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ABSTRACT. The possibility of using the 
new coating technologies in brazing is ex
amined. By depositing one or more layers 
of filler metals on the joint surfaces, tradi
tionally difficult-to-join materials can be 
brazed together. Barrier coatings, coat
ings for dissolution-solidification, and re
active metal coatings (interlayers) are the 
three different groups of coatings dis
cussed. To control brazing, the optimal 
amount of coating applied must be deter
mined and the interfacial chemical reac
tions must be understood, with the char
acterization of the products that result in 
the braze metal. Mathematical modeling 
of brazing using the three types of coat
ings is performed to describe the trans
port of chemical elements at the braze in
terface. 

Introduction 

The brazing of advanced engineering 
materials, and especially dissimilar materi
als, is coupled to the effective use of 
coatings. The most obvious application is 
to use the coating process to establish a 
highly wettable surface for the liquid filler 
metal. The coating may also be used as a 
barrier when the brazing filler metal is in
compatible with the base material, to 
avoid diffusion of certain alloying ele
ments and to prevent intermetallics for
mation. 

Recent approaches (Ref. 1-3) to coat
ing technology in brazing recognize that 
coatings are no longer just an intermediate 
passive barrier, but they take an active 
part in the brazing process. Mass trans
port, either from the brazing filler metal 
into the base material or the dissolution of 
the coating into the braze metal, can pro
mote physical changes, such as increasing 
the liquidus temperature of the braze 
metal, which affect significantly the braz
ing process. With proper selection of the 
coating material and brazing filler metal, 
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very consistent brazing processes can be 
developed. The control of the chemical 
composition and thickness of the coating 
layers are far more critical than that re
quired in traditional brazing filler metals. 
This paper places emphasis on the existing 
coating technology applied in brazing and 
presents an analysis of the mass transport 
behavior of these advanced coating-braz
ing processes. With the proper under
standing and knowledge of the behavior 
of these coatings, filler metals and pro
cessing conditions can be selected ac
cording to sound engineering principles. It 
is postulated that joining of difficult-to-join 
materials should be possible by applying 
multiple coatings, which create conditions 
such as wetting and chemical affinity be
tween the faying surfaces. 

Brazing Coating Technology 

There are many ways to apply coatings 
on parts to be brazed. They are: 1) elec
trolytic: electroplating or eiectroless dep
osition; 2) thermal: dip coating, barrel 
coating, roller coating, flow melting, etc.; 
3) surface modification: cladding, thermal 
spraying, plasma spraying, etc.; and 4) 
physicochemical: sputtering deposition, 
vapor deposition, ion implantation, etc. 
Since both chemical homogeneity and 
thickness are important properties of a 
coating, the coating procedure must be 
well controlled. For components that re
quire critical dimensional control, continu
ous sputter-cleaning and vapor deposi
tion-type processes are preferred be
cause of the uniform adhesion obtained at 
the interfaces. 

Three different coating schemes are 
described below, each serving a specific 
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function in brazing. They are: 1) barrier 
coatings, 2) reactive metal coatings, and 3) 
coatings for dissolution-solidification. 

Barrier Coatings 

It has been common practice, when no 
known suitable brazing filler metal is avail
able for the materials to be joined, to use 
a coating that can be wetted by the liquid 
braze (Ref. 4). The coating also serves as 
a barrier between the base metal and the 
braze during processing. A barrier layer 
must be dense, ductile and free from de
fects such as voids. It must also show good 
adhesion and wetting toward both the 
base and filler metals. Copper-phospho
rus filler metal had been used in the past 
to join ferrous alloys; however, intergran
ular penetration of phosphorus was ob
served to promote subsurface embrittle
ment of the joint. A thin undercoating of 
nickel reduced phosphorus diffusion and 
provided good wetting for the copper-
phosphorus filler metal (Ref. 5). Similar 
techniques are used in soldering brasses. 
A 1- to 2-jum-thick layer of nickel or cop
per barrier coating is often used to avoid 
zinc diffusion to tin or tin-lead filler metals 
(Ref. 6). In electronic packaging, tin-lead 
alloys alone will not wet a ceramic sub
strate. A layer of silver or gold of adequate 
thickness is often deposited to provide a 
wettable surface for the tin-lead alloys 
(Ref. 4). 

Sometimes the barrier coating scheme 
may require a double coating. Material for 
the first layer is selected for its compatibil
ity with the base metal and the second 
layer (overlayer or outer coating) is used 
to promote wetting with the liquid braz
ing filler metals, as illustrated in Fig. 1. The 
primary layer is generally a transition metal 
solution containing polyvalent elements 
such as titanium, manganese, zirconium, 
tantalum, or molybdenum, where the 
polyvalent states increase the bonding 
tendency. The second layer is usually a 
thin layer of noble metal which provides 
a surface that is oxide-free, or with a very 
thin oxide layer which readily decom
poses or dissolves during brazing. Such 
oxygen-free surfaces have, in general, 
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Fig. 1 —Schematic diagram showing the noble 
metal and transition metal barrier coatings 
inserted between the base metal and the braz
ing filler metal. 

Fig. 2 —Schematic drawing showing the formation of a reaction layer between the substrate and 
brazing filler metal. 

high surface energy and offer excellent 
wettability. Metals such as silver, gold and 
copper serve this function, requiring little, 
if any, fluxing agent. The double coating 
scheme will also allow for longer brazing 
times since the thickness of the outer 
coating can be adjusted to satisfy the 
needs of specific thermal processing cy
cles. 

Reactive Metal Coatings 

The use of reactive metals in brazing has 
been shown to promote the formation of 
a thin interlayer between the brazing filler 
metal and the base metal (Refs. 12-15). 
This layer promotes adhesion between 
the faying surfaces of similar and dissimi
lar materials. Hence, the resulting strength 
of the braze is dependent upon the nature 
of the product layer and its thickness. An 
example is the use of titanium in noble-
metal-based brazing filler metals for the 
joining of metals to ceramic materials. Ti
tanium in the liquid braze metal reacts with 
the substrate to form a thin reaction layer 
as shown in Fig. 2. This product layer can 
be a complex oxide such as CU2T4C7 and 
Cu3Ti3C>2, or an intermetallic compound, 
depending whether the base material is an 
oxide ceramic or a metal. Certain types of 
complex oxide (for example, (Cr.Mn, 

Fig. 3-An isomorphous copper-nickel binary 
phase diagram showing the solidus and liquidus 
compositions at the brazing temperature, Tg. 

Mg)0.(Cr,Mn,AI)2C>3 spinel) also promote 
adhesion between metal and oxides as 
observed in the case of poor slag detach
ability in stainless steel welding (Ref. 16). 
The characterization and understanding 
of the crystal structure and microstructure 
of the product layers must be carried out 
so that adequate process control can be 
achieved. 

The thickness of this layer will depend 
on the reaction kinetics, which is a func
tion of the reactive metal content, diffu
sion of species through the product layer, 
brazing time and temperature. Brazed 
joints with inadequate product layer thick
ness, the result of improper brazing, may 
not meet the mechanical requirements 
specified for the joint. Hence, the use of 
reactive elements as brazing filler metal is 
a mass transport-based technology that 
must be investigated and understood. 

Coatings for Dissolution-Solidification 

Some coatings are deposited for the 
purpose of dissolution and solidification. 
In contrast to the passive barrier coatings, 
these dissolution-solidification coatings are 
considered active because of their contri
bution to the braze metal composition 
and its thickness. A good example is the 
transient liquid phase (TLP) bonding. TLP 
bonding is a diffusion brazing process that 
combines the features of both brazing 
and diffusion welding (Refs. 7-9). It uses as 
filler metal a thin interlayer or brazing filler 
metal of specific composition and melting 
temperature. At the bonding tempera
ture, the interlayer may melt or a liquid 
may form by alloying between the inter
layer metal and the base metal. The liquid, 
by capillary action, fills the joint clearance 
and contributes to the elimination of voids 
at the braze interface. While the joint 
members are held at the bonding tem
perature, diffusion of alloying elements 
occurs between the liquid and base metal. 
Isothermal solidification of the joint results 
because of the solute composition change 
in the braze. Maintaining the joint at the 
bonding temperature after solidification 

will promote further homogenization of 
the chemical composition and microstruc
ture. Solid-state diffusion of elements 
away from the interfacial region reduces 
the initially large chemical composition 
gradient, avoiding the formation of inter
metallics at the braze. An element of high 
mobility, both in the liquid and solidified 
braze metal, will decrease the time for 
completion of the TLP process. 

As an example, consider the brazing of 
nickel (or a cupronickel alloy) with a pure 
copper filler metal of half-thickness, W0 . It 
can be seen in the phase diagram (Fig. 3) 
that when the temperature of the joint is 
raised to the brazing temperature TB (TB 
being greater than the melting point of 
copper), the copper melts and the solid 
nickel interface is enriched with copper, 
XSCU|TB' which lowers its liquidus tempera
ture to TB (quasi-equilibration). Mass trans
fer of copper from the liquid phase pro
ceeds to dissolve the nickel base metal 
and simultaneously enrich the liquid phase 
with nickel. This process continues until 
the liquid interphase composition, X'CJTB-
becomes uniform throughout the liquid. 
Now, solid-state diffusion of nickel from 
the base metal will enrich the solid inter
phase region resulting in concomitant so
lidification (at a much slower rate than the 
previous base metal dissolution) under 
isothermal conditions. The liquid zone will 
eventually resolidify, and its composition 
will later become uniform, provided suffi
cient time is allowed for the solid-state 
diffusion process to occur. The events 
described above are depicted in Fig. 4. 

Conventional transient liquid phase 
bonding is mostly applied to binary alloy 
systems which show some intermediate, 
low-temperature reactions such as eutec
tic transformation. However, by using an 
interlayer of adequate thickness that wets 
the base metal or barrier coating, alloy 
systems currently not considered for TLP 
bonding can also be joined by this method. 
Depending on the rate that the liquid 
braze dissolves the coating, the proper 
thickness of a suitable coating and the op-
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timal brazing temperature can be deter
mined, (Refs. 10-11). 

An analytical model of the TLP bonding 
process with coating is developed and 
presented in a later section of this paper. 
The proposed approach can provide the 
basis for the selection of braze and coat
ing materials and processing conditions. 

Mathematical Modeling 
of Brazing Processes 

It has been shown in the previous sec
tions that with careful process control, 
coatings can be used effectively to braze 
difficult-to-join materials and produce 
bonds of high integrity. The need for pro
cess modeling to optimize joining param
eters such as coating thickness, brazing 
time and temperature is also clear. This 
section will review the existing mathemat
ical formulation of the mass transport 
processes involved in the brazing pro
cesses that utilize coatings. 

Barrier Coatings 

When using a double-layered barrier 
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coating in brazing, the layer closest to the 
base metal (inner coating) is considered 
passive, and the outer or overlayer is ac
tive. The major function of the inner 
coating is to isolate the base metal from 
the brazing filler metal since this may con
tain chemical elements that are undesir
able to the system. The passive coating is 
generally a high-melting-temperature 
metal and highly adherent to the base 
metal. It should exhibit excellent base 
metal wetting and remain solid through
out the brazing process. On the other 
hand, the overlayer should promote wet
ting with the brazing filler metal and 
dissolve entirely or partly into the braze 
during brazing. Metal dissolution is well 
characterized and modeled (Refs. 17-20) 
with extensive literature available. There
fore, no further mathematical modeling 
on brazing with a barrier coating will be 
presented in this paper. 

Coatings for Dissolution-Solidification 

In the case of a coating for dissolution 
and solidification, the composition of the 
coating must be carefully selected to be 
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compatible with the brazing filler metal. 
The requirements for a brazing filler metal 
are illustrated in Fig. 5. The phase diagram 
is for a binary alloy, but this is not a nec
essary restriction since ternary brazing 
filler metals could also be considered. In 
Fig. 4, Co is the initial brazing filler metal 
composition and B is the coating material. 
As B dissolves into the liquid braze metal 
at TB, the liquid is continuously consumed 
to produce a solid of composition C ,̂ the 
final (new) composition of the solidified 
braze metal. The solidus of this new ma
terial has therefore been raised from Ti to 

TB. 
Since brazing filler metals can be treated 

broadly as binary or ternary eutectic ma
terials, there are specific ranges of braze 
metal compositions that can be used with 
a selected coating material. For example, 
consider the liquidus projection diagram in 
Fig. 6 where it is assumed that the three-
phase triangles are traveling along the liq
uid projection lines according to a Class I, 
four-phase eutectic reaction (Ref. 21). 
Adjacent to each of these liquidus lines is 
a shaded zone which indicates composi
tions of potential brazing filler metals to be 

C u l T n 

Fig. 4 - Schematic of progression of stages in the TLP joining of nickel with a copper insert. W0 is 
half-thickness of insert, and WL is half-thickness of maximum size of liquid zone, corresponding to 
onset of isothermal solidification. A - Configuration prior to temperature being raised to TB; B-in
finitesimally small liquid and solid interphase regions, I, and h, created upon quasi-equilibration at 
TB (interphase regions exaggerated); C—progressive liquation of base metal (liquid-state diffusion-
convection-controlled); D —instant at homogeneous saturation of liquid phase and onset of isother
mal solidification; E - progressive isothermal solidification of liquid zone (solid-state diffusion 
controlled); F- instant at completion of solidification; C-partial homogenization of bond region 
(solid-state diffusion controlled). 

Distance— 
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Fig. 5 — Partial binary phase diagram showing the compositions of the ini
tial brazing filler metal, the coating, and the final braze metal composi
tion at solidification. 

Fig. 6 — Ternary phase diagram indicating the different possible compo
sition ranges of coating and brazing filler metal. 

used, with their complementary coating 
materials. The coating materials are indi
cated in three separate alloy ranges, each 
adjacent to a brazing filler metal. The se
lection of brazing filler metal and comple
mentary coating compositions are made 
for a given brazing temperature, and the 
time for which mutual dissolution will re
sult in isothermal solidification. Phase equi
librium behavior illustrated in Fig. 6 can be 
found for some commonly used silver-
iron-silicon filler metals (Ref. 10). Once the 
coating and brazing filler metals are iden
tified, the resulting bond microstructure 
and properties will depend on the process 
temperature and time. 

Lesoult (Ref. 22) modeled systematically 
the process of TLP bonding and divided 
the process into four stages: 1) dissolution 
of the interlayer; 2) homogenization of the 
liquid layer; 3) isothermal solidification; 
and 4) homogenization of the solidified 
braze metal. A binary system A-B was 

Table 1—Values of the Growth Constants 
G"i and G^ for Dissolution of the Base 
Metal and Brazing Filler Metal for Typical 
Values of A0 and A-, 

A0 

10 

1 

0.1 

Aj 

0.1 
0.2 
0.5 
1.0 

10.0 

0.1 
0.2 
0.5 
1.0 

10.0 
0.1 
0.2 
0.5 
1.0 

10.0 

ci 
1.1513 
0.9800 
0.7502 
0.5853 
0.2095 
1.0597 
0.8624 
0.6201 
0.4648 
0.1568 
1.0395 
0.8258 
0.5529 
0.3762 
0.0819 

CP, 

0.3762 
0.2416 
0.1295 
0.0819 
0.0219 
1.0597 
0.8624 
0.6201 
0.4648 
0.1568 
1.7003 
1.5372 
1.3187 
1.1513 
0.5853 

considered, and the equilibrium phase di
agram is shown in Fig. 6. The brazing filler 
metals, with a B-component concentra
tion, Co (an alloy with a limited amount of 
A), was sandwiched between two sub
strates of composition, CD. The dissolution 
and solidification stages were treated as a 
moving boundary problem involving a 
liquid and a solid, with local equilibrium at 
the solid-liquid interface. During dissolu
tion, Fick's law was applied: 

<9CL / a 2 c L \ 
(1) 

where CL is the concentration of the B 
component in the liquid of an A-B binary 
system, and y is the coordinate within the 
liquid region. Using the Error Function so
lution, the concentration profile that satis
fies the above equation is given by: 

CL = E + F erf (2) 

where E and F are constants determined 
by the specific boundary conditions of the 
problem. DL is the liquid diffusion coeffi
cient of element B, and t is time. In addi
tion, the interface displacement, YL, was 
constrained to obey the following square 
root law: 

YL = K L V 4 D L T (3) 

KL was determined to be dependent on 
the particular alloy system and more spe
cifically, on the slopes of the liquidus and 
solidus lines of the phase diagram. These 
lines influence the temperature depen
dency of the equilibrium concentrations at 
the liquid-solid phase boundaries. 

Due to its complexity, the stage of ho
mogenization of the liquid layer was not 
modeled (Ref. 22). During solidification, 
the displacement of the solid-liquid inter

face, at a particular brazing temperature, 
results from the solid-state diffusion of B to 
the saturated solid-liquid interface and can 
be expressed as: 

YS = KS (4) 

and Ks in this equation can be obtained by 
solving the following implicit equation nu
merically: 

Ks exp (-Ks
2) (1 + erf Ks) \JV~= 

(O - C0) P) 
(CLa - CaL) 

CLo, CaL, and CD are concentrations de
fined in Fig. 7, and appear in brackets to 
distinguish them from the notation used in 
the next section. 

Similar to the dissolution case, Ks is de
pendent upon the properties of the ma
terials system. Temperature will also influ
ence Ks since the equilibrium concen
trations CLa and C"L are temperature 
dependent. 

Tuah-Poku, Dollar and Massalski (Ref. 
23) investigated, more recently, the mech
anisms of TLP bonding and developed 
further the earlier model by Lesoult (Ref. 
22) and Sekerka (Ref. 24). In particular, 
they determined that the first stage of TLP 
bonding occurs almost instantaneously, 
with atomic diffusion taking place mainly 
in the liquid near the interlayer interface. 
The second stage is controlled by the dif
fusion of element B (component of the in
terlayer) in both the liquid and solid. The 
widening of the liquid zone was deter
mined to follow a parabolic law. 

Modeling of TLP Brazing 
in This Work 

In this study, the progressive stages of 
TLP bonding were reexamined and a dif
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 
considered to occur simultaneously, fol
lowed by homogenization and solidifica
tion. 

Examining the a-fl 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 fi 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 
at different rates, these interfaces will ad
vance in opposite directions, consuming 
the a and fi phases, respectively. With 
time, the brazing filler metal, fi, will be to
tally consumed, to form one single liquid 
zone. 

Stage 1: Formation of the Liquid Zone 

Referring to Fig. 8, in Stage 1, once the 
system is raised to the brazing tempera
ture, TB, the diffusion of element B in the 
quiescent liquid can be written as: 

at D L ay2 ' Y 1 - y -Y? (6) 

with the following initial and boundary 
conditions: 

I.C. Cg(y, t = 0): indeterminate 

B . C . 1 C k ( y - - Y * t > 0 ) = C<f 

B.C.2 CL
B (y = -Ya

v t > 0) = CgL 

(7) 

(8) 

(9) 

Yfand Y/'are the a-liquid braze metal and 
/3-liquid braze metal interfaces, respec
tively. The compositions representing 
these boundary conditions can be seen in 
the binary phase diagram in Fig. 7. It should 
be noted that this notation is different 
from that used by Lesoult (Ref. 22), and 
also by Tuah-Poku, etal. (Ref. 23). The su
perscripts s and l have been used to iden
tify the solid and liquid phases associated 
with the two solid solutions, a and fi. The 
initial condition is indeterminate because 
the region where liquid exists is infinitesi
mally small. In regard to the equilibrium at 
the liquid-solid (a and fi) interfaces, be
cause of the infinitesimally small solid 
interface regions, they do not contribute 
to the mass balance in the system. Based 
upon the overall mass balance of compo
nent B in the solid phases (a and fi) from 
which the liquid zone is created, the 
following equations for motion of the in
terfaces are determined: 

dY° 

dt 

and 

D, dCl
R 

c?°-ca
R

L dy ' yi 
(10) 

(c0)(c«L) (C1 )̂ 

( 

dY^ 
dt 

, a 0 cots 
"B B 

- D 

c g ° -
L 

Cf 

B 

scj-
3y 

./SL 

- y i 
(11) 

Implicit in Equations 10 and 11 is that the 
partial molar volumes of all phases are 
equal (a restriction imposed on the solu
tion presented here). 

The initial conditions, provided that 
Cg°is less than Cf? and C|°is greater 
than Ojj> are: 

Y«(t = 0) = Y^(t = 0) = 0 (12) 

The solution to Equation 6 with the ini
tial and boundary conditions represented 
by Equations 7-9 is: 

Co = Ui + U2 erf 
\2VDLV 

(13) 

where Ui and U2 are constants that can be 
determined from the boundary condi
tions. Since the initial condition, as stated 
by Equation 7, is indeterminate, it does not 
impose a significant constraint on the be
havior of the system as described by 
Equation 12. 

The boundary conditions given by Equa
tions 8 and 9 can be satisfied if: 

ClL = Ui + U2 erf 

and 

C?L = Ui + U2 erf 

-Y? 
2VDiT 

-Ya 

1 1 
2VDLT 

(14) 

(15) 

Also, since Ui and U2 are constants, as 
well as the liquidus compositions CL$ and 
CLlg (isothermal process), then the position 
of the solid-liquid interfaces can, there
fore, only be described by: 

(16) Y° = 2G°VDTt 

and 

Y^ = 2C^VDLT 

where G^ and G"i are the dimensionless 

,/Ss _/?o 
B B 

Fig. 7 — Binary phase 
diagram showing the 
composition of the 
different phases in TLP 
brazing. 

growth constants associated with each 
interface. It should be noted that the initial 
conditions indicated by Equation 12 are 
also satisfied by Equations 16 and 17. 

Equations 14 and 15 can therefore be 
rewritten as: 

C f = Ui -U 2er f (G^) 

and 

(18) 

CgL = Ui + U2 erf (Ca) (19) 

On subtracting Equation 18 from 19 and 
rearranging, the following equation is ob
tained to determine U2: 

U2 = 
r a t _ r / 3 t 
*~B ' -B 

erf (G?) + erf (Ga) 
(20) 

Equations 16 and 17 can now be used to 
develop equations from which the growth 
constants G" and G"i may be obtained. 
Differentiating these equations with re
spect to time gives: 

dYi_G°ynr 
dt 

dYJ = GVDt 
dt " vT 

(21) 

(22) 

Now, differentiating Equation 15 with re
spect to y, yields: 

5 C B , , 2 ( y 2 ^ 1 m. 

— = U exp^—j (23) DLt 

which, when evaluated at y =Y" and 
y = - Y £ leads to: 

dCB 2 2 

1 
(24) 

(17) 2VDT 
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Fig. 8 — Configuration ot a-phase base material, liquid region andfi-phase 
brazing filler metal during isothermal liquification of solid phases, at time, 
t, after system is raised to brazing temperature, TB-
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Line 

Posit ion of a / L Interface ' 
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Fig. 9 — Configuration of system, at time, t, after brazing filler metal, of 
half-thickness. Wo, has liquified and liquid region becomes homogenized 
due to further dissolution of a-phase base metal. 

fLSsi = U 2J-exp(-Gf) 

(25) 

2VD[t 

Substituting Equations 21, 22, 24 and 25 
appropriately into Equations 10 and 11, 
the following equation is obtained when 
these two recast equations are divided, 
one by the other: 

c« cg°-CB
L 

C aO 
B 

exp(Cf -Cf ) (26A) 

Also, when Equation 20 is used to 
replace U2 in Equation 24 and this is then 
substituted into the right-side of Equation 
10, while the left side is replaced using 
Equation 21, the following additional equa
tion is obtained: 

CSL-CgL 
1 

(27A) 

G l erf (Oft + erf (G«) ^T 

expt-G"2) 
r-ao p a l 
' - B "~B 

Equations 26A and 27A can be rewritten 
as follows: 

A0G^ exp ( G f - cf) -G\ = 0 

A^iVFterf tGft-erf tC?)]-

exp (-Of) = 0 
where 

-/So _ rfl 

A0 = 
C 

Cat f-a 
R ^ - R 

(26B) 

(27B) 

(28) 

A i = 

("at 
^B 

Cal 
R 

C/3L 
Ml 

(29) 

and it is noted that AG and A i are both 
positive quantities. These stimultaneous 
equations, 26B and 27B, can be solved 
numerically to obtain the growth con
stants Q"and G/? once A0 and Ai have 
been defined. Values of the growth con
stants are tabulated in Table 1. It should be 
noted that the physical behavior associ
ated with the system is properly mani
fested by the values of the growth con
stants. For example, when AQ is unity, the 
growth constants are identical in magni
tude. This is to be expected, since the en
richment of the liquid B provided via the 
/3-phase filler metal is exactly compen
sated by the dilution due to the same vol
ume of the a-phase base metal being 
consumed. Furthermore, when AQ is 
greater than unity the growth constant O] 
is greater than Gf\, as a result of a larger 
volume of the a- phase being required to 
compensate for the i8-phase as the tran
sient liquid is formed. The situation is 
reversed when A0 is fractional. 

The formulation and solution presented 
here is significantly different from that 
presented by Tuah-Poku, Dollar and Mas
salski (Ref. 23) and attributed to Lesoult 
(Ref. 22), where only the growth constant 
for the liquid braze metal zone was con
sidered. 

The time at which a brazing filler metal 
of initial half-width, WQ, is consumed is 
given by: 

t. = ' 
W^ 

4 G f D, 
(30) 

Also, the half-width of the liquid zone at 
this instant (prior to homogenization of 

the liquid), WL, is given by: 

WL = W0 + 2G^v/DLtT (31) 

Therefore, given the brazing tempera
ture, metal compositions and interlayer 
thickness, then the time for interlayer dis
solution, t i , and the liquid zone half-width 
developed, W L , can be calculated. 

Stage 2: Homogenization of 
the Liquid Zone 

During homogenization, Stage 2, the 
diffusion of B in the liquid phase is again 
described by: 

dCi 5 2 CR 
- ^ = D L - ^ £ Y2(t) > y > - W i (32) 

where now, only one moving boundary is 
present. The configuration at time, t, after 
this stage has started, is shown in Fig. 9. 
The initial condition is: 

C^(0 > y > - W L t = 0) = F(y) 

where: 

F(y)=C* + ( C g L - C f ) [erf(G^)+erf 

y 

(33) 

(G?+- :)] 

erf (Gft + erf (A0G?) 
(34) 

(35) 
W T = Wo + 2G^v/DLTT = 

2VL\t7(G« + G<?) 

since W 0 can be replaced using Equation 
30. 

The initial condition, Equation 34, de
scribes the concentration profile in the 
liquid at the end of Stage 1. The boundary 
conditions are: 
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C^ [y = Y2(t),t > 0] = Cf 

^ 1 = 0 3y 1 y = -w,,, 

dCB
L 

dY2 - D L 1 7 I Y ^ 
dt " ( q L - c n 

with initial condition, 

Y2(t = 0) = 0 

(36) 

(37) 

(38) 

(39) 

A solution to Equation 32, with the ini
tial and boundary conditions, and the 
moving boundary condition, most likely, 
will have to be determined numerically. 
While it is recognized that the time to 
complete Stages 1 and 2 of the process is 
small compared to that for Stage 3, nev
ertheless the maximum half-width, Wmax, 
attained by the liquid zone is an inherent 
requirement for determining the time, t3, 
for the isothermal solidification of the in
duced liquid zone. 

The maximum half-width of the liquid 
zone can be calculated from mass balance 
constraints. For conservation of the com
ponent B: 

W n eg1 = W0Cg° 
(Wmax - Wo) eg0 

/"i(Jo r~ao 

Wmax _
 raL _ ,-ao v vo 

^ R ^ - R 

(40) 

(41) 

Stage 3: Isothermal Solidification 

Stage 3 is the isothermal solidification of 
the induced liquid zone. The configuration 
at some instant, t, after solidification has 
started is shown in Fig. 10. Diffusion of B 
in the solid a-phase can be described by 
the following equation: 

dCa
R a2c? 

^ r = D s ^ - f ; o o > y > - Y 3 
(42) 

at dy 

The initial and boundary conditions are: 

LC Cg(y,t = 0) = Cf° (43) 

B.C1 Cg(y = - Y3, t > 0) = Cgs (44) 

B.C.2 Cg(y - oo.t) = Cg° (45) 

The equation for motion of interface is: 

dY3 

dt 
- D s 

V-B ^-B 

with initial condi 

Y3(t = = 0) = 0 

dCa
R 

dy 

ion: 

y = -Y3 
(46) 

(47) 

Note that C f < Cg* and consequently 
component B diffuses into the solid base 
metal, thereby depleting the liquid of B 
and leading to its isothermal solidification. 
Equation 42 is satisfied by: 

CZ = Ui + U2 erf 
2 \ /Da 

(48) 

and the initial condition (Equation 43) and 
boundary condition (Equation 45) require 
that: 

Ui + u 2 (49) 

Also, the boundary condition given by 
Equation 44 can only be satisfied if: 

C f = Ui + U2 erf (50) 

Furthermore, since U-] and U2 are con
stants, as well as the solidus composition, 
Cf* in the a phase during isothermal solid
ification, therefore the argument of the 
error function must also be a constant; 
consequently the position of the solid-liq
uid interface can only be described by: 

Y3 = 2 G3VD7 (51) 

where G3 is a dimensionless growth con

stant; and the initial condition as described 
by Equation 47 is satisfied by Equation 51. 
Consequently, since erf (—x) = — erf (x), 
Equation 50 can be rewritten as: 

C f = U i - U2 erf(G3) (52) 

Also, a general expression for the con
centration gradient is obtained by differ
entiating Equation 48, with respect to y: 

dC% 2 
-TT-= U 2 — ^ e x p 
oy \/V 

(53) 

Subtracting Equation 52 from Equation 49 
gives the following expression for U2: 

U2 = 
(C"B°- C"g) 
1 + erf (G3) 

(54) 

Finally, Equation 51 can be differentiated 
to obtain the velocity of the interface, viz: 

dY3 

dt 
= C3 (55) 

Now, Equation 54 can be used to 
replace U2 in Equation 53, and this expres
sion together with Equation 55 to replace 
the respective terms in Equation 46, the 
following implicit equation for G3 is ob
tained: 

G3 [1 + erf (G3)] v^rexp 
fas r~ao 

<-C2\ - J B 

V ^V (~«L— C<» 

(56) 

which is identical to the equation attrib
uted to Lesoult according to Tuah-Poku, 
Dollar and Massalski (Ref. 23). 

If the maximum half-width of the in
duced liquid zone is Wmax, then the 
elapsed time to complete the isothermal 
solidification is given by Equation 57, be
low: 

t3 = 
W? 

4 C * I), 
(57) 

Liquid. 
Uniform 
Composi t ion 

CB 
II1II : gM 0 H I H x y 

M N O gx z y „ 

Posi t ion of a / L In t e r f ace 

P r io r to I s o t h e r m a l Sol idif icat ion 

Cen t e r 
Line 

Fig. 11 —Schematic diagram showing the formation of a complex oxide 
layer in the joining of metals to ceramic materials. 

Fig. 10—Configuration of system, at time, t, after liquid region has ho
mogenized and solidification has started due to solid-state diffusion of B, 
from liquid region into a-phase base metal. 
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Fig. 12 — Conceptual brazing process control as a function of the time of dissolution oi the coating, the time of oxide and intermetallic formation, and 
the brazing temperature. For an acceptable oxide layer thickness, Z3, and maximum tolerable coating dissolution thickness, X& the brazing temperature 
should be Tg as indicated on the diagram. 

where G is determined by solving Equa
tion 56 numerically, for a given C"g, C% 
and C<& 

Modeling of Reactive Metal 
Brazing in This Work 

There are numerous possible rate-con
trolling steps in this process. If the brazing 
filler metal has a very dilute reactive metal 
addition, the rate-controlling process may 
be the transport of the reactive element in 
the liquid braze to the reaction interface. 
One possible mass transport controlled 
process would be liquid diffusion where 
the reactive metal is consumed at the in
terface in product formation. However, a 
more realistic situation is where the prod
uct film or reaction layer is adhesive to and 
protective of the base metal, then solid-
state diffusion across the interlayer will be 
the controlling process. A simple mathe
matical description for this moving bound
ary problem is given below. It is assumed 
that the chemical potentials are invariant 
at both interfaces and the layer thickness 
increases with time. 

Depending on the base material to be 
joined —ceramic oxide or metal —the re
action product will be specific to that sys
tem. In metal-to-ceramic joining, it is most 
likely that an oxide layer will form. In the 
case of a metal, the equilibrium phase di
agram determines whether a solid solu
tion or intermetallic phase will form. The 
case of oxide formation is chosen to illus
trate the procedure of determining the 

processing time, temperature and thick
ness of the coating to achieve an accept
able brazement. From the boundary con
dition described above, a parabolic time 
dependent growth of the product layer 
results. Figure 11 illustrates this oxide for
mation case. 

Given the following reaction of oxida
tion: 

zN + gM xO y -+ MgxNzOgy (58) 

and rate expression for growth of the 
product phase is given by: 

Z2 = 2K't 

with: 

K' = K0 exp m 
(59) 

(60) 

where K' is the rate coefficient, KD is the 
preexponential factor, Z is the thickness of 
the product layer, and RT has the usual 
significance. The time to form a reaction 
layer of thickness Z can be determined by 
solving Equations 59 and 60. 

in to • in(£) - Q 
?T 

(61) 

where Q is the activation energy of the 
process and R is the universal gas con
stant. In the case of intermetallic forma
tion, a similar equation will result. 

Equation 61 is an important analytical 
tool in controlling reactive metal brazing. 
Too thin a reaction layer may not result in 
a sound braze while too thick a layer will 

result in excessive oxide/intermetallic 
compound growth and poor mechanical 
properties. Therefore, an optimal reaction 
layer thickness can be controlled by reg
ulating process temperature and time. 

Conceptual Application of 
Modeling to Process Control 

In brazing, temperature, time and filler 
metal are some of the more important 
process parameters to be controlled and 
optimized. When a coating is introduced 
between the base material and brazing 
filler metal, active dissolution may occur at 
the interface between the brazing filler 
metal and the coating material. At the 
same time, chemical reactions may also 
occur at the base metal-coating interface. 
Since the kinetics of the two processes are 
in general not the same, it is essential to 
determine a set of optimal time and tem
perature for these simultaneous pro
cesses. It is obvious that the dissolution 
process should not consume the entire 
layer of coating, nor the intermetallic for
mation create an excessively thick prod
uct layer. To match the effects of inter
layer dissolution and subsequent con
sumption of the coating with the formation 
of the oxide (or intermetallic) layer, the 
time for dissolution of selected coating 
thicknesses, X1, X2, . . ., X5, can be plotted 
as a function of temperature. Increasing 
the temperature decreases the time of 
dissolution. The time of oxide (or interme
tallic) formation and growth to selected 
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thicknesses, Z-,, Z2, . .., Z5, can also be 
plotted likewise on the same figure. The 
two sets of parallel lines can be observed 
in Fig. 12. Since the thermally activated 
mechanisms of the two processes are dif
ferent, the slope of the second set of lines 
is also different from that of the first set. 
For the oxide (or intermetallic) formation 
lines, the slope, associated with the para
bolic growth law, is equal to Q/R; where 
Q is the activation energy of the transport 
mechanism of the growth process. Given 
a certain constraint of thickness of the 
oxide (or intermetallic) layer, then, the 
thickness of a coating that will be com
pletely consumed by dissolution as well as 
the time and corresponding temperature 
of brazing can be determined from Fig. 12. 

To illustrate the concept, consider the 
case where the oxide product layer must 
be limited to a thickness, Z3 and an 
acceptable brazing time can be achieved 
at a temperature of Ti , the diagram indi
cates that the coating will be dissolved and 
be penetrated to a distance X2 by the 
transient liquid phase bonding process. 
Consequently, the coating thickness se
lected must be larger than X2. 

In Fig. 12, the slope of the X lines (disso
lution of the coating layer) is assumed to 
be greater than that of the oxide or inter
metallic formation, Z lines. In the case that 
the slopes of both are changed, Z lines 
with greater slope than X lines, the inter
pretation procedure can still be followed. 

Summary 

It is apparent that coating technology, in 
particular the type for dissolution and so
lidification, can be applied in brazing. 
Multiple-layered coatings of different 
compositions can be tailored for difficult-
to-join materials. With the mathematical 
models developed in this work, it is pos
sible to begin addressing the design issues 
of brazing with custom coatings: types of 
coating, thickness of each layer, brazing 
time and temperature. Depending on the 
degree of dissolution of the coating and 
brazing filler metal, and the type of prod
ucts that form at the base metal-coating 
and coating-brazing filler metal interfaces, 
the approach developed in this work will 
provide the basis for selecting brazing 
time, temperature and thickness of the 
coating for successful brazing. 
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Appendix 

CB 

Q 

CQB° 

CfiB° 

Cf 

Cf 

ct 

ci 

G2 

o3 

A, 

Concentration of B, in the 
(binary) liquid phase. 
Concentration of B, in the ct-
phase (base metal) solid so
lution. 
Initial (uniform) concentration 
of B in the a-phase. 
Initial (uniform) concentration 
of B in the /3-phase. 
Solidus concentration of B in 
the saturated a solid solution, 
at the isothermal solidifica
tion (brazing) temperature, 
TB. 

Solidus concentration of B in 
the saturated fi solid solution, 
at the isothermal solidifica
tion (brazing) temperature, 
TB. 
Liquidus concentration of B 
which is in equilibrium with 
the saturated a solid solution, 
of composition C§: 
Liquidus concentration of B 
which is in equilibrium with 
the saturated fi solid solution, 
of composition C$.s 

Growth constant for liquifi-
cation of base metal, during 
Stage 1. 

Growth constant for liquifi-
cation of brazing filler metal, 
during Stage 1. 
Growth constant for liquifi-
cation of base metal, during 
homogenization of liquid re
gion—Stage 2. 
Growth constant for solidifi
cation of liquid region — 
Stage 3. 

C- *>-Of 

Ca
B° - C"B

L 

Cf-Cf 
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