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The High-Temperature Wetting Balance and 
the Influence of Grit Blasting on 

Brazing of IN718 

Different grit blasting materials and mechanical polishing were 
compared to determine their influence on wetting 

BY H. D. SOLOMON, R. E. DELAIR, AND J. THYSSEN 

ABSTRACT A high-temperature wetting 
balance was developed to provide infor- 
mation about the wetting force and its 
time dependence. The instrument and the 
development of the wetting force are dis- 
cussed. As example of the operation of 
this instrument, data are presented on the 
effects of grit blasting of IN718 on the wet- 
ting by AMS4777 (AWS BNi-2). The grit 
blasting was done with A1203, SiC, and a 
Ni-Cr-Fe alloy, and contrasted with me- 
chanical polishing. Grit blasting with 
Al20 3 hinders subsequent wetting, but 
mechanical polishing of this grit-blasted 
surface restores the wettability. Grit blast- 
ing with the Ni-Cr-Fe alloy did not impede 
subsequent wetting. The effect of grit 
blasting with SiC was intermediate com- 
pared to that of the other two media. The 
measured time dependence of wetting 
stems from the time dependence of the 
chemical reactions (such as the dissolu- 
tion of oxides, the diffusion of braze con- 
stituents into the substrate, and the devel- 
opment of intermetallic compounds) that 
occur when a substrate reacts with a liquid 
braze. 

Introduction 

Wetting balances have been used for 
many years to characterize the wetting be- 
havior required for high-quality solder 
and brazed joints (Refs. 1-11). Most of 
these studies (Refs. 1-8) have been re- 
stricted to soldering because the commer- 
cial instruments do not operate at the ele- 
vated temperatures required for brazing, 
and they do not have the capability to op- 
erate in the inert environments that are 
generally required. This paper describes, 
in some detail, a simple wetting balance 
built for brazing studies. The classical in- 
terpretation of the wetting force that is 
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measured by the balance is discussed, as 
are newer approaches that account for the 
chemical reactions that generally accom- 
pany the wetting of a metal by a liquid 
braze. These newer approaches explain 
the origin of the time-dependent behavior 
that is measured by the wetting balance. 

The problem of surface preparation via 
grit blasting is addressed with the wetting 
balance. Different grit blasting media and 
mechanical polishing are compared in 
order to determine their influence on sub- 
sequent wetting. 

Background 

The wetting force concept was devel- 
oped more than 100 years ago, and it ade- 
quately describes the physical wetting 
where chemical reactions do not play a 
role in wetting. More modem approaches 
to wetting take chemical reactions into ac- 
count and the influence of these on the ki- 
netics of wetting. The consideration of 
chemical reactions provides the means for 
explaining the origin of the time depen- 
dence of wetting that is measured by the 
wetting balance. This is an important con- 
sideration because one of the chief bene- 
fits to performing a wetting balance test is 
that it provides information on the wetting 
time, which is not obtained by the simple 
measurement of the wetting angle of a 
drop solidified onto a substrate. The wet- 
ting balance also provides quantitative 
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data on the magnitude of the wetting 
force. 

The classical interpretation of the wet- 
ting force is that of a force developed by 
the balance of surface tensions acting on a 
liquid in contact with a solid surface. It as- 
sumes no chemical interaction of the liq- 
uid and the surface. The surface tension is 
defined as the change in free energy of a 
system as a function of the change in area 
of a boundary between phases. It has units 
of an energy/area or force/length. The 
equilibrium of the various forces/length 
that arise when phases are in contact can 
be treated by the simple mechanical bal- 
ance of forces shown in Fig. 1. 

The wetting angle, 0, is defined by the 
balance of the forces/lengths developed 
between the solid, liquid, and the sur- 
rounding vapor where ~tSL is the interfacial 
tension between the liquid and the solid, 
and Ysv and ~tLV are the surface tensions 
between the solid and the vapor and the 
liquid and the vapor, respectively. This 
balance of surface forces yields 

'~SV = ](SL + (~/LV COS O) (1) 

The difference between 7sv and ~tSL has 
been termed the wetting force, which rep- 
resents the difference in the energy/area 
(or the force per unit length) when a given 
area of solid, in contact with a vapor, is re- 
placed by a liquid. Correcting for the 
perimeter, L, to give a force F, rather than 
a force per unit length, gives 

F = L (Tsv - YSL) = L  ~/LV cos 0 (2) 

The magnitude of the wetting force is im- 
portant because this force controls capri- 
lary action (for instance, the force which 
draws the liquid braze into a gap between 
parallel plates) and is, along with the vis- 
cosity, the physical property that deter- 
mines the time required for wetting (Ref. 
3). Equation 1 was developed from purely 
mechanical arguments by Young (Ref. 12) 
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and Dupr6 (Ref. 13), and is, therefore, re- 
ferred to as the Young or Young-Dupr6 
equation. This expression can also be de- 
rived from thermodynamics (Refs. 10, 
14-29). 

These mechanical and the earliest 
thermodynamic models considered the 
solid-liquid interface as having zero thick- 
ness with no compositional mixing within 
the layer or chemical reaction between the 
solid and liquid. This is wetting in the ab- 
sence of surface chemical reactions. Reac- 
tive wetting, which considers surface reac- 
tions, has been described by more modern 
approaches (Refs. 10, 22-29). These reac- 
tions include the development of bound- 
ary layers in the braze and solid being 
brazed, diffusion into these layers, oxida- 
tion and reduction reactions at the sur- 
face, and, most importantly, the formation 
of intermetallic phases at the solid-liquid 
interface. Brazing almost always involves 
this reactive wetting. Reactive wetting is a 
dynamic process, as the reaction times 
govern the development of the wetting 
force and the time required for brazing. 
The wetting balance measures this wetting 
time, as well as the magnitude of the wet- 
ting force. Generally (Ref. 10), the en- 
ergy/area of the surface reaction is much 
larger than the conventional definition of 
the solid/liquid interfacial energy. For in- 
stance, Yost and Romig (Ref. 26) have 
shown that for Pb/Sn solder wetting Cu, 
the energy/area associated with inter- 
metallic phase formation is more than an 
order of magnitude greater than the inter- 
facial surface energy in the absence of in- 
termetallic phase formation. While the 
specific details of reactive wetting are be- 
yond the scope of this paper, it is impor- 
tant to remember that the time depen- 
dence of the wetting force that is being 
measured is primarily due to the effects of 
surface reactions and their influence on 
YSL, and as Equation 2 shows on the mea- 
sured wetting force. (The viscosity of the 
liquid can also introduce time depen- 
dence, but is not a problem for brazes be- 
cause of their low viscosities.) 

The Wetting Balance 

A wetting balance (known in the phys- 
ical chemistry literature as a Wilhelmy bal- 
ance) is a device that measures the wetting 
force, F, being generated by a liquid wet- 
ting a solid. The device consists of a spec- 
imen (substrate), which is to be wet, sus- 
pended from a balance or load cell. A 
crucible containing the braze liquid is 
raised, eventually submerging the sub- 
strate by a predetermined amount. This 
creates a buoyancy force that pushes the 
sample upward, lessening the weight being 
measured. If wetting does not develop, the 
wetting force will also be negative and it 
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Fig. 1 - -  Balance of surface forces. 
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Fig. 2 - -  Development of the wetting force (Ref. 2). 

will act along with the buoyancy force to 
expel the sample from the liquid. (By con- 
vention, upward forces are considered 
negative and downward forces positive.) 
When, and if, a positive wetting force de- 
velops, the wetting force will pull the sam- 
ple into the crucible, increasing the mea- 
sured weight. The net force, FN, measured 
by the balance is given by 

FN=L "/LV COSO - -  Pb g Vd (3) 

where Pb is the density of the braze, g is the 
gravitational constant, and V d is the vol- 
ume of displaced liquid. L YLV cos0 is pos- 
itive when 0 is less than 90 deg. F N is pos- 

itive when L ~[LV COS0 > pbgVd. From Equa- 
tion 2, the wetting force per unit length of 
perimeter, F/L, is thus given by 

F/L = YLV COS0 = (F N + Pb g Vd)/L (4) 

Thus, the wetting force per unit length can 
be determined from FN, the output from 
the weighing instrument. Equation 4 
shows that a correction must be made for 
the buoyancy effect of the liquid that is dis- 
placed. The density of the liquid braze can 
be determined from literature values, or 
additional experiments. As shall be dis- 
cussed, as the volume Vd, defined by the 
substrate area and the depth of immer- 
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Fig. 3 - -  Schematic o f  the braze balance. 

sion, is generally small, the buoyancy cor- 
rection is likewise small, so accurate de- 
terminations of the braze density are not 
crucial for the determination of the wet- 
ting force. If the surface tension, 7LV, is 
measured separately, then Equation 2 can 
be used to determine the wetting angle, 0. 

When a sample is immersed in a liquid, 
a meniscus will develop at the line of con- 
tact between the liquid and solid. The 
force defined by Equation 2 is the force 
developed by this meniscus. It has been 
shown (Ref. 30) that the force of the 
meniscus described by Equation 2 is valid 
even if the meniscus is curved, so long as 
the solid is perpendicular to the liquid and 
the wetting angle is constant around the 
perimeter. The perimeter L is that defined 
by the projection of the actual perimeter 
onto the plane of the liquid. Thus, if the 
meniscus is advanced or retarded in some 
places, this does not influence the mea- 
sured value of F N, or the calculated wet- 
ting force. 

Figure 2 shows (Ref. 2) a typical wet- 
ting balance force record, with a down- 
ward force being defined as positive. This 
figure also shows the position of the cru- 
cible relative to the substrate, correlated 
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with the measured 
force. The test 
starts with the cru- 
cible below the sub- 
strate (a). Immer- 
sion is 
accomplished by 
moving the crucible 
up at (b) and wet- 
ting occurs during 
(c) and (d). At (e), 
the crucible is low- 
ered, with the sub- 
strate being com- 
pletely out at (f). 
This typical wetting 
curve shows how F N 
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Fig. 4 - -  Wetting behavior o f  AMS4777  on IN718, which was grit blasted with 
A l  eO 3 prior to wetting. A - - A t  1075°C in 4.3 × 10 -6 torr; B - -  at 1068°C in 5 
x 10 -6 tort:. 

increases with time 
(b-e), reaching a 
steady state value at (d). (Figure 2 shows 
the net force, F N. F/L is determined from 
the balance output shown in Fig. 2, and the 
corrections for buoyancy and L, as given in 
Equation 4.) The F N curve of Fig. 2 de- 
fines the point in time (point c) where the 
measured force just equals that due to 
buoyancy, i.e., where wetting angle is 90 
deg and the wetting force, F/L, is zero. 
(The measured net force is still negative 

here because of the effect of buoyancy.) 
Increases in the net force shown in this fig- 
ure are due to decreases in the wetting 
angle, or changes in 7LV, if it is not con- 
stant. If 7LV is assumed to be constant, 
then when the measured force increases 
above point c, it is because the wetting 
angle has decreased to below 90 deg. 

Wetting balance measurements have 
been used primarily to describe liquid sol- 
der wetting a metal (Refs. 1-8). Here, this 
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Fig. 5 - -  Wetting behavior of  AMS4777 on IN718, which was polished with 400-grit paper after an AI203 grit blast. A - - A t  1065°C in 4.4 x 10 -6 torr; B - -  at 
1075°C in 5.8 x 10 -6 tort. 

approach is extended to the higher tem- 
peratures required for brazing. 

The High-Temperature Wetting Balance 

There are several commercial wetting 
balances available for the measurement of 
the wetting of solders, with a maximum 
temperature of operation of about 400°C. 
Furthermore, the solder and substrate are 
heated in air. For brazing, the temperature 
of operation must often exceed 1000°C and 
the substrate and braze must be heated in 
a controlled environment. A special wet- 
ting balance (Ref. 31), built to achieve 
these conditions, is shown in Fig. 3. 

A Ti support rod is connected to the 
load cell and a fine Pt wire is connected to 
the rod. A pendant is connected to the 
wire and the substrate is either spot 
welded to the pendant or attached with Pt 
wires by means of holes drilled into the top 
of the substrate. The pendant provides 
about 30 g of force to push the substrate 
into the braze, while still having a flexible 
link to prevent damage to the load cell by 
inadvertent upward forces. 

The substrate and crucible containing 
the braze material are contained within a 
quartz tube that can be evacuated or filled 
with inert gas. The A120 3 crucible con- 
taining the braze is connected to a linear 
motor through a bellows coupling, en- 
abling the crucible to be raised or lowered, 
while maintaining the environment in the 
tube. For tests run with the tube evacu- 
ated, the motor must be strong enough to 
overcome the atmospheric pressure acting 

against the end of this evacuated tube 
(which is required when moving the cru- 
cible down at the end of the test). The 
rough pump and diffusion pump (with a 
cold trap) that was used was capable of 
achieving pressures as low as 5 X 10 -7 torr, 
but generally evacuation was only contin- 
ued long enough to achieve 1-2 X 10 -6 torr 
at room temperature. The pressure rises 
on heating due to outgassing. To prevent 
high-temperature oxidation, the braze 
and substrate were preheated to about 
300°C and outgassed by lowering the pres- 
sure to about 5 X 10 -.6 torr. Further heat- 
ing was in stages maintaining the pressure 
below 10- 5 torr. This was continued until 
the test temperature was reached, and the 
test was run with a vacuum of less than 
10 -5 torr. These are nominal pressures, 
which are measured in the vacuum system, 
between the furnace and pump. As such, 
they are somewhat lower than what is ac- 
tually achieved at the heated substrate, 
but correspond to what might be mea- 
sured in a typical vacuum furnace. 

When an inert gas is used, an initial 
pump-purge procedure is used to remove 
the residual oxygen, and the gas is purified 
by a high-temperature getter prior to en- 
tering the test chamber. This getter is not 
used when a reducing gas is used. 

A split, four-element elliptical radiant 
heater is used to heat the substrate and 
braze. The crucible acts as a susceptor, 
heating both the braze and substrate 
(whose initial position is within the cru- 
cible, but above the braze). A conven- 
tional resistance wound furnace can also 

be used, but suffers from the limitation 
that a furnace temperature of more than 
1000°C exceeds the quartz softening tem- 
perature, preventing the use of a resis- 
tance furnace at very elevated tempera- 
tures. The radiant furnace overcomes this 
problem because the quartz is largely 
transparent to the radiant energy and 
therefore does not heat to extremely high 
temperatures. The radiant furnace also 
heats and cools rapidly, thereby decreas- 
ing the time to perform an experiment. An 
A120 3 tube could be used with a resistance 
furnace, but the lack of transparency 
makes setting up the test very difficult. 

Three Pt thermocouples (TC) are used 
to control the temperature and to monitor 
the test. Two are located within the braze 
(protected by small-diameter closed-end 
A120 3 tubes). The third TC is located 
within the crucible at the height of the sub- 
strate, but not within the braze. One of the 
submerged TCs is used to control the tem- 
perature; the other is used as a reference 
to increase the accuracy of the tempera- 
ture measurements by averaging two read- 
ings and to get an idea of the temperature 
gradients that are present within the braze 
liquid. The temperatures of two thermo- 
couples in the braze were within 1% 
(about 10°C) of each other (usually the 
difference was less than 5°C). These dif- 
ferences reflect the accuracy of the ther- 
mocouples (0.25% or 2.6°C) and gradients 
in the liquid, which cause spatial tempera- 
ture variations. 

The system is run under computer con- 
trol. Velocity of the A120 3 crucible is con- 
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trolled, as is the depth of the substrate's 
immersion into the braze. The depth of 
immersion is determined by monitoring 
the weight of the system and by noting the 
reduction in weight associated with the 
braze contacting the substrate. This trig- 
gers a timing circuit, and the motion of the 
crucible is stopped at the time equal to the 
preset  depth divided by the velocity of 
travel. The duration of exposure is also 
preset. When this time is reached, the cru- 
cible is lowered, completing the test. The 
computer creates a file containing output 
of the load cell, the temperature and posi- 
tion of the crucible, all as a function of 
time, in increments as small as 0.026 sec- 
onds. (The initial readings are at this high 
rate, but the rate is decreased after the 
first 30 seconds to one per second.) A strip 
chart recorder is also used to monitor the 
load cell and thermocouple signals as a 
function of time. This is done as a backup 
to the computer and to provide a real-time 
analog output. 

Surface Tension and Wetting Angle 
Measurements 

A wetting balance measures the wet- 
ting force per unit length, which is the 
product of the liquid surface tension and 
the cosine of the wetting angle. If the sur- 
face tension is known, then the wetting 
angle can be easily calculated. (Immersion 
devices have been built that measure the 
wetting angle (Refs. 4, 5), and wetting bal- 
ances have been built that incorporate the 
ability to measure the wetting angle (Refs. 

9, 10) in addition to the wetting force. 
These latter devices are, however, consid- 
erably more complicated than the one dis- 
cussed here.) Surface tension values can 
be estimated from the l i terature (Refs. 
32-38) or determined from Sessile Drop 
experiments (Refs. 10, 33, 39) performed 
on the exact braze being studied. Like- 
wise, the braze density can be estimated 
from the literature (Refs. 32-38) or mea- 
sured on the braze being studied. 

The wetting balance can also be used to 
directly determine a lower limit to the sur- 
face tension. If there is initial nonwetting, 
a negative wetting force will be measured. 
If it is assumed that this is developed when 
the wetting angle is 180 deg (cos0 = -1), 
then a minimum value of the surface ten- 
sion is obtained from this wetting force. 
This is a minimum value because the wet- 
ting angle is likely to be less than 180 deg, 
and the surface tension must be larger to 
yield the same value for ~LV COS 0. Like- 
wise, a minimum value for the surface ten- 
sion can also be determined from the max- 
imum positive wetting force, if it is 
assumed that this occurs when the wetting 
angle is reduced to zero (cos 0 = 1). 

Influence of Substrate Dissolution 

As has been noted, wetting balances 
have been used for many years to study 
soldering. Their use to study brazing re- 
quires higher temperatures and control of 
the atmosphere. Both soldering and braz- 
ing involve reactive wetting, but with braz- 
ing there is the added complication that 

some of the surface being brazed may dis- 
solve into the braze. (This can occur dur- 
ing soldering, but is much less prevalent 
because of the lower temperatures  re- 
quired for soldering.) Substrate dissolu- 
tion complicates the wetting balance mea- 
surements in several ways. Dissolution of 
the substrate can alter the braze composi- 
tion, but because the volume of the braze 
is orders of magnitude greater than the 
volume of the substrate that might dis- 
solve, it is neglected here. (In the experi- 
ments described here, the volume of the 
braze was on the order of 5 cm 3. The sub- 
strate being wet was 1.0 cm wide, 0.038 cm 
thick, and in all but one experiment, im- 
mersed 0.25 cm (in that test the immersion 
was only 0.025 cm). If all of the immersed 
volume dissolves, it is only about 10 -2 cm 3, 
so the effects of substrate dissolution on 
the braze composition were neglected.) In 
actual brazing, the influence of dissolved 
substrate cannot be neglected, since the 
volume of the braze is generally very 
small. This can be studied with a wetting 
balance if the braze composition is suit- 
ably altered to account for dissolved sub- 
strate. This was not done here because the 
focus was the relative effect of different 
grit blasting media. 

In addit ion to possibly altering the 
braze composition, dissolution of the sub- 
strate can also alter the measured wetting 
force. This is best seen with reference to 
Equat ion 3, which describes the force 
measured by the load cell, relative to the 
weight before immersion into the braze. 
The actual force being measured is that 

k,t:P,i~l OCTOBER 2003 



~ [ 5 -  

~ -5 - 

T = ~ 5  - 
~'~o- 
== ~-5 -- 

,~. 1 . 5 -  

~ 0.5- 

~ 0.0- 

~ -0.5 - 

~ -1.0 - 

~ -1 5 - 

A 

___-- . - 

Lr  
J ~  

ANS4777 on IN718 at 1069 C in 9x10 6 torr 
Nicroblast ~---Max.  Force= 

( f to=l .5sec.  | 1"28 N/m l 

t9o./o= 50 s e c . ~  

Buoyancy Force/C (N/m) ~1 
~ ( D e n s i t y  

0 100 200 300 400 500 600 

Time (Seconds) 

_E ~ t  - 5  

> 

[ 

B 4 600 

Fig. 7 - -  Wetting behavior o f  AMS4777  on IN718, which was grit blasted with Nicroblast prior to wetting. A - -  A t  1069°C in 9 x 10 -6 torr; B - -  at 1063°C in 6 
x 10- 6 tort. 

given by Equation 3 plus the weight of the 
substrate, pendant,  and support wire. 
When some of the substrate submerged 
into the braze dissolves, there will still be 
a wetting force exerted by the braze that 
wets the sides of the substrate above the 
submersion line. The only change in the 
force that is measured is that due to 
changes in the buoyancy force and weight 
of the dissolved substrate. If some, or all, 
of the substrate dissolves, then the buoy- 
ancy force associated with this material is 
decreased. If all of the material dissolves, 
then the -pbgVd term of Equation 4 goes 
to zero, and the load cell will measure an 
increase in force, because of the decrease 
in the negative buoyancy force. If the vol- 
ume of this dissolved material is Vd, then 
this increase is just pbgVd (where Pb is the 
density of the liquid braze). The dissolu- 
tion of a volume V d of the substrate causes 
the substrate to get lighter by an amount 
psgVd (where Ps is the density of the solid 
substrate), i.e., the load cell will measure 
a decrease in force of psgVd. Thus, some 
of the change in the net force that is at- 
tributed to the action of wetting may be 
due to the reduction in weight of the sub- 

Table 1 - -  Braze Material and Blasting Conditions 

Material Grit Particle Shape Pressure Standoff 
Size Distance 

A1203 -240 (Mesh) Angular 40 Ib/in. 2 3-4 in. 
SiC -240 (Mesh) Angular 40 lb/in. 2 3--4 in. 
Nicroblast -60 (Mesh) Round 40 lb/in. 2 3 4  in. 

strate. To correct for the decrease in the 
buoyancy, one must subtract pbgVd from 
the measured force. To correct for the de- 
crease in the weight of the dissolved sub- 
strate, one must add psgVd tO the mea- 
sured weight. The correction to F/L is thus 

F/L correction for dissolution of 
submerged substrate = (p~-pb)gVd/L (5) 

Since V d is generally small and (Ps-Pb) is 
also generally small, this effect is small and 
can be neglected. 

The preceding assumes that the only 
dissolution occurring is from material sub- 
merged in the liquid braze. Sometimes the 
braze that wets the substrate above the 
bulk braze causes dissolution through the 

thickness and along the sides of the sub- 
strate, or only a portion of the substrate is 
wet. In these cases, the perimeter is de- 
creased, and it is necessary to correct the 
calculated wetting force for this change. 

Experimental Procedures for the 
Illustrative Tests of Brazing 
on IN718 

In these tests, the substrates were re- 
ceived after grit blasting. They were spot 
welded to the pendant, and then the sub- 
strate and pendant were degreased in al- 
cohol. The pendant was then installed in 
the balance and the assembly pumped 
down and heated, as described above. The 
substrate being wet was 1.0 cm wide, 0.038 

Table 2 - -  Nominal  Composition of  IN718 and AMS 4777 (AWS BNi-2) Wt-% 

Ni Cr Fe B Mo AI Ti Si 

IN718 Bal 19 18.5 - -  3 0.5 0.9 - -  

AMS 4777 Bal 7.0 3.0 3.1 - -  0.05 0.05 4.5 
Max Max 

S P C Zr 

- -  - -  0.08 - -  
Max 

0.02 0.02 0.06 0.05 
Max Max Max Max 
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Fig. 8 - - A  - -  1N718 grit blasted with A1203; B - - A I  dot map for the same area. 

Table 3 - -  Wet t ing  Test Resul t s  

Grit Blasted to tg0~ tg0%/tmax 
With (seconds) (seconds) 

A1203 + 600 (no wetting) -(600 second test) - -  
A1203 367 569 (600 second test) 0.95 
A1203 29 217 0.72 
400~ Paper 0.33 (shallow immersion) 132 0.44 
Polish after A1203 
400~ Paper 6.4 120 0.40 
Polish after A1203 
SiC 0.06 21 0.07 
SiC 4.5 140 0.35 
SiC 37 218 0.73 
SiC 113 273 0.92 
Nicroblast 1.5 50 0.17 
Nicroblast 1 41 0.14 
Nicroblast 60 236 0.79 

Except where noted, the duration of the brazing was 300 seconds at 1070°C. 

Max Force 
(N/m) 

-0.18 
0.09 
0.60 
1.25 

0.99 

1.24 
1.29 
1.07 
0.48 
1.28 
1.25 
0.98 

cm thick, and immersed 0.25 cm or 0.025 
cm in one test. 

Three materials were used for the grit 
blasting: A120 3, SiC, and Nicroblast  (a 
proprietary Ni-Cr-Fe alloy powder made 
by the Wall Colmonoy Corp., which is eas- 
ily wet by Ni base brazes). The grit size, 
shape, and blasting conditions are given in 
Table 1. The nominal compositions of the 
IN718 and AMS4777 are shown in Table 2. 

Results and Discussion of the 
Influence of Surface Preparation 
on the Wetting of IN718 

Figures 4-7 show the results of repre- 
sentative wetting balance tests run on 
IN718 substrates wet in vacuum with 
AMS4777 (AWS BNi-2) at 1060-1075°C. 
The tabulated values of the results for all 
of the tests are given in Table 3. These re- 
suits are provided both as an illustration of 

the use of the high-temperature wetting 
balance and to provide practical guidance 
on the preparation of surfaces for good 
wetting. 

In Figs. 4-7, the top graph shows the 
immersion depth vs. time and shows when 
complete immersion started and stopped. 
Timing starts when the substrate first 
touches the braze. The zero depth denotes 
the depth where contact between the 
braze and substrate just begins (at time 
zero). In most experiments, the immer- 
sion depth was 0.25 cm. In one (Fig. 5), it 
was only 0.025 cm. Shallow immersions 
were primari ly used in tests where the 
braze temperature was between the liq- 
uidus and solidus, so that the substrate 
does not hit the solid upon immersion. 
The test temperature used in the experi- 
ments shown here was above the liquidus, 
so this was not a problem. Thus, the 
deeper immersion depth was used in all 

but one of the experiments (Fig. 5) de- 
scribed here. Negative depths denote  
where, at the beginning of the experiment, 
the braze has not yet contacted the sub- 
strate, or at the end of the experiment, 
where the braze has been pulled down 
away from the substrate. The very shallow 
immersion resulted in almost no buoyancy 
correction (which depends upon the vol- 
ume of the immersed substrate) and a very 
short wetting time. 

The middle part of each figure shows 
the weight change, relative to the initial 
weight, that is set to zero. The bot tom 
graph is the most critical one. It shows the 
wetting force, as calculated from Equation 
4. This force is the weight, measured by 
the load cell (zeroed with respect to the 
initial weight), plus the calculated buoy- 
ancy force (pbgVd), divided by the calcu- 
lated perimeter ,  L (Equation 4). The 
buoyancy force divided by the substrate 
perimeter is also shown to illustrate that 
the buoyancy correction is small. (The 
buoyancy curve is shown for reference 
only; the buoyancy factor is already incor- 
porated into the wetting force curve via 
Equation 4.) The immersion volume and 
per imeter  have been corrected for the 
thermal expansion of IN718 (with a mean 
expansion coefficient (Ref. 40) of 10 -5 
cm/cm/F, so the correct ion is 1.02 for 
1070°C (1958°F)). The correction to the 
volume is 1.04. (Only the specimen width 
and thickness have to be corrected for 
thermal expansion. The depth of immer- 
sion does not have to be corrected because 
it is set by the rate and time of immersion, 
not the specimen length.) 

The buoyancy correction requires a 
knowledge of the density of the braze, 
which is unfortunately not a readily avail- 
able quantity. For Ni (the primary con- 
stituent of the braze, which is about 80% 
wt-% Ni) at its melting point, the density 
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Fig. 9 - -  A - -  IN718 grit blasted with AI203 and  then pol ished with 400-grit S iC  paper  to remove the ahtmina; B - -  A I  dot  map  for  the same area. 

is 7.77 g/cm 3. Correcting for the lower 
melting point of the braze (because of the 
presence of the B and Si) raises the den- 
sity to about 7.9 g/cm 3. This must be cor- 
rected for the other elements that are pre- 
sent (Table 2). Unfortunately, a complete 
data set does not exist for liquid density of 
all of the elements (that for B is not avail- 
able) or the temperature dependence of 
the density (that for B and Cr are missing). 
Since the liquid densities of Cr, Fe, and Si 
are lower than that of Ni (especially the Si 
and most likely B), the density of the liq- 
uid braze is expected to be less than 7.9 
g/cm 3. A value of 7.5 g/cm 3 was therefore 
employed for the calculation of the buoy- 
ancy term. 

Fortunately, since the volume of im- 
mersed substrate is small, magnitude of the 
wetting force is not significantly dependent 
on the value of this buoyancy correction. 
The substrate being wet was about 1.0 cm 
wide, 0.038 cm thick, and in all but one ex- 
periment immersed 0.25 cm (in that test the 
immersion was only 0.025 cm). The im- 
mersed volume is thus only 9.5 X 10 -3 cm 3 
(9.9 X 10- 3 cm 3 when the correction is made 
for the thermal expansion of IN718 [Ref. 
40]). With a 0.25-cm immersion, the buoy- 
ancy term is about 0.05 N/m and only 0.005 
N/m for a 0.025-cm immersion. If a density 
value of 7 g/cm 3 had been used, then the 
buoyancy correction would be reduced to 
about 0.047 for a 2.5-mm emersion and the 
wetting force would be reduced by only 
about 0.003 N/m, which is below the resolu- 
tion of the measurements. 

In most tests, there is an initial lack of 
wetting denoted by a negative wetting 
force. This negative force is not just due to 
the small buoyancy effect but is due pri- 
marily to the negative force that develops 
when the wetting angle is greater than 90 
deg. When this is the case, the wetting 

force acts to push the substrate out of the 
braze. When the wetting angle becomes 
less than 90 deg, a force is developed that 
pulls the substrate into the braze. The time 
to establish a positive wetting force, t 0, is 
listed on each figure and in Table 3. (Equa- 
tion 4 incorporates a buoyancy term, so t o 
is not exactly the time where the net force 
measured by the balance becomes positive 
(downward).) In some tests (Table 3), wet- 
ting is almost instantaneous, occurring as 
the substrate is lowered into the braze. 
This gives t o values that are less than one 
second. 

As the brazing exposure continues, the 
metallurgical reactions described in the 
introduction will continue, causing the 
wetting angle to decrease,  thereby in- 
creasing the wetting force. The wetting 
force will approach the liquid braze sur- 
face tension as the wetting angle ap- 
proaches zero. 

The sharp increase and then subse- 
quent decrease in the weight at the end of 
the test is associated with the lowering of 
the crucible, and resultant removal of the 
braze. Initially, due to the action of wet- 
ting, the downward motion of the braze 
pulls the substrate down, thereby increas- 
ing the measured weight. This is due to the 
inertial force associated with the down- 
ward acceleration of the crucible. As im- 
mersion is decreased further, the magni- 
tude of this removal force is decreased, 
approaching zero when the braze is clear 
of the substrate. If the substrate is wet, 
then the final weight will be slightly 
greater due to the weight of braze that has 
wet the substrate, or reduced if some of 
the substrate dissolves in the braze. Since 
the calculated wetting force (shown in 
Figs. 4-7) includes an immersion-depen- 
dent buoyancy term, there is a small neg- 
ative factitious contribution to the force 

that develops when the braze is withdrawn 
and there is no buoyancy force actually 
acting on the substrate. 

The wetting behavior can be quantified 
by the use of several figures of merit, 
which were evaluated and are shown in 
Table 3, and on the wetting figures. The 
maximum value of the wetting force de- 
termines the maximum capillary action. 
The higher the maximum wetting force 
and shorter the  time for wetting, to, the 
better the wetting. These factors are, how- 
ever, not the only ones that can be as- 
sessed. The shape of the wetting curve is 
also important. This is characterized by 
the time to reach 90% of the peak wetting 
force, t90%, and by this value divided by the 
duration of the test, tma x. The time to 
reach 90% of the maximum wetting force 
can be used to define the time required for 
brazing. When this time divided by the test 
time is small (i.e., 0.1 or less), it implies 
that the wetting curve is "rectangular," 
i.e., the wetting curve increases rapidly to 
close to its maximum value. When this 
ratio is close to one, it means that longer 
brazing times might have given a larger 
maximum wetting force. 

The data of Table 3 reveal that there is 
a considerable amount of variability in the 
wetting balance measurements, and that 
grit blasting with A120 3 generally yields 
the surface that is most poorly wet. This 
agrees with anecdotal experience. Figure 
8 shows the A120 3 grit blasted surface and 
a corresponding EDS dot map for alu- 
minum. These figures show that m120 3 grit 
blasting causes alumina particles to be- 
come embedded in the surface, and the 
wetting balance measurements show that 
it restricts wetting. Figure 9 shows the sur- 
face and an aluminum dot map of a sub- 
strate that was polished with 400-grit SiC 
paper after the alumina grit blasting. This 
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Fig. 1 0 -  A - -  IN718 grit blasted with SiC; B - -  Si dot  m a p  for  the same area. 

Fig. 11 - -  IN718 grit blasted with Nicroblast. 

removes the Al203 particles. Aluminum is 
present in the background level of the 
alloy, but the large Al203 particles are ab- 
sent. Figure 5 and Table 3 show that the re- 
moval of the Al203 greatly improves the 
wetting, both in terms of t o and the maxi- 
mum wetting force. 

Figure 10 shows the surface of a sub- 
strate grit blasted with SIC. This figure 
and Fig. 6 show that despite the presence 
of SiC particles embedded in the sub- 
strate, grit blasting with SiC generally pro- 
duces a surface that is wet more easily than 
one grit blasted with AI203. 

The best wetted surface was produced 
by the Nicroblast (media made by the Wall 

Colmonoy Corp.), 
which consists o f - 6 0  
mesh Ni-Cr-Fe grit, 
that, as Fig. 11 shows, 
does not become em- 
bedded in the surface. 
This grit is larger and 
softer than the Al203 
or SiC grit, and is 
made up of round 
rather than angular 
particles (Table 1). 
The Nicroblast grit 
being softer, larger 
and round, just indents 
the surface. Further- 
more, the few particles 
that might be embed- 
ded are easily wet by 
the braze, because the 
Nicroblast is an alloy 
chemically formulated 
to be compatible with 
the brazes used for Ni- 

based alloys. The Nicroblasted surface 
gave low wetting times and high wetting 
forces, comparable to substrates that were 
mechanically polished. 

While the degree to which the A1203 
and SiC particles become embedded de- 
pends upon the exact nature of the grit 
and grit blasting conditions, it is clear that 
for the comparative conditions employed 
here, the Nicroblast produces a much bet- 
ter surface condition for subsequent braz- 
ing than AI203 and SiC. Presumably, 
other metal grit that does not become em- 
bedded and could be easily wet with the 
braze would give similar results. 

Table 3 and Figures 4-7 clearly show 
that the method of surface preparation 
plays an important role in determining the 
degree of subsequent wetting. A1203 grit 
blasting is clearly detrimental and should 
be avoided, or if it must be used it should 
be followed by a mechanical polish to re- 
move any embedded A1203 grit. SiC is less 
detrimental to subsequent wetting than 
Al203, but in at least one test it did retard 
the wetting time and reduced the wetting 
force. The Nicroblast produced a surface 
that was generally comparable to that ob- 
served with a mechanically polished sur- 
face. Wetting was accomplished in short 
times, with the wetting force reaching 90% 
of the maximum observed value in less 
than 5 minutes. Table 3 shows that with the 
most favorable surface preparation (me- 
chanical polishing or grit blasting with 
Nicroblast), five minutes at the brazing 
temperature is sufficient to ensure good 
wetting. Extending the brazing time to ten 
minutes will increase the wetting force by 
only about 10%. 

Conclusions 

Technical advancements in the temper- 
ature and environmental control of a wet- 
ting balance have enabled this device to be 
used for the study of braze wetting. These 
advancements include the following: 

1) The system has been operated at 
temperatures as high as 1225°C. (The ra- 
diant furnace is capable of 1450°C, but has 
only been successfully used to 1225°C.) 

2) The tests can be run in vacuum (to 
about 10 -5 torr at - 1070°C) and in inert gas. 
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3) A time resolution of 0.026 seconds 
was achieved. 

4) If the surface tension of  the braze is 
known (measured  separately) ,  then the 
wetting angle as well as the wetting force 
can be determined.  

A study of  the wetting of  a Ni-based 
alloy (IN718) by AMS4777 (AWS BNi-2) 
on substrates grit blasted with different  
media  (or mechanical ly  pol ished to re- 
move embedded  particles) has shown the 
following: 

1) Grit  blasting of  IN718 with AI20 3 re- 
tards wetting. 

2) The  A120 3 becomes  embedded  in 
the substrate. 

3) Mechanical  polishing to remove the 
Al203 embedded  in the surface restores 
good wetting. 

4) Gri t  blasting with SiC produces  a 
more  easily wet  surface than one  grit  
blasted with A1203, even though SiC par- 
ticles also become embedded  in the sur- 
face. 

5) Of  the three grit blasting media that 
were considered, Nicroblast produced the 
most easily wet surface. Particles were not 
embedded  in the surface. Its wetting was 
comparab le  to that  observed  when the 
substrate had been mechanically polished 
to remove embedded  A120 3. 
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