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Detailed finite difference modeling of dissolution during transient liquid-phase (TLP) brazing 
of nickel using Ni- l l  wt pct P and Ni-14 wt pct Cr-10 wt pct P filler metals is carded out 
assuming infinite and finite heating rates between the filler melting temperature (Tm) and the 
brazing temperature (Tb). Two conditions are modeled during brazing, namely, where the liquid 
width due to base metal dissolution is unrestrained (variable) and where the liquid width is kept 
constant due to expulsion of excess liquid during the brazing process. The time required for 
completion of dissolution is proportional to the square of the filler metal thickness when an 
infinite heating rate between Tm and Tb is assumed. This occurs for both for constant and unre- 
strained liquid width situations. Also, the advance of the solid-liquid interface is approximately 
related to the reciprocal of the square root of the solute diffusivity in the liquid, except in the 
final stages of the dissolution process. When a multicomponent filler metal composition (Ni- 
l4 wt pet Cr-10 wt pet P) is used, the time for completion of dissolution exceeds that when 
using a simple binary filler metal composition. The phosphorous concentration in the liquid 
approaches that of the liquidus line when the heating rate between Tm and Tb decreases and thin 
filler metals are used. This tendency can be estimated using a homogenizing index (z) which 
combines the effects of filler metal thickness, diffusivity in the liquid, brazing temperature and 
heating rate, and a distribution index (a). When thick filler metals are used, lower heating rates 
produce more dissolution at temperatures between Tm and Tb and less dissolution at the final 
brazing temperature. Conversely, heating slowly when using thin filler metals produces less 
base metal dissolution (at any temperature) and negligible dissolution at the final brazing tem- 
perature. At very low heating rates, solidification can occur while heating from Tm to Tb. 

I. INTRODUCTION 

TRANSIENT liquid-phase (TLP) brazing involves a se- 
ries of steps, namely, melting of the filler metal (at tem- 
perature Tm), heating to the final brazing temperature (Tb), 
base metal dissolution, isothermal solidification, and 
homogenization, tl] This paper models the TLP brazing 
process by treating base metal dissolution, isothermal 
solidification, and homogenization as one sequential 
process. Base metal dissolution is examined assuming 
that the heating rates from T,~ to Tb range from 0.05 K/s  
to infinity. In this work, two brazing situations are con- 
sidered, namely, constant liquid width (where liquid is 
continuously expelled throughout the brazing process) 
and variable liquid width (where the solid-liquid inter- 
face is able to move in an unrestricted manner through- 
out base metal dissolution). 

II. BACKGROUND 

The Nernst-Brunner theory of solid dissolution into 
liquid was derived based on the key assumptions that the 
liquid zone can be considered as a constant volume bulk 
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layer with a thin, constant thickness boundary film at the 
solid-liquid interface. Dissolution is determined by either 
the interface reaction or by the transport of material from 
the solid-liquid interface into the bulk liquid, t21 

Most experimental results support the idea that dis- 
solution depends on transport processes, and that the 
interface reaction is not rote-controlling, except when high 
dissolution rates are promoted by forced stirring of the 
liquid. Lowell and Chalmers  [31 theoretically examined the 
dissolution of solid in liquid and indicated, that in an un- 
stirred liquid system, movement of the solid-liquid inter- 
face was dependent on the square root of the holding 
time and that the boundary layer thickness also increased 
in a similar manner. In TLP brazing, the liquid can be 
considered to be unstirred because it is an extremely thin 
region. 

Dissolution during TLP brazing has been examined in 
detail by Nakao et al. [41 and by Tuah-Poku et al. tsl Nakao 
et al. taj developed a dissolution parameter based on the 
Nernst-Brunner theory; i .e. ,  the dissolution rate of solid 
into liquid is given by the relation 

C = Csadl - exp ( - K ( A / V ) t ]  [1] 

where C = solute concentration in the liquid; 
Cat = solute concentration at saturation; 

K = the dissolution rate; 
V = volume of liquid; 
A = area of solid-liquid interface; and 
t = time. 

Differentiating Eq. [ 1 ] gives 

d c / d t  = K ( A / V )  (C,~ - C) [21 
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Assuming that the total amount of solute in the liquid 
is always constant, the dissolution parameter P* is then 
given as 

P* = K t  = h[ln (X0{Xt + p h } ) / p h ( X o  - Xt)] [3] 

where P* - the dissolution parameter; 
X, --- the width of base metal dissolved at time t; 
X0 = the equilibrium (saturated) dissolution width; 
p = the ratio of the liquid density to the solid 

density; 
h = half of the initial liquid width; 
K = constant; and 
t = time. 

The relation between the dissolution parameter and 
holding time was examined experimentally when brazing 
Ni-based superalloy material by using a Ni-Cr-B amor- 
phous filler metal, and it was concluded that the Nerst- 
Brunner theory was applicable to dissolution during TLP 
brazing (Figure 1 (a)). It is important to point out that in 
Nakao et al . ' s  experiments, t4~ the width of the liquid layer 
was held constant throughout brazing. Conversely, Tuah- 
Poku et  al. m studied dissolution of Ag base metal by 
using a copper filler metal in a configuration where the 
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Fig. 1--Relation between the dissolution parameter (P*) and the 
holding time at different brazing temperatures (1373 K, 1398 K, and 
1423 K) for (a) a constant liquid width during dissolution t4J and (b) an 
unrestrained liquid width during dissolution, ts] 

liquid width was not held constant. Although they did 
not analyze their test results in terms of the Nerst-Brunner 
theory, recalculation by the present authors indicates that 
the relation between the dissolution parameter (P*) and 
the brazing time is approximately parabolic in shape 
(Figure l(b)). This would be expected if the interface 
motion was solute diffusion-controlled. 

Any application of the Nerst-Brunner theory to TLP 
brazing has inherent problems. The thicknesses of liquid 
boundary films are approximately given by 2 to 3 
~/ (Dt ) ,  where D is the diffusion coefficient of solute in 
the liquid. Assuming diffusivity values in the range of 
10 -6 to 10 -7 cm2/s, a holding time of 100 seconds means 
that the diffusion layer thickness will be in the range of 
70 to 300/~m. If the liquid width produced during TLP 
brazing is around 100/~m, the diffusion layer thickness 
will be of the same order of magnitude as the total liquid 
width. It follows that the Nemst-Brunner assumption of 
a thin boundary layer and a bulk liquid region is hardly 
applicable in TLP brazing operations. Also, the Nerst- 
Brunner theory has only been applied to, and confirmed 
experimentally, for binary systems. As a result, its ex- 
tension to complex Ni-based superalloy/filler metal 
brazing situations may be questionable. Finally, Eq. [3] 
above neglects solute diffusion into the base metal, and 
it suggests that the time required for completion of dis- 
solution (for Xt to equal X0) will be infinite. 

III. ASSUMPTIONS IN 
THE NUMERICAL MODEL 

In complex fabrications, the width of the liquid melted 
can be held constant only in simple joint geometries, and 
the time for dissolution (and for isothermal solidifica- 
tion) will be much longer when the liquid layer is able 
to grow in an unrestricted manner. This paper models 
the effects of constant and unrestrained (variable) liquid 
width during base metal dissolution. In Nakao et  a l . ' s  
experimental results t4] (Figure 1 (a)), the slow rate of ad- 
vance of the solid-liquid interface strongly suggests that 
dissolution during TLP brazing of Ni-based materials is 
dependent on solute diffusion, not on the interface re- 
action, this situation should apply except when an inter- 
face is covered with an oxide layer prior to brazing. [2] 
Liquid stirring will only be important when high-frequency 
induction heating is used to raise the components to the 
brazing temperature. In all other cases, convection can 
be neglected, and the key factor affecting base metal dis- 
solution will be solute diffusion in the liquid. 

The basic assumptions during modeling comprise the 
following: 

(1) Use of a one-dimensional analysis involving a planar 
solid-liquid interface. No effect of grain-boundary pen- 
etration on the advance of the solid liquid interface is 
assumed. 
(2) There is no convection or stirring in the liquid during 
dissolution (and subsequent isothermal solidification). This 
is reasonable when induction heating is not used. Also, 
it is assumed that there is no superheating or under- 
cooling at the solid-liquid interface. 
(3) The dissolution process is controlled by solute dif- 
fusion in liquid and solid and not by any interface reaction. 
Fick's law is applied in both liquid and solid phases. 
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(4) The partition coefficient of the solute is independent 
of temperature. 
(5) There is no effect of latent heat on the temperature 
distribution and on the rate of advance of the solid-liquid 
interface. This has been confirmed in preliminary cal- 
culations which considered the latent heat contribution. 
(6) No volume change occurs during dissolution, and no 
second phases are formed during brazing. 

The finite difference analysis considers that the solid- 
liquid interface moves in a stepwise manner. In effect, 
during dissolution, when the solute concentrations in the 
solid and liquid deviate from those given by equilibrium 
at any given temperature during a sudden advance, the 
interface halts until this deviation disappears. The details 
of this f'mite difference analysis are given in the Appendix. 

IV. MATERIALS AND 
JOINING CONDITIONS EXAMINED 

The base material was pure nickel. The filler metals 
were Ni-11 wt pet P and Ni-14 wt pct Cr-10 wt pct P 
filler metals having a eutectic temperature of 1153 K. 
The filler metal thicknesses ranged from 5 to 200/zm, 
and the heating rates (from Tm and Tb) varied from 
0.05 K/s  to infinity. 

It is reasonable to assume that local equilibrium exists 
at the solid-liquid interface during dissolution. In effect, 
solute concentrations may be found using the liquidus 
and the solidus lines in the relevant equilibrium phase 
diagrams. In the Ni-P binary system, the gradient of the 
liquidus line is 52.3 K/wt pct. [6,7'81 However, only the 
solubility limit is available in the Ni-P binary diagram, t71 
In an attempt to find a suitable partition coefficient for 
the Ni-P system, different partition coefficient values were 
used to calculate the time for completion of isothermal 
solidification and were compared to known experimental 
results given by Ikawa et al .  191 The use of a possible par- 
tition coefficient (1.54 x 10 -2) based on the ratio of the 
phosphorous concentrations at the solubility limit and at 
the eutectic point produced abnormally long calculated 
times compared to Ikawa et al.'s experimental results. 
The details of this comparison are presented in 
Reference 13. The partition coefficient of phosphorous 
in carbon steel solidifying as austenite has recently been 
measured as 0.13, t~~ and use of this value in calculations 
of the time for completion of isothermal solidification 
during TLP brazing of Ni-based superalloys produced 
results close to those found by Ikawa et al. [9~ (see 
Reference 13). As a result, this value was taken as the 
partition coefficient of phosphorous. The diffusivities of 
phosphorous in liquid and solid nickel were also not 
available, and the values for phosphorous in liquid and 
solid iron (austenite) were used in their place: [11,~2] 

in liquid: Dpl = 1.35 x 10 -2 

exp (-23,700) [cal/mol]/RT [cm2/s] 

in solid: Dp, = 0.01 

exp (-43,700) [cal/mol]/RT [cm2/s] 

where R is the gas constant and T is absolute the 
temperature. 

V. RESULTS AND DISCUSSION 

The detailed modeling results can be conveniently 
handled by considering the different effects of assuming 
an infinite and a finite heating rate between the temper- 
atures Tm and Tb. 

A. Dissolution Assuming an Infinite Heating Rate 
between Tm and Tb 

As indicated previously, there are two possible situ- 
ations which can arise in TLP brazing, namely, where 
there is an unrestrained (variable) liquid width during 
brazing and where there is a constant liquid width due 
to expulsion of excess liquid throughout the dissolution 
process. These will be discussed separately. 

1. Assuming an unrestricted liquid width 
during brazing 
Figure 2 shows the phosphorous distribution in solid 

and liquid nickel when brazing at 1473 K assuming that 
the liquid width is variable (unrestrained). The abscissa 
is distance divided by haft the thickness of the filler metal 
(and this normalization is applicable irrespective of the 
filler metal thickness considered). The phosphorous dis- 
tribution in the liquid is not uniform (particularly in the 
early stages of brazing), and the diffusion layer is large 
in comparison with the liquid width produced during 
brazing. The time for completion of dissolution depends 
on the square of the filler metal thickness, and the amount 
of phosphorous diffusion into solid nickel is limited, even 
in the final stages of the dissolution period. However, it 
should be pointed out that although phosphorous diffu- 
sion into the base metal is limited, it does play an im- 
portant role in calculations determining the time for 
completion of dissolution (Section B). It is also clear 
from Figure 2 that the phosphorous concentration profile 
in the liquid is such that dissolution during TLP brazing 
cannot be adequately examined using an extension of the 
Nernst-Brunner theory, even for an infinite heating rate 
between T~, and Tb (since the thin boundary layer and 
constant volume bulk liquid requirements are not met). 

Figure 3 shows the relation between holding time and 
the advance of the solid-liquid interface at various bond- 
ing temperatures for a 200-/~m-thick filler metal. The 
solid circle on this diagram is the point at which dis- 
solution is completed at any temperature. It follows that 
the finite difference model overcomes Eq. [1]'s basic 
limitation (it cannot be used to calculate the time re- 
quired for completion of dissolution). Increasing tem- 
perature increases the rate of advance of the solid-liquid 
interface (since the diffusion rate in the liquid is higher, 
and the difference between the eutectic concentration and 
the equilibrium liquidus temperature is much greater). 
The time required for dissolution shows a minimum at 
1423 K. This occurs since the time for completion de- 
pends on the maximum liquid width, and this increases 
with increasing brazing temperature (Figure 4). How- 
ever, increased solute diffusivity at higher temperatures 
tends to decrease the time for completion of the disso- 
lution stage so there is competition between these two 
factors. It was previously noted that the time dependence 
of the advance of dissolution is related to the square of 
the filler metal thickness. However, this does not mean 
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Fig. 2--Phosphorous distribution in solid and liquid nickel at 1473 K (assuming an unrestrained liquid width during dissolution and an infinite 
heating between T. and Tb). 

that the solid-liquid interface moves proportionally with 
the square root of the holding time (Figure 5). The solid- 
liquid interface advances in proportion to the square root 
of the holding time only in the early stages of the brazing 
process. 

The solute diffusivity in the liquid markedly affects 
the rate of advance of the solid-liquid interface. In this 
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rate between T, and Tb). The ~(l" mark on each cm've indicates the 
point at which dissolution is complete. 

work, the diffusivity value used is that evaluated for Fe-1.1 
pet P in the temperature range of 1673 to 1873 K ,  till and 
these temperature values are higher than in conventional 
brazing. The influence of phosphorous diffusivity on the 
rate of  advance of  the solid-liquid interface is high- 
lighted in Figure 6, where three different diffusivity val- 
ues are considered, namely, 1.0 • 10 -6 cm~/s, 2.0 • 
10 -6 cm2/s, and 4.0 • 10 -6 c m  2. Low solute diffusivity 
values decrease the rate of advance of  the solid-liquid 
interface, particularly in the final stages of  the dissolu- 
tion process. For a fixed advance by the solid-liquid 
interface, the time differences (after the initiation of  the 
dissolution process) are approximately doubled, except 
in the final stages of the dissolution process. This large 
time difference during the final stage of the dissolution 
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process depends on the interplay of solute diffusion in 
the liquid and solute diffusion into the base metal. The 
solute concentration required for local equilibrium at the 
solid-liquid interface is supplied by solute diffusion in 
the liquid. If solute diffuses into the base metal, this will 
decrease the solute concentration at the solid-liquid 
interface and therefore decrease the advance of the inter- 
face. This emphasizes the important role of solute dif- 

fusion into the base metal on the time required for the 
transition from dissolution to isothermal solidification. 
In this connection, it is the neglect of solute diffusion 
into the base metal that makes Eq. [3] predict an infinite 
value for the completion of dissolution. 

As mentioned previously, a phosphorous partition 
coefficient value of 0.13 was employed in all calcula- 
tions, and the use of a value of 1.54 x 10 -2 produced 
completion times (for isothermal solidification) which 
greatly exceeded experimental values. It must be em- 
phasized that this difference in partition coefficient val- 
ues (from 1.54 • 10 -2 to 0.13) only produced a 5 pct 
change in the time required for completion of dissolution. 

2. Assuming a constant liquid width during brazing 
The phosphorous distribution in liquid and solid dur- 

ing dissolution at 1473 K is shown in Figure 7. In this 
figure, the abscissa are presented in terms of distance 
divided by half the filler metal thickness, and holding 
time is presented as a function of the square of the filler 
metal thickness. The phosphorous concentration profile 
is nonuniform, and its shape indicates that application of 
the Nernst-Brunner theory to TLP brazing is unreason- 
able. These results also show that the time for comple- 
tion of dissolution depends on the square of the filler 
metal thickness and that diffusion of solute into the base 
metal is negligible, except in the final stages of dissolution. 

Figure 8 shows the relation between the holding time 
required for dissolution and brazing temperature for a 
200-/xm-thick filler metal. The solid circles indicate 
completion of the dissolution process, and it is clear that 
increasing brazing temperature decreases the time re- 
quired for completion of dissolution. This effect of braz- 
ing temperature correlates well with Nakao etal . 's  
experimental results when brazing Ni and Ni-based 
superalloys using Ni-P filler metal, t4~ This decrease in 
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dissolution time at higher brazing temperatures is due to 
increased phosphorous diffusion rates. It is apparent that 
the time for completion of dissolution in Figure 8 is much 
shorter than that in Figure 3, since the expelled liquid is 
much higher in phosphorous content than the equilib- 
rium concentration at the solid-liquid interface. Figure 9 
compares the liquid width/brazing temperature relations 
for constant and variable (unrestrained) liquid width sit- 
uations. The difference in dissolution width is largest at 
high brazing temperatures; e.g., at 1573 K, it is almost 
2.5 times larger when an unrestrained liquid width braz- 
ing situation is considered. 

Figure 10 shows the relation between holding time and 
the dissolution parameter P* (from Eq. [3]) for variable 
and constant liquid width situations. This particular re- 
lation is not linear at any brazing temperature when the 
liquid width is unrestrained (variable). It is almost linear 
when the liquid width is maintained constant during 
brazing operations, except in the very early stages and 
in the final stages of the dissolution process. However, 
it should be emphasized that although Figure 10 sug- 
gests some linear correlation between holding time and 
the dissolution parameter (P*) over a given range, this 
cannot be taken as confirmation that the Nernst-Brunner 
theory can be applied to TLP brazing situations. For ex- 
ample, Figures 2 and 7 clearly indicate that the phos- 
phorous concentration profile in the liquid confirms that 
conditions are far from those required by the Nerst- 
Brunner theory (no bulk liquid region or constant di- 
mension boundary layer exists). 

B. Dissolution Assuming a Finite Heating Rate 
between Tm and Tb 

When the TLP brazing process was first envisaged, 
the assumption was made that the heating rate from the 
melting temperature (Tm) of the filler metal to the bond- 
ing temperature (Tb) was infinite (Figure 11). In effect, 
the concentration of the melting point depressant in the 
liquid phase (after melting of the filler metal) is constant 
during the heating stage from Tm to Tb. This is the ver- 
tical line ab in Figure 11. This idea implies that base 
metal dissolution does not occur during heating and that 
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the solute concentration in the liquid changes along the 
path bc at the brazing temperature (Figure 11). How- 
ever, an infinite heating rate from temperature Tm to Tb 
is not really applicable to conventional fabrication 
situations. 

When the heating rate between Tm and Tb is finite, the 
solute concentration may change along the line ad in 
Figure 11, as an example. Also, as the heating rate de- 
creases, the melting point depressant will have more time 
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Fig. 11 - -Schema t i c  representation of  the TLP brazing process. 

to diffuse into the base metal, and this will decrease the 
amount of base metal dissolution that occurs during 
brazing, especially when thin filler metals are used. In 
addition, if there is sufficient solute diffusion into the 
base metal, the relationships between dissolved width 
(normalized with respect to filler metal thickness) and 
dissolution time (normalized with respect to the square 
of the filler metal thickness), which were determined 
for an infinite heating rate, may not apply. It is even 
possible that very slow heating rates will promote 
solidification during the heating cycle from Tm to Tb. 

Figure 12 shows the phosphorous distributions in liq- 
uid and solid at a brazing temperature of 1400 K, 
assuming a variable (unrestrained) liquid width condi- 
tion, a heating rate of 50 K/s ,  and filler metal thick- 
nesses ranging from 5 and 200/xm. The origin on the 
abscissa of Figure 12 is the center of the filler metal. 
The scale on the abscissa is selected so that the initial 
position of the solid-liquid interface is the same for both 
filler metal thicknesses. The phosphorous distribution in 
the liquid is almost uniform for the 5-/zm-thick filler 
metal). In contrast, a significant phosphorous concen- 
tration profile is exhibited in the case of the 200-/xm- 
thick filler metal. 
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Fig. 12--Phosphorous  distribution in liquid and solid nickel at 1400 K 
(assuming an unrestrained liquid width, filler metal thicknesses from 
5 to 200/zm, and a heating rate between Tm and Tb of 50 K/s). 
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Figure 13 shows the average phosphorous concentra- 
tions in the liquid at a range of heating rates (for 5- and 
200-/xm-thick filler metals). Decreasing the heating rate 
in the case of 200-/zm-thick filler metal shifts the curves 
to the left (to lower phosphorous concentration) on the 
diagram, and at a heating rate of 1 K/s, the phosphorous 
concentration nearly follows the liquidus line in the Ni-P 
equilibrium diagram. When a 5-/xm-thick filler metal is 
considered, the liquidus line is followed for heating rates 
less than 50 K/s. This shift in the liquid phosphorous 
concentration/temperature relation with heating rate and 
filler metal thickness is illustrated in Figure 14. The re- 
suits in Figure 12 and 13 were calculated assuming that 
the liquid width was unrestrained. Similar results were 
produced when a constant liquid width situation was 
modeled. 

Although Figure 12 considers dissolution when using 
a 200-/zm-thick filler metal, the typical thicknesses of 
brazing filler metals are much smaller than this value 
(around 50/xm). Similarly, heating rates of 50 K/s  may 
be difficult to achieve except in laboratory situations, 
and thus, the concentration of the melting point depres- 
sant in the liquid will deviate considerably from line ab 
in Figure 11. This deviation from the idealized filler metal 
melting assumption (ab in Figure 11) can be assessed for 
any given set of filler metal thickness, temperature, and 
heating rate conditions. The degree of uniformity of sol- 
ute diffusion during dissolution can be estimated by using 
the homogenizing index (z); i.e., 

z = L / V ~ p l t  [4] 

where L is the size of the zone in the liquid where dif- 
fusion occurs, Dp~ is the diffusivity, and t is the time. If 

1500 
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Fig. 13- -Average  phosphorous concentrations in liquid at a range of  
heating rates (for 5- and 200-/xm filler metal thicknesses). 
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Fig. 14 - -Ef fec t  of  decreasing heating rate or filler metal thickness 
on the liquid composition during TLP brazing. 

the maximum width of liquid (Xm) in previously calcu- 
lated results (Figure 4) is taken as L and if the diffusivity 
at a temperature midway between temperature Tm and Tb 
is taken as Dpl, then the value of t in Eq. [4] can be 
expressed as 

t = ( T  b - T m ) l / R h  [5] 

where R h is the heating rate. It follows that Eq. [4] 
becomes 

z = L / ~ / { ( T b  - Tm)Dp,/Rh} [6] 

The different temperature-composition paths a, b, c, 
and d during the heating cycle from Tm to Tb (Figure 14) 
can be described using a distribution index (a); i .e. ,  

a = [(Ca4 - Cleq)/(Ce - Cleq)] • 100 (pct) [7] 

where Ce is the eutectic concentration and C~ and Cteq 
are the maximum in liquid at a given temperature and 
the equilibrium liquidus concentration, respectively, t~ 
has a maximum value at the eutectic temperature and 
decreases with increase in temperature. Figure 15 shows 
the relation between z and ot in the temperature range of 
brazing operations (1323 and 1473 K), for various filler 
metal thicknesses and heating rates ranging from 0.1 to 
100 K/s. When z is less than 0.3, the value of a is less 
than 0.1, and the solute concentration in the liquid nearly 
follows the liquidus line. 

The influence of heating rate on the advance of the 
solid-liquid interface is shown in Figure 16 for a 200- 
/xm-thick filler metal. The amount of base metal dis- 
solved at temperatures between Tm and Tb and at the 
brazing temperature Tb depends on the heating rate. When 
the heating rate decreases, more base metal is dissolved 
at temperatures below Tb, and the amount of dissolution 
at Tb is less. For 5-/~m-thick filler metal brazed at heat- 
ing rates from 0.05 to 50 K/s,  more base metal is dis- 
solved as temperature rises, but there is negligible 
dissolution at Tb (Figure 17). At very low heating rates 
(0.05 to 0.5 K/s), the movement of the solid-liquid 
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Fig. 15--Relat ion between the homogenizing index (z) and distri- 
bution index (a) for a range of heating rates and filler metal thicknesses. 

interface is affected by solidification which occurs dur- 
ing the heating cycle. This solidification effect is mark- 
edly dependent on the diffusivity of the melting point 
depressant. If the melting point depressant had a much 
higher diffusivity value than phosphorous (e.g., boron), 
this solidification effect would be even more pronounced. 

It is also apparent from Figure 17 that the use of thin 
filler metals and slow heating rates will decrease the 
amount of base metal dissolved at any given tempera- 
ture. The differences between Figures 16 and 17 can be 
explained as follows: 

(1) Thick filler metal: In this case, the phosphorous con- 
centration prof'de in the liquid is not uniform (Figure 12), 
and solute diffusion from the liquid to the solid-liquid 
interface is the main driving force for dissolution. It fol- 
lows that a slower heating rate will produce more base 
metal dissolution in the temperature range between Tm 
and Tb. 
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Fig. 16- -Effec t  of heating rate on the advance of the solid/liquid 
interface at a brazing temperature of 1473 K (for a 200-/xm-thick filler 
metal and an unrestrained liquid width situation). 
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(2) Thin filler metal: In this case, the concentration pro- 
file in the liquid is uniform (Figure 12), and an increase 
in temperature is the prerequisite for further advance of 
the solid-liquid interface. This explains why no disso- 
lution occurs at the final brazing temperature. A tem- 
perature change from T~ to T2 produces a concentration 
change from Cn to Cn during an infinitesimal time in- 
terval, tl to t2 (Figure 18(a)), and the resultant advance 
is illustrated in Figure 18(b). The dotted area A~ must 
equal that of area A2 plus the diffused area Ad. Lowering 
the heating rate will increase A d and thus decrease A2; 
i.e., there will be less dissolution. However, if Ad > At, 
then area A2 will be negative and solidification will occur 
when heating between Tm and Tb. The transition from 
thick to thin filler metal melting characteristics can be 
estimated using the z or a parameters, and the critical 
condition will occur when z is around 0.3 and a is around 
0.1 (Figure 15). Also, a low heating rate will allow con- 
siderable diffusion of solute into the base metal, and this 
will markedly influence the isothermal solidification pro- 
cess that immediately follows dissolution. This effect is 
examined in detail in Reference 13. 

C. Dissolution When Using Ternary Ni-Cr-P 
Filler Metals 

The influence of chromium and phosphorous in com- 
bination on dissolution behavior during TLP brazing was 
examined by examining brazing with two different filler 
metal chemistries (Ni-ll wt pct P and Ni-14 wt pct Cr-10 
wt pct P). These alloys have identical eutectic temper- 
atures. In these calculations, the partition coefficient and 
liquidus gradient values in the Ni-Cr binary system were 
taken as 0.887 and 2.1 K /wt  pct. isi The diffusivity of 
Cr in solid Ni was calculated by using the relation i~41 

Dcrs = 1.1 exp (-65,000 [cal/mol]/RT) [cm2/s] 

Since the diffusivity of chromium in liquid nickel is 
not available in the literature, two values were examined 
for calculation purposes, that of phosphorous in liquid 
and one quarter of this value. When the phosphorous and 
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chromium diffusivities are identical, the time for com- 
pletion of the dissolution process is within 7 pct of that 
when using a simple Ni-11 pct P filler metal. However, 
if the diffusivity of chromium is taken as one quarter that 
of phosphorous, the time for completion of dissolution 
is 1.4 times as great as in the Ni-P filler metal case 
(Table I). If a high-diffusivity melting point depressant 
such as boron was used in the filler metal, the diffusion 
rate of this element would certainly be much faster than 
that of substitutional elements. Consequently, the dis- 
solution time when using a Ni-Cr-B filler metal would 

Table II. Effect of Base Metal Chromium Content 
on Dissolution and Isothermal Solidification 

during Transient Liquid-Phase Brazing 
(Assuming an Infinite Heating Rate between 

T. and T~ and a Ni-l l  wt pct P Filler Metal)* 

Base Metal 2Xm/h 0 tl/h 2 (s//xm 2) 

Pure Ni 2.37 4.3 • 10 -3 
Ni-14 pct Cr 2.57 5.13 x 10 -3 
Ni-20 pct Cr 2.67 5.47 • 10 -3 

*2X,~ = the maximum liquid width; t I = the time required for com- 
pletion of isothermal solidification; and h0 is the filler metal thickness. 

be much longer than that when using a simple Ni-B filler 
metal chemistry. Also, Table II shows the effect of  chro- 
mium content in the base metal on the time required for 
completion of dissolution, based on the assumption that 
the diffusivities of phosphorous and chromium in the liq- 
uid are identical. It is apparent that an increase in base 
metal chromium content increases both the liquid width 
(possibly due to a melting point depressant effect) and 
the time required for completion of dissolution. 

Based on the above argument, it is suggested that the 
time required for completion of  dissolution during TLP 
brazing of complex commercial superalloys will be in- 
creased due to the presence of elements other than the 
melting point depressant in the base metal or filler metal. 
This might explain the very long dissolution times ob- 
served when commercial Ni-based superalloys were brazed 
by using a boron-containing filler metal, t4~ 

VI. CONCLUSIONS 

Detailed modeling of dissolution during TLP brazing 
of Ni by using Ni - l l  wt pct P and Ni-14 wt pct Cr-10 
wt pct P filler metals has indicated the following. 

A. Assuming an Infinite Heating Rate between Tm 
and Tb 

1. Constant liquid and variable (unrestrained) liquid width 
brazing conditions produce different times for com- 
pletion of the dissolution process. Since it is difficult 
to control the liquid width in complex fabrication ge- 
ometries, it is likely that unrestrained liquid width 

Table I. Effect of Chromium Diffusivity in the Liquid on the Time Required for Completion of 
Dissolution during Transient Liquid-Phase Brazing with Different Base Metal/Filler Metal Combinations 

2XM* Heating 
Base Metal Filler Metal (/xm) Rate 

Pure Ni Ni-11 pct P 11.10 infinite 

Pure Ni Ni-14 pct Cr 11.90 infinite 
(assuming the diffusivity 
of P and Cr are identical) 

Pure Ni Ni-14 pct Cr-10 pct P 15.54 infinite 
(assuming the diffusivity 
of Cr is one quarter of P) 

*2Xu is the maximum liquid width produced during dissolution. 
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situations will occur, and this will markedly affect 
the optimum brazing cycle required for joining. 

2. For both constant and unrestrained liquid width con- 
ditions, the time required for completion of dissolu- 
tion is proportional to the square of the filler metal 
thickness, and the advance of the solid-liquid inter- 
face is approximately related to the inverse of the 
square root of the solute diffusivity in the liquid, ex- 
cept in the final stages of the dissolution process. Al- 
though phosphorous diffusion into the base metal is 
limited, it is important in calculations which deter- 
mine the time required for completion of dissolution. 

3. The essential requirement for application of the Nemst- 
Brunner theory, that bulk liquid exists with a thin 
boundary layer, is not supported by calculations that 
assume an infinite heating rate between the filler metal 
melting point, Tin, and the brazing temperature, Tb. 

4. The diffusion rate of phosphorous in liquid has a large 
influence on the rate of advance of the solid-liquid 
interface during dissolution, but the partition coeffi- 
cient of the solute has little effect on this parameter. 

5. When a multicomponent filler metal composition (Ni- 
l4 wt pet Cr-10 wt pet P) is used, the time for com- 
pletion of dissolution is longer than that when using 
a simple binary Ni-11 wt pet P Idler metal composition. 

B. Assuming a Finite Heating Rate between T,, 
and Tb 

1. The dissolution behavior that was modeled when as- 
suming an infinite heating rate between the filler metal 
melting point and the brazing temperature (dissolu- 
tion width normalized by the filler metal thickness 
and dissolution time normalized by the square of the 
filler metal thickness) was not followed when a finite 
heating rate was applied. 

2. As the heating rate or the filler metal thickness is de- 
creased, the phosphorous concentration in the liquid 
tends to follow the liquidus line. This tendency can 
be estimated by using the homogenizing index (z) 
which combines the effects of filler metal thickness, 
diffusivity in the liquid, brazing temperature and 
heating rate, and a distribution index a. The transi- 
tion from thick to thin filler metal melting character- 
istics occurs when z is around 0.3 and a is around 
0.1. 

3. For thick filler metals (around 200/zm), lower heat- 
ing rates produce more dissolution at any given tem- 
perature and less dissolution at the final brazing 
temperature. However, the dissolved width is almost 
unchanged for heating rates ranging between 0.1 and 
100 K/s  and is similar to that produced when an in- 
finite heating rate between Tm and Tb is assumed. This 
behavior was explained by the nonuniform phospho- 
rous concentration profile present in the liquid. 

4. For thin filler metals (around 5/zm), lower heating 
rates produce less base metal dissolution (at any tem- 
perature) and negligible dissolution at the brazing 
temperature due to the uniform phosphorous concen- 
tration in the liquid and to solute diffusion into the 
base metal. At very low heating rates, solidification 
can occur when heating from the filler metal melting 
point to the final brazing temperature. 

APPENDIX 

Details of the numerical analysis 

This program involved explicit forward finite differ- 
ence modeling. The approach used in this work is similar 
to that published by Matsumiya. [15] 

A. Coordinate System Employed 

Half of the filler thickness is divided into Nd (5 to 20) 
meshes, each of width AX, except for mesh point 1, which 
had a width AX/2. Meshes 2 to 4Nd had width AX; from 
4Nd+] to 6Nd they had width 5AX. Those from 6Nd+l to 
8Nd had widths of 25AX, and those from 8Na+l to 12Na 
had widths of 125AX. It follows that the analysis matrix 
was 620 times as large as half the thickness of the filler 
metal. The coordinate system employed during finite 
difference modeling is shown in Figure 1A. 

B. Stepwise Advance of the Interface 

Fick's second law was solved numerically by repeat- 
ing a procedure of sudden advance of the solid-liquid 
interface followed by a transitory pause. This is shown 
schematically in Figure 2A (i.e., Figure 2A(a) just be- 
fore an advance and Figure 2A(b) just after an advance). 
For any advance, the conservation of mass requires 

C~(i) + C,(i + i) = C,b(i + I) + C,b(i + 2) [I] 

where the subscript b applies to just before the advance 
and i refers to the mesh located in the liquid just at the 
solid-liquid interface. However, for local equilibrium, 

C,(i + i) = kC,(i) [2] 
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where k is the partition coefficient of the solute. From 
Eqs. [1] and [2], we have 

C,(i) = [C,~,(i + I) + C,b(i + 2)]//(i + k) [3] 

C,(i + I) = k[Csb(i + I) + C,b(i + 2)]/(I + k) [4] 

In the computer program, Csb(i + 1) and Csb(i + 2) 

in Eqs. [I], [3], and [4] are expressed as Csb(i ) and 
Csb(i + 1), since i increases by one at the moment of 
advance of the solid-liquid interface. 

During isothermal solidification, the solute distribu- 
tion just before and just after the sudden retreat of the 
solid-liquid interface was examined as follows. The con- 
centrations in the liquid and solid at the interface are 
given by the equations: 

Ct(i) = [Clb(i --  1) + Clb(i)]/(1 + k) [5] 

C,(i + I) = k[Ctb(i + I) + Clb(i)]/(1 q- k) [6] 

In the computer program, C~b(i - I) and Ctb(i) in Eqs. [5] 
and [6] are expressed as Ctb(i) and Ctb(i + l) since i 
decreases by one at the moment of retreat of the solid- 
liquid interface. 

liquid interface). As a result, the interface will suffer a 
transitory phase until this deviation disappears. After this 
difference in solute concentration disappears, the solid- 
liquid interface again advances. The explicit finite dif- 
ference method calculates the solute distribution during 
this transitory pause by analyzing Fick's second law. The 
above equations can be expressed containing Dt and D, 
as the diffusivities of the solute in the liquid and in the 
solid and At as the time interval which prevents any di- 
vergence in the calculated result; i.e., for mesh point 1 
in the liquid, 

Ct(1) = Clb(1) q" 2Dt[Ctb(2) - fib(l)] At/AX2i [7] 

For a general mesh point in the liquid, 

Cl(n) = Clb(n) + Dl[(Clb(n + 1) 

- 2Ctb(n) + Ctb(n -- 1)]At/AX~ 

]8] 
For mesh points i and i + 1, 

C~(i) = C~b(i) + D~[Ct~(i - 1) - C~b(i)] 

�9 At lAX~/(1 + k) 

+ Ds[Ctb(i + 2) - Csb(i + 1)] 

�9 a t ~ a x e ~ ( 1  + k) [9] 

Cs(i + 1) = kC,(i) [10] 

For a general mesh in the solid, 

C,(n) = C,b(n) + Ds]Cs~(n + 1) -- 2C~b(n) 

+ C,b(n -- 1)] At/AX~ [11] 

In these equations, AX is AXi if n is less than or equal 
to 100 or AXE if n is greater than 100. 

D. Determination of Liquidus Temperature 

The liquidus temperature at the solid-liquid interface 
(T~) is calculated using the relation 

Tli : Z m q- G I [ C  e - -  C l ( i )  ] [12] 

where Tm is the eutectic temperature, Gi is the liquidus 
gradient in the liquid, Ce is the phosphorous content at 
the eutectic point, and Ct,) is the phosphorous concen- 
tration in the liquid at the interface. 

In the case of a ternary system, the liquidus temper- 
ature is calculated from the relation 

Tti = T, + Gl l [Ce l  - -  C l l ( i ) ]  

d- Gl2[Ce2 - Cl2(i)] [13] 

w h e r e  Gt2 is the liquidus gradient in the liquid due to 
chromium, Cel and Ce2 are the eutectic concentrations in 
the case of the Ni-Cr-P ternary, and Cz<i) is the chromium 
content in the liquid at the interface. 

C. Transitory Pause of the Solid-Liquid Interface 

The concentration values expressed in Eqs. [3] through 
[6] deviate from those in equilibrium at the brazing tem- 
perature (during a sudden advance or retreat of the solid- 

E. Transition from Dissolution to 
Isothermal Solidification 

The transition from dissolution to solidification occurs 
when the liquidus temperature at the interface diverges 
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from the actual temperature during the transitory pause 
and is illustrated in Figure 3A. The average temperature 
of all meshes in the liquid is the criterion used to assess 
the start of the isothermal solidification process during 
TLP brazing; i.e., during melting, the average temper- 
ature of the liquid is generally lower than that of the 
brazing temperature but gradually rises because of the 
dilution during melting and solute diffusion into the base 
metal. As a result, calculations of base metal melting are 
continued as long as the average liquid temperature is 
less than the brazing temperature. 

The average liquidus temperature, Tray, is calculated 
using the equation 

Tlav = Te + GI(Ce -Clav)  [14] 

where C~v is the average concentration of solute in the 
liquid and is given by the equation 

Cta~ = ~ Ct(n)/(i + 0.5) [15] 

For the ternary alloy's situation, the equations are mod- 
ified in a similar manner to Eq. [13]. 

F. Variable and Constant Liquid Width Situations 

It is important to deduce which mesh number should 
draw off the liquid in order to keep the liquid width con- 
stant at the moment of advance of the solid-liquid inter- 
face. Since liquid near the solid-liquid interface is less 
likely to be removed due to surface tension effects, it is 
assumed that liquid at the center of the joint region is 

expelled. For a constant liquid width situation, liquid 
is expelled, and it is assumed that liquid having an av- 
erage composition is removed from the joint. In effect, 
a mesh point i/2 is removed just before the advance of 
the interface. This assumption of an average liquid com- 
position being removed is an approximation but is a use- 
ful method of handling the problem. During modeling, 
Cl(n ) is substituted to the (n - 1)th mesh point just prior 
to the advance of the interface, where 2 < n < i. Also, 
i is kept constant when the interface advances. ' 

G. Melting of Base Metal and Solidification during 
the Heating Cycle from the Insert Melting Point to the 
Brazing Temperature 

If the heating rate is very slow, it is possible for so- 
lidification to occur during the heating stage. In this case, 
the brazing temperature is changed to a temperature Ta 
during heating; i.e., 

Ta = Te + Rht [16] 

where R h is the heating time and t is the time lapse after 
melting of the filler metal. 
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