is the temperature

Cr Cr203  -799.86 3.7 10-2

TL TiO2  -726.96 6.1 10 -30

Rn KnO -289.61 5.2 10-"t (a) 15 sinsle) _(b) 60 mins

No moo, -355.17 5.3 10- 5 0 *) (c) 120 ins

(4)

The adsorbed environmental gas mixture invariably
contains oxygen gas at a partial pressure of above 10-13
atms. Therefore, a solid oxide layer forms between the
metal and the ceramic when a drop of liquid metal comes 30
in contact with the surface of the solid. Hence, a
reaction between the molten metal and the ceramic is
possible only when the metal overcomes the protective __,__

nature of the oxide layer. a I1m0
In the following section on vtting behavior, the

information available in the literature concerning the 5
role of oxide barriers in the vetting of ceramics by Temperature (K)
molten metals and alloys is summarized. A transport
model that attempts to explain the observed behavior is
described. The effect of alloying and other
characteristics of transport through the oxide layer are
discussed in the final section. Figure 2 Contact Angle as Function of Time for

Aluminum on Silicon Carbide (5]
lttine DBawier2X

Liquid aluminum does not readily wet most solids above which wetting occurs instantaneously [8]. Table
because the oxide layer prevents the metal from any II. summarizes the effect of alloying on the transition
possible reaction. Foundrymen have effectively taken temperature (after Warren (8]). Also, Laurent at. al.,
advantage of this phenomena; they use permanent moulds in the study mentioned earlier, found a moderate
made of graphite to cast aluminum components. Aluminum decrease in the transition temperature after alloying
does not wet the mould, even when a chemical reaction liquid aluminum with silicon [5).
between aluminum and graphite is thermodynamically The oxide barrier problem has been identified only *
favorable, because of the oxide barrier, in the case of liquid aluminum. However, metals such as

Programs aimed at developing commercial aluminum titanium, manganese and molybdenum also form oxide
matrix composites have demonstrated some ingenious ways layers at any experimentally attainable oxygen partial
to produce commercially viable components. Mechanical pressures (Table I). Titanium, in fact, is the essential
destabilization of the oxide layer formed on the molten component in the development of active braze material
metal 13) and oxidation of the metal to form an insitu (9). A few percent titanium is sufficient to wet many
ceramic reinforcement 141 are some of the examples. ceramics, such as aluminum oxide, carbon, graphite.

Wrttability studies performed using liquid silicon carbide (101. The same is true for molybdenum
aluminum on ceramic substrates have identified a time and manganese; these two metals have been used, for a
dependence in the wetting behavior [5,6]. lBelow 12230K long time, in metal-ceramic sealing applications [11].
there exists an incubation time before liquid aluminum No evidence of a protective oxide layer on these metal
can wet the ceramic. Above 1223*C vetting is more or surfaces has been reported.
less instantaneous. This kind of a transition behavior Hot all effects of the oxide layer are
has been observed in many ceramics such as silicon deleterious. Host metal-ceramic interfacial phases are
carbide 15], aluminum oxide, [61 carbon 171 and titanium relatively brittle, and a large interfacial zone
boride. Many studies have attributed this transition formation results in a premature failure of the
behavior to the oxide layer that forms on liquid composite (8]. Using silicon carbide as an example
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Table II. The Wetting Transition Temperatures of is used to analyze the experimental data. Using the
a-SIC Single Crystals With Al-Alloys wetting rate (l/t) data at different temperatures an
(8] activation energy, Q was calculated to be 301 KJ/mole.

This activation energy measures the slowest of the
various time dependent vetting phenomena.

AJIoy (weight %) Wetting transition Diffusional creep studies have been used to
temperature (eC) measure the intrinsic and extrinsic diffusion
for 0 -90* coefficients in ceramic materials. Gorden (12] has

tabulated both the grain boundary and lattice diffusion
Pure Al 960 coefficients for aluminum diffusion in aluminum oxide.
AlMgSil 920 From his analysis, the activation energy for aluminum
AJCuMg1 1010 diffusion in aluminum oxide is in the range of 400
AJCuMg2 990 KJ/mole. The diffusion of the aluminum ions through the
AZnMgCu1.5 900 oxide barrier could be the rate controlling step in the

A)-2Mn 1030 vetting of silicon carbide by aluminum.

A'-Mn 930 The necessary information to prove if transport of
aluminum is the rate controlling step in the non-vetting

A4-2Ni 1035 to vetting transition cannot be obtained from sessile
A-5.7Ni 1080 drop experiments. The contact angle is a function of

Aj-I Co 1060 many factors. Surface porosity has a strong influence on

A)l-2Co 1025 the spreading behavior. Furthermore, the rate of change
of contact angle is not an accurate measure of the

A-&1(2-6) 1025 activation process. A direct measure of the fractional

A-Ce(-0) 1070 formation of interfacial phase would be a better
parameter with which to study the activation process. An
unequivocal conclusion cannot be obtained unless
independent experiments are performed to identify the
kinetics of the interfacial phase formation. Experiments
of this nature are in progress at the Colorado School of

ceramic, according to the reaction thermodynamics, the Hines.
following reaction can occur at the surface:

4A1 + 3SiC - A1 4 C 3 + 3Si (3)

OXIDE
The AC, for the above reaction is negative; hence,
aluminum has sufficient thermodynamic activity to reduce
the bulk of silicon carbide. Therefore, a stable
interface can never be formed between liquid aluminum I._I
and silicon carbide. Aluminum carbide formation can only
be limited by the kinetics. The oxide barrier that forms N sic

on the aluminum surface provides a good control on the
kinetics of reduction, and prevents an explosive
reaction between the ceramic and aluminum. However, the
oxide layer that forms on titanium is not protective in
nature titanium reacts rapidly at any interface where a

thermodynamic driving force for reaction is present.
This problem has been observed in studies of the SiC-Ti
[8] interface. Therefore. knowledge of the origin and Al Al 3++ 3 e
nature of oxide barrier protection could be an effective
tool to control the kinetics of interface formation. The
mechanism of this barrier protection and the reason for
the time dependence of this phenomena are not fully
understood. The following section describes one possible
mechanism to explain the observed behavior.

Transuort Model o. 1 . - o.

The observed experimental anomalies can be
explained using a transport model that treats the
diffusion of metal ions through the oxide lattice as the
rate controlling step for wetting. Figure 3 Schematic Representation of the

The inverse of time taken for a transition from Transport Processes Involved in The
non-wetting to wetting (time when the contact angle Interface Formation
reaches 900) can be defined as the wetting rate. This
information is available as a function of temperature
for liquid aluminum in contact with silicon carbide (5] Figure 3 shows a schematic representation of the
and is used here to estimate the activation energy transport processes involved during the interface
involved in the wetting kinetics, formation. The oxide skin forms on the liquid metal
An Arhennius equation: using the oxygen from the adsorbed atmospheric gases.

The thickness of the skin is related to the amount of

2. e (4) oxygen that is adsorbed on the surface. In reducing
t atmospheres it could be very low. Once all the adsorbed
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oxygen is depleted, further transport of aluminum ions for the temperature of interest will dominate the defect
results in the formation of aluminum carbide at the properties. If the reaction shown in Eqn. 6 were to be
interface. Diffusion of the metal through the oxide the dominant reaction at the temperature of interest
requires the transport of both the metal ions and (assuming that sufficient electronic defects exist) the
electrons. The metal atoms ionize at the metal/oxide excess VAI would enhance the diffusion of aluminum
interface and diffuse through the lattice. For the through the oxide lattice. This is identically true for
reaction between the aluminum Lova and the ceramic to be any supervalent alloying element such as silicon,
complete, the electrons from the oxide/metal interface titanium, zirconium that is present in the aluminum
must reach the oxide/ceramic interface. Transport of oxide lattice.
metal ions is dependent upon the concentration of the Experimental evidence indicates that the
metal ion vacancies or interstitials in the oxide - supervalent additions to liquid aluminum decrease the
vacancies more often than interstitials. wetting transition temperature (Table II). Also, the

Transport of metal ions in ionic material is diffusion coefficient for lattice and grain boundary
treated mathematically using the diffusion coefficient, diffusion coefficient decreases by three orders of
DAL- magnitude when aluminum is alloyed with supervalent

elements [12).

Syl["°]exp" W- (5) A subvalent alloy addition, on the contrary,
D yI idecreases the vacant aluminum ion concentration

according to the following reaction:
where - is the Debye frequency, X is the jump distance,
(VAL'' is the concentration of vacant aluminum sites, 2 + Ui2 A'1202 2U + 1/20, + 2e' (7)
and AC is the free energy for motion.

The electron transport is dependent upon the
concentration of the electronic defects. Because alumina Defects can be formed in the oxide lattice simply
is a wide band gap material (band gap- 8.2 eV) the by virtue of the equilibrium oxygen partial pressure.
equilibrium electronic defect concentration at low The free energy of formation is a constant at a given
temperatures (T4 1600*C) is very low; therefore, temperature for all metal oxides. Therefore, a
aluminum oxide is a insulator at these temperatures. The stoichiometric oxide can be in equilibrium with its
equilibrium number of vacancies and electronic defects parent metal only at a particular oxygen partial
in the oxide are determined by the free energy of pressure. For any metal oxide NO, if the surrounding
formation of various defects - intrinsic and extrinsic, partial pressure is different, one of the following two
The concentrations of these defects can be manipulated reactions occurs:
very effectively using a good understanding of the point
defect chemistry. 1/203 0o + Vill + 3h1

Point Defect Chemistry
0 0 - 1/202 + V. + 2e' (9)

Defects in a material can be treated as separate
species and unique thermodynamic properties can be The magnitude of the difference between the S
associated with these defects. Therefore, the environmental partial pressure and the stoichiometric
standard thermodynamic equations can be used to partial pressure together with the free energy change
determine the equilibrium concentrations of these associated with the above reactions control the extent
defects._Oxide materials contain three types of native to which the vacancies and electronic defects are
defects: Schottky, cation Frenkel and anion Frenkel present in the material.
defects. The presence of vacancies causes a deviation from

In pure alumina, the vacant aluminum ion the stoichiometric metal:oxygen ratio of 1:1. The
concentration is a sum of contributions from the Frenkel deviation can be represented mathematically as KOI, .
and Schottky defects. To make an estimate of the where x is the non-stoichiometric parameter. For metal-
kinetics of diffusion of the cations, prior knowledge of oxides like titanium oxide, x can vary from 0 to 0.35.
the free energy of formation of these defects is Table III shows the experimentally measured x values
essential. Theoretical modeling studies have evaluated from the monograph on non-stoichioetry [14]. It is
the enthalpies of point defect formation to a reasonable obvious from the table that the oxides of metals with
accuracy 113). multiple oxidation states show large deviations from

When liquid aluminum is alloyed, the oxide layer stoichiometry. Consider the titanium oxide lattice. If
that forms on the metal is automatically doped with the some titanium ions in the lattice are promoted to a 0
alloying addition. To alleviate the mass and charge higher oxidation state, more equilibrium vacancies are
imbalance created by the presence of impurities in the created:
oxide lattice, more vacancies, interstitials or
electronic defects are created. The actual vacancy 1/202 + TiT TrO Ti- O V4 (10)
concentration is a function of the concentration of the

impurity atom present in the oxide lattice. For
example, the oxide layer on an aluminum-silicon alloy The free energy change for the above reaction can be
would be doped with silicon; this can be treated in expected to be reasonably small. Therefore, material 0
point defect chemistry by writing a defect reaction for transport through the titanium oxide lattice can occur
silicon dioxide in aluminum oxide as follows: with relative ease. In contrast, a reaction of the type

Al shown in Eqn. 10 does not occur in aluminum, magnesium
3SiO 2  L +Si 6 0 o () or chromium. Therefore. they form stable oxide layers.

This explains why aluminum, magnesium, and chromium
brazing consumables are not comonly used.

The above reaction is only one of many defect reactions The metal-ceramic wetting literature shows
that can occur. The reaction with the lowest free energy evidence that titanium, zirconium, manganese and *

molybdenum have been repeatedly used in the industry to
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TiO -0.35 - +0.35
5. V. Laurent. D. Chatain, & N. Eustachapoulous,
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Modeling of Brazing Processes That Use
Coatings and Interlayers

Transport behavior of chemical elements at the braze
interface is emphasized in the modeling of three coatings

BY S. UU, D. L OLSON, G. P. MARTIN AND G. R. EDWARDS

ABSTRACT. The possibility of using the very consistent brazing processes can be function in brazing. They are: 1) barrier
new coating technologies in brazing is ex- developed. The control of the chemical coatings, 2) reactive metal coatings, and 3)
amined. By depositing one or more layers composition and thickness of the coating coatings for dissolution-solidification.
of filler metals on the joint surfaces, tradi- layers are far more critical than that re-
tionally difficult-to-join materials can be quired in traditional brazing filler metals. Barrier Coatings
brazed together. Barrier coatings, coat- This paper places emphasis on the existing It has been common practice, when no
ings for dissolution-solidification, and re- coating technology applied in brazing and known suitable brazing filler metal is avail-
active metal coatings (interlayers) are the presents an analysis of the mass transport
three different groups of coatings dis- behavior of these advanced coating-braz- able for the materials to be joined, to use
cussed. To control brazing, the optimal ing processes. With the proper under- a coating that can be wetted by the liquid
amount of coating applied must be deter- standing and knowledge of the behavior braze (Ref. 4). The coating also serves as
mined and the interfacial chemical reac- of these coatings, filler metals and pro- a barrier between the base metal and the
tions must be understood, with the char- cessing conditions can be selected ac- braze during processing. A barrier layer
acterization of the products that result in cording to sound engineering principles. It must be dense, ductile and free from de-
the braze metal. Mathematical modeling is postulated that joining of difficult-to-join fects such as voids. It must also show good
of brazing using the three types of coat- materials should be possible by applying adhesion and wetting toward both the
ings is performed to describe the trans- multiple coatings, which create conditions base and filler metals. Copper-phospho-
port of chemical elements at the braze in- such as wetting and chemical affinity be- rus filler metal had been used in the past
terface. tween the faying surfaces. to join ferrous alloys; however, intergran-

ular penetration of phosphorus was ob-
Inoduction Brazing Coating Technology served to promote subsurface embrittle-

ment of the joint. A thin undercoating of
The brazing of advanced engineering There are many ways to apply coatings nickel reduced phosphorus diffusion and

materials, and especially dissimilar materi- on parts to be brazed. They are: 1) elec- provided good wetting for the copper-
als, is coupled to the effective use of trolytic: electroplating or electroless dep- phosphorus filler metal (Ref. 5). Similar
coatings. The most obvious application is osition; 2) thermal: dip coating, barrel techniques are used in soldering brasses.
to use the coating process to establish a coating, roller coating, flow melting, etc.; A 1- to 2-Mum-thick layer of nickel or cop-
highly wettable surface for the liquid filler 3) surface modification: cladding, thermal per barrier coating is often used to avoid
metal. The coating may also be used as a spraying, plasma spraying, etc.; and 4) zinc diffusion to tin or tin-lead filler metals
barrier when the brazing filler metal is in- physicochemical: sputtering deposition, (Ref. 6). In electronic packaging, tin-lead
compatible with the base material, to vapor deposition, ion implantation, etc. alloys alone will not wet a ceramic sub-
avoid diffusion of certain alloying ele- Since both chemical homogeneity and strate. A layer of silver or gold of adequate
ments and to prevent intermetallics for- thickness are important properties of a thickness is often deposited to provide a
mation. coating, the coating procedure must be wettable surface for the tin-lead alloys

Recent approaches (Ref. 1-3) to coat- well controlled. For components that re- (Ref. 4).
ing technology in brazing recognize that quire critical dimensional control, continu- Sometimes the barrier coating scheme
coatings are no longer just an intermediate ous sputter-cleaning and vapor deposi- may require a double coating. Material for
passive barrier, but they take an active tion-type processes are preferred be- the first layer is selected for its compatibil-
part in the brazing process. Mass trans- cause of the uniform adhesion obtained at ity with the base metal and the second
port, either from the brazing filler metal the interfaces, layer (overlayer or outer coating) is used
into the base material or the dissolution of Three different coating schemes are to promote wetting with the liquid braz-
the coating into the braze metal, can pro- described below, each serving a specific ing filler metals, as illustrated in Fig. 1. The
mote physical changes, such as increasing primary layer is generally a transition metal
the liquidlus temperature of the braze solution containing polyvalent elements
metal, which affect significantly the braz- KEY WORDS such as titanium, manganese, zirconium,
ing process. With proper selection of the tantalum, or molybdenum, where the
coating material and brazing filler metal, Brazing FillernMetal polyvalent states increase the bondingTrazin Caings Phtendency. The second layer is usually a

Transient Liquidus Phase thin layer of noble metal which provides

5D. RD . OLSON, G. P. MARTIN and GBR. Brazing Metallurgy a surface that is oxide-free, or with a very
EDWARDS arer teCeterothin oxide layer which readily decom-

and kJor" Research, Colorado School of Filler Metal Selection poses or dissolves during brazing. Such
Mines, Gokden, Colo. oxygen-free surfaces have, in general,
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S  le etal B-Filler Metal .Brazing Filler Metal
Reaction

Noble MetalCotn ye

Tranuition Metal Barrier CoatingSbsreSbsae

Fig. 1 -SSchematic diagram showin the noble Fg 2 -Schematic drawing showing the formation of a reaction layer between the substrate and
metal and transition metal barrer coatings brazng filler metal.
inserted bet ween the base metal and the braz-
in (de metal.

high surface energy and offer excellent Mg8)O.(Cr,Mn,AI)20 3 spinel) also promote will promote further homogenization of
wettability. Metals such as silver, gold and adhesion between metal and oxides as the chemical composition and microstruc-
copper serve this function, requiring little, observed in the case of poor slag detach- ture. Solid-state diffusion of elements
if any, fluxing agent. The double coating ability in stainless steel welding (Ref. 16). away from the interfacial region reduces

scheme will also allow for longer brazing The characterization and understanding the initially large chemical composition
times since the thickness of the outer of the crystal structure and microstructure gradient, avoiding the formation of inter-
coating can be adjusted to satisfy the of the product layers must be carried out metallics at the braze. Art element of high
needs of specific thermal processing cy- so that adequate process control can be mobility, both in the liquid and solidified
des. achieved, braze metal, will decrease the time for

The thickness of this layer will depend completion of the TIP process. 0
Reactive Metal Coatigs on the reaction kinetics, which is a func- As an example, consider the brazing of

Theuseof eacivemealsin razng as tion of the reactive metal content, diffu- nickel (or a cupronickel alloy) with a pureThe se f ractve etal inbrainghas sion of species through the product layer, copper filler metal of half-thickness, Wo. It
abthn shontayermbtwe the borain fe brazing time and temperature. Brazed can be seen in the phase diagram (Fig. 3)
mal ndtraeewe the basa ziefs 12-15). joints with inadequate product layer thick- that when the temperature of the joint is

tislayer prthes mahes between ness, the result of improper brazing, may raised to the brazing temperature T8 (Tg
This ayerpromtes dh dion simi-e not meet the mechanical requirements being greater than the melting point of

the faying surfaces of similar and dism- scified for the joint. Hence, the use of copper), the copper melts and the solid
ofr tebrais deenet reuoin tentr reactive elements as brazing filler metal is nickel interface is enriched with copper,
of the prod a ye r apndtso thess nar a mass transport-based technology that Xt cuIT-B, which lowers its liquidus tempera-
exml the use ofyitandium tinenoble- must be investigated and understood. ture to T3 (quasi-equilibration). Mass trans-

examle i th useof itanum n nole-fer of copper from the liquid phase pro-
metal-based brazing filler metals for the Coating oDs olto-odfcl ceeds to dissolve the nickel base metal
joining of metals to ceramic materials. Ti- Some coatings are deposited for the and simultaneously enrich the liquid phase 0
tninthe liquidat bofraz ta react ithlae purpose of dissolution and solidification, with nickel. This process continues until

thesustrtetofor athi racionlaer In contrast to the passive barrier coatings, the liquid interphase composition, X~u~
as shown in Fig. 2. This product layer can thesedissolution-solidificationcoatingsare becomes uniform throughout the liquid.
be a complex oxide such as Cu2Ti4O and considered active because of their contri- Now, solid.-state diffusion of nickel from
Cu3Ti3O2, or an intermetallic compound, bution to the braze metal composition the base metal will enrich the solid inter-
depending whether the base material is an adistikes odeapei h hs einrsligi ocmtn ooxide ceramic or a metal. Certain types of

complex oxide (for example. (Cr,M~n, transient liquid phase (TIP) bonding. TIP lidification (at a much slower rate than the•
bonding is a diffusion brazing process that previous base metal dissolution) underfig._ _ I Shmaicd hwig h nbl combines the features of both brazing isothermal conditions. The liquid zone will
and diffusion welding (Ref s. 7-9). It uses as eventually resolidify, and its compositioni filler metal a thin interlayer or brazing filler will later become uniform, provided suff

metal of specific composition and melting dent time is allowed for the solid-state
ntemperature. At the bonding tempera- diffusion process to occur. The events

hture, the interlayer may melt or a liquid described above are depicted in Fig. 4.

may form by alloying between the inter- Conventional transient liquid phase
cf layer metal and the base metal. The liquid, bonding is mostly applied to binary alloy
if by capillary action, fills the joint clearance systems which show some intermediate,

and contributes to the elimination of voids low-temperature reactions such as eutec-
at the braze interface. While the joint tic transformation. However, by using an
members are held at the bonding ter- interlayer of adequate thickness that wets
perature, diffusion of alloying elements the base metal or barrier coating, alloy

CulIs occurs between the liquid and base metal. systems currently not considered for TIP
Rai Mt isothermal solidification of the joint results bondingcan also be joined by this method.

FT 3-An iortphous copper-nrikelng as because of the sougte composition change Depending on the rate that the liquid
phe sh ramt s m e the iusand iquidus in the braze. Maintaining the joint at the braze dissolves the coating, the proper
c hnintoi at the brag tefperature, T bonding temperature after solidification thickness of a suitable coating and the op-
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timal brazing temperature can be deter- coating in brazing, the layer closest to the compatible with the brazing filler metal.
mined, (Refs. 10- 11). base metal (inner coating) is considered The requirements for a brazing filler metal

An analytical model of the TLP bonding passive, and the outer or overlayer is ac- are illustrated in Fig. 5. The phase diagram
process with coating is developed and tive. The major function of the inner is for a binary alloy, but this is not a nec-
presented in a later section of this paper. coating is to isolate the base metal from essary restriction since ternary brazing
The proposed approach can provide the the brazing filler metal since this may con- filler metals could also be considered. In
basis for the selection of braze and coat- tain chemical elements that are undesir- Fig. 4, CB is the initial brazing filler metal
ing materials and processing conditions. able to the system. The passive coating is composition and B is the coating material.

generally a high-melting-temperature As B dissolves into the liquid braze metal
metal and highly adherent to the base at To, the liquid is continuously consumed

Mathematical Modeling metal. It should exhibit excellent base to produce a solid of composition CB, the
of Brazing Processes metal wetting and remain solid through- final (new) composition of the solidified

It has been shown in the previous sec- out the brazing process. On the other braze metal. The solidus of this new ma-
tions that with careful process control, hand, the overlayer should promote wet- terial has therefore been raised from T1 to

coatings can be used effectively to braze ting with the brazing filler metal and TB.

difficult-to-join materials and produce dissolve entirely or partly into the braze Since brazing filler metals can be treated
bonds of high integrity. The need for pro- during brazing. Metal dissolution is well broadly as binary or ternary etitectic ma-
cess modeling to optimize joining param- characterized and modeled (Refs. 17-20) terials, there are specific ranges of braze
eters such as coating thickness, brazing with extensive literature available. There- metal compositions that can be used with
time and temperature is also clear. This fore, no further mathematical modeling a selected coating material. For example,

section will review the existing mathemat- on brazing with a barrier coating will be consider the liquidus projection diagram in
ical formulation of the mass transport presented in this paper. Fig. 6 where it is assumed that the three-
processes involved in the brazing pro- phase triangles are traveling along the liq-
cesses that utilize coatings. Coatings for Dissolution-Solidification uid projection lines according to a Class I,

four-phase eutectic reaction (Ref. 21).
In the case of a coating for dissolution Adjacent to each of these liquidus lines isBier Coatings and solidification, the composition of the a shaded zone which indicates composi-

When using a double-layered barrier coating must be carefully selected to be tions of potential brazing filler metals to be

Cu Cu I X

x (s) XCU Cui1B (I ) t3u Cu Solid Liquid

Ni (3) Solid quid I I I

(Base Metai) xW. SolidT I Liqui ChTO

OL_________ B razing (a) 21 0 Ni(5 1)O F er Metal L 12 Ni s t s 1 II

0 -4

A Distance- B Dance- C Distance-

I I I

X cu l Sod Liquid X~ Soli iud ~ cIr

I I 

121 0 o

D Duitance- E ,stance- I F Distance-

Fig. 4-Schematic of progression of stages in the TlP joining of nickel with a copper insert t o Is
half-thickness of insert, and WL is haltthickness of maximum size of liquid zone, corresponding to
onset of isothermal solidification. A - Configuration prior to temperature being raised to Ts, B - in-
finitesimally small liquid and solid interphase regions, I and 12, created upon quasi-equilibration at

xLI j To (interphase regions exaggerated); C- progressive liquation of base metal (liquid-state diffusion-
Xcu culT convection-controled): 0 - instant at homogeneous saturation ot liquid phase and onset or isother-

mal solidification E-progressive isothermal solidification of liquid zone (solid-state diffusion
controlled) F - instant at completion of solidification G - partial homogenization of bond region

Xcl. (solid-state diffusion controlled).

0 -

G Distance-
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0

'4. Lquidus 3
1.4 Projection
0) Lines a Brazing Filler

E-4

B "B CCoating

A ~AB
A C Cf B Coating Brazing Filler

Percent of B Metal
Fig. 5 - Partial binary phase diagram showing the compositions of the ini- Fig. 6 - Ternary phase diagram indicating the different possible compo-
tial brazing filer metal, the coating and the final braze metal composi- sition ranges of coating and brazing filer metal.
tion at soidfication.

used, with their complementary coating considered, and the equilibrium phase di- face, at a particular brazing temperature,
materials. The coating materials are indi- agram is shown in Fig. 6. The brazing filler results from the solid-state diffusion of B to
cated in three separate alloy ranges, each metals, with a B-component concentra- the saturated solid-liquid interface and can
adjacent to a brazing filler metal. The se- tion, CO (an alloy with a limited amount of be expressed as:
lection of brazing filler metal and comple- A), was sandwiched between two sub-
mentary coating compositions are made strates of composition, Co. The dissolution Y$ = Ks 4 (4)

for a given brazing temperature, and the and solidification stages were treated as a and Ks in this equation can be obtained by
time for which mutual dissolution will re- moving boundary problem involving a solving the following implicit equation nu-
suit in isothermal solidification. Phase equi- liquid and a solid, with local equilibrium at merically:
librium behavior illustrated in Fig. 6 can be the solid-liquid interface. During dissolu-
found for some commonly used silver- tion, Fick's law was applied: K. exp (-K) (1 + erf Ks) N/'r-

iron-silicon filler metals (Ref. 10). Once the (C_&_ CO) (5)
coating and brazing filler metals are iden- a ('2CL\ (CL ,- C0 )
tified, the resulting bond microstructure .= D, a-) (1)T- C)
and properties will depend on the process CIA, CaL, and C are concentrations de-
temperature and time. where CL is the concentration of the B fined in Fig. 7, and appear in brackets to

Lesoult (Ref. 22) modeled systematically component in the liquid of an A-B binary distinguish them from the notation used in
the process of TLP bonding and divided system, and y is the coordinate within the the next section.
the process into four stages: 1) dissolution liquid region. Using the Error Function so- Similar to the dissolution case, Ks is de-
of the interlayer; 2) homogenization of the lution, the concentration profile that satis- pendent upon the properties of the ma-
liquid layer; 3) isothermal solidification; fies the above equation is given by: terials system. Temperature will also influ-
and 4) homogenization of the solidified ( ence Ks since the equilibrium concen-trations CLa and C*L are temperature
braze metal. A binary system A-B was CL - E + F erf y (2) dependent.

V .t, Tuah-Poku, Dollar and Massalski (Ref.
Table 1-Vakles of the Gro'wth Constants where E and F are constants determined 23) investigated, more recently, the mech-
Go, and GO, for Dssolion of the Base by the specific boundary conditions of the anisms of TLP bonding and developed 0Metal and Brazing; Fiber Metal for Typical
Valanes of A, and Al problem. DL is the liquid diffusion coeffi- further the earlier model by Lesoult (Ref.

cient of element B, and t is time. In addi- 22) and Sekerka (Ref. 24). In particular,

AO Al G1 tion, the interface displacement, YL, was they determined that the first stage of TIP
constrained to obey the following square bonding occurs almost instantaneously,

10 0.1 1.1513 0.3762 root law: with atomic diffusion taking place mainly
0.2 0.980 0.2416 in the liquid near the interlayer interface.
0.5 0.7502 0.1295 YL - Kt V t (3) The second stage is controlled by the dif-
1.0 0.5853 0.0819

10.0 0.2095 0.0219 KL was determined to be dependent on fusion of ebment B (component of the in-
1 0.1 1.0597 1.0597 the particular alloy system and more spe- terlayer) in both the liquid and solid. The

0.2 0.8624 0.8624 cificaly, on the slopes of the li ds and widening of the liquid zone was deter-
0.5 0.6201 0.6201 solidus lines of the phase diagram. These mined to follow a parabolic law.
1.0 0.4648 0.4648 lines influence the temperature depen-

10.0 0.1568 0.1568 dencyof theequilibrium concentrations at hodet of 1p graft0. 1 0. 1 1.0395 1.7003 the 4ioid phase boundaris, iT. ot
0.2 0.8258 1.5372 Due to its complexity, the stage of ho-
0.5 0.5529 1.3187
1.0 0.3762 1.1513 mogenization of the liquid layer was not In this study, the progressive stages of

10.0 0.0819 0.5853 modeled (Ref. 22). During solidification, TLP bonding were reexamined and a dif-
the displacement of the solid-liquid inter- ferent interpretation was developed. The
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major difference between this formula-
tion and the models described in the pre-
vious section are the first two stages. In
this approach, the dissolution of the inter-
layer and the widening of the liquid zone,
as described by the previous models, are TB

considered to occur simultaneously, fol-
lowed by homogenization and solidifica- Tr
tion.

Examining the aP couple shown in Fig.
8 (one-half of a braze joint), it is easy to
realize that at high temperatures, atoms A
will diffuse toward the 0 phase, and B at-
oms will diffuse toward the a phase. With
the formation of the initial liquid zone, two
solid-liquid interfaces are formed. Though A B
at different rates, these interfaces will ad- (C)C@L) (C1t') CIO) (A/1") (C) Fig 7-&Bmahyphase

(CO (C(C C.)daam s/7owing thevance in opposite directions, consuming cwmion of the
the a and 0 phases, respectively. WithC cM CQ CP C Ps CPO dfferent phases ti 7lP
time, the brazing filermretal,6, wilbe to- B B B B B B braz4W
tally consumed, to form one single liquid
zone.

dYO .. - growth constants associated with each
Stage 1: Formaton of the UquiddZone ct .2 I _y01 interface. It should be noted that the initialStag 1Z-C y conditions indicated by Equation 12 are

Referring to Fig. 8, in Stage 1, once the Implicit in Equations 10 and 11 is that the also satisfied by Equations 16 and 17.
system is raised to the brazing tempera- partial molar volumes of all phases are Equations 14 and 15 can therefore be
ture, T, the diffusion of element B in the equal (a restriction imposed on the solu- rewritten as:
quiescent liquid can be written as: tion presented here).

L a L The initial conditions, provided that - U, - U2 erf (GO) (18)

• Dt?; Ya, 2: y 2t_ -YO (6) Clis less than Cf, and Cris greater and0 ay than Ct are:

with the following initial and boundary ha Ct-U1+U2erf(G) (19)conditions: Y I~~~~ (t ,= 0) _ yo (t (_2 C0),U 2 r G)(

conditions: 1 - (12) On subtracting Equation 18 from 19 and
The solution to Equation 6 with the ini- rearranging, the following equation is ob-I.C. C4 (y, t - 0): indeterminate (7) tial and boundary conditions represented tained to determine U2:

B.C.1 (y _ -yo, t>O)-Cr (8) byEquations 7-9 is:

B.C.2 C4 (y - -Yal, t > 0) - Ct (9) Ch - U, + U2 erf (13) U2 (-a2VI~tU2 -(20)
Yand Y-Ware the a-liquid braze metal and ) erf(GO)+erf(G-)(
0-Iiquid braze metal interfaces, respec- where U1 and U2 are constants that can be
tively. The compositions representing determined from the boundary condi- Equations 16 and 17 can now be used to
these boundary conditions can be seen in tions. Since the initial condition, as stated develop equations from which the growth
the binary phase diagram in Fig. 7. It should by Equation 7, is indeterminate, it does not constants G", and Pl may be obtained.
be noted that this notation is different impose a significant constraint on the be- Differentiating these equations with re-
from that used by Lesoult (Ref. 22), and havior of the system as described by spect to time gives:
also by Tuah-Poku, et al. (Ref. 23). The su- Equation 12.
perscripts s and I have been used to iden- The boundary conditions given by Equa- dYa. = (21)
tify the solid and liquid phases associated tions 8 and 9 can be satisfied if: dt - (21)
with the two solid solutions, a and 1. The
initial condition is indeterminate because a' f-N
the region where liquid exists is infinitesi- C - U1 + U2 er t (14) dLO ., N (22)
may small. In regard to the equilbrum at \ \/-t
the liquid-solid (a and P) interfaces, be- and Now, differentiating Equation 15 with re-
cause of the infinitesimally small solid s
interface regions, they do not contribute IUU2 erf -Y) (15\toyto the mass balance in the system. Based Ct-U 2ef(15) .a. __ 2 yZ 1
upon the overall mass balance of compo- -8 U exp 1 (23)

nent B in the solid phases (a and $) from Also, since U, and U2 are constants, as
which the liquid zone is created, the well as the liquidus compositions d4 and which, when evaluated at y -YJ and
following equations for motion of the in- CI (isothermal process), then the position y - -YI, leads to:
terfaces are determined: of the solid-liquid interfaces can, there-

fore, only be described by: 2

D Y * -2G O V t (16) I (-2 ex p)

-t - y (10) and(24)and Y0and , b'(7) 2V~

where G and G are the dimensionless
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Original Cetr after brazing filler metal Line
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Fg. 8- Contiguration ot a-phase base matea. kiqud region and 5-pha.se Fi. 9 - Conf.uration of system, at tie, t after braz.. filer metal, of
brazurg filer metal duri g isothernmal kiquification of so/id phases. at time, half -thikness, W4/o has liqified and liquid region becom es hooeied
t, after system is raised to brazvi temperature, r~ due to further dissoution of a-phase base metal.

a2D 2 A the liquid), W is given by:

,I,.. "U~exp (-G,) AC (29) m o2GI(1

1 (25) anid it is noted that 4 anid A1- are both Therefore, given the brazing tempera-
positive quantities. These stirnultaneous ture, metal compositions and interlayer

2 V equations, 2683 and 27B, can be solved thickness, then the time for interlayer dis-
Substituting Equations 21, 22, 24 and 25 numerically to obtain the growth con- solution, t1, and the liquid zone half-widthappropriately into Equations 10 and 11, stants ..and , once 4o and A1 have developed, WL, can be calculated.

the following equation i obtained when been defined. Values of the growth con-these two recast equations are divided, stants are tabulated in Table 1. It should be ... .. mogeuiation of0

one by the other: noted that the physical behavior associ- Vhe Limd Zone
- ated with the system i property mani-

G ____-____ fested by the values of the growth con- During homogenization. Stage 2, the
G- C "'- C stants. For example, when iunity, the diffusion of Bin the liquid phase iagain

1growth constants are identical in magni- described by:
exp (G z - G 2) (26A) tude. This i to be expected, since the en-

AsweEqain2isueto richment of the liquid B provided via the o -DL--- Y2 t>y -i (2
Also whe Eqution20 i use to -phase filler metal is exactly compen- a

replace U2 in Equation 24 and this is then sated by the dilution due to the same vol- where now, only one moving boundary is
substituted into the right-side of Equation um of the a-phase base metal being present. The configuration at time, t, after
10, while the left side i replaced using consumed. Furthermore, when 4'% i this stage has started, i shown in Fig. 9.
Equation 21, the following additional equa- greater than unity the growth constant GCi The initial condition is:
tion is obtained: i greater than G_ , as a result of a larger

-volume of the a- phase being required to C.4(0O>y -W, t=O)=-F(y) (33) 0
a Ce," C, 1 compensate for the a-phase as the tran-............rf.. sient liquid .i formed. The situation is where:

exp(_C') (27A) reversed when 4o i fractional.
The formulation and solution presented F(y),,C +(C - C )[erf(G )+ erf

C = ° -C here i signific.antly different from that
Equations 26A and 27A can be rewritten presented by Tuah-Poku, Dollar and Mas-G ----Y )
as follows: salsci (Ref. 23) and attributed to Lesoult _______.,___ (34)•

(Ref. 22), where only the growth constantef(G)+er(G)
4CG exp (GCf- C~2 ) - G -,0 (2683) for the liquid braze metal zone was con- +er(C)

sidered.
A-,G V7[ eft(G ) - erf (G ]J - The tinme at which a brazing filler metal W, - W0 + 2C/ =

exp (-C~ 2 ) = ien by:
whee 0 (7B ofintia hlfwidhw 0,isconumd sin'~c o anberelae using Equaio

wheeW 30.
1h " D (30) The initial condition, Equation 34, de-

C ° - (28) 1Lscribes the concentration profile in the
n C -C 

O Also,) the half-width of the liquid zone at liquid at the end of Stage 1. The boundary
this instant (prior to homogenization of conditions are:
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CO [Y - Y2t),t > 01 - Ct (36) The initial and boundary conditions are: stant; and the initial condition as described
by Equation 47 is satisfied by Equation 51.

- - 0 (37) I.C. C(y,t = o) = C~o (43) Consequently, since erf (-x) - - erf (x),
ay Y- -w, B.C. 1 C6(y - - Y3, t > 0) = Cs (44) Equation 50 can be rewritten as:

BC! C = U1 - U2 erf(G 3) (52)
d =-L ac I yjj) B.C.2 C82(y - oo,t) = COO (45) CT=U-U2efG)()

dY2  ay B C t( (38) B Also, a general expression for the con-
The equation for motion of interface is: centration gradient is obtained by differ-with initial condition, T e t for moi o entiating Equation 48, with respect to y:

YA(t -0)-0 (39) C-  C (46 By =y =U 2  exp :±)t (53)

A solution to Equation 32, with the ini- with initial condition:
tial and boundary conditions, and the Subtracting Equation 52 from Equation 49
moving boundary condition, most likely, Y3(t = 0) - 0 (47) gives the following expression for U2:
will have to be determined numerically. Note that Cr< Ci, and consequently (Cje - Ca)
While it is recognized that the time to component B diffuses into the solid base U2 = (54G
complete Stages 1 and 2 of the process is metal, thereby depleting the liquid of B U +
small compared to that for Stage 3, nev- and leading to its isothermal solidification. Finally, Equation 51 can be differentiated
ertheldess the maximum half-width, Wzni Equation 42 is satisfied by: to obtain the velocity of the interface, viz:attained by the liquid zone is an inherent

requirement for determining the time, t3, (yt dY3  ./
for the isothermal solidification of the in- CO = U 1 + U 2 erf (48) t- = 3 - (55)
duced liquid zone. 2VI v'F

The maximum half-width of the liquid Now, Equation 54 can be used to
zone can be calculated from mass balance and the initial condition (Equation 43) and replace U2 in Equation 53, and this expres-
constraints. For conservation of the com- boundary condition (Equation 45) require sion together with Equation 55 to replace
ponent B: that: the respective terms in Equation 46, the

WM Ct - WoCg ° + C;O = U 1 + U2  (49) following implicit equation for G3 is ob-

(Wma. - WO) C- °  (40) Also, the boundary condition given by tained:

or Equation 44 can only be satisfied if: G3 [1 + erf (G3)] v'/exp

q0o - a° -Y3 (-G 2) . _%)

w(41) c U + U2 erf (() C- -cs
Ct CO W (1) -B2 ND-t (50B

which is identical to the equation attrib-
Stage 3: bothemal Solidification Furthermore, since U 1 and U2 are con- uted to Lesoult according to Tuah-Poku,

stants, as well as the solidus composition, Dollar and Massalski (Ref. 23).
Stage 3 is the isothermal solidification of Cf, in the a phase during isothermal solid- If the maximum half-width of the in-

the induced liquid zone. The configuration ification, therefore the argument of the duced liquid zone is Wmax, then the
at some instant, t, after solidification has error function must also be a constant; elapsed time to complete the isothermal
started is shown in Fig. 10. Diffusion of B consequently the position of the solid-liq- solidification is given by Equation 57, be-
in the solid a-phase can be described by uid interface can only be described by: low:
the following equation:

a2Y3 - 2 G3Vls (51) t3=W2rnax(781.t 3 = -- (57)
9-s C y2 0 ... y3  (42) where G3 is a dimensionless growth con- 3at "Day;o-Y--Y
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Fig. 10-Configuration of system, at tune, t, after liud region has ho-
moeweand solidfication has started due to soid-state diffusion of B,
from iuid region ito a-phase base metal
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Fig 12 - Conceptual brazinV process control as a function of the tine of dissolution of the coating the tine of oxide and intern-takc formation, and 0
the branV tewperatre. For an acceptable oxde layer thicknes, Z1 and m raunau tolerable coati dissolution thickness, X2, the brazing temperature
shod be To as idcated on the diagram.

where G is determined by solving Equa- processing time, temperature and thick- result in excessive oxide/intermetallic
tion 56 numerically, for a given C f, C%, ness of the coating to achieve an accept- compound growth and poor mechanical
and C. able brazement. From the boundary con- properties. Therefore, an optimal reaction

dition described above, a parabolic time layer thickness can be controlled by reg- S
Model% of Reactive Met dependent growth of the product layer ulating process temperature and time.
Dazig in Ti Work results. Figure 11 illustrates this oxide for-

mati case. Conceptual Application of
There are numerous possible rate-con- Given the following reaction of oxida- Modellng to Process Control

troling steps in this process. If the brazing tion:
filer metal has a very dilute reactive metal In brazing, temperature, time and filler
addition, the rate-controlling process may zN + KOy -,MpNzOgy (58) metal are some of the more important
be the transport of the reactive element in and rate expression for growth of the process parameters to be controlled and
the liquid braze to the reaction interface. product phase is given by: optimized. When a coating is introduced
One possible mass transport controlled between the base material and brazing
process would be liquid diffusion where Z2 - 2K't (59) filler metal, active dissolution may occur at
t ie reactive metal is consumed at the in- with: the interface between the brazing filler
terface in product formation. However, a metal and the coating material. At the
more realistic situation is where the prod- ((6) same time, chemical reactions may also
uct film or reaction layer is adhesive to and K' - Ko expkif occur at the base metakoating interface.
protective of the base metal, then solid- Since the kinetics of the two processes are
state diffusion across the interlayer will be where K' is the rate coefficient, Ko is the in general not the same, it is essential to
the controlng process. A simple mathe- preexponential factor, Z is the thickness of determine a set of optimal time and tern-
matical description for this moving bound- the product layer, and RT has the usual perature for these simultaneous pro-
ary problem is given below. lt is assumed significance. The time to form a reaction cesses. It is obvious that the dissolution
that the chemical potentials are invariant layer of thickness Z can be determined by process should not consume the entire
at both interfaces and the layer thickness solving Equations 59 and 60. layer of coating, nor the intermetaic for-
increases with time. (Z.\ Q mation create an excessively thick prod-

Dependia on the base material to be In tR In - (61) uct layer. To match the effects of inter-
oined-ceramic oxide or metal-the re- 2Klayer dissolution and subsequent con-
action product wig be specific to that sys- where Q is the activation energy of the sumptionof thecoating withthe formation
tem. In metal-to-ceramic joining, it is most process and R is the universal gas con- of the oxide (or intermetalic) layer, the
likely that an oxide layer will form. In the stant. In the case of intermetallic forma- time for dissolution of selected coating
case of a metal, the equilbrium phase d tion, a similar equation will result. thicknesses, X1, X2 .  Xs, can be plotted 0
agram determines whether a solid solu- Equation 61 is an important analytical as a function of temperature. Increasing
tion or intermetalic phase will form. The tool in controing reactive metal brazing, the temperature decreases the time of
case of oxide formation is chosen to "zs- Too thin a reaction layer may not result in dissolution. The time of oxide (or interme-
trate the procedure of deterrrmining the a sound braze while too thick a layer will talk) formation and growth to selected
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thicknesst, Z1, Z2,..., Zs, can also be 2. Kato, M., Funamoto. T., and Wachi, H., 23. Tuah-Poku, I., Dolas, M., and Massalski,
plotted likewise on the same figure. The Malsuzaka, T., Shida, T., and Kokura, S. 1987. T. B. 1968. A study of the transient liquid phase

two sets of parallel lines can be observed A study of aloyed layer of low melting tern- bonding process applied to a Ag/Cu/Ag sand-

in Fig. 12. Since the thermally activated perature on bonding surface of IN 738 LC with wich joint. Met. Trans. A, 19:675-686.
mechanisms of the two processes are boron pack cementation. Quarteriy journa of 24. Sekerka, R. F. 1960. On the modeling of

oethe apan Wedin Society, 5(3):84-87. TLP bonding. Proc. of Physical Metahigy of
ferent, the slope of the second set of Ones 3. Funamoto, T., Kato, M., Wachi, H., Koku- Meta Aoirft Conf., TMS-AIME, St. Louis. Mo.
is also different from that of the first set. ra, S., Shida, T., and Matsuzaka, T. 1987. Diffu-
For the oxide (or intermetalic) formation sion weldability of IN 738 LC with alloyed layer
lines, the slope, associated with the para- on bonding surface by boron pack cementa- ApperAX
bolic growth law, is equal to Q/R; where lion. Quarterly Journal of the apan WeldinW
Q is the activation energy of the transport Society, 5(3):87-93. Ch Concentration of B, in the
mechanism of the growth process. Given 4. Klein Wassink, R.I. 1984. Coated materi- (binary) liquid phase.
a certain constraint of thickness of the als. Soldering in Electronics. 177-180, Electro- Cbna id p hechmclPublications Limited. C5 Concentration of B, in the a-
oxide (or intermetalic) layer, then, the chemical Publicatin mited. phase (base metal) solid so-

thickness of a coating that will be corn- Welding Society, Miami, Fla. luAron.
pletely consumed by dissolution as well as 6. Bratton, S. C., and Clarke, M. 1959. CV°  Initial(uniform)concentration
the time and corresponding temperature Detection of zinc diffusion into tin coatings on of B in the a-phase.
of brazing can be determined from Fig. 12. brass. Trans. inst. Metal Fh., 36:230-232. Ct o  Initial(uniform)concentration

To illustrate the concept, consider the 7. AWS. 1980. Diffusion welding and braz- of B in the #-phase.
case where the oxide product layer must m8. Wek/tg Handbook-Vol. 3,7th Edition, pp. CS Solidus concentration of B in
be limited to a thickness, Z3 and an 311-336, American Welding Society Miami, Fla. the saturated a solid solution,
acceptable brazing time can be achieved 8. Paulonis, D. F., Duvall, D. S., and Owc- at the isbthermal solidifica-

zarski, W. A. 1972. U.S. Patent 3,678,570. t th n tema tur,
at a temperature of Ti, the diagram indi- ~ 9. Duval, D. S., Owczarski, W. A., and Pau- tion (brazing) temperature,
cates that the coating will be dissolved and lonis, D. F. 1974. T.L.P.: a new method for join- Te.
be penetrated to a distance X2 by the ing heat-resisting alloy. Wein8 Journal, Ct Solidus concentration of B in
transient liquid phase bonding process. 53(4):203-214. the saturated gS solid solution,
Consequently, the coating thickness se- 10. Lammel, I. M., and Chalmers, B. 1959. at the isothermal solidifica-
lected must be larger than X2. The isothermal transfer from solid to liquid in tion (brazing) temperature,
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A Thermodynamic Criterion to Predict
Wettability at Metal-Alumina Interfaces

P.R. CHIDAMBARAM, G.R. EDWARDS, and D.L. OLSON

Metals are known to wet ceramics by chemical bond formation. Existing theories, using reaction
thermodynamics, can predict the relative wetting trends in wetting systems but fail to distinguish
between the wetting and nonwetting systems. Wetting is considered as a surface phenomenon,
and the spontaneity of wetting is controlled by AG,,, a thermodynamic term defined here as the
Gibbs free energy of wetting. A model that treats wetting as a reaction between the surface
phase of the ceramic and the molten metal is presented to calculate G.. The model is used to
predict wetting tendencies of various molten metals on a-alumina surfaces. The predictions are
compared with previously published results, as well as with the experimental results of this
study. Experimental wettability parameters were measured using a capillary rise apparatus. Mea-
surements were made for various metals wetting an aluminum-oxide surface. Based on this
model, a thermodynamic wetting map that delineates wetting and nonwetting regimes is drawn.
A map of this nature can be used advantageously in ceramic joining and metal-matrix composites
applications.

1. INTRODUCTION is between the surface phase of the ceramic and the mol-
PREDICTING wettability at the metal-ceramic inter- ten metal. The free-energy change for this reaction, AG,,PREDITINGcan be used to predict wetting tendencies. A negative

face is becoming increasingly important with the advent AG implies a wetting system. It should be emphasized
of modem composite materials. An appropriate choice that this approach is appropriate only to predict wetting
of metal-ceramic pairs is critical in many applications, at the initiation of wetting and does not address the com-
such as joining metals to ceramics, joining ceramics to pe intiat c o servd at e b ther

ceramics with a metallic interlayer, microdesigning of researchers. to.it
metal/ceramic composites, electronic packaging mate- Capillary rise experiments using alumina tubes were

rial design, and designing refractories in extractive met- performed as a part of this study to verify the model
allurgy. Yet. there are no models that successfully predict 1:10 Csistet otast ag mere
whether or not a particular metal or alloy will wet a given predictions. Consistent contact angl easuemnts were
whchermi snarti r mmade for various noble metals on a-alumina surfaces.
ceramic substrate. The results obtained are discussed with the help of a wet-Based on the nature of attractive forces existing across tabiity map. Apart from identifying the wetting and

the interface, wetting can be classified into two broad
categories: (a) physical wetting, where the reversible nonwetting systems, these maps are useful in predicting
physical forces, such as the van der Waals and disper- the stability of the interface.

sion forces, provide the attractive energy required to wet
the surface, and (b) chemical wetting, where a reaction U. CONVENTIONAL
occurs between the mating surfaces and the resultant THERMODYNAMIC APPROACH
chemical bonds are responsible for wetting. Since metals
are known to wet ceramics essentially by chemical bond A simplistic approach to model the system using bulk
formation,11' physical wetting is not discussed in this thermodynamics would be to consider that wetting is
article, possible whenever the AG, for the rettiv,, ,it the inter-

Since wetting here is synonymous with reaction, face is negative. For example, when alumina ceramic is
chemical thermodynamics is an obvious a l in contact with a molten metal M, the following reaction
proach which can be used to model the metal-ceramic can occur.
system. As can be seen in Section II, bulk thermo- A120 3 + 3xM -_ 3MO + 2AI [I]
dynamics can predict relative trends in such wetting sys-
tems, but this approach cannot be used to pIdict whether The Gibbs free-energy change AG, for this reaction can
a given system is wetting or nonwetting. be calculated using a simple relation shown in Eq. [2]:

A thermodynamic criterion that has been developed by i
treating wetting as a surface phenomenon is presented AG, = 3 &G.,o - AGL, + RT In -J [2J
here. The reaction that is required for chemical wetting a

The free-energy change AG, represents the energy re-
leased or required when aluminum-oxide is reduced by

P.R. CHIDAMBARAM, Graduae Reawmc Assisttm G.R. the metal, M. A negative AG, implies a spontaneous re-
EDWARDS, Dkeckw, Ued D.L. OLSON, Pofeur. an with die action and, hence, wetting. The reaction proceeds until
D opamneet of MaelWil ad Eakms.gimng, c fr
We)&" md km" gmch, Cr Sebo ofm Me, Gode, equilibrium is reached (AG, = 0). In order to predict the
co awo sign and magnitude of AG,, at the start of the reaction,

Mmscwr* abmild Febmary 18, I991. the activity values aA! and aM must be determined. The
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activity of the metal am in its pure state is unity; if pres- 1Iv

ent in the alloy form, aM can be calculated using the
following equation:

am = rX. [3]

where r is the activity coefficient of metal in the alloy 0
and XM is the mole fraction of the metal in the melt. The M L
activity coefficient, r, depends on the nature of inter-
action between the metal M and the solute. There are 7 sy 7 sI

established theoretical models that can be used to cal- CERAMIC
culate r; these calculations have already been done for
most binary alloys"l and are tabulated in Table I.

The activity of aluminum au, in the metal or alloy is 7 IV
also calculated using Eq. [3]; however, an appropriate
value for XM needs to be assumed. The value of Xm is
zero when no reaction has occurred. In the present cal-
culations, it has been assumed that wetting occurs, if
sufficient driving force (AG, < 0) exists after the frac-
tional dissolution of aluminum in the vicinity of the in- _ 0
terface attains 1 pct. Therefore, an XM value of 0.01 is g
used in the calculations. The standard free energy of 7 sv /SI
compound formation AGO at the temperature of interest CERAMIC
of the oxide is obtained easily from the thermodynamic F I -.
handbook tabulations.1 -1 The AG, calculated from these Fig. ! -A schematic illustration of wettabibty for a liquid metal in
values are shown in Table I. contact with a ceramic subsrate.

Contact angle 0 is an accepted measure of wettability
at the metal-ceramic interface.161 The general case of a
liquid metal in contact with the ceramic is shown in been observed experimentally. Researchers in numerous
Figure 1, where a balance of surface tension forces re- previous studies have estimated the contact angle be-
suts in the familiar Young equation: tween alumina and molten metals. A good summary of

9'j Cos 9 y ,"" [4] these values is presented by Nicholas,"' Naidich, 16
1 and

Beruto et al.81 The wettability parameter here is evalu-
where 9', 9, and y# are the corresponding surface ener- ated using the specific surface energy data obtained from
gies of solid/vapor, liquid/vapor, and solid/liquid inter- the tabulation by Murr(1 and the contact angles from var-
faces, respectively. A system is considered wetting when ious sources listed in Table I.
the wettability parameter 9' cos 0 is greater than zero Figure 2 shows a plot of the measured wettability pa-
(Figure l(a)). Therefore, the wettability parameter can rameters V' cos 0 taken from literature 1j" against AG,
be used to verify the thermodynamic predictions. for various metal-alumina interfaces. The parameters used

The surface tension balance presented above is valid in the calculation are listed in Table . Data points shown 0
only for nonreacting interfaces. According to Pask, rn when in the plot were calculated for a 100 °C superheat above
a reaction occurs at the interface, the free-energy change the melting temperature of the metal.
per unit area per unit time also enhances wetting; in this The plot is divided into four quadrants based on the
case, the Young equation should be corrected for this positive and negative values of either terms. Quadrants
additional driving force. In the present analysis, the wet- I and 4 would represent the wetting and nonwetting re-
tability parameter is not used to evaluate the degree of gimes, respectively. Most noble metals lie in the non-
wetting in the wetting systems precisely for this reason. wetting region (fourth quadrant). The bulk thermodynamic S
However, the contact angle values reported in the lit- values predict that the reaction shown in Eq. [1 I would
erature are presented to establish the fact that wetting has proceed in the forward direction (AG, is negative) for

Table 1. Model Parameters, AG,, and Wettability Predictions for Alumina Surface
Metal T AGO AG, 17' -/V cos 0
Alloy (0C) (kI/mole) r (kJ/mnole) (n/n 2) 0 (mi/n 2 )

Cu 1183 - 28.1 0.1 238.7 1300 16016) -1221.6
Ni 1555 - 76.5 0.01 156.4 1660 122161 - 847.8

128"'1  -1021
Fe 1635 -142.3 0.03 110.3 1840 110i - 629.3
Sn 432 -227.5 0.2 185.4 542 131"' - 355.6 0
Pb 523 -148.7 0.15 224.6 442
Cu-5 pct Ti 1150 -290 0.1 10 1300 14161 1261.4
Cr 1950 -630.3 0.1 53 1590 65f6  671.9
Mn 1345 -268.3 0.1 38.5 1060 70"' 362.5

216- VOLUME 238, APRIL 1992 METALLURGICAL TRANSACTIONS B



A G, in kJ/mole
-400 400 800

I eu-Ti I 21 2
1140-

E Cr

570
.0 Mn

U
0

at 0

3 4 Sn

Fe
-570 bulk reaction I

lim it N i C u
I Cu

-1140 -
I I I I I i l I

-100 0 100 200

AG, in kcal/mole

Fig. 2-The wenability of various liquid metals in contact with a-alumina, reported as the ? cos 0 of die Young equation, and compared to
AG,. The temperature for each metal was chosen to be 100 C above the melting point.

metals such as calcium, magnesium, and lithium. How- 3
ever, they are not shown in the plot because the ex- + [6]perimental wettability parameters are not available. If 2
present, these metals should lie in the wetting regime The value of AG' a would be less negative than AG be-
(firt quadrant). The second and third quadrants are cause the atoms on the surface are missing half their
physically meaningless regimes. It can be seen from the nearest neighbors and, thus, are loosely bound compared
plot that many commercially useful metals and alloys, to the atoms in the bulk. Reducing the surface phase,
such as manganese, chromium, and copper-titanium therefore, requires less energy than reducing the bulk
alloys, lie in the physically meaningless regime, where phase. It can be argued that a reaction between the sur-
there are experimental observations that wetting occurs face phase of the ceramic and the molten metal is suf-
but bulk thermodynamics predicts otherwise. ficient to cause wetting:

Numerous previous studies by other researchers have
attempted to explain this anomaly- t .1 ,2' Some research- A 20 3

" + 3xM _- 3MO + 2AI [7]
ea'] argue that the heat of solution for oxygen and for
aluminum in reactive metals, such as titanium, are of B. Free Energy of Wetting
considerable magnitude and the net heat change by Hess' The free-energy change for the reaction shown in
law causes the reaction to proceed in the forward direc-
tion. This explanation cannot account for the fact that Eq. [7], AG,,, defined as the Gibbs free energy of wet-
addition of a few percent reactive metal to an otherwise ting, is much less than AG given in Eq. [1]. Hence,
noble solvent causes a nonwetting-to-wetting transition. action between the metal and the ceramic is thenno-

dynamically not feasible. Quantitative wetting tendency

m. SURFACE WETTING MODEL predictions can be made if a numerical value for AG-"f
is estimated.

A. SWface Phase Concept A free surface is a defect state with an associated spe-

rflt surface of a material can be treated as a separate cific* defect energy, y. Thermodynamically, y is de-

phase in equilibrium with its bulk. 131 This concept has * e termspecificergy as used to signify an energy per unit area.
been widely used by metallurgists in the field of surface
adsorption aN surface tension. 1141 In the case of a ce- fined as the work required to increase the area of surface
ramic, alumina, for example, a Gibbs free energy of for- by unit amount in an adiabatic system of constant vol-
mation can be defined for a surface phase that is similar ume and constant composition. For a single component
to the formation energy of the bulk: system, therefore:

2A+ 02 A12 0 3 AG.,o, [5] " [8]
(.TV
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where F' is the surface excess Helmholtz free energy. Eq. [12]. However, the heat of mixing or the heat of
Since the volume occupied by the surface is zero, the complex oxide formation from the two metal oxides is
Helmholtz excess energy and the Gibbs excess energy, negligible compared to the heat of formation of the oxide
G", for the surface are equal. Integrating Eq. [8] and itself."7 Kubaschewski tabulated the heat of formation
substituting Gibbs surface excess energy, we get of various oxides"") and demonstrated that the heat of

19] formation of various complex oxides from the respective
parent oxides is an order of magnitude less negative than

where A is the area occupied by one mole of the material that of the simple metals themselves. Therefore, as a first
on the surface. approximation, the correction factor can be neglected.

It is common to evaluate A using the relation[" ' In fact, the AG. predictions will not be very different,
2/3 even if a complex oxide forms at the interface instead

= (_ [1 of MxO for the very same reason. Formation of complex
N[01 spinel oxide from the M.0 at the interface between MO

and the ceramic substrate does not result in large energy
where V, is the molar volume, N is the Avogadro's changes.
number, m is the fraction of nearest-neighbor atoms lying
in an adjacent layer, and therefore, m is a function of C. Reaction Wetting (Alloys)
local surface structure. For consistency, we have as-
sumed that the number of nearest neighbors surrounding It is common practice in the industry to add a few
an atom in the surface phase is nine and three atoms are percent of reactive metals to an inert solvent to enhance 0
in the layer immediately below. Therefore, a value of wettability. Adapting the procedure developed here to
1/4 is used for m in the calculation. predict wettability trends in the alloy-ceramic interface

The G" quantifies in Gibbsian terms the excess energy is straightforward. It is reasonable to assume that there
associated with the surface phase with respect to the bulk are no chemical interactions between the noble solvent
phase. Therefore, in terms of formation energies, and the ceramic surface. If necessary, the procedure al-

AGd = Wo + G" [111 ready outlined can be used to establish the lack of inter-
action between the noble solvent and the ceramic. The

where AG* is the formation energy of the ceramic sub- metal, M, in Eqs. [7] and 112] would then represent the
strate (Eq. [51). Equation (II] implies that the surface reactive metal. The activity of the metal is no longer
phase is more readily available for reduction; i.e., the unity. It is dependent upon the concentration of the al-
energy required to reduce the surface phase is less than' loying addition available at the interface and also upon
that of the bulk by G". The free-energy change for the the activity coefficient of the alloying element in the melt.
reaction shown in Eq. [7] is Quantitative estimates of surface segregation can be made 0

2 using the empirical expression developed by Miedema
Aa [ et al.111 For dilute solutions:AGW =3AGMo -WA 2oL+i+ RIn ,- [121

\M W - g(YA - 1/3) V /3) r15]

in other words, (a =b exp k"A _ q

AG,. = AG, + G [131 where A and B are the solute and the solvent, respec- 0
This reaction (Eq. [7]) does not go to completion. The tively, y is the surface energy, AHd, is the heat of so-
surface phase is exhausted as soon as a monolayer of lution of A in B, VA is the molar volume of A, and f and
reaction product is formed. However, the sign and mag- g are constants.1181
nitude of AG. indicate the spontaneity of wetting.

The specific surface energy at zero Kelvin, y,, and the IV. EXPERIMENTAL TECHNIQUE
surface entropy, S' (temperature coefficient of surface
energy), are required to estimate the surface specific en- The sessile-drop experiment is a popular method to
ergy y at the temperature of reaction according to Eq. [141: evaluate the experimental contact angles. 6 1 Considerable

+ SAT 114] inaccuracy is associated with these experiments; the re-
'suits are very sensitive to the local atmospheric condi-

The Gibbs surface excess energy, G", can be calculated tions around the drop. This problem is particularly severe
from y using Eq. [9]. in reactive metals which are prone to surface oxidation.

Data on specific free surface energies and the tern- There is a continuous depletion of the reactive metal in
perature coefficients of specific surface energy for ce- the alloy. Also, the solid oxide layer on the metal influ-
ramics are not readily available. However, some values ences the stable drop shape.
are tabulated, t15 ' and theoretical techniques do exist to Contact angles in the present work were determined
calculate these parameters. 16'1 experimentally using the capillary rise technique. The

The term AG* for compounds represents the free en- liquid levels, in the capillary rise method, can be mea-
ergy of formation in an isolated system. In the present sured to a better accuracy than solid angles subtended 0
situation, the reaction product forms at the interface ad- by the liquid drop in the sessile drop experiments. As
jacent to the alumina. Therefore, the AGO value should opposed to the sessile drop experiments, the capillary
be corrected for any interaction between the oxide formed rise technique uses large volumes of metal; therefore, the
and the alumina prior to substitution of that value into surface area-to-volume ratio is considerably reduced. The
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surface contaminants can be bubbled off the tube by bub- mentation. The other end of the continuity wire was
bling argon through the capillary tube, and the mea- connected to the graphite crucible. The circuit also con-
surements are made away from the oxidized area. sisted of an electric lamp that served as a continuity de-

The capillary rise apparatus was designed to measure tector. Once the liquid level in the crucible was ascertained
the depression of the liquid level in the ceramic tube with using the acoustic technique, the pressure inside the tube
respect to the level in the crucible. A schematic of the was brought to the atmospheric pressure by releasing the
experimental apparatus is shown in Figure 3. Experi- argon gas through vent no. I. The pressure inside the
ments were performed in a sealed mullite chamber which tube was thus equilibrated to the pressure in the cham-
was evacuated using a mechanical pump and backfilled ber. The tube was then lowered into the molten metal
with high-purity argon. The argon gas was recirculated until continuity was detected.
through the molecular sieve to scavenge the moisture in The difference between the liquid level inside the tube
the chamber; the recirculation system was run at an over and the level in the crucible is the capillary drop, h. The
pressure of 35 kPa to prevent any air infiltration. The height, h, can be related to the wettability parameter, 3/A
a-alumina tube was mounted on the moving support as- cos 0, by the Laplace-Young equation:
sembly above the 45-mm-diameter by 76-mm-long cy-
lindrical graphite crucible. The metal of interest was ./vcos 0 - rpgh [16]
melted and maintained at the required temperature in the 2
chamber.

The liquid level in the crucible was measured using where r is the radius of the capillary tube, g is the ac-
an acoustic feedback technique. The chamber was brought celeration due to gravity, and p is the density of the liquid.
to the atmospheric pressure by venting through vent Coors AD-998 alumina tubes (4-mm inside diameter)
no. 2 shown in Figure 3. Argon gas was blown through were used to measure the wetting angle against pure cop-
the ceramic tube at a flow rate of 10-6 m3/min, and si- per, tin, lead, and copper-5 wt pet titanium alloy. Metals
multaneously, the capillary tube was lowered. The mo- of 99.99 pet purity were used. Homogeneous copper-
ment the bottom of the capillary tube touched the liquid titanium alloys were prepared in a vacuum induction
metal, bubbles were formed. The acoustic emissions as- melting unit from a copper-30 wt pet titanium master-
sociated with bubble formation were captured by a alloy (obtained from Metallurgical Products,
microphone (Fiyure 3). The level of the tube when argon Pittsburgh, PA).
began to bubble was marked as the liquid level in the A graphite foil was used as a sleeve to prevent any
crucible. reaction between the graphite crucible and copper-titanium

The liquid level inside the alumina tube was measured alloy. The composition of the alloy was verified by the
using the electrical continuity principle. A continuous energy-dispersive X-ray attachment to the scanning elec-
nichrome wire, terminated at a centimeter inside the ce- tron microscope. No change in composition was ob-
ramic tube, was mounted in place prior to the experi- served for the alloy after the wetting experiment.
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0
Therefore, the loss of titanium due to oxidation and re- -,,0 . .
action with the graphite foil was considered negligible.

-900

V. RESULTS

The free energies of formation AGO at all temperatures I1075t 1110 1145 1160 1215,

of interest were obtained from a thermochemical hand- T....,.t.,. 'C

book. 15 The specific surface energy data are more dif-
ficult to obtain. Kingery et al.1 51 report a value of 905 -,eo .
mJ/m2 for aluminum oxide at 1800 0C; and Tasker, 191  -t0

-200based on theoretical calculations, reported an average -
specific surface energy of polycrystalline alumina to be 8-22 --- ---

2600 Mj/m 2 at zero degree Kelvin. From these values, --2o0
-260a surface specific entropy (temperature coefficient ofMj/2K-20

specific surface energy) of 0.8 Mj/m was estimated. 20

Based on these values, AG"6 was estimated for all tem- 200 300 ,oo 500

peratures of interest. Equation [121 was then used to cal- To-p.,t c

culate AG,, for various metals. The most stable oxide of -2o00_
the metal was used to calculate the AGO. Free energies ,od
and other parameters used in the calculation are tabu- -250

lated in Table II. A positive AG,., was obtained for cop- 300
per, iron, nickel, tin, and lead; while a negative free .

energy of wetting was obtained for titanium, chromium, -350 .........
and manganese. This observation is consistent with the
previously published experimental results (the -/' cos 0 - 00 400 500 600

values from literature are reproduced from Table I for T.,e.,.ture c
comparison). Fig. 4-Experimental wettability parameters for copper, tin, and lead

Reproducible measurements of contact angle have been in contact with a-A203 at various temperatures.
recorded using the capillary rise equipment for a few
alumina-metal systems. A nonwetting behavior was ob-
served for copper, tin, and lead wetting on an alumina
surface. Figure 4 shows the measured wettability param- VI. DISCUSSION
eter -/' cos 0 as a function of temperature for these met-
als. The wettability parameter was found to decrease with To verify the surface wetting model predictions, a
increasing temperature. The present experimental results wettability map, similar to Figure 2, was drawn between
for a 100 °C superheat for each metal are also shown in AG. and -/' cos 0 (Figure 5). The experimental results
Table H. An increase in the capillary level by 0.8 cm in from this study are shown in the plot with error bars.
a 0.4-cm alumina tube was observed for the copper- The values in Table II, which are reported for a 100 °C 0
titanium alloys, thereby implying a wetting behavior, superheat above the melting temperature of each metal,
However, a wettability parameter was not estimated in are used in the map. The AG. values in the wetting re-
wetting systems for reasons explained earlier in this article. gime are shown as vertical lines, since the experimental

Table H. Free Energies AG" t, AG,, and Wettability Predictions for Alumina Surface

Metal T AG" d AG., /1 cos 0
Alloy ('C) (mn/M2) (kJ/mole) 9 (mj/m 2)

Cu 1183 -182.0 135.17 16016l -1221.6
134" - 915.8

Ni 1555 -175.1 69.12 12261 - 847.8
1281"' -1021

Fe 1635 -174.3 28.5 110' - 629.3
Sn 432 -195.9 25.41 1311"1 - 355.6

114* - 218.5
Pb 523 -194.5 81.34 134" - 310
Cu-5 pct Ti 1150 -172.2 - 83.27 -
Cr 1950 -173 - 22.9 65161
Mn 1345 -179.8 - 48.84 70181 1

30101 -

*Presnt experimental result
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A G. i m/a, e mechanical applications of the metal-ceramic compo-
3 ; 2 nent. Hence, a good companion metal, for a given ce-

, -- ,ramic, should lie within the wetting regime where no
low bulk reaction is possible (highlighted region). In this sit-,00 0. ., uation, the liquid metal is of an optimal thermodynamic

" I l activity which is sufficient to reduce the surface phase
S ,but not the bulk substrate. Therefore, a stable interface

0 _ .Z, L I - results as soon as the surface phase is exhausted. These
4 5 1 6 concepts of suitable, but not excessive, interfacial reac-

S: tivity should apply equally well to the materials pro-
-low cessing of metal-matrix composites and to metal-ceramic

<' --- •joining.
IN" -in The theoretical approach demonstrated here is based

_________tI In-_ on purely thermodynamic principles; therefore, this ap-
-20 -,0 0 100 200 proach should be valid for all interfaces where a chem-

6G. in kcal/mole ical reaction occurs at the interface. Although alumina
was the only ceramic discussed in this article, the the-

Fig. 5t-Wettabiity map for various iquid metals n contact with oretical method can be used to identify the metals/alloysa-AIO 3. The temperature for each metal was chosen to be 100 °C ta omsal nefcswt n ie eai
above the melting point. that form stable interfaces with any given ceramic

substrate.
The free-energy changes AG, and AGw are the driving

capillary rise value cannot be translated into the wetta- forces for reaction and wetting, respectively, and the
bility parameter. The data points shown in Figure 5 will values estimated are true only at the initiation of wetting.
change with temperature; however, as demonstrated by Therefore, they can be used only as a criterion to predict
Figure 4, the temperature sensitivity of the wettability if wetting would occur for a given system. This model
parameter is very small, does not attempt to explain the equilibrium interfacial

The wetting and nonwetting regimes shown in the plot compositions.
correspond to a negative and positive free energy of wet-
ting. Nonreactive metals, such as, copper, tin, iron, and VII. CONCLUSIONS
nickel, fall within the nonwetting region. The unique-
ness of the pr..-nt approach is its ability to accurately A thermodynamic criterion has been established to
predict a wetting 7ehavior for reactive metals, such as predict wettability at metal-ceramic interfaces-wetting
titanium, chrom'..m, and manganese. The wetting re- occurs when the free energy of wetting, AG., is nega-
gime also encompasses a bulk thermodynamic reaction tive. This AG, is the free-energy change associated with
regime (regioA 1). A dotted line is drawn at the point the reaction between the surface phase of the ceramic
where AG, is zero; chemical reactions can occur spon- and the metal. The model predictions have been verified
taneously at any point to the left of this line. The dif- for alumina ceramic.
ference between AG, and AG. is the surface energy G' Capillary rise technique can be successfully used to
(Eq. [0 1]), which is a function of temperature. It can be experimentally measure the contact angle for nonwetting
seen from the map that titanium, chromium, and man- systems.
ganese are present in a regime (region 2) where wetting
is possible but no bulk reaction can occur. This region LIST OF SYMBOLS
is highlighted in the plot by shadowing. Similar to the
plot shown in Figure 2, regions 3 through 5 are physi- A area occupied by one mole of surface phase
cally meaningless regimes; the presence of any element aM activity of the species M
in these regions would imply a failure of the model. CM concentration of the species M

A wettability map of this nature is very useful in se- F surface excess Helmholtz free energy
lecting metal-ceramic pairs, both for materials process- AGO standard Gibbs free energy of formation
ing of composites and joining applications. Intimate AG, Gibbs free energy of reaction
contact between the metal and the ceramic can be ob- AG " d' Gibbs free energy of formation of the surface
tained only when the metal lies in region I or 2 in the phase
wettability map. The liquid metal should wet the surface AG, Gibbs free energy of wetting
of the ceramic substrate to maximize the load-carrying G" surface excess Gibbs free energy
capability of the metal-ceramic pair. However, a con- g acceleration due to gravity
sideration just as important as wettability is the stability AHd enthalpy of solution
of the metal-ceramic interface. If the metal lies in the h height of capillary change
bulk reaction regime (region 1), an unstable interface is m near-neighbor correction factor
formed. The bulk chemical reaction at the interface is N Avogadro's number
limited only by th, kinetic processes. With sufficient mass r capillary radius
transport, a large terfacial reaction zone will be fonned. S, surface specific entropy
Interfacial reaction products typically are brittle mate- V. molar volume
rials and, therefore, can cause a premature failure in the X mole fraction
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FUNDAMENTAL ISSUES CONCERNING THE MICRODESIGNING
OF METAL-CERAMC INTERFACES

PR. Chidambaram, G. R. Edwards and D. L Olson
Center for Welding and Joining Research

Colorado School of Mines; Golden Co-80401

Abstract:
Three distinct types of metal-ceramic interfaces are summarized. The nature of the

bonding, problems in quantifying wettability, the thermodynamic driving force for interface
formation, and certain aspects of interfacial stability are discussed with the help of examples.
The surface wetting model developed previously by the authors is also discussed.

INTRODUCTION

Designing with materials for high technology applications is a fast emerging field in
materials engineering, and many new composite components with properties that are tailored
to the specific application have been developed [1-3]. The compatibility of the different
materials which comprise a composite is an essential consideration in tailoring a composite
to its design. In particular, the formation and stability of the internal interfaces pose a
significant challenge to the materials designer.

In this paper, we discuss the various approaches available for forming stable metal-
ceramic interfaces - both solid-solid and solid-liquid. Metal-ceramic composite components
are being used in the structural and electronic packaging industry. A structural component
such as a silicon nitride rotor brazed to a stainless steel shaft requires bond energies of the
order of the cohesive strength of silicon nitride( - 1600 mJMt2).

Ceramic materials are typically ionic or covalent, while metallic materials derive their
cohesive energy from metallic bonds. Therefore, when in contact, the difference in the
nature of bonding between the metal and the ceramic results in a largely positive interfacial
energy. Since interface formation demands external energy, the system is non-wetting. The
first challenge of the materials designer is to render the ceramic surface wettable by the
molten metal. The interfacial energy can be reduced by developing certain attractive forces
across the interface. Based on the nature of the attractive forces, wetting can be classified
as physical or chemical. This type of classification also aids in the independent development
of quantitative calculations of the wetting tendencies.

The general case of a liquid metal in contact with the ceramic is shown in Figure 1,
where a balance of surface tension forces results in the familiar Young equation:

y9. Cos 0 W ' 'y (1)

In this expression, y ', y, and y" are the corresponding surface energies of solid/vapor,
liquid/vapor and solid/liquid interfaces respectively. The wettability parameter, y, cos 9,
describes the wetting tendency of the liquid on the solid substrate. A positive value signifies
a wetting system. This is a very simplistic interface model, and is inadequate to describe
many chemically wetting metal-ceramic system Chemically wetting systems rely on
irreversible chemical bond formation at the interface; when new interfacial phases form a



simple surface tension balance presented in Eqn. 1 is no longer valid.
Physical and chemical wetting principles are illustrated with examples in the following

sections. Each approach is evaluated in terms of the wetting susceptibility, bond energies and
the stability of the interface, Apart from wetting, spreading of the liquid on the ceramic
surface is an important consideration from a processing point of view. An attempt is made
to understand spreading in each situation. A predictive model developed by the authors to
isolate the reaction wetting systems is also discussed [4].

PHYSICAL WETTING

Physical wetting can be defined as the phenomenon observed in a solid-liquid system
where the interface formation is energetically favored by the reversible physical forces across
the interface. Van der Waals forces and electrostatic attractions are examples of such
physical forces.

van der Waals Forces
Benjamin and Weaver [5] treated the first monolayer of the metal deposited on the ceramic
as a physically adsorbed gas, and developed procedures to calculate the van der Waals
attractive forces. Mcdonald and Eberhard [6] used a physio-chemical approach to
quantitatively explain the observed wetting angles and the work of adhesion. The observed
work of adhesion was treated as a sum of the contributions from the physical and chemical
forces. They estimated the van der Waals forces from the ionization potentials and the
polarizabilities of the metal atoms according to Benjamin and Weaver [5]. For most metals
in contact with alumina, the van der Waals energy was estimated to be - 500 Mj/m2 . These
forces are relatively weak compared to the bond energies developed from chemical bonds.
Naidich [7] used a similar approach to calculate the van der Waals energies and obtained
energies of the same orders of magnitude.

Image Charges
Stoneham and Tasker in a series of publications [8-10] argue that the image

interactions based on the polarizability of a ceramic is the primary force of adhesion. When
a planar boundary separates two media of differing dielectric constants, the charges in each
medium feel the effect of the boundary (Figure 2). The electrostatic force that results can
be calculated in simple terms by the so-called image charges. The boundary is imagined to
be a mirror plane and each charge contributes to the interaction term a force whose
magnitude depends on the two dielectric constants S and 0. Therefore, at a distance z from
the boundary, a charge Q causes an image charge related work of adhesion (E):

E = Q2 I(C__- I11 (2)
2ZE1 el + -1 1

Assuming a boundary separation of Z = 20 nm, the dielectric constant of the ceramic to be
el = 10, the dielectric constant of the metal to be ell = c, and the charges to be singly
ionized with a surface charge density of 10" charges/m 2, the image term yields an interfacial
energy of 290 mJ/m2. This energy can reach 1500 mJ/m2 if multiple charge states are
present. According to this theory, materials with high charge density are the most amenable



for electrostatic wetting. The dielectric constant is a material property that measures the
charge densities. Most metals wet any ceramic with a dielectric constant greater than 6.5.Critical to obtaining the large work of adhesion suggested by Stoneham and Tasker

(E in Eqn 2.) is the assumed distance of separation. It seems unreasonable to assume a
separation of 20 nm. Also, all the surface defects are not present in the top monolayer.
Furthermore, there is no concrete experimental evidence to corroborate the magnitude of
this term.

Examples
Metal-ceramic interfaces in electronic components do not have stringent bond energy

requirements. Physical forces can be very useful in such applications, because an interfacial
chemical reaction can result in deleterious interfacial properties. Another form of physical
adhesion promotion has been observed in ion beam enhanced adhesion of thin films. A thin
metallic film deposited on a ceramic or glass substrate demonstrates an improvement in
adhesion of two orders of magnitude after a post bonding irradiation treatment [11-12]. This
phenomena has been observed in alumina, silica, and glass substrates with various metal
depositions, including gold, silver, and copper. There are no convincing theoretical
explanations available in the literature to explain this phenomenon.

Wetting and Spreading
The Young equation (Eqn. 1) is relatively descriptive of the energy balance in

physically wetting systems. Therefore, the contact angle quantitatively measures the wetting
tendency. The interfacial work of adhesion can be derived from the Young equation:

W = y1  [ 1 cos 6 ] (3)

This situation is more complicated in chemically wetting systems. Physical wetting does not
pose any serious threat to interfacial stability. No electron or charge is transferred across the
interface when physical wetting occurs; hence, the interfacial stability is maintained.
Spreading can be defined to occur when the liquid, after attaining the zero contact angle
configuration, has further driving force to cover the surface of the solid. The liquids that are
capable of spreading do not form stable contact angles. Thermodynamically, spreading
occurs when (y' - yn) > y". This condition is satisfied when y is very small; often
spreading is known to occur when y' is negative. Mathematically, spreading can be
expressed in terms of a spreading coefficient S, defined as:

S = ¥.v _ y x _I y IV (4)

According to this equation, spreading can occur only when S is positive.

CHEMICAL WETING

Interface formation by virtue of chemical bonds across the interface can be defined
as chemical wetting. Chemical bonds are formed when the electronic structure of the surface

3



atoms of both the mating species are altered. Such changes can occur by a charge transfer
reaction or by a simple mixing process of one phase dissolving in the other.

SOLUTION REACTIONS
Chemical bonds are formed automatically when one phase dissolves in the other. Two

materials of similar bonding nature tend to exhibit moderate mutual solubilities. An elegant
exploitation of this situation in metal-ceramic oxide system is achieved by cddizing the
metal:

M + 1/202 &VMO (5)

The metal oxide and the ceramic oxide can then combine as a solution. The ceramic phase
diagrams can be used as a predictive tool to identify both the systems that are amenable to
solution wetting and the appropriate processing temperature. Three illustrative phase
diagrams are shown in Figure 3. These oide-oxide phase diagrams show two types of mixing
amongst the two components, a terminal solid solubility (Figure 3b) and a complex oxide or
compound formation (Figure 3c). In Figure 3a, there is no solubility in the solid state; and
therefore, it is impossible to form chemical bonds, below the eutectic temperature, between
the two components that exhibit this type of phase diagram. However, the components found
in phase diagram of the type shown in Figures 3b or 3c are amenable to solid solubility and
can be processed below the eutectic temperature to obtain a favorable interface. In all three
cases, at temperature TI, when MO is a liquid, the liquid dissolves the solid to reach the
liquidus composition, and hence will wet the solid.

A solid-solid contact at the processing temperature is kinetically unfavorable. Also,
an intimate atomic contact at the interface is essential to realize the maximum possible bond
energy. These factors make a liquid-solid contact much more desirable for materials
processing. Ceramic oxides of commercial interest usually melt at relatively high
temperatures. Therefore, this approach is very effective in systems where a low melting
metal oxide can be formed. The eutectic compositions in the metal-oxygen phase diagrams,
(iron-oxygen and copper-oxygen (Figure 4)) are very conducive to such a liquid phase
formation at the interface.

Wetting and Spreading
It is helpful to quantitatively order the various wetting tendencies. In physically

wetting systems, it was shown that the contact angle is a quantitative measure of the wetting
tendencies; however, in chemically wetting systems it is not true. Formation of a new phase
interposes a new interface, and the simplistic Young equation cannot describe the interfacial
balance in this case. Furthermore, the contact angle in solution wetting systems is also a
function of the nature of the solid and the liquid. Sharps et. al [19] demonstrated that when
equilibrium solids and liquids are brought into contact, the liquid does not spread on the
solid. Figure 5 shows the copper-gold phase diagram and some observed sessile drop
configurations [19]. A solid of composition that falls on the solidus (B in Figure 5) or a liquid
composition on the liquidus (C in Figure 5) are considered to be passive phases; any other
composition is considered to be active. The liquid spreads on the solid whenever the solid
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is active. When an active liquid (D on B in Figure 5) is in contact with a passive solid the
liquid dissolves some of the solute from the solid and a solution bonding occurs; however,
the contact angle does not reduce to zero [19]. When the solid dissolves the liquid (D or B
on A in Figure 5) a rapid decrease in contact angle and spreading are observed. Hence the
contact angle is not a true representation of the interfacial energy balance.

The above idea can be applied to the phase diagrams shown in Figure 3 to investigate
the spreading tendencies. At T1 when liquid MO and solid CO are in contact, the phase
diagram in Figure 3a would correspond to a passive solid and active liquid (D on B in
Figure 6). In this situation, even though a solution reaction occurs, spontaneous spreading
is not observed. For the same conditions in Figure 3b and 3c, both the solid and the liquid
are active and hence, a desirable spreading is observed.

Examples
The solution wetting approach has been used in glass-metal sealing since 1950 [13],

and detailed studies concerning mechanism of glass softening and oxide solution have been
published [14-15]. Since the ceramic-metal couple is the topic of interest in the present
paper, glass-metal systems will not be further discussed. Wetting by solution reactions were
demonstrated by Chaklader et. al. in the alumina-copper oxide system [16], and later the
same system was commercially applied [17]. Pure copper does not wet alumina [4]; however,
copper oxide additions to copper causes rapid wetting. Figure 4 shows the copper-oxygen
phase diagram [18]. As can be seen from the figure, copper- 0.39 wt. % oxygen eutectic
melts at 1065*C. Upon preoxidation of copper (Eqn 5.) or copper oxide addition a eutectic
melt forms at the interface, above 1065*C. When in contact with alumina, the oxide
undergoes a solution reaction with alumina. A closer look at the copper oxide - alumina
phase diagram (Figure 6) reveals that it is similar to the phase diagram in Figure 3c.
Therefore, a spinel phase forms according to the reaction:

Cu 20 + A1 203 & 2 CuA1O 2  AG, (6)

and exhausts the liquid at the interface. Once the liquid oxide phase is exhausted, pure
copper is in contact with alumina and the spinel. Since copper does not have the
thermodynamic potential to reduce either phase, a stable interface is formed. Since both
liquid copper oxide eutectic and alumina are active phases, spontaneous spreading occurs.
The final equilibrium structure consists of A120 3 in contact with CuAIO . Although the above
discussion was based on oxide ceramics, this approach can be used equally well in non-oxide
ceramics.

In summary, the three desirable conditions for solution wetting are: a) a low melting
eutectic metal-anion combination, b) some solubility or spinel formation at the processing
temperature, and c) a solid that is active (i.e. a solid that can dissolve the liquid). Interfacial
stability during application is rarely a problem because the active liquid phase is exhausted,
and the metal does not have independent thermodynamic activity to reduce the ceramic.
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REDUCTION REACTIONS
Active brazing or direct bonding [20-22] is a popular technique that has been recently

developed to braze metals to ceramics. The procedure involves reducing the anions on the
surface of the ceramic with a reactive metal in the braze. Only reactive metals with sufficient
thermodynamic activity to reduce the ceramic can be used for this purpose. Titanium,
zirconium, manganese and molybdenum are popular materials for this purpose; they are very
often added in a small percentage to an otherwise noble braze alloy. The main advantage
of this process is its effectiveness on most commercial ceramics, including: alumina [21],
silicon carbide [23], and silicon nitride [24]. A crucial problem with redox wetting is the
interfacial stability. A reduction reaction occurs only when the free energy change for the
reaction is negative. This implies that further reaction can occur in service, and a large
interfacial reaction layer can be formed. Ceramic composite components, metal-ceramic
brazed parts, and ceramic thermal barrier coatings are typically used at relatively high
temperatures; hence, the interfacial reaction rate is relatively high. Extensive interfacial
phase zones have been observed in the zirconium-alumina system [25] and in aluminum-
silicon carbide metal matrix composites [26]. However, not all reduction wetting systems
suffer from interfacial instability. The conventional molybdenum-manganese process [27-28]
and the solid state niobium-alumina brazing process [29] do not form large interfacial
reaction layers.

Example
The niobium-alumina interface is of great commercial interest for two reasons. Both

materials have very similar thermal expansion coefficients, and a reasonable lattice matching
at the niobium (110) and alumina (0001) interface. High resolution transmission electron
microscopy studies on diffusion-bonded, single crystal alumina-niobium by many researchers
[30-32] have revealed an atomically smooth interface. In a recent study, F. S. Ohuchi and
M. Kohyama [29] used X-ray and ultra violet photoelectron spectroscopy to monitor the in
situ electronic structure changes of the alumina surface atoms upon deposition of various
metals. These techniques map the core and valence electron density of states. A shift in the
peak position corresponds to an electronic structural change that is associated with chemical
bond formation. Based on the spectrascpic analysis and empirical tight binding energy band
calculations, they concluded that a chemical bond develops between the deposited niobium
atom and the oxygen atom on the surface of alumina.

A thermodynamic rationalization of such a bond formation would involve the
following reactions:

A1 20 3 + 3/21b wb 3/2NbO2 + 2A1 AGr  (7)

Nb0 2 + A1 20 3 " A12Nb03 (8)

The free energy changes for these reaction can be calculated from standard thermodynamic
expressions. The required standard free energy of formation is available from
thermodynamic data books [33]. An assumption concerning the activity of aluminum needs
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to be made before the Gibbs free energy change can be estimated. For the present
purposes, ideal mixing at a percent dissolution of aluminum in niobium is used [4]. The
reaction shown in Eqn. 8 is a complex ceramic double oxide formation reaction, and
commonly, the thermodynamic data for such reactions are not available. However,
Kubaschewski [34] tabulated the double oxide formation energies involving alumina and an
other transition metal oxide. For these materials, the free energy of double oxide formation
was found to be less than 10 kcal/mole. Therefore, it is reasonable to assume that the energy
change for the reaction shown in Eqn. 8 is negligible compared to the reduction reaction in
Eqn. 7. The Gibbs free energy change for reaction shown in Eqn. 7 was estimated to be +
42 kcal/mole. Therefore, according to bulk thermodynamic calculations, a chemical reaction
is not feasible.

Surface Wetting Model
Such discrepancies in liquid metal-alumina systems were explained by a surface

wetting model developed at the Colorado School of Mines by the current authors [4].
Wetting was treated as a surface phenomenon and a surface reaction monolayer was
considered sufficient to cause wetting. Although this model was developed for liquid metal-
alumina systems, it can be used without much modification to explain the observed behavior
in the niobium-alumina system.

The surface of alumina can be treated as a separate phase with unique
thermodynamic properties. A surface phase formation energy, AG s 6 that is similar to the
bulk formation energy, AGO can be defined. The atoms on the surface are at a higher energy
than the bulk; this energy can be expressed in terms of Gibbs excess energy, GI:

G 2  AGO + G= (9)

The procedure established to estimate G= involves the use of experimentally estimated
surface specific energy y; details of the calculation are published elsewhere [13].

Now, a reaction between the surface phase of alumina and niobium can be
considered,

1 surf

A1 203 + 3/2Nb - 3/2NbO2 + 2A1 (10)

and the free energy change for that reaction denoted as free energy of wetting AG.:

2

AG. = 3/2AGbo2 - AGeu2o + G- + RTln - I (11)

This value was estimated to be - 120 kJ/mole. Hence this reaction can proceed in the
forward direction. Figure 7 [4] shows the similar AG,, plotted against the experimentally
measured wetting angles for molten metals and alloys. The positive y" cos 0 and the negative
AG,, imply a wetting system. Noble metals fall in region 6 since they do not have sufficient
thermodynamic activity to reduce the surface or bulk phase of alumina. Titanium, manganese
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and chromium fall in the region where a surface wetting is possible but a bulk reaction is
not. This corresponds to wetting process where AG r is positive while AG. is negative. As
seen earlier, this is also true for the solid state reaction between niobium and alumina.
Hence, niobium would fall in region 2 of the plot in Figure 7. Niobium, when in contact with
alumina, reduces the oxygen on the surface. As soon as the surface phase is exhausted, the
driving force for reaction no longer exists and a stable, atomically smooth interface is
obtained. This model has also been applied to quartz-metal interfaces, and a reasonable
correlation between the theoretical predictions and the experimental wettabilities was
observed (Figure 8) [35].

Wetting and Spreading
Quantitative wettability predictions are very complex for redox systems. There are

very few models that attempt to address the quantitative aspects of reaction wetting. Pask
[36] argues that interfacial energy balance is altered by the energy released in the reaction,
and that the reaction energy can be included in the Young equation as a correction term.
However, as mentioned before, formation of a new phase generates a new interface, and a
single interfacial energy term cannot completely describe the interfacial energy.

The instant the reactive metal comes in contact with the ceramic, a non-wetting
contact angle is formed because no reaction has occurred. The interfacial reaction products
or chemical bonds form by surface nucleation and growth [37] under the reactive melt.
There are no concrete models that explain why the liquid spreads beyond the initial triple
point. Figure 9 schematically describes the dynamic situation where the liquid spreads on the
solid ceramic. The observed contact angle is a complex function of the kinetic arrests at the
triple point. Experimental procedures to isolate this phenomenon and understand the driving
force for spreading are currently in progress at the Colorado School of Mines. The contact
angle, often reported as the quantitative measure of the wetting tendency [6,7] does not
contain any information concerning the fundamental work of adhesion.

CONCLUSIONS

Three distinct types of metal-ceramic interfaces exist. The essential features of these
interfaces are summarized in Table L
* Physically wetting systems are very rare and very few commercial examples exist. The

bond energies obtained in this type of interface are relatively low. The interface
formed obeys the classical interfacial equilibrium analysis.
Metal-ceramic interfaces of commercial interest rely on chemical bond formation at
the interface. Wetting and spreading in these systems cannot be treated by using the
initial surface and interfacial energy terms.
* Solution wetting systems do not suffer from excessive interfacial reaction.

Ceramics that can be advantageously joined to metals by this approach are
limited by the solubility and interfacial liquid layer formation.
Most ceramics can be bonded to metals using a reduction reaction mute;
however, the interfacial stability demands careful consideration. Wettability
maps can be used to identify the metals or alloys which reduce only the
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surface phase of the ceramic and remain in equilibrium with the bulk of the
ceramic.
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Table L Summary of the Three Distinct Types of Metal-Ceramic Interfaces

Wetting Driving Force For Typical Predictive Tool Examples
Interface Formation Bond

EnergiesmJ/M2

Physical van der Waals - 500
Dielectric

Electrostatic Constant NiO-M

Chemical 1600

Mixing AG= Phase CuO-A 20 3
Diagram

Redox AGw  Wettability Ti-AI20 3
Maps
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Figure 1. A schematic illustration of wettability for a liquid metal in contact with a
ceramic substrate.

Figure 2. A schematic illustration of the image charges developed at metal-ceramic
interfaces [9].

Figure 3. Oxide-oxide phase diagrams showing various types of solubilities

Figure 4. The copper-oxygen phase diagram [18].

Figure 5. a) The copper-silver phase diagram.
b) The sessile drop morphology for various solid-liquid interfaces [19].

Figure 6. The Aluminum oxide - copper oxide phase diagram [18].

Figure 7. Wettability map for various liquid metals in contact with a-Al20 3. The
temperature for each metal was chosen to be 100'C above the melting point
[4].

Figure 8. Wettability map for various liquid metals in contact with Quartz. The
temperature for each metal was chosen to be 100'C above the melting point
[35].

Figure 9. Schematic Diagram illustrating the spreading of a liquid drop on a ceramic
substrate
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INFILTRATION OF a-SIC COMPACTS
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ABSTRACT

Production of discontinuous ceramic-reinforced metal matrix
composites by liquid metal infiltration offers major economic advantages
over solid-state processing. Nevertheless. there are many Inherent
problems associated with the technique as related to vettability and
liquid-metal flow behavior. To be presented are the results of research
conducted to develop a better understanding of the nterfacial
pre-conditioing reactions in relation to the incubation time prior to the
onset of liquid metal infil ration. Analysis of results of experiments
has yielded information on the temperature sensitivity and pressure
dependence of the incubation time, as well as the temperature sensitivity
of the incipient-flow threshold pressure.
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Metal matrix composites are often the leading contenders for advanced
technological applications where specific (density normalized) properties
are of great importance. Attempts to adopt this material for less
critical applications havfbeen frustrating because of the high
fabricating costs associated with these materials. Most successful
primary fabrication techniques involve some kind of solid state
process [1]. The liquid metal processes to date are less successful;
however, these processes are significantly more economical. The inherent
problems associated with the liquid metal approach are related to the
non-vetting nature of ceramic surfaces. Hence. the primary task of
fabrication processes adopting this route would be to render the ceramic
wettable by the molten metal.

Extending the squeeze casting technique to infiltrate the liquid
metal into the porous ceramic is of recent Interest [2,3,4]. IntLltration
occurs when the applied external pressure overcomes the resisting force
due to interfacial free energy. In a previous study, Martins et al. [5]
have quantified the physical parameters associated with the fluid-flow
behavior of the infiltration process, and have analytically described the
rate of infiltration.

A process similar to squeeze casting is a probable route for
commercial production of discontinuously reinforced composites.
Therefore, a fundamental understanding of the infiltration behavior, and
its dependence on process parameters such as temperature and pressure are
of considerable Importance. There have been many efforts in the past to
characterize the infiltration behavior (6.7], yet we are far from a
complete understanding of this complex interfacial phenomena.

The present work is an effort to study experimentally the effects of
pressure and temperature on the infiltration kinetics of liquid aluminum
into SiC porous compacts. Initial experiments (91 established the

C20

Figure 1. SE photomicrographs of a-silicon carbide powder (a) X200
and (b) X500.
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existence of an incubation time before any infiltration could be
initiated. A pre-condLtLoning reaction model was hypothesized to explain
the incubation time. A phenomenological rate equation for
pro-conditioning vas experimentally established, and the threshold
pressure -- the minimum pressure required for infiltration after
incubation -- was estimated for the system, at several temperatures. The
results obtained are dLsc~sed in light of the above model and the
theoretical development by Martins et al [5).

EXPERZIENTAL PROCEDURE

Infiltration samples vere prepared by cold compacting a-SiC
particles with a mean diameter of 60 pa ± 15 ;m, to a void
fraction of approximately 0.35. Scanning electron micrographs of the
particles are shown in Figure 1. Examination of the surfaces of the SiC
particles by x-ray photoelectron spectroscopy (%PS) revealed the presence
of oxygen. The XPS spectra of the SiC particles in the as-received
condition are shown in Figures 2(a) and 2(b). The surface survey

- -. ESCA sacmm
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_ _ _ _

": ' 3 -... _ -: ". .,a .. i_
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Figure 2. IPS spectra of as-received SiC particles (a) surface survey,
(b) deconvoluted Ola spectrum.
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indicates the presence of a significant amount of oxygen. A narrow scan
of the Ole peak followed by deconvolution of its spectrum uncovered two
distinct peaks at binding energies of 530.5 and 532.4 eV. The lower
energy peak corresponds toqlectrons from a SLO suboxide. The presence
of either adorbed oxygen, or water is correlated to the higher energy
peak. A one to two monolayer of organic contamination was also detected.
This organic contamination together with the adsorbed oxygen species,
contributed to a layer not more than 20 A* (0.2 na).

The compact was formed in a 304 stainless steel tube, approximately
92.0 mm (3.63 in.) long, outer diameter of 19.1 -m (0.75 in.). and inner
diameter of 12.7 mm (0.50 in.). The powder was supported by a sintered
stainless steel filter (with 15 jim pores) located in its bottom end
and was compacted from the top with a slug of aluminum, approximately 6.0
gm. under an applied load of 11.1 kN (2500 lbs). The inner surface of the
stainless steel tube was coated with a ceramic adhesive barrier-coating to
prevent reaction with aluminum. Argon was supplied to the stainless steel
fixture holding the compact, via a 6.4 mm (0.25 in.) stainless steel tube
connected to a stainless steel compression fitting (with brass ferrule)
attached to the top of the aforementioned fixture.

After the fixture was placed in the cold zone of the furnace chamber.
the chamber was purged of oxygen by evacuating and back filling it three
times with argon. The fixture was then lowered into the hot zone and
allowed to equilibrate for one hour. A schematic of the infiltration
chamber is given in Figure 3.

The infiltration process was initiated by closing the bottom inlet
valve (argon supply to the chamber) and venting the chamber to atmosphere;
thereby creating a pressure difference across the compact. After a
specified time had elapsed, the vent was closed and the argon valve was
re-opened to equilibrate the system. The fixture was then raised into the

Figure 3. Schematic of the experimental infiltration apparatus: (a)
pressure gauge, (b) controlled-atmosphere chamber, (c) vent
valve, (d) Marshall furnace, (e) bottom valve, (f) argon supply,
(g) compression-seal fittings, (h) stainless steel tube, (i)
aluminum slug, (J) silicon carbide compact, (k) porous plug,
(1) graphite crucible, and (in) thermocouple.
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cold son* and allowed to cool. The sample was subsequently removed,
sectioned longitudinally, and the infiltration distance (the distance to
which the liquid metal penetrated the porous compact) was measured.

SRESULTS AND DISCUSSION

The results of the study are shown in Figures 4-9, where the
infiltration distance as a function of time is presented for different
temperatures and pressures. These figures show that the incubation time
(minLuum time required for the initiation of infiltration) occupied a
significant fraction of the overall process time, and thus became the
primary focus for the analysis of the data.

Incubation Studies

The incubation time can be estimated from the plotted data shown in
Figures 4-9, by extrapolating the line to zero infiltration distance.
These incubation times are tabulated in Table I. Inspection of the table
clearly shows a significant temperature dependence, vLth incubation time
decreasing as temperature increases. This behavior prior to ingression of
liquid metal into the porous compact, can be interpreted as a
pre-condLtioning reaction, with a thermally activated mechanism.

Table 1. Incubation times for the infiltration of 60 pm diameter
a-silicon carbide particles at various pressures and
temperatures.

AP (psi) AP-kPa> T('C) t0 (sec)

10 < 68> 850 42.2 + 2.9

15 <103> 670 38.0 + 2.9
730 27.1 + 1.4
800 15.4 + 2.0
850 13.6 + 5.7

25 <172> 670 15.3 + 3.1
730 8.1 + 1.7
800 6.6 + 1.3
850 4.4 + 1.0

30 <207> 670 11.3 + 1.1
730 7.8 + 0.4
800 4.6 + 0.4
850 3.3 + 0.6

35 <241> 670 1.8 + 0.6
730 0.8 + 0.2
800 0.7 + 0.5

45 <310> 670 0.6 + 0.2
730 0.5 + 0.2

On the basis that the pre-condLtLoning reaction is a first order
process, an empirically determined activation energy can be obtained from
the data for incubation times. Thus, for isobaric conditions the
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following equation may be used:

l/t o - a (exp (-Q/lT)] (1)

where to is the incubation time. a is the pro-exponential factor, R
is the gas constant, Tqs the absolute temperature, and Q is the thermal
activation energy.
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Figure 10. Arrhenius plot -- rate versus inverse temperature for various
applied pressures.

If the equation above accurately characterizes the temperature
dependence of preo-conditioning, a semL-log plot of pre-conditioning rate
(l/to) versus inverse temperature (I/T), under isobaric conditions,
should yield a single value of the activation energy, as shown in
Figure 10. The activation energy was calculated to be 14.1 kcal/mole.
For a given applied pressure difference across the compact, the quantity,
*, is temperature independent. Its magnitude at a selected pressure
can be used to determine the base-Line pre-conditioning rate referenced to
a selected temperature (e.g. 670"C).

The rate of pre-conditioning was also found to be sensitive to the
pressure of infiltration. This is manifested by the isobaric lines in
Figure 10 being displaced from each other. In turn this is reflected by
the value of a in the equation for each line having a unique value for
each pressure. As the applied pressure was increased, the value of a
was found to increase non-linearly as shown in Figure 11. In this plot.
a for a given pressure was calculated from equation (1) by
substituting the value of to corresponding to the test temperature, and
using the average activation energy of 14.1 kcal/mole in the exponential
term. Examixation of Figure 10 shows that for pressures greater than
207 kPa (30 psig) the pre-exponentLal factor is significantly increased.
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In an attempt to quantify this dependence, the data of Figure 11 were then
correlated to an equation of the form:

a = a 0 ,n (2)

where AP is the applied pressure, n and ao are fit parametersused to correlate the pressure dependency. The exponent characterizing

the pressure dependence w Asmdetermined by plotting a versus applied
pressure on a decade grid as shown in Figure 12. Two distinct regimes of
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Figure 11. Pre-exponential factor a of equation (1) versus applied
pressure plotted on a rectilinear grid.

pressure dependence can be found from this plot. For applied pressures
lower than 207 kPa (30 psLg) the exponent was calculated to be 2.9. At
pressures greater than 207 kPa (30 psig), the exponent was found to be
7.2, indicating a change in mechanism. Corresponding values of o
are tabulated under CONCLUSION. Currently, no established theoretical
models are available to rationalize the pressure dependence observed in
these tests.

In order to develop an understanding of the phenomena related to the
incubation time, it is necessary to visualize the physical configuration
as the slug of molten aluminum is brought into contact with the face of
the compact. It is apparent that the average void fraction/pore size at
this face will be discontinuous relative to the bulk of the porous
compact. Consequently. the behavior of the primary ingression of liquid
metal will be significantly different to that, once the liquid has
penetrated past the face, to a distance of approximately one particle
(average) diameter. In addition, the liquid interface of the molten
aluminum slug can be considered as a membrane whose mechanical properties
are governed not only by the surface tension of the liquid but also by an
,oxide film which is likely to be present. The pressure difference applied
across the molten slug of aluminum in conjunction with the overall
interfacial properties, will determine the deflection, and hence the
radius of curvature of this membrane. This is illustrated for a simple
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pore, in Figure 13. Thus, for an applied pressure greater than the
threshold pressure (se section on infiltration studies) the radius of
curvature progressively decreases, as a result of physicochemical changes
at the liquid/solid interface, until it is of similar size to the pore
radius. The liquid metal can then enter the pore and infiltration of the
porous compact coences. The physicochemical changes at the interface
include a decrease in the caqact angle between the liquid aluminum and
solid silicon carbide as a result of oxygen being scavenged from the
silicon carbide surface by reaction with aluminum. Also, the mechanical
stretching of the "interfacial membrane', which incorporates the aluminum
oxide phase, can lead to thinning and, decrease in its stretching
resistance; hence, a decrease in its radius of curvature. It is therefore
plausible that increasing the applied pressure difference can promote a
dual effect, in that it provides for increased oxygen scavenging due to
improved contact between liquid aluminum/silicon carbide, as well as the
thixotropic dilation of the interface.

Although, the mechanism proposed above can provide a rationale for
the observed behavior of the incubation time, development of a rigorous
fundamental model which can be used for quantification, is not a trivial
task. The effort provided in this work represents an empirical approach
to a highly complex process.

Finally, it is worth noting that a reaction mechanism in which
aluminum vapor reacted with oxygen on the SIC particles, was also
considered. The effect of curvature on the equilibrium vapor pressure
above the aluminum was investigated. The enhancement of the vapor
pressure above a convex surface of radius r, relative to a flat surface
can be described by the Thompson equation:

2 ____ (3)
p)-exp (

If the following property values (S.I. units) for pure aluminum at
660"C are used:

V - 1.124 x 10-2 m
3/mol; R w 8.314 x 103 J-mol'i K- 1

Al

and 7LV- 0.915 kg/s2 . there is approximately a 30% increase in
vapor pressure for r - 10 nm (bOA'). The effect is even smaller
(25%) at 800"C. This findiyl, in conjunction with the low vapor
pressures of aluminum (-10 at 660"C and -10" at
8006C) led to the elimination of this mechanism from further
consideration.

Infiltration Studies

The parabolic time dependence of infiltration distance has been
addressed theoretically in the work of Martins, et al. [5), and has been
verified experimentally, both by Maxwell [91 and by the work included in
this paper. This relationship can be expressed as:

h - At1/ 2  (4)

where h is the infiltration distance, A is the slope of the regressed line
from the infiltration distance versus the square root of time plots
(Figures 4-9), and t is time measured from the onset of infiltration.
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Theoretical analysis (5) shows that the paraseter A in the above
equation is $Ivan by:

A•- (-L.) 1/2C - h) 1/2 (5

where K is a constant which can be related to the porosity of the
compact and particle diameter (91. v9 is the viscosity of the liquid
aluminum, 6P is the applied pressure difference (gauge pressure), and
Pth is the threshold pressure. The threshold pressure is defined here
to be that dynamic value of applied pressure required to overcome the
vetting resistance (surface tension force) and the fluid static head after
infiltration has begun, and is not to be confused with the upper limit of
pressure. above which, the incubation time is so small It cannot be
discriminated (400 milliseconds in this work). From a theoretical
analysis it can be shown that:

2 7LV cos9
1th M r (6)

where TLV is the surface tension of the liquid metal, 0 is the
contact angle between the metal and the solid particles and r is the
characteristic pore size of the compact.

Equation (4) can be used to estimate the threshold pressures for the
tests conducted. The values of A taken from the slope of the lines in
Figures 4-9 as described above, were squared and plotted against the
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applied pressure as shown in Figure 14. It is noted that Oh. et al. (4)
found that for a SiC compact consisting of 10 om particles the
threshold pressure (difference) required for infiltration with 2%
magnesium-alumLnum alloy at 800"C was 565 kPa, compared to 3 kP&
obtained in this work where the particle size was 50 po. If the
relative size of the h rulic-mean pore radius for the two cases is
estimated (91, the pore radius for the smaller size particle is
approximately 100 times smaller. Recognizing that the threshold pressure
is inversely proportional to the pore radius, there is good agreement
betveen these two pressures: not withstanding that referenced work was for
a 2% Hg-Al alloy. Using the slopes and intercepts from the lines in the
plot, the threshold pressures for the temperatures shown were calculated.
in accordance with equation (5). The temperature dependence of the
threshold pressure is shown in Figure 15. The negative threshold pressure
determined for the test temperature of 850"C implies that the system
is wetting and infiltration should occur spontaneously. This observation
is in contradiction with the data from Kohler [10) presented in Figure 16,
which indicates that pure liquid alumLnum does not vet (contact angle
<900) SiC until the temperature is above approximately 960°C. The
discrepancy points out the complexity of quantifying the vetting tendency
of metal-ceramic couples, and indicates the sensitivity of vetting to the
exact chemical nature of the liquid aluminum interface and the SiC
substrate.

The results of this study can be summarized as follows:

1. The incubation process for infiltration of silicon carbide
particles with aluminum obeys the phenomenological equation:

Rate - a 0he [exp(-QJIT)]

where: n - 2.9 169 kPa < AP S 207 k~ad

l10 psi _S AP 30 paL J

ao - 5.43 x 10-15 (when AP and Rate have units of kla
and *-I respectively)

n -7.2 207 kPa < AP 310 kPl
(30 psi S AP _S 45 psi

a o - 4.79 x 10-15 (when AP and Rate have units of kd?

and s"1 respectively)

Q - 14.1 kcal/mole; 943"K k T k 1123"K

2. The observations which characterize the incubation phenomenon
can be rationalized on the basis of i) discontinuity of the void
fraction/pore size properties at the face of the compact
relative to its bulk. LL) improved oxygen scavenging of the
silicon carbide surface by aluminum due to increased pressure in
the liquid, and iii) thixotropic dilation of the Ointerfacial
membrane .

3. The temperature dependency of the threshold pressure for
infiltration of silicon carbide compacts (60 pm particles)
with aluminum is such that it varies from 17.3 kPa at 6706C
to less than zero (a vetting system) at 8SO0C.
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FUNDAMENTAL ASPECTS OF
METAL-QUARTZ JOINING

PR. Chidambaram, G.R.Edwards and D.L.Olson.

Colorodo School of Mines. Golden. CO 80401. USA.

ABSTRACT: Stable interface formation at the metal-
ceramic interface requires the formation of irreversible
chemical bonds. A surface thermodynamic model is used to
predict wettability and stable interface formation
between the metal and silicon dioxide surface. Model
predictions are verified by experimental capillary rise
measurements and chemical analysis.

I INTRODUCTION

Silicon dioxide or quartz is a material of significant

technological interest, especially for use in electronic

devices. Also, silicon-containing structural ceramics are

usually covered by a layer of silica. In most applications

quartz is used in conjunction with a metal. Therefore,

forming a stable interface between the metal and the ceramic

is critical in developing a joining process. Wetting of the

silicon dioxide surface by the metal is a prerequisite to

joining.

It has been known that in metal-ceramic systems a chemical

bond is essential for any stable interface formation. Using

this principle in an earlier study resulted in a
thermodynamic criterion to identify the metals that wet an

aluminum oxide surface [1]. A similar approach is used here

to predict wettability on silicon dioxide surfaces. Wetting

is treated as a surface phenomenon, and a surface reaction

monolayer is considered sufficient to cause wetting. The
theoretical predictions are verified experimentally using

a capillary rise apparatus. The wettability parameter,

y 1'cos8 in the Young equation:

yjvcose a y.V - y (1)
12
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(where: y"' , yo", and y' are the liquid-vapor, solid-vapor,

and liquid-solid interfacial energies respectively), is used

as the verification parameter to compare the theory and the

experiment. This approach is valid only for non-wetting

systems. In wetting systems, the interfacial reaction

results in an altogether new phase. A new interface is

interposed between the metal and the ceramic, and therefore

the Young equation is no longer valid.

THEORY

Sangiorgi et. al. [2] have attempted to model the wetting

behavior of various liquid metals on a silicon dioxide

surface. Their study resulted in an empirical coz ilation
between the free energy of oxide formation and t, non-
wetting contact angles between noble metals and a quartz

surface.
The uniqueness of the theory presented here is its ability

to delineate the wetting and non-wetting systems. Wetting
can be defined to occur between a solid and a liquid when
the liquid atoms establish atomic contact with the atoms on
the surface of the solid. A force of attraction is essential
for the purpose; this force of adhesion can be 'physical or
chemical in nature. In the case of a metal-ceramic

interface, the physical force is very weak. All commercially

known metal-ceramic components rely on a chemical bond for
interface formation. A simple analytical approach to predict
wetting, therefore, would be to use the free energy of a
reaction, AG, between the metal and the ceramic as shown in

Eqn. (2)

2 + SiO2 -N MOy + Si AG. (2)

A negative AGr implies a wetting system. It has been

previously demonstrated that a bulk thermodynamic approach
does not accurately identify the metals that can wet a given

ceramic [1]. Therefore, a surface wetting model is used.

The surface of quartz can be treated as a separate phase
with unique thermodynamic quantities associated with it. A

surface phase formation energy, &Gslw , that is very similar
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to the bulk formation,, AGO, can be defined. The atoms on the

surface are at a higher energy than the bulk; this energy

can be represented in terms of Gibbs excess energy, G".

Therefore,
AGUa A- A GR Gx- (3)

The procedure established to estimate GX" involves the use

of the experimentally estimated surface specific energy y as

indicated In Eqn..(4):

G" = YA (4)

where A is the area of a mole of surface atoms. Standard

procedures are available to calculate this area (3]. Surface
specific energy at the temperature of interest can be

calculated using Eqn (5):

y -= ° - ASIAT (5)

There are no standardized procedures for estimating the
surface energy; but a few published results are available.

y0, surface specific energy at 00 K; and S1, surface specific
entropy in the present study were estimated to be 830 mJ/M2

and 0.26 mJ/M 2K respectively from the data 'published by
Kingery (4] and Bruce (5]. Once AG5" is calculated, the
standard thermodynamic procedure can be used to evaluate the
driving force for wetting in terms of the Gibbs free energy
of wetting, AG,. A reaction between the metal M of interest

and the surface phase of Si02 to form M10 can be written as:

2-+SO Y M,0 7+Si (6)

and the AG for this reaction is given by:

AG," -- AG -AG, RTln~~ (7),

The free energy of wetting is related to AG, by Eqn (8):

AGl- AG + Gx1 (8)
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The activity of Silicon in the metal a,. is calculated by:

asi .= r, (9)

Activity coefficients, r, were obtained from the data book
on thermodynamic properties of binary alloys [6]; if

unavailable, an ideal behavior is assumed. The standard free

energy of formation AGO is readily available in the

literature [7]. Calculations were performed based on a 100

degree superheat over the melting temperature of the metal,

and for one percent dissolution of silicon in the metal. The

parameters used and the results obtained from the

calculations are presented in Table 1.

EXPERIMENTAL PROCEDURE

The details of the experimental procedure are discussed in

Reference 1. Briefly, the principle of capillary rise

involves submerging a ceramic tube of appropriate inside

diameter in a molten metal of interest and measuring the

liquid levels inside and outside the tube. The difference in

the two heights, h, is related to the wettability parameter,

.I1I cosO term by the Young-Laplace equation:

y".cos e = hpgz (10)
2

Where, p is the density of the metal, g is the acceleration

due to gravity, and r is the radius of the capillary tube.

This approach and the Young-Laplace equation are valid only

for non-wetting systems. Therefore, in wetting systems, only
a qualitative verification is possible; the degree of

wetting could not be ascertained. Strips of quartz were

submerged in the metal/alloy and inspected for wetting under

the optical and scanning electron microscopes. The energy

dispersive X-ray attachment to the scanning microscope was

used for chemical a,,ilysis.

RESULTS AND DISCUSSION

A positive AG was obtained for copper, iron, lead, nickel

and lead, whereas, a negative free energy of wetting was

obtained for copper-titanium, copper-manganese and chromium.
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These observations are consistent with the experimental

results obtained in the present study, and with previously
published results [8]. Reproducible contact angles values
were measured using the capillary rise apparatus. The

wettability parameters measured for nQn-wetting systems
(copper, tin and lead) as a function of temperature are
shown 'in Figure 1. The wettability parameter was found to
decrease with increasing temperature. Copper-titanium and
copper-manganese alloys were found to wet quartz surface.
The presence of. titanium and manganese were confirmed by
composition analysis using the energy dispersive X-ray
analysis.

A wettability map (a plot of the predicted AGW against the
measured y1vcose) was drawn to verify the surface wetting
model predictions (Figure 2). The results from this study
are shown with error bars; also, the literature values'are
shown superimposed in the plot. The wetting and non-wetting
regimes shown in the plot correspond to a negative and
positive free energy of.wetting respectively. Non-reactive
metals such as copper, tin, nickel, iron and lead fall in
the non-wetting regime (region 6). Manganese, chromium and
titanium and their respective alloys fall in the wetting
category. As mentioned before, yl'vcosO term is meaningless
for wetting systems. Therefore, the data points in the
wetting regime are shown as vertical lines corresponding to
the appropriate AG, values. The Region 3 and region 4 are
physically meaningless regimes, the absence of any data

pbints in those regimes corroborates the model.

The. uniqueness of this approach is its ability to accurately
predict a wetting behavior for manganese and chromium
(region 2). The wetting regime also encompasses a bulk
reaction regime (region 1). A solid line is drawn where AGr
is zero. A chemical reaction can occur at any point to the
left of this line. (Note that AG, predicts that a reaction
between manganese or chromium and quartz is unfavorable.)
Titanium falls in the bulk reaction region. After wetting,
a reaction between the bulk phase of quartz and titanium is
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limited only by the kinetics of the interface formation.

With sufficient mass transport, a large interfacial reaction

zone will be formed. The interfacial reaction products are

typically brittle, and have a deleterious effect on many

applications of the metal ceramic component. The difference

between AG, and AGW is the surface excess energy G*8 (Eqn. 8)

which is a function of temperature. Manganese and chromium

fall within region 2, where the metal exhibits sufficient

thermodynamic activity to reduce the surface of the ceramic

but not the bulk. This situation, shown shadowed in Figure

2, results in a stable interface between the metal and the

ceramic. The metal reduces the surface atoms of the ceramic;

once the surface atoms are depleted, an equilibrium

interface is formed. Such interfaces provide the required

atomic contact without generating large interfacial reaction

products.

CONCLUSIONS

The thermodynamic criterion; i.e., wetting occurs whenever

AGW is negative, was found to be true for quartz-metal
interfaces. Also, the surface wetting model was found to

predict accurately the metals or alloys that form stable
interfaces with quartz. Copper-titanium alloys in contact
with quartz form an unstable interface with a large

interfacial zone, in contrast, copper-manganese alloys form
a stable interface. The capillary rise technique can be

successfully used to experimentally measure contact angles

in non-wetting metal-ceramic systems.
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Table I. Model Parameters and Wettability Predictions for
an a-quartz'SurfaceO

Metal. T AG re, y9I AG " y1 cosa
Alloy OK kj/mole mj/m 2  kJ/mole mj/m (ref)

Cu 1450 -28.1 0.016 1300 370.08 -251 (*)

Ni 1826 -76.5 0.01 1660 267.08 -952.1 (8)

Fe 1909 -142.3 0.003 1840 67.74 -777.6 (8)

Sn 605 -227.5 1 542 141.60 -290 (*)

Pb 700 -148.7 0.15 442 286.80 -480 (*)

Cu-51Ti 1450 -290 0.016 1300 -256.6 - (*)

Cr 2225 -630.1 1 1590 -51.37 -

Mn 1615 -268.3 1 1060 -108.2 - (*)

# - calculations were performed for a 100 degree superheat
over the melting temperature.

* - present experimental results

12 3
Wett°ne regme *i

I ~ I .L results

A 5 non-wetting regime 6

-4W

bulk reaCt srUmace I
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Figure 2. Wettability map for quartz. Temperature was chosen
to be 100 degrees Kelvin above the melting temperature of
the metal or alloy.
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