
A Hydrostatic Model of Solder Fillets 

Agreement with experimental results establishes a 
method for designing soldered connector terminals by 
calculation 

BY T. Y. CHU 

ABSTRACT. A model to predict the 
shape of fillets formed between a ter
minal pin and a plated-through-hole 
is presented. The model is based on 
the hydrostatic balance of surface 
tension and pressure (i.e., the weight 
of the molten solder). The model is 
exact for the axisymmetrical fillets 
formed by a round pin and a plated-
through-hole. For the case of a 
square wire wrap terminal, an ap
proximated form of the model is used. 
Instead of requiring detailed force 
balance on a differential scale, an 
overall force balance concept is used. 
In both cases there is good agree
ment between calculation and experi
ment. Results of calculations based 
on the model are used in the selec
tion of proper preform sizes for reflow 
soldering operations. The fillet height 
obtained in the calculation is also 
useful in the proper design of wire 
wrap terminals. 

Introduction 

It was once stated that soldering is 
the foundation of the electronics in
dustry. There is certainly more truth 
than exaggeration in the statement. 
However, despite its wide use and 
long history as a metal joining tech
nique, soldering until today remains 
as much an art as a science. For 
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example, although there are some 
general characteristics that can be 
used to describe a good solder joint 
or fillet, there is no precise definition 
of a good solder fillet. With the in
creasing application of mass solder
ing methods for manufacturing large 
numbers of identical parts, It be
comes desirable to have a precise 
definition of a good solder fillet. Such 
information will not only be useful in 
quality control and component 
design, it also contributes to the un
derstanding of the basics of the sol
dering technique. An analytical model 
based on the balance of surface ten
sion and pressure forces is formu
lated to predict fillet shapes. The 
paper deals mainly with the fillet form
ed by a pin and the land area of a 
plated-through-hole. The model can 
also be adopted to other geometries. 

The Basic Axisymmetric Model 

One of the most common types of 
solder joint in electronics is"that form
ed by a pin and the land areas of a 
plated-through-hole (PTH). The pin 
could be a terminal or the lead wire of 
a component. A plated-through-hole 
is a hole drilled through the depth of a 
circuit board, the surface of the hole is 
plated to make interconnection be
tween the top and the bottom cir
cuits. The plated-through-hole usual
ly has land areas on the top and the 
bottom of the circuit board. In the 
case of a multi-layer board, which is 
essentially a lamination of several 
double-sided boards, the plated-
through-hole may also be connected 
to some inner layers. A top view of a 
multi-layer board (MLB) with sol

dered connector terminals is shown in 
Fig. 1. The shiny parts at the base are 
the solder fillets. The black holes be
tween the rows of pins are the plated-
through-holes. The shiny rings are the 
land areas. In soldering these termi
nals, each pin is first provided with a 
donut-shaped preform, heat is then 
applied to melt the solder and form 
the joint. Figure 2 shows schemat
ically the reflow soldering process. 

Force Balance Consideration 

Figure 3 is a schematic of the fillet 
formed by a round pin and a plated-
through-hole. The equation that de
scribes the fillet shape is derived by 
forming a force balance on a seg
ment of the interface between the 
molten solder and the surrounding 
fluid as shown in Fig. 3. Attention will 
be focused on the upper fillet curve, 
ZT(r). The total upward force due to 
the surface tension on the axisym
metric interface segment between r 
and r+dr is 

<rSF .[27rrsin(27r-0)]| , - csf 

[27rrsin(7r-0]|r+dr 

where 
<7SFis the surface tension of the 
molten solder. The total downward 
force due to the pressure difference 
(PF -Ps ) across the segment is 

(PF -Ps ) • 27rrdr 

where PF and Ps are the pressure in 
the fluid and the solder respectively. 
At static equilibrium the upward and 
downward forces are equal, thus, 
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Fig. 1 — A multi-layer board with soldered connector terminals 

a S F . 27 r rs in0 | r + dr -<7SF • 27rrsinf?|r 

= 2,rr(PF - P s ) dr 

PF - P s = ! i ! _ l . ( r s l n f 3 ) 
r dr (1) 

The above equation can be expressed 
in terms of Z and r by using the rela
t ion: 

Sin 9 = (dZ/dr)[1+(dZ/dr)2] , /2 

Making the substitution, the pressure 
difference can then be written as: 

A P = a S F | ( 1 / r ) ( d Z / d r ) [ H - ( d Z / d r ) 2 ] ^ ' 2 

+(d 2Z/dr 2 ) [1+(d/Z/dr ) 2 ] - 3 / 2 [ 
(2) 

T h e e x p r e s s i o n in t h e s q u a r e 
brackets are principal radii of curva
ture of the interface. Thus, 

AP = <r [(1/R,) + (1/R2)] (3) 

This is the Young-Laplace equation of 
surface tension (Ref. 1). Pressures 
can be expressed in terms of Z and 
the fluid densities. Let the pressure at 
Z = O in the solder and in the fluid re
spectively be P s o and P F 0 . The pres
sure difference, AP becomes 

AP = P F - P S 

= PFO + pFgZ - (Pso + psgZ) 

where pF and ps are the densities of 
the surrounding fluid and the solder 
respectively and g is the gravitational 
acceleration. 

Finally, the equation for the top fillet 
shape is obtained: 

ZT = (aS F /Apg) | (1 / r ) (dZT /dr ) 

[1+(dZT /dr ) 2 ] - " 2 (4) 

+(d2ZT /dr) [1 -HdZ- r /d r ) 2 ] - ' - ^ 

= ( r W A p g ^ K I / R , ) 

+ ( 1 / R 2 ) ] z T - a | 

= (<rSF/Apg) 

(4.a) 

| { 1 + r ) [ d ( r s i r . 0 ) / d r | z T ] .«}-

(4.b) 
where 

a = (1 /a S F ) (P s o - PF0 ) 

Ap = " S - P F 

Similarly, for the bottom fillet, one 
finds 

- Z B - ( < r 8 F / A p g ) | ( 1 / r ) ( d Z B / d r ) 

[1+ (dZ B / d r ) 2 ] , / 2 

+ (d2ZB /dr2) 

[ 1 + ( d Z B / d r ) 2 ] M + « { 5 ) 

= (asF/Apg) ( 5 a ) 

| [ (1 /R , )+ (1 /R 2 ) ]ZB+4 
= (rrsF/Apg) | (1/r) 

[d(rsin ) /dr lzB ]+ f f [ (5b) 

Equations (4) and (5), related through 
parameter a, are the working equa
tions for the present calculation. Phy
sically, a indicated the fact that the 
two fillets are not independent. They 
interact through the plated-through-
hole. 

An overall force balance can be ob
tained by adding equations (4.b) and 
(5.b) and integrating once between 
the pin surface, r0 and the edge of the 
land area, r • 

j 27r(ZT-ZB)Apgrdr 

= a SF< 27rrsinfJ Z r E 
I r0 

+ 2;rr sin0 | Z r i 

::} 
In terms ofOT ,t?B ,6T a n d ^ B as de
fined in Fig. 3, one has 

J 2^(ZT-

TERMINAL 
SOLDER PREFORM 

PLATED THROUGH 
HOLE 

Fig. 2 — A schematic of the reflow sol
dering process 

Fig. 3 — Force balance diagram of a solder 
fillet 

= 27rr0(TSF (cos(9T-cos#e) 

+ 27rrE<r (sln</> -sin<£T) (6) 

ZB )APgrdr 

The integral on the left-hand side of 
the equation is essentially the weight 
of the solder. The expression on the 
right is the total force in the vertical 
direction due to the surface tension 
forces acting along the solder-pin and 
solder-land contact line. Therefore, 
equation (6) represents the overall 
balance of the weight of the solder 
and the surface tension forces. Equa
tion (6) can also be derived by taking 
the fillet system as a free body and 
performing an overall force balance. 

Equations (4) and (5) are second 
order ordinary differential equations 
connected by a parameter a. To com
pletely specify the fillet shapes, five 
constraints are needed. It has been 
observed that the fillets always stop at 
the edge of the land area. This condi
tion gives two constraints, one at the 
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edge of the top land area and one at 
the edge of the bottom land area. The 
fixed volume of solder provided foi 
each joint is the third constraint. Two 
more constraints are needed. 

With two free end condit ions, it it 
possible to have a range of fillet con
figurations which all satisfy the over
all force balance. To choose the most 
stable fillet shape, one must consider 
the energy of the system. 

Energy Consideration 

For a system at a state of stable 
equi l ibr ium, the total free energy is 
minimum (Ref. 2). There are two con
tributions to the change of free energy 
in an isothermal capillary system, the 
interfacial energy and the gravita
tional potential energy, The gravita
tional energy varies due to change of 
elevat ions. The interfacial energy 
varies due to area changes of various 
interfaces; there are three contr ibu
tions, the solder-f luid interface (SF), 
the solder-pin interface (SP) and the 
f luid-pin interface (FP). The inter
facial energy can therefore be ex-
presseed as: 

CTi A i = ^ S F A S F + CTFPAFP (7) 

The o-'s are surface tensions or sur
face energies per unit area (Ref. 4). 
A's are the interfacial areas. The <r's 
are related through the equil ibrium 
contact angle 0 c which is the angle 
formed by a small drop on a horizon
tal surface (Refs. 2,3): 

cos #c(o>p-o-SP)/<TSF 

The total free energy of the solder-
f luid-pin system can thus be written 
as 

G = Potential Energy -I- rj,A, (8) 

From the energy point of view, a 
variational problem minimizing the 
total free energy with a constant 
v o l u m e c o n s t r a i n t c a n be f o r 
mulated. Similar problems have been 
formulated for a single f luid-fluid in
terface. It is found that for minimum 
free energy the angle between the in
terface and the vertical boundary is 
equal to the equ i l ib r ium contact 
angle, #c, formed by a small drop on 
a horizontal surface (Refs. 2,3). How
ever, it is not immediately obvious 
that the same result would be appl i 
cable to the present two f luid-f luid in
terface system interacting through a 
constant volume constraint. A vari
a t iona l p r o b l e m for the p resen t 
sys tem was f o r m u l a t e d , and a l 
though the detail derivation is not pre
sented here, it was shown that the 
minimum energy solution requires 
both the bottom and the top fillet to 
meet the plate (pin) at the equil ib
rium contact angle, ^ c . 

Referring to Fig. 3, 

8T=8B =9C • 

Together with the previous three 
conditions, the ideal fillet is com
pletely described. 

Empirical Consideration 

It has been observed that when a 
drop is placed on a plane surface 
which is subsequently ti l ted, the con
tact angle on the downhil l edge in
creases and the contact angle on the 
uph i l l edge dec reases . The two 
angles are referred to respectively, as 
advancing and receding angles. This 
phenomenon is called contact angle 
hysteresis. The exact cause of con
tact angle hysteresis is not well under
stood. However, its occurrence is 
found to be related to surface rough
ness and contamination; for pure 
fluids on clean surfaces no hystere
sis is observed (Ref. 6). 

For soldering processes, surface 
roughness and contamination are 
always present and contact angle 
hysteresis always occurs. The con
tact angle for the top fillet is always 
smaller than the equil ibrium contact 
angle and the contact angle for the 
bottom fillet is always bigger than the 
equil ibrium contact angle. To realis
tically predict fillet shapes, this emp i 
rical observation should be incorpo
rated into the theory. 

Consider a solder preform at the 
top of the plated-through-hole. When 
it melts, the solder, pin, hole system 
has a free energy much higher than 
the equi l ibr ium value. Thus, the dr iv
ing potential toward the equil ibr ium 
shape is very large. However, this 
driving potential becomes smaller 
and sma l l e r as the sys tem a p 
proaches the equil ibrium shape. Fi
nally, this potential becomes so small 
the systems will not be able to over
come the surface roughness and con
tamination effects. At this point, the 
system stops changing. 

An "operationally ideal" solder fillet 
can be defined from the above dis
cussions. The fillet shapes obey the 
overall force balance equation, equa
tions (4) and (5). The solder should 
stop at the edge of the land area. The 
upper fillet should have a contact 
angle smaller than the equi l ibr ium 
contact angle. The total free energy of 
the fillet system should approach the 
minimum energy condit ion within a 
close limit. A value of 0.5% of the total 
energy change is taken arbitrarily as 
the limit in the following discussion. 
Therefore, there Is a range of "oper
ationally ideal" fillets. 

Methods of Solution 

The governing equations (4) and (5) 
are rewritten as two systems of two 
linear ordinary differential equations. 
A Runge-Kutta forward integration 

scheme available f rom the IBM scien
tific subroutine package is used to 
numerically integrate the equations. 

For the ideal fillet calculation, the 
following constraints are used: 

1. Prescribed fillet volume VFL. This 
is the total volume of solder available 
from the preform less the volume of 
solder in the plated-through-hole. 

2. The fillets stop at the edge of the 
land area, referring to Fig. 3: 

at r = rE, Z T = 0 
at r = rF, Z = - T 

t ' B 

3. M in imum free energy deter
mines that 

#B =0c 

The value of free energy, AG, is 
also calculated according to equation 
(8), or more explicitly, 

AG = 
- / ' ' 

f ( r , Z r , Z B , Z ' T , Z ' B ) 2 T r d r , 

where f is defined in the derivation of 
the variational problem minimizing 
the total free energy with constant vol
ume constraint. 

To f ind the range of "operationally 
ideal" fillets the last set of constraints 
is relaxed. A receding angle#T =0H is 
prescribed. Any fillet with AG within 
0.5% of AG mm is considered to be 
"operationally ideal." 

Equations (4) and (5) together with 
the constraints are two-point boun
dary-value problems. A shooting 
method using a Newton-Raphson 
scheme to correct initial guesses is 
employed to solve the equations. 

Results of the Axisymmetr ic 
Model 

Calculations have been made of 
fillets formed by a 21 mil pin in an 11 
mil deep, 60 mil diameter PTH and 
110 mil land areas; this geometry cor
responds to an actual circuit cur
rently in production. Since only pres
sure is involved in the calculations, 
the diameter of the plated-through-
hole has no direct bearing on the final 
equil ibrium shapes. 

The constants used in the calcula
tion are as follows: 
• Surface tension 

of solder 490 dyne/cm 
• Density of solder 8.04 g /cm 3 

• Equil ibrium contact angle 12 deg 
• Receding contact angle, 2 deg 

The equil ibr ium contact angle is 
used in the free energy calculation. 
The receding contact angle is the 
angle between the top fillet and the 
pin. The choice of the value of the re
ceding angle is somewhat arbitrary; 
however, it is found that the final 
shape of the fillets is not greatly Influ
enced by the choice of this value or 
the value of the equi l ibr ium contact 
angle. 

Figure 4(a) shows the equi l ibr ium 
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V F L = 0.24 x 10" ' i n 3 , 0.11 LAND -3 3 
VFL= 0 . 2 4 x 1 0 In ,0.11 LAND 

vn 
VT 

\G' 

= 1.236 

58.134 erg 

1 i 1 
20mi l 

(b) 

V T
 l 2 6 6 

AG =58.120 erg 

l o ) (d) 
20mll 

Fig. 4 —- (a-d) Example of axisymmetrical fillets with V = 0.24 x 1Q-3 in.3 

(ideal) fillet shape for the chosen 
geometry. The fillet volume, VFL , is 
0.24 X 10~3 in3. The fillet volume is the 
total volume of solder less the volume 
of solder in the plated-through-hole; it 
is the appropriate parameter since for 
a fixed VFL the fillet shapes will re
main the same for any size of plated-
through-hole. Figures 4(b), 4(c), and 
4(d) are near equilibrium (operation
ally ideal) shapes. The shapes do not 
show any drastic departure from the 
equilibrium shape except that the bot
tom contact angle is bigger. 

Figure 5 shows a free energy ver
sus 6B plot. The total free energy 
change for the volume of solder to the 
final equilibrium shape is estimated to 
be 50 ergs, thus, the 0.5% limit is 0.25 
ergs above the minimum energy. The 
limit corresponds to a bottom contact 
angle of 45 deg. As can be seen in Fig. 
5, the top contact angle,#T , has very 
little influence on the AG versus9B 
curve. The initial free energy of the 
solder, pin, PTH, system is cal
culated according to equation (8). 
Therefore, the effective land area or 
the plated-through-hole diameter 
does influence this initial free energy. 
Thus, the "operational Ideal" fillet 
shapes are influenced indirectly by 
the size of the plated-through-hole. In 
estimating the free energy changes, 
the initial shaoe of the molten solder 
is assumed to be spherical. 

Figure 6 is the Ideal fillet for the 
same geometry with a fillet volume of 
0.12 X 10-3 in3. The effect of reducing 
fillet volume is to make the fillet more 
concave. Figure 6(b), (c), (d), shows 
the operationally ideal fillets. It should 
be noted that for all Ideal fillet shapes 
the bottom fillet is always bigger than 
the top fillet by 20 to 35%. The volume 
ratio, VB/VT, is shown in the figures. 

59.4 

Fig. 5 — Free energy versus 0B plot, VFL = 0.24 x 1fr3 in.3 

An alternate way of estimating the 
total energy change is to assume the 
initial molten solder to be the same 
shape as the preform. Using this esti
mation, the total energy change for 
the case described in Fig. 4 would be 
78 erg with a preform of 40 mil ID, 90 
mil OD and 47 mil In thickness. A fillet 
shape with energy within 1.5% of the 
minimum energy would have a bot
tom contact angle of about 75 deg. 
Figure 7 shows the calculated shape 
and a comparison with experiment. 

The agreement is quite good. 
Unless detailed chemical and phy

sical conditions of each interface can 
be precisely prescribed, the limit to 
which the "operationally ideal" fillet 
approaches the ideal fillet cannot be 
specified. Therefore, the limit dis
cussed here is more a parameter than 
an absolute limit. 

Thus far discussion has been 
limited to the case where VFL is pre
scribed. This is the usual case when 
solder preforms are used. However, 
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VF L«O.I2xl63 ln3 . 0.11 LAND 
"FL ' 0.12 x lo'ln3, 0.11 LAND 

VB 
— = 1.155 

AG • 54.072 «rg 
L_ 

(b) 0 
_i I 

20 mi I 

— = 0.969 
VT 

AG • 54.208 erg 

(d) I i_ 
20mll 

Fig. 6 — (a-d) Example of axisymmetrical fillets with VFL = 0.12 x 10~3 in.-

•V 
^•••sW.* *•• 
sr—rjr-j^-p»—* -x ,. iM 

•£• ' «•'• • 

1 

i 

V FL = 

I 2 ° \ 

76.6° 

0 

0.2 4xl0~3in?0.ll LAND 

I 

VB 
— = 0.777 
vT 
AG = 59.363 erg 

i 1 
20mil 

Fig. 7 — Comparison of calculated and experimentally obtained fillet shapes, axisymmet-
rical fillets 

for wave soldering, conditions are 
slightly different. When the circuit is 
immersed in the solder wave, the 
pressure inside of the forming fillet Is 
prescribed. Referring to Fig. 8a, for 
example, if the circuit is just im
mersed In the wave, the pressure at 
the top land area Is atmospheric. For 
this case, a is zero In equations (4) 

and (5); this condition replaces the 
prescribed volume constraint. 

Figure 9 shows the fillet shape cor
responding to wave soldering of the 
chosen geometry; the fillet volume, 
VFL ( = 0.0917 X 10"3 in.3), Is part of 
the solution. In fact, it Is possible to 
change the fillet volume by varying 
the pressure Inside the fillet while it Is 

being formed. As shown in Fig. 8b, if 
the circuit is forced into the wave, the 
pressure at the top land area is in
creased. The resulting fillet will be 
bigger. The fillet shown in Fig. 6a cor
responds to a depression of about 1/8 
in. Since the interface will adjust its 
shape to the surrounding pressure, a 
Vs in. depression will not correspond 
to a Vs in. rise of the top fillet. 

Working Model for 
Wire Wrap Terminals 

For many applications, wire wrap 
connections are made to terminal 
pins after soldering. To insure a good 
wire wrap connection, the wire wrap 
terminals are square rather than 
round. Therefore, the above devel
oped axisymmetric model cannot be 
directly applied. However, it Is impor
tant in wire wrap terminal design to 
have a knowledge of the expected 
fillet shapes, especially the height of 
the fillets, because the wire wrap por
tion of the terminal must not be 
coated with any significant amount of 
solder if subsequent high reliability 
wire-wraps are to be made to the ter
minals. 

Fillet Equations 

For some applications, the fillet 
geometry is translationally symmet
rical, instead of rotationally symmet
rical. For example, in the "Tee Joint" 
between two perpendicular plates, 
the resulting fillet is two-dimensional. 
In this case 1/R, In equations (4) and 
(5) is zero. The fillet equations 
become 

Z T ' = (oSF /Apg)[(1/R)-a] (9) 

Z B = (<rSP/Apg)[(1/R)+a] (10) 
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(1/R) = (d2Z/dr2) 
[1+(dZ/dr) 2 

(11) 

For the case of a wire wrap terminal 
and a plated-through-hole, one has a 
square pin with a round land area. It is 
obvious that near the pin the fillet is 
close to two-dimensional since the 
square pin presents a flat surface to 
the solder. The fillet becomes axi -
symmetric near the edges of the 
round land area. It is not Immediately 
clear how the fillet profi le should be 
represented as a whole. The profile is 
probably best described by joining a 
two-dimensional profile with an axi-
symmetric profile at some point be
tween the pin and the edge of the land 
area. However, computat ion would be 
greatly simplif ied if the entire fillet 
could be aprpoximated either by an 
axisymmetric or a two-dimensional 
profile. Calculations were made of the 
fi l let shapes using both models . 
Figure 10 shows a comparison be
tween the axisymmetric and the two-
dimensional approximat ion. It is clear 
that the two-dimensional approxima
tion describes adequately the fillet 
shapes for the square pin near the 
land as well as at the pin. Therefore, 
the two-dimensional equations are 
chosen for the squa re p in c a l 
culation. 

The success of the two-dimen
sional approx imat ion can be ex
plained by observing the effect of R,, 

eq. (3). In an axisymmetric approx
imation, the effect of radii of curva
ture will be largest near the pin where 
R, is small. However, R, is actually in
finite at the flat surface of the square 
wire wrap pin. Large errors would be 
introduced near the pin with the axi
symmetric approximation. Near the 
edge of the land area, the effect of R, 
becomes smaller; the error due to the 
two-dimensional calculation is thus 
smaller. 

Constraints and Boundary Conditions 

Equations (9) and (10 are used to 
generate the fillet profiles. To com-

1 
NEARLY 
FLAT INTERFACE 

(a) 

^ O * ^ ; 4)8 pso,FVo 

WAVE 

(b) 

Fig. 8 — (a,b) Pressure control in wave 
soldering 

pletely describe the set of two second 
order differential equations with a 
parameter a, again five constraints 
are needed. Three of the constraints 
are obvious physical constraints as 
before: 

1. The fillet volume (VFL ) is pre
scribed by the preform size and the 
plated-through-hole geometry. The 
so lde r v o l u m e is c a l c u l a t e d by 
assuming the fillet surface to be a sur
face of revolution generated by the 

WAVE SOLDER FILLET 

— = 1.226 

53.885 

20mil 

Fig. 9 — Fillet shape corresponding to 
wave soldering 

AXISYKMI- TRIC 
CALCULATION 

TOO DIMENSIONAL 
CALCULATION 

0 50 mils 
pii.ixr WITH n m 
PIN AN!) ROUND LAND 

P1U41T WITH SQUARE 
PIN AND ROUND LAND 

0 . I 0 5 BOARD 

0 . 0 4 5 HOLE 

0 . 0 7 5 LAND 

0 . 8 X I O " 4 I N 3 

Fig. 10 — A comparison between the axisymmetric and two-
dimensional approximation 

Fig. 11 — Comparison of calculated and experimentally obtained 
fillet shapes formed between a square pin and a plated-through-hole 
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curves obtained from equations (9) 
and (10). The volume is calculated as 
if the pins were round with diameter 
equal to width of the square pin. Since 
VFL is calculated as if the pins were 
round, the actual fillet volume cor
responding to a square pin is slightly 
smaller. The two volumes differ by the 
amount equal to the volume differ
ence between a square cylinder and a 
circular cylinder of length equal to the 
s u m of t h e t o p a n d t h e b o t t o m fiHot 
l eng ths . 

2. At r = rE, ZT = o, Fig. 3. 
3. At r = rE, Z s = - T , Fig. 3. 

The above two constraints state that 
the fillets stop at the edge of the land 
area. An additional constraint is pro-

F0RCE BALANCE 
SOLUTION 

MINIMUM ENERGY 
SOLUTION 

0 .095 BOARD 

0 .065 LAND 

20 mil 

Fig. 12 — Comparison between fillet 
shapes obtained using the overall force 
balance constraint and the minimum 
energy constraint 

vided by observing that the top con
tact angle (0T in Fig. 3) is always very 
small; a receding angle can be pre
scribed. 

4. 8T = 8R <8C .where 8 c is the 
equilibrium contact angle. 

The fifth constraint comes from an 
overall force balance consideration. 
Although the cross-sectional profile of 
the fillet is well-described by the two-
dimensional equation, the overall 
shape of the fillet ie essentially axi
symmetr ic. The present model 
assumes the fillet to be a body of rev
olution generated by the two-dimen
sional profiles except near the corner 
of the pin where the surface is inter
rupted; however, unlike the axisym
metric case, this body of revolution 
does not automatically satisfy the 
overall force balance in three dimen
sions as described by equation (6). 
Therefore, only profiles that satisfy 
this condition are chosen. This 
becomes the fifth constraint and is 
written exactly as equation (6). 

Equations (9) and (10) are solved 
numerically for an arbitrary top fillet 
height HT (Fig. 3) under the first four 
constraints. Again a shooting method 
using a Newton-Raphson scheme to 
correct initial guesses is employed to 
solve the equations. For an arbitrary 
H T the overall force balance con
straint, equation (6), is generally not 
satisifed. Let the difference between 
the two sides of equation (6) be AF. A 
second order least square fit of AF 
versus HT for the five points closest to 
AF =0 is obtained. The solution is 
found for the HT corresponding AF = 
0. 

The above development of the 
working model is similar in spirit to 
the integral method of solving boun
dary layer problems (Ref. 1). In the 

integral method, an approximated 
velocity profile is assumed. The 
profile satisfies all the boundary con
ditions and the overall force balance. 
A detailed force balance on a differ
ential is, however, not required. 

To test the validity of the model, a 
set of profiles is calculated to com
pare with fillets obtained experimen
tally. The board is 0.095 in. thick with 
45 mil plated-through-holes and 75 
mil land areas. The pins are 25 mils 
square. The dimensions are mea
sured directly from plotted cross-sec
tions. The preforms used are 40 mils 
ID, 90 mils OD and 35 mils thick; the 
volume of each preform is 1.79 X 10~4 

in.3. The corresponding fillet volume, 
VFL , is 0.8 X 10_* in.3 A receding 
angle of 1 deg is assumed. Figure 11 
shows the comparison between ex
periment and calculation. The dotted 
line shows the calculated profile; the 
photograph is the actual cross sec
tion. The agreement between calcu
lation and experiment is excellent. 

In the axisymmetric model an addi
tional minimum free energy con
straint is imposed. If this constraint is 
used instead of the force balance 
constraint, a different set of profiles is 
obtained. Figure 12 shows the two 
solutions. The difference is rather 
small. Except under ideal conditions, 
the minimum energy solution is not 
realized in practice. Therefore, the 
force balance constraint rather than 
the minimum energy constraint is 
used in the present calculation. 

Results of the Wire Wrap 
Pin Model 

The developed model is used to 
calculate the fillet shapes formed be
tween wire wrap terminals and the 
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PTH's of various multilayer boards. 
Fillets for various land areas and 
board thicknesses have been exam
ined. The wire wrap terminals are 25 
mils square. A receding angle of 1 
deg is used in the calculations. 

Since geometry varies for different 
applications, only a few typical calcu
lat ions are presented. Figure 13 
shows the fillet profile for a 0.15 in. 
thick board with 70 mil land area with 
different amounts of solder. Fillet pro
files for 0.095 in., 0.15 in. and 0.22 in. 
thick boards are presented in Fig. 14 
for land areas of 70 mils with the same 
solder fillet volumes (V FL ) of 0.07 
X 10 - 4 in3. From the profiles pre
sented, a general trend for the fillet 
shapes is estab l ished. When the 
amount of solder used is small, fillets 
of the commonly desired shape can 
be obtained; both the top and the bot
tom fillet profiles are concave, Figure 
13a. For the same board with in
creasing solder volume, the top fillets 
stay concave while the bottom fillets 
become fuller. Finally, the bottom 
fillet becomes convex. Figures 13a, b, 
and c show this general trend. If the 
fillet volume is held f ixed, the trend is 
toward fuller bottom fillets with in
creasing board thickness. Figures 
14a, b, and c show the trend. For a 
VFL of 0.7 X 10"4 in.3 the bottom fillet 
changes f rom concave to nearly 
straight to convex as the board thick
ness varies f rom 0.095 in. to 0.15 in. 
then to 0.22 in. It is also useful to note 
that with excessive amounts of solder, 
most of the excess goes to the bottom 
fillet; the top fillet stays relatively con
stant. The dashed line profile in Fig. 
15 corresponds to a fillet volume of 
1.0 X 10 ' " in.3; the solid line corres
ponds to a fillet volume of 1.9 X 10"* 
in3. With a change of V FL by nearly a 
factor of two the top fillet volume in
creases by 3 1 % , the bottom fillet in
creases by about 140%. 

The above observed trend can be 
understood by examining the Young-
Laplace equat ion for two d imen
sions. The equation is: 

AP (1/R) (3-a) 

For the solder interface configuration 
under consideration, a concave inter
face corresponds to a negative pres
sure inside of the solder as com
pared to the surrounding f luid pres
sure; a convex interface corresponds 
to a positive pressure. With good wet
t ing, the top fillet takes a concave 
shape to create a negative pressure 
with respect to the atmosphere to 
support the solder column. Let the 
negative pressure be: 

_ | A P T ( r ) |. 

If the solder column height is H(r), the 
pressure difference at the bottom in 
terface would be 

APR - - I AP7 + APg • H(r) 

This value could either be positive or 
negative depending on H(r). For small 
H(r), AP B is negative; the bottom fillet 
is concave. For large H(r), AP B is pos
itive; the bottom fillet is convex. Large 
H(r) corresponds to large VFL and/or 
large board thickness. Therefore, a 
convex bottom fillet is not necessar
ily a sign of bad wetting, only a convex 
top fillet is a definite sign of bad wet
t ing. 

The effect of increasing land area 
can be estimated by noting that the 
distance between the pin and the 
edge of the land area becomes larger 
with increasing land area; therefore, 
the curvature of the top fillet be
comes gentler. According to equa
tion (3.a), the corresponding neg
ative pressure would also be smaller 
in magnitude. Therefore, the bottom 
fillets are more likely to become con
vex with increasing land area. 

Although convex fillet does not 
necessarily mean bad wett ing, f rom a 
quality control point of view It Is still 

advantageous to design for concave 
fillets. If a fillet volume expected to 
produce concave fillets produces a 
convex fillet instead, then there is a 
definite indication of bad wetting. 

By making a series of calculations, 
one can obta in the exact solder 
volume beyond which a convex fillet 
will occur. This volume will be called 
the critical fillet volume. The critical 
volume as a function of board thick
ness for the 70 mil land is shown in 
Fig. 16. Conditions above the critical 
volume line result in convex bottom 
fillets, below the line the bottom fillets 
are concave. The "45 deg Cone 
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Design" shows a commonly used 
design criteria. The volume of solder 
required is obtained by assuming the 
fillet to be a truncated 45 deg cone 
with a base of the size of the land 
area. The estimate is acceptable up to 
a board thickness of about 0.195 in., 
above which the estimate will give 
convex fillets. 

So far, the discussion has concen
trated on the upper limit of VFL for a 
concave fillet. There exists also a 
practical lower limit. As V F L de
creased, the angle between the top 
fillet and the land,</> T , in Fig. 3, 
becomes smaller and smaller; it can
not be smaller than zero. By extra
polating a curve of VFL versus ^ T to 
4> T = 0, a lower limit of VFL is ob
tained. Since the top fillet shape stays 
fairly constant for varying board thick
ness, the lower limits of VFL are es
sentially constant for a particular land 
area. The lower limits of VFL are es
sentially constant for a particular land 
area. The lower limit of VFL for 70 mil 
land is estimated to be 0.3 X 10"* in3. 
Any fillet volume between the lower 
limit and the critical volume line will 
result in concave fillets. Any fillet 
volume below the lower limit will 
probably result in incomplete cover
age of the land area. Based on the 
above calculations, proper preforms 
can be chosen for various board 
thicknesses. 

Figure 17 shows the expected fillet 
length for different fillet volumes and 
board thicknesses for 70 mil land 

areas. Only a few board thicknesses 
are shown, linear interpolation 
between the lines will give results 
within 0.3 mils of actual calculated 
values. These curves are useful in 
determining the length of the bare ter
minal available for subsequent wire 
wrapping. 

Concluding Remarks 

A hydrostatic model of solder fillets 
based on the surface tension theory is 
developed in this paper. The model is 
used to calculate fillet shapes formed 
between a terminal and the land areas 
of a plated-through-hole. Exact solu
tions can be found for the axisym-
metrical fillets formed by a round pin 
and a plated-through-hole. For the 
case of a square wire wrap terminal 
an approximated form of the model 
based on an overall force balance 
concept is developed. In both cases 
the results show good agreement with 
experiments. 

In general, the filiet on the top land 
area remains relatively constant with 
increasing board thickness whereas 
the bottom fillet tends to become 
fuller with increasing board thick
ness as a result of increasing hydro
static head. The results obtained are 
useful in the selection of proper pre
form sizes for reflow soldering oper
ations as well as in the design of wire 
wrap terminals. 

Although the paper deals mainly 
with fillets formed by a pin and a 
plated-through-hole, the model can 

also be used for other geometries. For 
example, the two dimensional form of 
the model can be used to calculate 
fillets formed by a terminal wire laying 
on a flat land area. Such calculations 
will be useful in the design of connec
tor boards for flat flexible cable ter
mination. The axisymmetric model 
can be used to predict the shape of 
the solder meniscus in a plated-
through-hole after fusing. A PTH with 
excessive amount of solder will be 
plugged by solder after fusing. The 
fillet model can be used to determine 
the maximum solder plating thick
ness beyond which hole plugging 
would result after fusing. 
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Standard Procedures for 
Calibrating Magnetic Instruments 
To Measure the Delta Ferrite Content 
Of Austenitic Stainless Steel Weld Metal, 
AWS A4.274 

Ferrite is useful in preventing or minimizing cracking and fissuring 
in austenitic stainless steel weld metals. In a few special situations, it 
can be detrimental to corrosion resistance and to mechanical properties if 
it transforms to sigma phase due to exposure to temperatures above 900 F 
(480 C). Within a weld pad, the ferrite content is variable, and it is even 
more so from pad to pad or when the welding conditions are changed. 

Quantitative measurement of the delta ferrite content of austenitic 
stainless steel weld metal is desirable to allow the determination of the 
amount of ferrite present. This standard provides instrument calibration 
procedures to insure that reasonable reproducibility of such measure
ments can be obtained from one laboratory to another and from one in
strument to another. $3.00. 

Discounts: 25% to A and B members; 20% to bookstores, public li
braries and schools; 15%) to C and D members. 

Send orders to the American Welding Society, 2501 N.W. 7th St., 
Miami, FL 33125. Florida residents add 4%> sales tax. 
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