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AT&T is committed to a scheduled phase-out of emissions of chlorofluoro-
carbons and other solvents from its manufacturing operations. The proper
use of low-residue solder pastes and low-solids fluxes obviates the need for
post-reflow and post-wave solder cleaning in circuit-pack assembly and,
therefore, contributes significantly toward achieving these corporate goals.
For proper solder joints to be formed with low-residue solder pastes, we
found that the reflow atmosphere must be controlled. The appropriate ther-
mal and atmospheric control capabilities have been identified. Factory
implementation is underway and, by the end of 1991, a minimum of 13 lines
capable of using low-residue solder pastes will have been installed. For the
low-solids fluxes used for wave soldering, test results showed we need to
control the quantity of flux applied. This control was realized with the devel-
opment of a spray fluxer. The unit has been successfully deployed at many

AT&T manufacturing locations.

Introduction

Assembly procedures routinely
involved several cleaning steps to remove the
residue from various soldering operations.
These steps required the use of chlorinated
solvents, including chlorofluorocarbons
(CFCs), that are detrimental to our environ-
ment. AT&T is committed to reducing emis-
sions of these chemicals. One way to do this
is to use no-clean materials, such as low-
residue solder pastes (LRSPs) and low-solids
fluxes (LSFs), that leave little residue after
soldering and, thus, eliminate the need for
cleaning. However, their use should neither
adversely affect the product’s reliability nor
complicate the manufacturing process, which
would increase the product’s cost.

To evaluate how commercially avail-
able low-residue solder pastes and low-solids
fluxes affect product reliability and soldering
processes, we have tested these pastes and
fluxes against industry specifications and
internal requirements. Our studies have
found that the use of these no-clean LRSPs and
LSFs becomes feasible when the surface-
mount and wave-soldering processes are suit-
ably altered. For example, nitrogen gas (N ;)

is now used in the reflow ovens for good
reflow of LRSPs, and the LSF must be precisely
controlled during application. These material
and process changes allow us to eliminate the
cleaning steps, thus decreasing manufactur-
ing costs and environmental impact.

In the next section, we provide back-
ground information about the circuit-pack
assembly process, fluxes, solder pastes, and
no-clean soldering. Other sections summarize
our studies to characterize low-residue and
low-solids materials, stencil printing, reflow
processes, flux application, and wave solder-
ing. (Panel 1 defines acronyms and terms
used in this paper.)

Background

In this section, we describe the
circuit-pack assembly process, give the rea-
sons for using fluxes and solder pastes and
discuss their compositions, and identify the
benefits of no-clean soldering.

The Assembly Process. Circuit-pack
assembly consists of reflow soldering of
surface-mounted components or wave solder-
ing of surface-mounted or through-hole com-
ponents to a printed-wiring board. Typically,
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Panel 1. Abbreviations, Acronyms, and Terms

CFC — chlorofluorocarbon

liquidus temperature — the temperature above which
the alloy is a liquid

LRSP — low-residue solder paste

LSF — low-solids flux

LSF-2000 — AT&T's low solids fluxer

N, — nitrogen gas

0, — oxygen gas

pH — hydrogen power, a measure of a solution’s
acidity or alkalinity

SIR — surface insulation resistance, a measure of a
circuit’s electrical integrity

SMD — surface-mount device

Sn-Pb — tin-lead

eutectic tin/lead solder (63/37 weight-percent) is used in
the paste and the solder wave. (The melting point of
eutectic solder is 183°C.) Figure 1 illustrates a typical
assembly sequence for a “mixed technology” circuit
board; i.e., the board has both surface-mounted and
through-hole devices. The sequence incorporates both
processes, i.e., reflow soldering and wave soldering.

For reflow soldering, solder paste is printed on
the circuit board using a stencil, and the surface-mount
devices (SMDs) are placed on the board by machine (e.g.,
a robot). Next, the assembly is heated in an oven to a
temperature above the liquidus temperature of the sol-
der, which ensures that the tin/lead alloy is in a liquid
state. The solder melts to form the metallurgical connec-
tions between the component leads and the bond pads
on the board.

For wave soldering, adhesive dots are placed on
the circuit board. A machine places the surface-mount
components on these dots, which are then cured. Next,
the through-hole components are inserted, and flux is
applied to the assembly. Then, the assembly is preheated
and is passed over flowing molten solder, i.e., a solder
wave. The solder wets the leads and bond pads, forming
a solder fillet.

Traditionally, cleaning operations have been
required after reflow soldering and wave soldering. But
by using the no-clean soldering processes described
later, we can eliminate both cleaning operations.
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Fluxes and Solder Pastes. If a good metallurgical
bond is to be formed between a component lead and the
metal pad or through-hole on a printed-wiring board, the
metal surfaces must be free from oxides and wettable by
solder. The liquid fluxes used in the wave-soldering pro-
cess and the flux constituent in solder pastes create
these wettable surfaces.
From a simplistic viewpoint, liquid fluxes are
made of three ingredients: a solvent, a vehicle, and an
activator. Solder pastes have more complicated formula-
tions because they must also have:
= The desired rheological properties for stencil printing.
(Rheology refers to the form and flow of matter; specifi-
cally, a material’s elasticity, viscosity, and plasticity—
its ability to flow or be formed or to retain shape.)

= Adequate tackiness to hold components in place.

= Resistance to slumping (i.e., the deposit of paste holds
its shape and does not spread out).

Fluxes and pastes can be categorized in terms of
either their composition or their activity. Traditionally,
they have been classified by their chemical makeup.
When using this classification, one can choose from four
categories of fluxes and pastes: rosin (R), water-soluble
(WS) fluxes, synthetic-activated (SA), and low-solids (LS).

Depending on the composition of the flux or
paste, the flux activity can vary from low to high, and the
flux residue can vary from benign to corrosive and from
tack-free to tacky. The choice of cleaning material and
process is predicated on the characteristics of the flux
or paste residue. Cleaning materials include chlorinated
solvents, chloroflucrocarbons, nonchlorinated solvents
(e.g., alcohols, terpenes), saponifiers, and water. (A
saponifier reacts with flux residues to form water-soluble
soaps that are then removed by rinsing.)

Solder pastes combine solder alloy and flux in a
printable paste. Generally, the paste consists of a solder
alloy powder that is dispersed in a vehicle of fluxing
agents, rheology modifiers, and a suitable solvent.

As Figure 2 shows, conventional rosin-based sol-
der pastes leave a sticky residue on the printed-wiring
board after soldering. Low-residue solder pastes are for-
mulated with a minimum amount of organic solids and
use materials that are volatile at soldering temperatures.
Both factors greatly reduce the amount of residue left on
the product. If these low-residue solder pastes are to be
used, an inert (i.e., nonoxidizing) atmosphere such as
nitrogen is needed in the reflow oven.
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Benefits of No-Clean Processes. If one can elimi-
nate post-reflow and post-wave solder cleaning, one also
eliminates the cost of the cleaning machines and their
maintenance and reduces materials and operating costs.
Along with these cost reductions, one also saves floor
space because the cleaning machines are no longer
required. In addition, the processing interval is reduced
and the process simplified because fewer processing
steps are required.

Because these cleaning steps are no longer
required, the need for post-solder assembly steps is elim-
inated for those components that are incompatible with
the cleaning process. Previously, such components had
to be inserted and soldered manually.

In addition, by eliminating the cleaning pro-
cesses, we respond to concerns about local, state, and
national environmental regulations; component qualifi-
cation; and waste disposal. Now, more than ever, the
environmental issues are important because of the

Figure 1. Typical assembly process for a circuit board that
incorporates surface-mounted and through-hole compo-
nents. The cleaning steps that follow (a) reflow soldering
and (b) wave soldering can be eliminated.

persuasive evidence that links CFCs and chlorinated sol-
vents to the depletion of stratospheric ozone and the
impending phase-out of CFCs and other chlorinated sol-
vents. Disposal requirements for industrial waste are
being tightened based on the composition of the effluent
and its heavy metals content.

Besides the elimination of cleaning, the no-clean,
wave-soldering process that we developed and discuss
later provides these additional benefits:
= It reduces the use of flux materials.
= It improves soldering yields, compared to the yields

associated with commonly used rosin fluxes.
Because test probes now can make better contact, the
testability of the boards is also enhanced compared to
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Figure 2. Close-up view of surface-mount lands on a circuit
pack that has been reflow soldered using conventional,
rosin-based solder paste. Components have been removed
to show the sticky paste residue.

boards with rosin residues. Depending on the circuit-
board design and the manufacturing location, we have
observed as much as a tenfold improvement in soldering
yields. Soldering yields have even improved after the
change from water-soluble flux (a more active flux) to LSF,
owing to the elimination of post-solder hand assembly.
For good reflow of LRSPs, an inert atmosphere is
needed. Nitrogen gas or other inert gases are acceptable.
(Conventional pastes do not need special atmospheres.)
Additional advantages for using a no-clean solder paste in
an inert atmosphere include:
= Less oxidation of surfaces to be soldered in later oper-
ations
= Improved yields and reduced solder-ball formation
during reflow soldering
= The ability to use inexpensive, organic solderability
coatings rather than tin-lead (Sn-Pb) coatings over
bare copper.

Test Methods and Specifications

In AT&T, the materials used in soldering pro-
cesses are extensively evaluated to ensure that the mate-
rials do not degrade the product’s reliability and will be
compatible with our manufacturing processes. We test
fluxes, pastes, and their residues after heating to deter-
mine their ability to corrode copper mirrors or plates and
their halide content, pH level, and conductivity as mea-
sured by surface-insulation resistance. [Halide is a
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compound of a halogen and another element or a radical.
The pH level identifies the material’s acidity or alkalinity.
Halide content and pH level are further indicators of the
corrosivity (i.e., ability to corrode) or activity of flux resi-
dues. Surface-insulation resistance or SIR is a measure of
a circuit’s electrical integrity.]

In addition, we evaluate liquid fluxes and solder
pastes for soldering performance and also test solder
pastes for rheology, printability, and slump resistance.

Recent papers!-2 describe some of the tests cur-
rently used in AT&T and throughout the electronics
industry to qualify soldering materials. These papers also
explain how the tests can be applied to no-clean processes.

Figure 3 shows three SIR comb patterns that
were exposed to the same temperature and humidity
environment, but with different preconditioning. The
images show the oxidation of copper during processing
and the potential corrosivity of the flux residue. For test
details, the interested reader should consult the appro-
priate specifications.? 6

No-Clean Solder Paste and Reflow

In 1988, we started to evaluate low-residue solder
pastes in controlled reflow atmospheres. While the phys-
ical and rheological properties of these early materials
were far from ideal, we could reflow them in atmo-
spheres with various reactive additives to produce good
solder joints and small amounts of residue.” Results from
reliability tests showed that these residues were noncor-
rosive and nonconductive. AT&T obtained a patent that
covers this reactive-atmosphere soldering method.®

For general applications, an inert atmosphere is
greatly preferred to one that incorporates reactive spe-
cies. Thus, our focus turned to the evaluation of paste
materials that would reflow in nitrogen and were compat-
ible with AT&T’s reliability and process requirements.

The physical, rheological, thermal, electrical,
and chemical properties of more than 25 materials from
10 vendors were evaluated.?1° By the end of 1990, we
had identified several materials that met AT&T’s require-
ments. Figure 4 shows the well-formed solder fillets and
minimal residues obtained using one of these pastes.

As a parallel effort to paste characterization, we
evaluated nitrogen-capable reflow ovens for their thermal
profile and the oxygen content of the reflow environ-
ment. We obtained thermal profiles on assembled
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Figure 3. Three SIR comb patterns that have been exposed
to a test condition of 35°C and 90-percent relative humidity.
(a) Bare copper not exposed to flux. (b) Oxidized copper not
exposed to flux, but exposed to reflow temperatures in air.
(c) Corroded copper exposed to a concentrated quantity of
flux and heated. These images show the oxldation of copper
during processing and the potential corrosivity of the flux
residue.

Figure 4. This surface-mounted package has well-formed
solder fillets and minimal residues. It was reflow soldered in
nitrogen using a low-residue solder paste, one of several
materials that met AT&T's requirements.

printed-wiring boards that were typical of those soldered
in production and did oxygen mapping under loaded,
production conditions. A description of our procedures
and the results have been published.!!

Several commercially available ovens could meet
the thermal requirements. The best ovens were those
that incorporate forced convection to promote tempera-
ture uniformity. Nearly all the ovens from major vendors
could maintain less than 100 parts per million (ppm) of
oxygen (O,) and the most gas-tight systems could main-
tain less than 10 ppm throughout their length. Figure 5
shows the thermal profile and oxygen map for an oven
used in the trials.

Next, to determine the oxygen window or range
of oxygen concentrations that gave favorable results, a
metered air leak (about 20-percent oxygen) was intro-
duced into the nitrogen source line that feeds the heated
zones of the oven. Low-residue solder pastes were evalu-
ated in atmospheres that had up to 10, 100, 500, 800,
1000, and 1500 ppm of oxygen. The results suggest that
up to 500 ppm of oxygen will neither decrease the visible
quality of the solder joint nor increase the visible paste
residue left on the board after reflow, compared to less
than 10 ppm of oxygen.

In some instances, a level of 800 ppm of oxygen
did not cause severe problems with joint quality, but
tended to cause more solder balls to form and unpro-
tected copper to oxidize. Therefore, the maximum
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Figure 5. Several commercially available reflow

ovens could meet AT&T's thermal requirements.
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oxygen level that can be tolerated will be determined by
the need to minimize oxidation to preserve solderability
for later operations, and not by the oxygen sensitivity of
the solder paste.

In early 1991, we conducted a factory trial at
AT&T’s Shreveport Works in Louisiana. Reflow solder-
ing was done in nitrogen with less than 100 ppm of oxy-
gen. The soldering results were good, with solder
defects of less than 15 ppm.

In September 1991, AT&T’s Columbus Works in
Ohio implemented the process. Since then, most AT&T
surface-mount assembly factories have purchased
nitrogen-capable reflow equipment. By the end of 1991,
at least 13 lines will have been equipped to use inert
atmosphere, no-clean reflow soldering.

No-Clean Flux and Wave Soldering

Post-solder cleaning can be eliminated only if the
flux residues that remain do not affect the circuit pack’s
performance, testability, or reliability.

Flux manufacturers have formulated low-solids
fluxes to eliminate the cleaning operations. However,
accelerated aging tests of circuit boards uncovered long-
term corrosion problems. When the test was repeated
with new circuit packs that were exposed to less low-
solids flux, there were no failures. Experiments showed
that the SIR decreased as we increased the amount of flux
applied. These results suggest that excessive flux resi-
dues may compromise the circuit’s integrity. Most of the
SIR testing was done at extreme performance conditions
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(i.e., 35°C and 90-percent relative humidity). Pollutants in
the air and higher temperatures and relative humidities
could exacerbate an electrical integrity problem.

So far, over 60 formulations of low-solid flux have
been received from 14 different vendors. The depen-
dence of SIR on flux quantity has been demonstrated for
most of the formulations that passed the prescreening
tests (i.e., pH, halide, and copper mirror).

The discovery of this inverse relationship
between flux quantity and SIR revealed the need to apply
the flux in a carefully controlled way, so that only the
amount required to ensure a good solder connection
would be applied to the board. Consistent with the need
for application control are application uniformity and
repeatability.

In addition, we found the partially heated flux
residue that did not contact the solder wave caused more
damage than the fully heated residue that did contact the
wave. Thus, flux residue that remains on the top side of a
circuit board (i.e., the component side) was potentially
more detrimental to circuit-board reliability than the resi-
due on the bottom side (i.e., the circuit side). This meant
that application methods that deposited excessive
amounts of flux on the top side of the board were not
desirable.

Because of the extremely low solids content of
these LSFs, traditional flux-monitoring techniques are not
accurate enough. Typical application methods need mon-
itoring because they use open reservoirs. These reser-
voirs allow the main constituent of a flux (i.e., alcohol) to



evaporate and to absorb water. Accordingly, a closed flux
reservoir and delivery system is a benefit, because it pre-
vents compositional changes and negates the need for
monitoring.

Moreover, significant savings in time and
expense are realized with a closed system. For example,
when the cost to dispose of 5 gallons of spent flux each
day is included, the closed system of the LSF-2000 can
save $20,000 per year in costs for monitoring, additional
flux and alcohol, and disposal compared to an open sys-
tem. (The LSF-2000 is AT&T’s newest low-solids fluxer,
and is described in the next section.)

AT&T’s Low-Solids Fluxer

Because of the characteristics of LSFs, the follow-
ing application properties are considered preferable:
= Uniform, controlled flux application
= Minimal flux residue on the top side of a circuit board
= Closed system (to avoid alcohol evaporation and water

absorption).

In response to these needs, AT&T developed its
first-generation, low-solids fluxer in 1988. This spray
fluxer used an ultrasonic atomization system to deposit
flux on circuit boards. AT&T has been granted patents
that cover both the methods and apparatus.12:13 Details
of this fluxer have been published.?

The first-generation spray fluxer did eliminate
the need for post-solder cleaning. But after extended
field experience with it, users demanded more efficient
performance and a wider range of features including bet-
ter uniformity in flux deposition, wider spray capability,
and decreased maintenance.

In 1990, the second-generation, LSF-2000 low-
solids fluxer was developed. It uses a pressure-assisted,
airless spray system that is mounted on a traversing
mechanism. A spray nozzle passes back and forth
beneath the circuit boards on the conveyor and releases
four overlapping coats of flux material, which results in a
highly controlled and uniform layer of flux. With its spe-
cially designed board sensors, exhaust system, and self-
cleaning nozzle, the system ensures high solder quality
and efficient use of flux material.

During the summer of 1990, a prototype of the
LSF-2000 was tested successfully at AT&T’s facility in
Mesquite, Texas, and at the Columbus Works. A produc-
tion model was installed in Columbus in September 1990.

The LSF-2000 system has now been deployed in many
AT&T factories and is available to the industry, offering
them an economically and environmentally sound flux-
application method.

Summary

The most promising alternatives for no-clean
soldering are modified processes, not simple substitutions
of material. Inert-atmosphere reflow processes that use
low-residue solder pastes have been shown to produce
minute amounts of benign residue. With the improved
solder pastes now available, this process can provide
the reflow capability needed for total no-clean, surface-
mount assembly.

We have defined a production process that can
be implemented with equipment that is commercially
available. Further optimization will be done as we gain
experience with the system in our factories and as
improved materials become available.

Before fluxes are used in production, proper
evaluation is imperative. We found that some LSFs were
better than others. For all LSFs, SIR testing confirmed the
theory that arose from our accelerated aging studies.
That is, large quantities of post-solder LSF residues can
be detrimental to the circuit. This work points out the
need for the appropriate qualification of materials and
the use of proper application equipment.

The equipment that AT&T developed maintains
the original flux composition and controls the quantity of
flux applied. This system has been successfully deployed
at AT&T manufacturing locations.

By using low-residue solder paste materials and
processes and using low-solids fluxes with the appropri-
ate process, AT&T has eliminated the need for cleaning
and is making progress toward its environmental goals.
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