
Solder Fusing with Heated Liquids 

Heat transfer liquids offer advantages over other heat
ing methods but liquid selection requires careful 
checkout 

BY D. SCHOENTHALER 

ABSTRACT. Multilayer printed cir
cuits used in new-generation elec
tronic systems are large, complex and 
costly. Their manufacture requires 
processes that are easily controlled 
and provide a high yield. The solder 
fusing process is used for removing 
solder slivers and for the batch 
fabrication of soldered interconnec
tions. Without good process control, 
mult i layer circui ts can be easily 
damaged during the application of 
heat. 

Forced convection heat transfer 
with heated liquids offers several ad
vantages for solder fusing. As the 
most distinct advantage, this method 
of heating limits the maximum com
ponent temperature to that of the 
heated l iquid, thus avoiding several 
process control problems associated 
with the commonly used infrared or 
hot air methods. This paper dis
cusses the process control require
ments for fusing, the capability of 
commonly used heating methods, the 
application of the liquid immersion 
fusing process to circuit manufactur
ing, and the selection of heat transfer 
liquids. 

Introduction 

Solder fusing is commonly used for 
two basic reasons in the manufacture 
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of electronic equipment systems. 
First, as a measure to assure product 
reliability, fusing is required to re-_ 
move solder slivers which occur dur
ing the generation of printed cir
cuitry. Sl ivers result f rom under
cutting of the electrodeposited solder 
used as the etch resist during copper 
removal. Secondly, solder is fused in 
joining applications where prede-
posited solder is melted to form elec
t r i ca l i n te rconnec t i ons between 
various components. In these reflow 
soldering processes solder is usually 
applied by either electroplating or the 
placement of individual preformed 
solder doughnuts. 

A high process yield is necessary 
because fusing is performed near the 
end of either the circuit or assembly 
fabrication at which point the circuit 
or assembly is at its peak cost. The 

high yield requirement is becoming 
more significant with the increasing 
use of large costly, multilayer circuits, 
which contain as many as 10 or more 
copper circuit planes sandwiched be
tween layers of dielectric such as 
epoxy-glass. In providing a high yield, 
the fusing process must be capable of 
processing circuit configurations and 
materials which are heat sensitive and 
therefore are easily damaged by ex
cessive heating. 

Process Requirements 

The use of various heating methods 
for solder fusing can be best de
scribed by considering the prop
erties of typical new-generation cir
cuitry. Figure 1 illustrates a mult i
layer circuit assembly consisting of an 
epoxy-glass multilayer circuit board 

Fig. 1 — Multilayer printed circuit board solder interconnected to connectors with wire-
wrap terminals 
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soldered to 40 connectors containing 
80 terminals each. The connector ter
minals, introduced through the mult i
layer board from the underside, must 
remain free of solder because addi
tional interconnections are made to 
the terminals by wire-wrap or pres
sure contacts. As a result consider
able clearance is provided between 
the plated-thru holes of the mult i
layer board and the terminal. Solder 
of sufficient quantity to provide fillets 
on both sides of the circuit and to fill 
the gap between the terminal and the 
barrel of the plated-thru hole is added 
by solder preforms. Additional termi
nals may be staked in at various loca
tions. With staked or press-fit termi
nals it is often not necessary to add 
solder, since the solder electroplated 
on the multilayer board is usually suf
ficient to form joints. 

The solder fusing process se
lected for f ab r i ca t i ng the in ter 
connections on this assembly must 
heat the circuit board and terminals to 
temperatures near 410 F for good 
flow of liquid solder. The process 
should be tolerant of the variations in 
heating requirements across the sur
face of the circuit. The central area of 
the assembly, without connector ter
minals, requires less heat than the 
connector areas because of the re
duced heat capacity. The circuit and 
terminals should be at identical tem
peratures for good wetting of both 
surfaces by the solder and the forma
tion of idealized fillet shapes as pre
dicted by T. Y. Chu (Ref. 1). Over
heating of the terminals, for example, 
may produce solder cl imb as a result 
of an increase in wetting rate with 
temperature. Uniform heating is dif
ficult because of the variations in con
tact area between the terminals and 
circuit and variations in heat capacity 
between short, stacked-in terminals 
and long, connector terminals. 

The solder fusing process must 
also be capable of heating circuits 
which are heat sensitive. Copper to 
epoxy-glass laminates commonly 
used for single and double sided cir
cuits can withstand solder temper
atures of 500 F for 20 seconds with
out exhibiting evidence of thermal 
degradation (Ref. 2). More severe 
thermal cycles cause thermal deg
radation. 

One form of such degradation re
sults in "measles", which are discrete 
locations where the glass fibers sep
arate f rom other fibers or from the 
epoxy resin. Their rate of formation is 
both time and temperature depen
d e n t . C o m p a r e d to t h e b a s i c 
laminate, it is more difficult to pre
vent thermal degradation in multilayer 
circuits because of the longer heat
ing cycles involved. The long cycles 
are due to their large size and high 
volumetric specific heat, typically 29 
Btu/ft3 deg F.* The high value re

sults from the use of very thin indi
vidual laminates which provide an in
creased amount of copper c o m 
pared to epoxy-glass. 

Since the heat capacity increases 
faster than the surface area, mult i
layer boards cannot dissipate heat at 
a rate sufficient to permit exposure to 
the above 500 F, 20 second heating 
cycle. For example, a large 18 X 24 in. 
multilayer circuit (without connec
tors) weighing 3 lb would require 246 
Btu to elevate its temperature from 
70 F to 410 F. Nearly 10 minutes is 
required to return to room temper
ature. The same circuit, assembled to 
connectors would require more than 
1500 Btu and require significantly 
longer cooling times. Multilayer cir
cuit construction, therefore, places 
rigorous demands on the thermal en
durance of commonly used epoxy-
glass laminates. In order to avoid 
thermal damage to the circuit board, 
the fusing process should minimize 
the length of the heating cycle with
out thermally shocking the circuit at a 
rate sufficient to cause mechanical 
failure. 

Characteristics of Fusing 
Processes 

Solder fusing of large circuits and 
assemblies is accomplished with a 
variety of heating methods. Each 
method has its unique characteris
tics which determine its applicability 
to specific manufacturing require
ments. The heating methods current
ly used are described below. The 
need for better process control, as 
provided by forced convection heat
ing with heated liquids, is clearly indi
cated. 

Radiant Heating 

Radiant heating has been success
fully applied to the fabrication of 
backplane interconnectors similar to 
those illustrated in Fig. 1 (Refs. 3,4). In 
addition this method of heating is 
widely used for solder sliver removal 
(Ref. 5). In both applications high pro
cess yield results from close en
gineering supervision and careful op
timization of the operating param
eters. 

Equipment used for fusing large 
circuits typically consists of a work-
piece conveyor for transporting the 
circuit, at a controlled speed, through 

* The following conversion factors may be 
applied: 

1 Btu/ft3 deg F = 0.016018 cal/cm3 

deg C 
1 watt/cm2 = 6.45 watt/in.2 = 3172.1 

Btu/h ft2 

1 watt = 3.474 Btu/h 

a heat zone of infrared energy. The 
heat zone is either a narrow, intense 
region of high heat flux (30 to 140 
W/cm2) generated by a focusing re
flector (Ref. 3) or a broad area of rela
tively low heat flux (3 to 15 W/cm2) 
generated by a diffuse reflector (Ref. 
4). In some equipment diffuse radiant 
energy is obtained by using the fo
cused system with the workpiece 
placed in a plane which does not 
pass through the focal point, i.e., where 
the energy is defocused. 

The net heat transfer by radiation 
from the source reflector system to 
the circuit being fused is given by 

q = a A 2 F,_ , (T,4 - T2
4) Btu/h 

(1) 
where 

A2 = Area of the circuit in square 
feet. 

F,_2 = A factor which accounts for 
the emissivity of the source, 
the absorptivity of the circuit 
and the geometrical shape of 
both the circuit and source. 

T2 = The circuit temperature in de
grees Rankine. 

T, = The source temperature in de
grees Rankine. 

o- = The Stefan Boltzman con 
stant, 1.797X10 8 Btu/ft2 h 
deg R 

The radiant energy source com
monly used is an incandescent-fi la
ment, infrared lamp usually operated 
at fi lament temperature between 2300 
and 4000 F. Higher temperatures are 
achieved with halogen cycle lamps. 
The filament temperature is usually 
held constant by using the opt imum 
lamp voltage setting and the circuit 
temperature is increased to approxi
mately 410 F for good solder flow. 
Because of the fourth power relation
ship the heat radiated by the work-
piece has little effect on the net heat 
transfer to the circuit for high source 
temperatures (i.e., high levels of inci
dent radiation). 

The radiant heat transfer rate q r 

can also be computed using the 
radiant heat transfer coefficient h r , in 
Btu/h ft2 deg F, as follows: 

q , = h r A2 (T, - T2 

(2) 

The other factors remain as de
scribed above and A2 the workpiece 
area is the area upon which F,_2 is 
based. Therefore, as presented by 
Kreith (Ref. 6) the heat transfer co
efficient h r is determined from equa
tions (1) and (2) as being 

A 2 ( T , - T 2 

F,_ 
< T ( T / 

T, 

(3) 

The heating rate of multilayer circuits 
exposed to radiant energy can be 
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determined f rom the exponent ia l 
transient heating law modif ied by 
Mollendorf (Ref. 7) as follows: 

T = T, + (T - T w ) e-"<. (4) 

where 

T = The circui t temperature at 
time t. 

Ji = The initial circuit temperature. 
TK, = The temperature of the sur-

INCIDENT 

H E A T F L U X ( W / c m 2 ) 

< 2 0 0 

Fig. 2 — Time and temperature history of 
multilayer circuit samples heated with 
radiant energy (note scale change) 
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Fig. 4 — Thermal response of multilayer 
circuit tor various convective heating 
methods calculated as in Ref. 7 

roundings far removed from 
the circuit (i.e., the apparent 
source temperature). 

to = The time constant described 
below. 

As developed 

h^oo, + h2T„ 

h, + h2 

(5) 

h 

where 

h = The heat transfer coefficient 
for circuit side 1 in Btu/h ft2 

deg F. 
Too, = The temperature of the sur

roundings opposite side 1. 
= The heat transfer coefficient 

for circuit side 2 in Btu/h ft2 

deg F. 
T2 = The temperature of the sur

roundings opposite side 2. 

The time constant tc is determined 
from 

PC 8 
(6) 

where 

P = The circuit density in lb/ft3 

cp = The specific heat at constant 
pressure in Btu/lb deg F. 

6 = The circuit thickness in feet. 

The use of this model requires a 
circuit (or circuit assembly) having a 
high thermal conductance compared 
to the conductance of heat to the cir
cuit such that the heating rate is 
governed by the fusing process. In 
applying this model to radiant heat
ing processes h, and h2 equal the 
radiant-heat-transfer coefficients h r 

for the respective side of the circuit. If 
other heat transfer modes are con
currently involved they should be in
cluded in the determination of h, or 
h2. Typical values of h , range from 9.5 
Btu/h ft2 deg R to 125 Btu/h ft2 deg F 
for the range of incident flux levels 
discussed previously. Calculations of 
the circuit temperature as a function 
of time using this model are in close 
agreement with the experimentally 
obtained heating curves of Fig. 2. 

The heating curves of Fig. 2 were 
obtained in a study of the effect of 
var ious levels of incident radiant 
energy on the thermal degradation of 
epoxy-glass. Small samples of a mul
tilayer circuit were exposed to pre
determined levels of radiant energy 
on one side, and were supported on 
the opposite side in a manner which 
made conduction losses negligible. 
The samples were heated until ther
mal degradation was observed, at 
which time the incident energy was 
removed. Then the samples were 
cooled in room temperature air. 

Thermal degradation occurs be
fore the circuit exhibits good solder 
flow at 410 F for both high and low 
levels of incident energy. For a heat 

flux of 2 W/cm 2 or less measling oc
curs before solder f low, whereas 
charring, blistering and delamination 
are more likely to occur first for heat 
flux levels greater than 7 W/cm 2 . The 
intermediate levels of heat flux can be 
used w i thou t p r o d u c i n g the rma l 
damage providing the circuit is re
moved from the heat zone at the pre
cise instant this temperature is 
reached. The process becomes less 
tolerant of heating t ime errors for 
the higher levels of heat flux. The 
opt imum heating curve will differ 
for different multilayer board con
structions. 

As previously discussed, circuit 
assemblies require long heating times 
because of the additional mass of the 
connectors. Figure 3 illustrates the 
extended heating time, as compared 
to Fig. 2, for a small circuit and con
nector assembly with an incident heat 
flux of 2.2 W/cm 2 . The heating curve 
n u m b e r s c o r r e s p o n d to var ious 
points on the assembly for which tem
perature data were recorded. The 
temperature at the top and bottom of 
the plated-thru holes is recorded by 
curves 3 and 4 respec t i ve ly . A 
temperature gradient exists across 
the circuit board until the solder melts 
on the top side. 

After the solder melts the gradient 
decreases and heat is transferred to 
the terminal f rom the mult i layer 
board. Radiant energy is not ef
fectively absorbed by the reflective 
terminals and they are basically 
heated from the circuit. Good solder 
wetting of the terminal will not occur 
until the terminal temperature ap
proaches 410 F; however circui t 
degradation occurs first. As with the 
previously described circuit samples, 
a higher level of incident radiant 
energy may permit good wetting with
out damage. Figure 3 clearly illus
trates the difficulty in heating both ter
minals and circuit board at uniform 
rates. The heating rates will vary with 
different degrees of terminal-to-board 
contact. 

For a uniformly distributed incident 
heat flux, the central area of the 
assembly of Fig. 1 will overheat be
fo re the connec to r areas reach 
solder-flow temperatures. Reflective 
heat shields are required to prevent 
heat-sensitive materials f rom over
heating when exposed to excessive 
radiant energy (Refs. 3,4). Heat 
shields are generally designed em
pirically with only fundamental con
cern given to basic heat transfer prin
ciples. As a result heat shield de
velopment is often costly in time and 
materials. In addit ion, a uniquely de
signed shield must be made for each 
type of circuit assembly. 

It becomes extremely difficult to 
optimize the processing parameters 
for solder fusing multilayer boards 
and assemblies with constant-heat-

500 -s I N O V E M B E R 1 9 7 4 



flux, radiant-heating equipment. For 
this reason, A. T. Faro has success
fully developed a fusing process 
which permits the circuit assembly to 
be heated in a manner which con
f o rms to a p r e d e t e r m i n e d (p ro 
grammed) t ime-temperature cycle 
(Ref. 4). The circuit temperature is 
measured and compared to the pro
grammed value with the temperature 
difference being used to drive the 
power controller for regulating the 
lamp voltage and heat flux. Good 
process control is achieved but the 
heat shield design, temperature cycle, 
and temperature-measuring detec
tor location continue to be empirical
ly determined. 

Convective Heating 

Solder fusing by the transfer of heat 
from high temperature fluid in con
tact with the circuit is governed by the 
relation. 

h cA(T2 -T,) Btu/h (7) 

where 

Qc = The rate of heat transfer i rom 
the fluid to the circuit. 

A = The circuit area in square feet. 
T, = The circuit temperature in deg 

F. 
T2 = The fluid temperature in deg F 

at a distance remote from the 
circuit. 

The convective heat-transfer coef
ficient, hc in Btu/h ft2 deg F, will range 
from 1 to 5 for natural air convection, 
5 to 50 for forced hot-air convection, 
and 10 to 300 for forced convection 
with hot oils as reported by Kreith 
(Ref. 6). With the exception of the 
high hc values for the hot oils, the heat 
transfer rates are similar to those re
ported previously for radiant heating. 

The convection heat transfer co
efficient, hc, is a function of the geom
etry of the circuit, the fluid dynamics 
and the fluid properties including 
thermal conductivity, velocity, dens
ity, specific heat and viscosity. Once 
hc is determined for each side of the 
circuit, the values are used in equa
tions (4), (5) and (6) of Mollendorf's 
modified transient analysis to calcu
late the heating rate for fusing. Again, 
if additional modes of heating occur 
concurrent ly , their t ransfer coef
ficients should be included in the 
analysis. As a result of the numerous 
parameters to be considered, the rate 
of heat transfer is significantly af
fected by the choice of f luid, its 
temperature and flow character
istics. 

Forced hot air convection heating 
has been used for joining applica
tions as reported by Weltha (Ref. 8). 
The e q u i p m e n t r epo r ted on by 
Weltha heats circuit assemblies with 
572-617 F hot air striking the circuit 

at a velocity of 1300 to 1600 f t /min. 
With the counter flow equipment re
ported, the circuit is initially pre
heated by the d o w n s t r e a m air . 
Mollendorf (Ref. 7) considered a cir
cuit similar to that of Fig. 1 for the 
case of forced hot air heating at 
1000 F with an exceptionally high 
velocity of 3000 f t /min. Under these 
conditions he found the heat transfer 
coefficient hc to be 7.77 Btu/h ft2 deg F 
and a time of nearly 50 seconds re
quired to reach a solder flow temper
ature of 410 F. The convection coef
ficient and heating time is slightly less 
than the radiant coefficient, h r of 9.4 
Btu/h ft2 deg F for an incident flux of 3 
W/cm 2 , and heating t ime of 50 sec
onds from Fig. 2. As a result, the same 
heating effects are expected on the 
circuit board where for low heating 
rates thermal damage was observed 
before solder flow. The parameters 
used by Weltha would result in even 
lower heating rates which would be 
unacceptable for the massive circuit 
studied; however, they may be well 
suited for convent ional c i rcui t ry. 
Weltha also reports that excessive air 
velocity will force solder to one side of 
the terminal and higher temper
atures result in solder wicking up-the 
terminals excessively. 

Forced hot air heating may have 
the advantage of heating terminals 
more directly than radiant heating, 
but this advantage appears to be out
weighed by the disadvantage of 
longer heating times. In addition the 
central portion of the assembly (Fig. 
1) would again be overheated while 
the connector areas are coming up to 
temperature at a lower heating rate. It 
is therefore difficult to heat complex 
assemblies quickly and uniformly with 
forced hot air without again develop
ing unique baffles (shields) to protect 
low mass areas, as with radiant heat
ing. 

Let us now consider increasing the 
convective heat transfer coefficient in 
order to shorten the heating time. Liq
uid solder is commonly used in wave 
generators for soldering printed cir
cuits with the solder temperature 
range of 480 to 540 F being used. 
This mode of heating has been 
analyzed and the heat transfer co
efficient was computed to be 3625 
Btu/h ft2 deg F for a solder wave at 
480 F with a solder velocity of 42 
f t /min (Ref. 7). The heating t ime was 
found to be approximately 4 seconds 
for the board to reach the 480 F 
solder temperature. The rapid heat
ing rate, relatively high temperature 
and the exceptionally long cooling 
period lead to thermal damage of the 
circuit. Controlling the heating time to 
reduce the maximum temperature 
would be nearly impossible for the 
large assemblies typical of Fig. 1. 
Again the central area would be over

heated compared to the connector 
region. In addition to thermal de
gradat ion, solder would plug the 
plated-thru holes if wave soldering 
techniques were used for eliminating 
solder slivers, and solder would be 
deposited on the connector termi
nals in joining applications. Solder 
coated terminals are not permitted 
where high quality wire wrap connec
tions are subsequently added. 

Overheating can be eliminated by 
reducing the temperature of the fluids 
used in convective heating to a tem
perature considered "safe" for the cir
cuit during heating times significantly 
longer than fusing requirements. By 
using a hot fluid at a selected "safe" 
temperature the circui t or c i rcui t 
assembly can be heated wi thout 
specially designed fixtures, shields or 
baffles being required to prevent 
overheating. No point on the circuit 
will exceed the fluid temperature 
regardless of fluid properties as illus
trated in Fig. 4. For a required 410 F 
solder flow temperature, a 420 F fluid 
temperature was used in the subse
quent investigations. Mollendorf con
sidered polyethylene glycol as a l iq
uid for heat transfer and found the 
heat transfer coefficient to be 80.9 
Btu/h f f deg F for a fluid velocity of 60 
f t /m in (Ref. 7). The circui t ap
proaches the 420 F glycol temper
ature in approximately 35 seconds, a 
heat ing rate c o m p a r a b l e to the 
acceptable radiant heating condi
tions of Fig. 2 which did not result in 
thermal degradation of the circuit. 
However, for massive multilayer cir
cuits, hot air at 420 F with a velocity of 
1500 f t /min requires nearly 10 min to 
reach the 410 F solder flow temper
ature and 4 min to cause solder to 
melt at 361 F. Thermal degradation 
occurs with these conditions. A solder 
wave at this unusually low temper
ature requires less than 2 seconds to 
reach 420 F, but solder cannot be 
considered for joining wire wrap ter
minals to circuits as discussed earlier. 

Fusing for sliver removal would not 
be required if the hot solder coating 
process developed by Allen and Syl
vester (Ref. 9) could be utilized. In 
their process, solder is applied by 
dipping and air knives blow excess 
solder out of the holes. However, the 
consistency with which air knives can 
remove excess so lder f rom the 
plated-thru holes on large (18 X 24 in. 
x 0.1 to 0.15 in. thick) circuits with up 
to 25,000 holes requires study. The 
so lder th i ckness va r ia t i ons are 
greater than desired for this method 
of solder coating. In addition the ther
mal shock of exceptionally high heat 
transfer rates may be detrimental to 
the reliability of the thru holes of mul
tilayer structures. 

The following studies are evidence 
of the desirable characteristics of 
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Table 1 — Typics 

Liquid 
Trihydric alcohol 

(glycerol) 
Polyglycols 
Fluorinated poly-

oxypropylene 
Polychlorotri-

f luoroethylene 
Polyphenol ether 
Mineral oil 
Vegetable oil 

il Heat Transfer Liquid Properties 

Flash 
point, 
d e g F ( a | 

c.o.c. 
350 

>500 
None 

None 

550 
>500 
>500 

Vapor 
press 

P, 
mm Hg 
at 400 F 

50 

— 
41 

20 

<.7 
3.0 

<.001 

Kinematic 
viscosity, 

H-
centistokes 
at 400 F 

1.7 

2-7 
.5 

1.5 

2.1 
1.0 
2.0 

Thermal 
Conduct. 

K. 
Btu/ft h dec 

77 F 
.16 

.10 

.04 

.04 

.08 

.08 

.1 

I F 
400 F 

18 

.09 

.03 

— 

.07 

.07 
— 

Spec. 

c, 
Heal 

3 , 

Btu/ lb deg 
77 F 

.58 

.45 

.24 

.3 

.36 
•49 
.48 

F 
400 F 

.82 

.66 

.27 

— 

.47 

.68 

.58 

Density, 
P, 

lb/ft3 

77 F 
78.5 

66 
112 

122 

74.7 
53 
57 

400 F 
70.5 

— 
87 

— 

65.8 
45 
61 

Surface 
tension, 

<T, 

dynes/cm 
a t 7 7 F 

63 

40 
16 

30 

50 
26 
35 

(a) Cleveland Open Cup Measurement 

AU PLATED 

TRiiiYDRIC ALCOHOL 
(GLYCEROL) 

UNPLATED 

SERIES A: 460°F-10 SEC. 

0,212,433»572-H0URS~Q,212,433,572 

I f f ! I i i 
SERIES B: 440°F-20 SEC. 

0,50,105 -HOURS- 0,50,105 

til 1 1,14 
Fig. 5 -
glycerol 

Solderability test results for 

solder fusing with liquids having heat 
transfer rates similar to polyethylene 
glycol which exhibited the heating 
curve shown in Fig. 4. 

Condensation Heating 

Condensation heat transfer has 
been recently developed by Chu, et al 
for use in solder fusing for joining 
appl icat ions (Ref. 10). The con
densation solder fusing process in
volves the immersion of the circuit 
assembly into the saturated vapor of 
the boiling heat transfer l iquid. The 
"safe" or maximum temperature to 
which the workpiece is heated equals 
^ e boiling point of the fluid — the 
temperature at which the latent heat 
of vaporization is transferred to the 
circuit. The heating curves generated 
for assemblies identical to that of Fig. 
1 suggest a heat transfer coefficient 
similar to that experienced with poly
ethylene glycol. The liquid used is a 
fluorinated polyoxypropylene having 
a boiling point of 435.6 F at atmo
spheric pressure. This liquid has also 
been investigated for the conven
tional forced convection heating pro

cess, and its properties will be sub
sequently discussed with regard to its 
applicability for solder fusing. One 
major restriction of the condensation 
process is the l imited choice of 
p r o c e s s i n g t e m p e r a t u r e . T h i s 
temperature corresponds to the boil
ing point of liquids available, unless 
the operating pressure differs from 
atmospheric. 

Heat Transfer Liquids 

A major task in the development of 
the liquid immersion solder fusing 
process is the selection of a suitable 
heat transfer l iquid. Several authors 
have reported on the successful 
appl icat ion of heated l iquids for 
solder sliver removal (Refs. 11 , 12, 
13). Liquids considered in these 
studies include peanut oil, polyethy
lene glycol, and proprietary liquids 
der ived f rom polyalkylene glycol . 
Polyethylene glycol is also reported to 
be used in joining applications for 
manufacturing assemblies with a mul
tiplicity of circuit boards stacked on a 
common array of terminals (Ref. 14). 

Properties Studied 

In selecting a heat transfer liquid a 
considerable number of properties 
must be studied. The liquid prop
erties of interest may be classified in 
two general categories: (1) intrinsic 
thermal, physical and chemical prop
erties and (2) extrinsic properties 
related to the product or processing 
equipment.An excellent discussion of 
many of these properties and a sur
vey of specific fluid characteristics is 
available (Refs. 15,16). 

The intrinsic thermal properties 
which determine the convection heat 
transfer coefficient were previously 
d iscussed. Over the temperature 
range usually considered for fusing 
(390 to 480 F), the liquid should be 
physically stable. However, in the 
case of condensa t i on heat ing a 
change of phase from liquid to vapor 

is necessary in the above temper
ature range. Many liquids used for 
heat transfer are blends of different 
chemical compounds mixed in a 
manner which optimizes desirable 
characteristics. The liquid selected 
must be chemically stable such that 
its processing performance will be 
consistent. For example, additives are 
often mixed with polyglycols to con
trol their PH level but their effective 
life is.not without limit when the liquid 
is placed into service. 

Thermal stability is of interest since 
thermal decomposit ion usually re
sults in a degradation of the physical 
and chemical properties. The rate of 
decomposi t ion increases with in
creases in operating temperature. 
Physiological properties must be ex
amined for the effect of the fluid on 
operating personnel and the environ
ment for both room and fus ing 
temperatures. Surface tension is in
dicative of the ability of the liquid to 
wet surfaces and may be of signif
icance in designing handling equip
ment. Liquids having low surface ten
sion are prone to leaking through 
mechanical seals. Flamability must be 
considered for reasons of safety and 
taken into account in subsequent 
equipment design. Corrosivity should 
be low at both room and fusing 
temperatures for reasons of operator 
safety, equ ipment durabi l i ty , and 
product reliability. Last, but certainly 
not of least importance, the intrinsic 
property of cost must be ascer
tained. 

The "l iquid's solderability" is an im
portant extrinsic property because 
the fusing process is intended for 
applications in both solder sliver re
moval and metals joining. As studied, 
the "l iquid's solderabil ity" is a mea
sure of its ability to permit solder to 
wet metals used in circuit assem
blies. An equally important property is 
the effect of the liquid on the insula
tion properties of circuit materials. 
Related to this consideration is the 
ease of liquid removal from the cir-
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cuit. Although the effect of the liquid 
on the circuit is of prime interest, the 
behavior of the fluid on the process
ing equ ipment must be s tud ied. 
Manufacturing equipment must per
form its function well with a minimum 
of shop maintenance for long periods 
of t ime. At operating temperature, 
some liquids, especially oils, tend to 
leave carbon-l ike deposits on equip
ment surfaces in relatively short 
times. Unless they can be removed 
easily, equipment maintenance be
comes exceedingly difficult. Finally, 
the economic justifications for using 
the selected liquid will depend on the 
intrinsic cost of the l iquid, the value of 
the product, and the yield or reli
ability of the fusing process. 

Liquid Evaluation Program 

More than thirty liquids were con
sidered for use in fusing and eighteen 
were tested. The remainder were 
ruled out because of extremely low 
flash points, high toxicity, or rapid 
decomposit ion when exposed to the 
atmosphere at fusing temperatures. 
The liquids tested are classified into 
seven categories: (1) tr ihydric alco
hol, (2) polyglycol, (3) fluorinated 
polyoxypropylene, (4) polychlorotri-
fluoroethylene, (5) polyphenol ether, 
(6) mineral oil, and (7) vegetable oil. 
Typical values of important physical 
properties of the liquids are listed in 
Table 1. L iquids f rom these cat
egories were evaluated for their 
solderability, performance in fusing, 
and ease of cleaning from both the 
workpiece and equipment. Subse
quent to this evaluation selected l iq
uids were tested for their influence on 
the electrical properties of circuit 
materials. 

The " l iqu id 's so lderabi l i ty" was 
determined by evaluating the ability of 
solder to wet selected materials when 
fusing was at tempted at temper
atures typical of those expected to be 
used for manufacturing. A solder 
spread test similar to that developed 
by Pessel (Ref. 17) for use with elec
trical lead wires, was used. Figures 5 
through 10 illustrate the results of 
these tests which use wire-wrap ter
minals available from a Western Elec
tric manufacturing plant. The copper-
nickel-tin (Cu-Ni-Sn) alloy terminals 
have 0.050 by 0.040 in. cross section 
in the wire wrap area. Two surface 
conditions were used: unplated and 
gold (Au) plated to a thickness of 25 X 
10" in. Prior to testing, all terminals 
were degreased and the unplated ter
minals were cleaned with diluted HCI 

LIQUID A 

BATCH I : 460°F-10 SEC. 

AU PLATED UNPLATED 

2,120,380 -HR- 2,120,380 

111 fc 

I 

C,ICV,JOl 

111 

and washed well to remove surface 
oxides. Properly prepared terminals 
were stored in a dry box with a desic-
cant and nitrogen purge for preserv
ing their solderable surfaces. 

Solder for the spread test was 
applied with a preformed doughnut 
0.10 in. OD by 0.050 ID by 0.015 in. 
thick. Since the terminal diagonal is 
0.059 in., intimate contact with the 
preform is assured. The preforms 
were coated with a dry, unactivated, 
water-white rosin flux (type R of 
specification MIL-14256C) as sup
plied by the manufacturer and stored 
in a dry box prior to use. Unactivated 
rosin was selected in order to accen
tuate the variations in solderability be
tween liquids. The clean Cu-Ni-Sn 
alloy was known to have good solder
ability with mildly activated flux (type 

BATCH II: 440°F-20 SEC. 

AU PLATED UNPLATED 

-HR- 1,50,105 

LIQUID B: 460°F-10 SEC. 

24,311,504 -HR- 24,311,504 

in 
Fig. 6 — Solderability test results for polyglycols 

AU PLATED UNPLATED AU PLATED 

LIQUID A: 430°F-20 SEC. 

1,50,100 -HOURS- 1,50,100 

LIQUID B: 440°F-20 SEC. 

1,50,100 -HOURS- 1,50,100 
I m I 1 1 1 

Fig. 7 — Solderability test results for flourinated polyoxypropylene 

UNPLATED 

LIQUID A: 430°F-20 SEC. 

1,49,90 -HOURS- 1,49,90 

LIQUID B: 440°F-20 SEC. 

1,49,90 -HOURS- 1,49,90 
I i 
i I 
" m 

Fig. 8 — Solderability test results for polychlorotrifluoroethylene 
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RMA of MIL-14256C), and thought to 
be marginally solderable with type R 
flux. The preforms were applied over 
the terminals and moved down until 
they contacted the shoulder. 

The test was made by immersing 
the terminal into the various liquids 
for the time, temperature and liquid 
age as shown in the figures. The 
"l iquid's solderability" is assessed 
from the degree of solder spread and 
the contact angle between the solder 
and terminal. If the included angle is 

VEGETABLE OIL 

AU PLATED UNPLATED 

(440°F-20 SEC.) 

1,50,105 -HOURS- 1,50,105 

P0LYPHEN0L ETHER 

AU PLATED UNPLATED 

(460°F-10 SEC.) 

2 -HOURS-

I 
Fig. 9 — Solderability test results for vege
table oil and polyphenol ether 

acute, solderabi l i ty is considered 
good with zero degrees being ex
cellent. The initial series of eval
uations was conducted with the l i
quids being aged at 460 F. This was 
c o n s i d e r e d t h e m a x i m u m 
temperature which would be required 
for processing and would result in the 
most rapid thermal degradation. It 
was subsequently determined that 
440 F was more realistic and thus a 
second series of evaluation was bas
ed on this temperature. 

The performance of the liquids in 
fusing for solder sliver removal was 
determined by observing the charac
teristics of electroplated solder after 
immersion in selected liquids heated 
to 440 F. The circuit coupons used 
were 2 in. square, s ing le-s ided, 
epoxy -g lass laminates hav ing a 
copper comb pattern plated with a 
60% tin, lead-tin alloy to a thickness of 
0.001 in. Half of the circuits were 
processed unfluxed and half were 
fluxed with a mildly-activated rosin-
base flux, type RMA-10% solids con
tent, and dried before immersion. The 
comb patterns were heated at times 
from 5 to 40 seconds. After immer
sion the samples were rated and 
designated (1) for no evidence of 
so lder me l t i ng , (3) for marg ina l 
evidence of melting but having little or 
no movement of the oxide fi lm cover
ing the solder plate and (5) for excel
lent fusing where a bright, reflective, 
oxide free convex surface is appar
ent. The samples were immersed in 

MINERAL OIL 

MU r L.M I L.U UNPLATED 

OIL A: 460°F-10 SEC. 

1 ,160,356,548-HOURS-l ,160,356,548 

OIL B: 440°F-20 SEC. 

1,50,105 -HOURS- 1,50,105 

1. 1 w I iti *i 
Fig. 10 — Solderability test results for mineral oil 
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selected liquids aged at 440 F for ap
proximately 1, 50, and 100 h. The re
sults of this test are provided in 
Tables 2 and 3 for 1 h and 100 h l iq
uid age respectively. While process
ing these samples, judgements were 
made of the ease of liquid removal 
during washing in the appropriate 
solvent. 

The equipment used for aging the 
liquids under test is shown in Fig. 11 
where, for one particular l iquid, a car
bon like deposit is clearly shown. De
posits were usually observed on the 
stainless-steel beaker, chrome plated 
stirrer, and glass temperature sen
sor/controller. With some liquids a 
surface scum was observed as illus
trated in Fig. 11. The stainless beaker 
was supported in an electric heating 
mantel which uniformly heated the 
liquid and the temperature was con
trolled to ± 5 F. The liquids were 
stirred during the heating cycles to 
prevent overheating at the walls of the 
container. Periodically the condition 
of the vessel was observed and both 
the degree of contamination and ease 
of removal were recorded. 

Insulat ion resistance measure
ments, as described in Ref. 2, were 
obtained for sample comb patterns 
p r o c e s s e d in s e l e c t e d l i q u i d s . 
Processing included precleaning, im
mersion and final cleaning. Control 
samples were processed in an ident
ical manner but without immersion in 
the heated liquid. The samples were 
conditioned by placement in a 95 F, 
90% relative humidity atmosphere. 
Resistance measurements were taken 
at the end of 4 and 11 days with 100 V, 
dc, applied between test points and 
without removing the samples from 
the conditioning environment. 

Selected liquids were tested for 
corrosivity by using a copper mirror 
test identical to that used by Stud-
nick and Foune (Ref. 18) for testing 
activated soldering fluxes. The test 
determines the extent to which the 
heat transfer liquid attacks a thin 
copper surface deposited on a glass 
slide under controlled conditions of 
temperature and humidity. 

Evaluation Results 

The liquid categories are dis
cussed independently in the follow
ing evaluation of the liquids. The con
clusions drawn for these categories 
are based on tests with particular 
liquids. The author wishes to empha
size the danger in assuming that all 
liquids in a category behave in a sim
ilar manner. Liquids must be in
dependently evaluated according to 
the user's requirements. 

Trihydric Alcohol 

Glycerol is the trihydric alcohol 
evaluated and a complete descrip
tion of its properties is provided by 



Newman (Ref. 19). From Table 1, gly-
cerol has the highest thermal conduc
tivity, specific heat, density, and volu
metr ic specif ic heat (pcp = 57.8 
Btu/ft3 at 400 F). These properties 
combined with a kinemetic viscosity 
similar to the other liquids should 
result in the highest convection heat 
transfer coefficient. This was calcu
lated by Mollendorf to be 129 Btu/h ft2 

F deg (Ref. 20) for the conditions of 
420 F and a fluid velocity of 60 f t /min 
as discussed previously. This value is 
greater than that obtained for poly-
g lyco l under s im i la r cond i t i ons . 

Fig. 11 — Typical liquid decomposition 
products deposited on equipment after 
100 h 

Physica l ly , g lycero l is co lo r l ess , 
hygroscopic and highly water soluble. 
Physiologically it is nontoxic, easily d i 
gested and is normally present in the 
human body. It is not irritating to the 
skin or mucosa excepting in high con
centration when it has a dehydrating 
effect (Ref. 21). 

Glycerol is reported to be a con
stituent of some soldering fluxes and 
improves the wetting of the metals 
since it remains fluid on the hot metal 
(Ref. 21). It has been used as a major 
constituent in water-soluble solder 
masks for protect ing p lated- thru 
holes during wave soldering (Ref. 22). 

Glycerol's low flash point, 350 F, 
and high vapor pressure, see Table 1, 
require special consideration in 
designing equipment for reasons of 
safety and reducing liquid consump
tion. Glycerol when strongly heated 
dehydrates into acrolein which has a 
highly penetrating odor. The max
imum limit for eight hours exposure to 
acrolein is 0.5 parts per million of air; 
however, "the irritating effect of acro
lein at very low concentrations usual
ly gives adequate warning before ex
posure to toxic quantities can occur" 
(Ref. 23). Glycerol can be obtained for 
less than $10/gal lon. 

The solderabi l i ty of glycerol is 
shown in Fig. 5 to be excellent for 
both gold plated and unplated Cu-Ni-
Sn terminals. 

Glycerol was easily washed from 
both the circuits and heating equip
ment with warm water: no scum or 
residues were observed. Glycerol, 
even when aged 572 h exhibited good 
to excellent solubility in warm water. 
From Tables 2 and 3 it is evident that 
glycerol performs excellently for fus
ing electroplated solder both with and 
without flux. It also fuses the solder 
more rapidly than the other liquids, as 
expected from its high heat transfer 
coefficient. The insulation resistance 
typically decreased by 50% com
pared to the control samples during 
environmental testing; and glycerol 
passed the copper mirror test for cor-
rosivity (Ref. 24). 

Polyglycols 

This category includes the poly
ethylene glycols and polyalkylene gly-
cols repor ted prev ious ly . Seven 
proprietary, commercially-available 
liquids were tested along with two 
pure polyethylene glycols. The liquids 
can be purchased for less than 

Table 2 — Results of Fusing Electroplated Solder on Comb Patterns with New Liquids 

Ratings (see footnotes) for fusing times of 5 to 40 seconds 
Liquid 
Trihydric alcohol 
Polyglycol 

Fluorinated poly
oxypropylene 

Polychlorotri-
f luoroethylene 

Mineral oil 

Vegetable oil 

Rating criteria: 1 - no solder flow; 3 
Conditions unfluxed/fluxed; Liquid 

A 
B 
C 
A 
B 
A 
B 
A 
B 

- marginal; 5 
age: New. 

5 
1/1 

— 
1/1 

— 
1/1 
1/1 
1/1 
1/1 
1/1 

— 
— 

- excellent. 

10 
5/5 
1/1 
1/1 
1/1 
1/1 
1/1 
1/1 
1/1 
1/1 
1/1 
1/1 

15 
5/5 
1/1 
1/1 
1/1 
1/3 
1/1 
1/1 
1/1 
1/1 
1/1 
1/1 

20 
5/5 
1/1 
1/3 
1/1 
3/3 
3/5 
1/3 
1/1 
1/5 
3/1 
1/1 

25 
5/5 
1/1 
3/3 
1/3 
3/5 
3/5 
3/5 
3/3 
3/5 
5/3 
3/3 

30 

— 
1/1 
3/5 
1/3 
3/5 
3/5 
3/5 
3/3 
5/5 
5/5 
3/3 

35 

— 
3/3 
3/3 
3/3 
3/5 
5/5 
3/5 
1/3 
5/5 
5/5 
5/3 

40 

— 
1/3 
3/3 
1/3 
3/5 
5/5 
3/5 
1/3 
5/5 
5/5 
1/1 

Table 3 — Results of Fusing Electroplated Solder on Comb Patterns with Liquids Aged 100 Hours 

Ratings (see footnote) for fusing times of 5 to 40 seconds 

Liquid 
Trihydric alcohol 
Polyglycol 

Fluorinated poly
oxypropylene 

Polychlorotri-
f luoroethylene 

Mineral oil 

Vegetable oil 

A 
B 
C 
A 
B 
A 
B 
A 
B 

5 
1/1 

— 
1/1 

— 
1/1 
1/1 
1/1 
1/1 
1/1 

— 
*— 

10 
5/5 
1/1 
1/1 
1/1 
1/1 
1/1 
1/1 
1/1 
1/1 
1/1 
1/1 

15 
5/5 
1/1 
1/1 
1/1 
1/5 
1/1 
1/1 
1/1 
1/1 
1/1 
1/1 

20 
5/5 
1/3 
3/3 
1/1 
1/5 
1/5 
1/1 
1/1 
1/3 
1/3 
3/1 

25 
5/5 
1/3 
3/5 
3/3 
3/5 
3/5 
3/3 
1/3 
5/5 
1/3 
3/3 

30 

— 
1/5 
5/5 
1/5 
1/5 
3/5 
1/3 
1/3 
5/5 
3/5 
1/5 

35 

— 
1/5 
5/5 
5/3 
3/5 
5/5 
1/3 
3/5 
5/5 
1/5 
1/5 

40 

— 
3/5 
3/5 
1/3 
3/5 
5/5 
1/5 
3/5 
5/5 
3/5 
5/5 

Rating criteria: 1 = no solder flow; 3 = marginal; 5 = excellent. 
Conditions: unfluxed/fluxed; Liquid age: 100 h. 
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$15/gallon. The polyglycols investi
gated had flash points above 500 F, 
with the exception of a low molecular 
weight pure glycol, and all were re
ported to be water soluble. A heat 
transfer coefficient lower than gly
cerol results from the lower values of 
thermal conductivity, specific heat 
and density combined with the slight
ly higher viscosity as listed in Table 1. 
An analysis of two proprietary liquids 
showed them to be similar in com
position but with different ratios of the 
ethylene oxide to propylene oxide 
monomers; being 1:1 for one and 3:1 
for the other (Ref. 24). At high temper
atures and in the presence of air the 
polyglycols undergo decomposit ion. 
For this reason their stability is usual
ly increased by the use of antioxi-
dants such as hydroquinone (Ref. 12). 
The decompos i t ion products are 
soluble in the liquid or leave the liquid 
as a vapor. Since these products are 
toxic ample ventilation and exhaust 
must be provided. 

Toxicological studies on several 
proprietary liquids have indicated that 
they do not present unusual handling 
hazards. The glycols are more toxic 
than glycerol but are considered sew
age disposable. 

The results of the solderabi l i ty 
study are shown in Fig. 6 for two poly
glycol liquids. Liquid A exhibited the 
same behavior for two dif ferent 
batches tested one year apart. For 
both batches the solderability to gold 
plated terminals was good for liquid 
ages extending to 380 h, but the area 
of solder spread was less than for gly
cerol. Wetting of Cu-Ni-Sn was rated 
poor to nonexistent for liquid age less 
than 120 h. At 380 h a slight improve
ment was noted, indicating a possible 
decrease in pH. Liquid B behaved in a 
similar manner with the plated termi
nals and was aged to 504 h. A slight 
improvement is observed for the Cu-
Ni-Sn, however the contact angle was 
large. There was no apparent im
provement in solderability to Cu-Ni-
Sn surfaces with age. 

The performance in fusing electro
plated solder was unsatisfactory with 
new liquid for the three polyglycols 
tested, as illustrated in Table 2. From 
Table 3 it is apparent that A and B 
polyglycols, when aged 100 h, gave 
excellent results for fusing times of 30 
seconds or more, when flux was 
used. Without flux, B is slightly better 
than A. 

After 50 h of heating deposi ts 
similar to that of Fig. 11 were ob
served on the heating equipment, 
however, no scum was observed on 
the surface. The deposits could not be 
removed with common detergents or 
solvents. One l iquid, reported to be 
completely water soluble, discolored 
the samples with a solvent soluble 
substance. Insulation resistance tests 
of one liquid resulted in no apparent 

reduction after four days of condit ion
ing and four l iquids have passed the 
corrosion test (Ref. 24). Mulholland 
reported a reduction of electrical 
properties by a factor of 1.7 for a poly-
alkylene glycol (Ref. 13). 

Fluorinated Polyoxypropylene 

The fluorinated polyoxypropylene 
liquids are nonflammable, extremely 
low in tox ic i t y and s tab le both 
chemically and thermally to temper
atures over 500 F. The liquids are 
available with many different molec
ular weights each having a sharp, 
well-defined, boiling point. In addi
tion, their dielectric strength and 
resistivity is high and they are com
patible with plastics, elastomers and 
coa t ings . The f l uo r i na ted poly-
oxyproplene liquids are costly — at 
more than $300/gallon. 

The two liquids tested had boiling 
points of 435.6 F and 554 F for Liq
uid A and Liquid B of Fig. 7, re
spectively. Table 1 lists a vapor pres
sure typical of Liquid B, since the 
vapor pressure of A is close to atmo
spheric at 400 F. The low volumetric 
specific heat and low thermal conduc
tivity indicate a low heat transfer co
efficient, but this is somewhat offset 
by the low viscosity. These f luori
nated liquids have the lowest surface 
tension of the liquids listed in Table 1. 

Both Liquid A and Liquid B ex
hibited good solderability to gold-
plated terminals when new, having 
reasonably good solder spread and 
an acceptable contact angle. As the 
liquids were aged to 100 h the con
tact angle increased, approaching an 
unacceptable 75 deg. Poor wetting 
with contact angles greater than 90 
deg were observed with both liquids 
for the Cu-Ni-Sn surfaces. 

Tables 2 and 3 show both liquids to 
perform better than the polyglycols 
for fus ing e lec t rop la ted so lder , 
providing the mildly activated rosin 
flux is used. In addit ion, with Liquid B 
the fusing was excellent for a long 
heating t ime of 35 seconds without 
flux. 

No deposits were observed on the 
h e a t i n g e q u i p m e n t a n d t h e 
f luor inated po lyoxypropy lene was 
easily cleaned from the samples with 
common f luor inated solvents. An 
order of magnitude increase in the in
sulation resistance was recorded dur
ing environmental testing (Refs. 7,24). 
This may be due to the entrapment of 
high dielectric liquid within the sam
ple laminant. Since these liquids are 
chemically inert the copper mirror 
test was not performed. 

Polychlorotrifluoroethylene 

The hydrogen free chlorofluoro-
carbons are chemically inert, have a 
high dielectric strength, and are ther

mally stable. The chemical inertness 
e x t e n d s to the d e c o m p o s i t i o n 
temperatures of the carbon chain. 
Decomposition to toxic volatiles oc
curs rapidly at 620 F and in lesser 
amounts at lower temperatures. The 
max imum safe operat ing temper
ature is 500 F with a good fume ex
haust. A series of liquids is available 
having well defined viscosities and 
pour points. The liquids are soluble in 
most organic solvents commonly 
used, but their solubility decreases 
with increases in molecular weight. 
Polychlorotrif luoroethylene oils are 
costly at nearly $200/gallon and 
have properties similar to the f luori
nated polyoxypropylenes as listed in 
Table 1. 

Two liquids were tested for solder
ability as shown in Fig. 8. Liquid A ex
hibited little solder spread but caused 
a small contact angle on gold plated 
terminals when new. However, this 
reasonably good solderability de
graded quickly as the contact angle 
increased when the liquid aged. For 
the unplated terminals the contact 
angle was unacceptably large for new 
fluid and nonwetting occurred at 90 h. 
Liquid B exhibited nonwetting for 
both terminal types regardless of 
liquid age. 

Tables 2 and 3 indicate Liquid A to 
perform well, when new, for fusing 
solder plate with immersion times in 
excess of 25 seconds; providing the 
mildly activated flux is used. The fus
ing performance degraded as the 
liquid aged. Liquid B was poor when 
new and improved slightly with age. 

The samples processed with these 
liquids were the most difficult to clean 
using a fluorinated solvent. Insulation 
and corrosion tests were not per
formed. 

Polyphenol Ether 

Polyphenol ether, as developed for 
high temperature applications, has an 
exceptionally good resistance to heat 
with a decomposit ion temperature of 
847 F (Ref. 15). It has a flash point of 
550 F and a very low vapor pressure 
at fusing temperatures, from Table 1. 
Its low thermal conductivity and volu
metric specific heat suggest a low 
convective heat transfer coefficient. 
Physiologically it is inert and requires 
no special handling or precautions. 

Polyphenol ether exhib i ted fair 
solderability to gold plated terminals 
when new and nonwetting to Cu-Ni-
Sn surfaces, as illustrated in Fig. 9. 
The liquid is costly at more than 
$300/gallon. Because of a limited 
quantity available, further testing was 
discontinued. 

Mineral Oil 

Hydrocarbon oils, specially refined 
for heat transfer applications, are 
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Fig. 12 

PLATED THRU HOLE 

CU-NI-SN 
TERMINAL 

Cross sections of solder joints fabricated with glycerol 

SOLDER FILLET 

readily available from the petroleum 
industry at low cost; usually less than 
$10/gallon. They have been widely 
used in wave soldering processes for 
covering molten solder to reduce 
dross formation. Some users claim 
improved soldering yield because of a 
reduction of surface tension during 
soldering which tends to eliminate 
"icicl ing" and "br idging." 

At high temperatures, mineral oils 
decompose by two different mechan
isms (Ref. 15): cracking and oxida
tion. During cracking the oil breaks 
down to form volatile substances, 
which lower the flash point, and heavy 
insoluble substances, which deposit 
on equipment surfaces and reduce 
heat transfer coefficients. Heat trans
fer efficiency is also reduced by the 
formation of insoluble carbon-l ike 
materials resulting from oxidation. 
Oils developed for high temperature 
soldering applications are blended 
with fatty acids and oxidation in
hibitors. The fatty acids tend to in
crease the oil's "solderabil i ty" (Ref. 
24). As listed in Table 1, the oils tested 
have flash points greater than 500 F. 

Two oils were tested for solder
ability, as shown in Fig. 10. Oil A ex
hibited excellent solder spread and 
low contact angles with gold plated 
terminals; even when aged to 548 h. 
Initially, Oil A permitted good wetting 
of Cu-Ni-Sn, however the contact 
angle increased to an unacceptable 
level by 356 h. At 548 h, nonwetting 
existed. Oil B showed good solder
ability to plated terminals from the 
new condition to 105 h. When new, 
the wett ing to Cu-Ni -Sn was un
acceptable and nonwetting was evi
dent at 50 h. 

Both oils performed well in fusing 
solder plate with both fluxed and un
fluxed samples after a 30 second im
mersion time as shown in Table 2. 
Table 3 indicates the need for the 
mildly activated flux after Oil B has 
aged 100 h, while Oil A has not 
changed in fusing capability. 

The carbon-l ike deposit and sur
face scum shown in Fig. 11 resulted 
f rom Oil B after 50 h of heating. These 
deposits could not be removed with 
chlorinated solvents, however, the 
samples were easily cleaned. Similar 
deposits resulted with Oil A. Insula
tion resistance measurements indi
cated no significant reduction in resis
tance values during environmental 
testing; and the corrosion test showed 
the oils to be corrosive to copper 
when new but not after high temper
ature aging (Ref. 24). 

Vegetable Oil 

The one oil commonly used as a 
basis of comparison for fusing solder 
is a vegetable oil, namely peanut oil 
(Refs. 11,13). Many oils in this cat
egory are used in cooking, are inex
pensive at less than $5/gal lon, and 
are described in Ref. 25. They are 
generally made up of a molecule of 
glycerol joined to three fatty acid 
molecules. As the oils are heated a 
smoke point is reached before the 
flash point. This smoke temperature 
is an indicator of the oil's thermal 
stability and as decomposit ion occurs 
it becomes lower. Although decom
pos i t ion p roduc t s are tox ic and 
should be properly exhausted, the 
amount of such vapors at 400 F 
should be minimal because of their 

low vapor pressure. The physical 
properties listed in Table 1 are com
parable to the polyglycols and the 
heat transfer coefficient should be 
similar. 

Two vegetable oils have been in
vestigated: peanut oil and safflower 
oil. Peanut oil has a 440 F smoke 
point (Ref. 25) and a 540 F flash point 
(Ref. 24). Safflower oil has a very high 
smoke point of 535 F and a flash 
point exceeding 609 F (Ref. 25). 

Figure 9 shows the vegetable oil to 
have fair solderability for gold plated 
terminals, having a high contact angle 
which increases to an unacceptable 
angle at 105 h. Nonwetting occurred 
for Cu-Ni-Sn surfaces. Good per
formance in melting electroplated 
solder was observed for long heating 
times (30 seconds), aged oil (100 h) 
and with samples coated with the 
mildly activated flux (see Tables 2 and 
3). 

The samples were easily cleaned 
with chlorinated solvents; but the 
heating equipment was impossible to 
clean, even after 50 h, since the de
posits were thicker than shown in Fig. 
11. Peanut oil is reported to increase 
the electrical properties by a factor 
greater than 2 (Ref. 13) and it has 
passed the corrosion test (Ref. 24). 

Liquid Selection 

The choice of a suitable liquid for 
production processing is difficult be
cause compromises must be made on 
some of the many characteristics con
s idered for evaluat ion. In review, 
these characteristics included solder
ability, flammability, heat transfer co
efficient, ease of cleaning, equip-
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fig. 73 — Solder slivers on multilayer circuit Fig. 14 — Prototype liquid immersion heat transfer facility 

ment maintenance, cost, and the ef
fect on the p roduc t ' s e lec t r i ca l 
characteristics. Glycerol excelled in 
all areas except flammability and 
electrical characteristics. Flux is not 
required for sliver removal and unac
tivated flux is sufficient for joining 
applications. The high dielectric l iq
uids excelled in these points but are 
costly and require a mildly activated 
flux. The polyglycols, mineral oils, and 
vegetable oils leave deposits on heat
ing equipment which would make 
equ ipment maintenance very dif
ficult. In addit ion, mildly activated flux 
is required for excellent fusing re
sults. With the exception of glycerol, 
most liquids demonstrated a vari
ation of fusing properties with age. 
Again, not all liquids in a category be
haved identically; therefore, consider
able testing must be performed on 
particular liquids and the results must 
be evaluated in terms of the end use 
requirements. 

If a reduction in electrical per
formance can be tolerated then gly
cerol and polyglycols should be con
sidered because of their low cost. Of 
these two, glycerol is preferred, but 
requires special care at fusing tem
peratures because of its low flash 
point. If polyglycols are used the 
deposition of decomposit ion prod
ucts on equipment surfaces must be 
tolerated. If electrical performance 
cannot be down graded the f luori
nated po l yoxyp ropy l ene l iqu ids 
should be used with an adequate 
quantity of a mildly activated flux. Be
cause of the high liquid cost consider
able care must be exercised in con
serving the liquid and collecting its 
vapors. For this reason, the equip
ment and process of Ref. 10 should 
be considered instead of conven
tional dip tank having high vapor 
losses. This process always heats the 
circuits with pure, like new, liquid and 
thus avoids the potential degrading 
effects observed with aging. 

Fusing Applications with Glycerol 
Glycerol was used to fuse the 

assembly of Fig. 1, whereby high 
quality solder joints were obtained 
between the connector terminals and 
the circuit's plated-thru holes. Solder 
joining is accomplished by placing 
fluxed solder preforms, one per ter
minal, over the terminals of each con
nector prior to assembly. These pre
forms contact the underside of the 
circuit after the connector terminals 
are inserted into their respect ive 
plated-thru holes. Although not re
quired, a mildly activated flux is 
applied to the circuit to assure a high 
yield. With the glycerol maintained at 
a "safe" temperature of 440 F, the 
circuit is immersed, terminal side 
down, until the liquid covers the cir
cuit. The connector bodies are not im
mersed. 

Joints of excellent quality, as shown 
in Fig. 12, were formed with a defect 
rate of less than 0 .1% with laboratory 
equipment. During heating the circuit 
is heated at a rate which is in good 
agreement with the theoretical rate 
predicted by equation (4). The results 
of numerous temperature measure
ments show that the first area to reach 
410 F required 9 seconds and the im
mersion cycle was terminated when 
the last area reached 410 F at 27 
seconds. No thermal degradation oc
curred to the multilayer circuit. 

Because of the complex construc
tion of the assembly, including con
nectors assembled of many indi
vidual piece parts, thousands of capil
laries and crevices occur where heat 
transfer fluids could be trapped. It 
was determined that there could be 
no assurance of complete removal of 
the liquid during subsequent cleaning 
steps. For this reason it is not recom
mended that a poor dielectric l iquid, 
such as glycerol be used for similar 
complex assemblies. Soldering of 
simple wire-wrap terminals to printed 
circuits should present no problems, 

since adequate cleaning is possible. 
Liquid immersion heat transfer with 

glycerol is being used as a manufac
turing process for solder sliver re
moval. Figure 13 illustrates a con
centration of solder slivers on a multi
layer circuit with 0.125 in. center to 
center hole spacings. These solder 
overhangs were broken away from 
the bulk solder plate with ultrasonic 
agitation. Without fusing, a potential 
for short circuiting from pad layer to 
pad layer exists. On a production 
basis, circuits are first baked at a tem
perature in excess of 300 F to remove 
entrapped moisture. The circuits are 
typically fused at a 430 F glycerol 
temperature for 25 seconds. After 
several washing steps, circuits are 
again baked at a temperature above 
300 F for drying. Time and temper
ature requirements are dependent on 
product size and equipment capa
bility. 

Production Equipment 

Caution must be exercised in 
developing production equipment for 
use with glycerol. The equipment 
must handle combustible liquids in a 
safe manner since ordinary dip tanks 
cannot be used (Ref. 26). Figure 14 i l
lustrates the production facility de
signed for fusing circuits up to 30 by 
38 in. in size. In operation, the facility 
processes the circuits through a fus
ing cycle to melt the solder, a dwell 
period to permit both liquid drain off 
and cooling of the circuit, and a water 
rinse to remove drag-out heat trans
fer l iquid. Circuits are supported hori
zontally and moved very slowly in a 
smooth manner to minimize distur
bances to the molten solder. Liquid 
waves of high velocity were consid
ered unacceptable due to potential 
disturbances of the solder. 

Special emphasis has been placed 
on instrumentation of the machine 
funct ions and the cor respond ing 
recording of such data for process 
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eva lua t i on p u r p o s e s . T h e i m m e r s i o n 
cyc le c a n be c o n t r o l l e d m a n u a l l y , by 
cyc le t i m e or by c i r cu i t t e m p e r a t u r e . 
A n e lec t ros ta t i c p r e c i p i t a t o r is used to 
c lean t h e e x h a u s t air a n d t h e bu lk of 
t h e t r a p p e d v a p o r is f i l t e red fo r r ecy 
c l i ng . F inal ly t he l i qu id is c o v e r e d at 
all t i m e s e x c e p t d u r i n g t h e i m m e r 
s ion cyc le a n d an a u t o m a t i c a l l y - a c t u 
a t e d , c a r b o n d i o x i d e , f i re e x t i n g u i s h 
ing s y s t e m is i n c l u d e d . 

C o n c l u s i o n 

T h e c o m p l e x t h e r m a l c o n 
s i d e r a t i o n s i nvo l ved w i t h f u s i n g 
n e w g e n e r a t i o n e l ec t r on i c c i r cu i t s a n d 
a s s e m b l i e s have b e e n d i s c u s s e d . It 
w a s i l l us t ra ted t ha t it is o f t e n n e c e s 
sary to heat va r i ous c o m p o n e n t s at a 
nea r l y u n i f o r m rate w i t h o u t c a u s i n g 
t h e r m a l d a m a g e to t h e c i r cu i t a n d 
s u r r o u n d i n g m a t e r i a l s . T h i s can b e 
a c c o m p l i s h e d w i t h o u t u n i q u e p r o 
tec t i ve heat sh ie lds , usua l l y r e q u i r e d 
w i t h r a d i a n t or ho t air m e t h o d s , by u s 
ing l i qu i d c o n v e c t i v e h e a t i n g p r o 
cesses . 

C h o o s i n g a s u i t a b l e heat t r ans fe r 
l i qu i d is no t a s i m p l e task . T r a d e - o f f s 
m u s t be m a d e b e t w e e n severa l s i g 
n i f i can t p r o p e r t i e s . G l y c e r o l r a n k s 
f i rs t , of t h e l i qu ids t e s t e d , fo r hav ing 
exce l l en t f us i ng c h a r a c t e r i s t i c s p r o 
v i d i n g e lec t r i ca l r e q u i r e m e n t s can be 
r e l a x e d . F l u o r i n a t e d p o l y o x y p r o 
py l ene y ie lds t h e best e lec t r i ca l p r o p 
er t ies bu t its use m u s t be e c o n o m 
ical ly j u s t i f i e d . 
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