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Disclaimer

The United Nations Environment Programme (UNEP), the Technology and Economics
Assessment Panel co-chairs and members, the Technical and Economics Options Committees
chairs and members and the companies and organisations that employ them do not endorse the
performance, worker safety, or environmental acceptability of any of the technical options
discussed. Every industrial operation requires consideration of worker safety and proper disposal
of contaminants and waste products. Moreover, as work continues -including additional toxicity
testing and evaluation- more information on health, environmental and safety effects of
alternatives and replacements  will become available for use in selectmg among the options
discussed in this document.

UNEP, the Technology and Economics Assessment Panel co-chairs and members, and. the
Technical and Economics Options Committees chairs and members, in furnishing or distributing
this information, do not make ‘any warranty or representation, either express or implied, with
respect to the accuracy, completeness or utility; nor do they assume any lability of any kind
whatsoever resulting from the use ‘or reliance upon, any information, material, or procedure
contained herein, including but not limited to any claims regarding health, safety, environmental
effects or fate, efficacy, or performance, made by the source of information. :

Mention of any company, association, or product in this document is for information purposes
only and does not constitute a recommendation of any such company, association, or product,
either express or implied by UNEP, the Technology and Economics Assessment Panel co-chairs
and members, and the Technical and Economics Options Commxttees chairs and members or the
companies or orgamsatlons that employ them.
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Acute toxicity
Adsorption
Aerosol Spray

Alcohols

Aqueous cleaning

Azeotrope

Biodegradable
BOD

Carbon. tetrachloride

CFC
CFC-112

CFC-113 T

GLOSSARY

The short-term toxicity of a product in a single dose.
Can be divided into oral, cutaneous, and respiratory
toxicities.

Not to be confused with absorption. Adsorption is a
surface phenomenon of some substances that can form a

physicochemical bond with specific materials.

A means of atomizing liquids by propelling them from a

‘pressurized container through a suitable valve by

either a liquified or pressurized gas.

‘A series of hydrocarbon derivatives with at least one

hydrogen atom replaced by an -OH group. The simplest
alcohols (methanol, ethanol, n-propanol, and
isopropanol) are good solvents for some organic 50115
notably rosin, but are flammable and can form :
explosive mixtures with air. The use of flammable v
solvents requires caution and well-designed equipment.

Cleaning with water to which suitable detergents,
saponifiers, or other additives may be added.

A mixture of chemicals is an azeotrope if the vapour
composition is identical to that of.the liquid phase.
This means that the distillate of an azeotrope is
theéretically identical to the solvents from which it
is distilled.. In practice, the presence of
contaminants in the solvent may upset the azeotropy.

Products are classified as biodegradable if they can
be easily broken down or digested by living organisms.

An abbreviation for biochemical oxygen demand,
measure of the biodegradability of wastewater.

A chlorocarbon solvent with an ODP of approximately °
1.1. It is also considered toxic and a probable human
carcinogen (classified as a B2 carcinogen by US EPA).
Its use is strictly regulated in most countries and it
is used primarily as a feedstock materlal for the
production of other chemicals.

An abbreviation for chlorofluorocarbon.
1,1,2,2-tetrachloro-1,2-difluoroethane.

1,l,2-trichloro-l,2,2-trif1uoroethane.
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CFC-113a

Chelation

Chlorocarbon

Chlorofluorocarbon

Chronic toxicity

COoD

Conformal coating

Controlled
atmosphere soldering

Defluxing

Detergent

Dichloromethane
Dry cleaningl
Dry film

Fatty acids

An isomer of CFC-113; 1,1,1-trichloro-2,2,2-

'trifldoroethane.

Chelation is the solubilisation of a metal salt by
forming a chemical complex or sequestering. One way
of doing this is with ethylenediaminetetraacetic acid
(EDTA) salts which have a multidentate spiral ligand
form that can surround metallic and other ions.

An organic substance composed of chlorine and carbon,

"e.g., carbon tetrachloride.

An organic substance composed of chlorine, fluorine,
and carbon atoms, usually characterised by high '

"stability contributing to a high ODP.

The., long-term toxicity of a product in small, repeated
doses. Chronic toxicity can often take many years to
determine.

An abbreviation for chemical oxygen demand.

A -protective material applied in a thin, uniform layer

to surfaces of an electronic assembly.

A soldering process done in a relatively oxygen-free
atmosphere. The process greatly reduces oxidation of

. the solder, so that less flux is required, thereby

reducing or eliminating .the need for cleaning.

The ‘removal of flux residues after a soldering
operation. Defluxing is a part of most high-
reliability electronics production.

A product -designed to render -soils (e.g., oils and
greases) soluble in water, usually made from synthetic
surfactants. :

A chlorocarbon solvent used extensively for metal
cleaning. Also. known as methylene chloride.

A common term for cleaning garments in organic
solvents, as opposed to water.

A photoresist or photoimageable solder mask applied to
printed circuits by lamination.

The principal part of many vegetable and animal oils
and greases. Also known as carboxylic acids, which
embrace a wider definition. These are common
contaminants which use solvents for their removal.
They are also used to activate fluxes.
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- Flux

_ Greenhouse effect

Halocarbon

Halons

*HCFC
- HCS
HFC

Hybrid circuits’

Hydrocarbon

Hydrocarbon derivative

Hydrocarbon/surfactant
solvents

Hydrochlorocarbon

_facilitate the production of a solder joint.

other water-soluble soils.

A chemical employed in the soldering process to

It is
usually a liquid or solid material, frequently based
on rosin. (colophony).

A thermodynamic effect whereby ‘energy absorbed at the
earth's surface and normally radiated back out to
space in the form of long-wave infrared radiation, is
retained due to gases in the atmosphere, causing a
rise in global temperature. CFCs that cause ozone
depletion’ are "greenhouse gases," with a single CFC-
113 molecule having the same estimated global warming
effect as 14,000 carbon dioxide molecules.

I3

Any organic substance where at least one hydrogen atom
'in the hydrocarbon molecule has been replaced by a

halogen atom (fluorine, chlorine, bromine, iodine, or
dstatine).

Substances used as fire-extinguishing’agents and
having high ODPs.

'An abbreviation for hydrochlorofluorocarbon.

An abbreviation for hydfocarbon/surfactant (intra).
An abbhreviation for hydrofluorocarbon.

Electronic circuits, with or without integral passive
components, which are formed by the application of -
conductive and resistive patterns to a vitrous or
ceramic substrate. B '

An organic substance composed only of hydrogen and
carbon. Gaseous or volatilized hydrocarbons are
flammable. .

A hydrocarbon whose molecule has been modified by
adding atoms other.than hydrogen and carbon, e.g.,
alcohols. : S

A mixture of low-volatility hydrocarbon solvents with
surfactants, allowing the use of a two-phase cleaning
process. The first phase is solvent cleaning in the.
blend and the second phase is water washing and
rinsing to remove the residues of the blend and any
The surfactant ensures the
water-solubility of the otherwise insoluble
hydrocarbon. Sometimes called semi-aqueous solvents.

An organic Substance composed of hydrogen, chlorine,
and carbon, e.g., trichloroethylene.
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Hydrochloro-
fluorocarbon

IARC

Infra-red soldering

Isopropanol

Leadless surface
mount component

Lifetime

Low-solids flux

MEA

Metal cleaning

MethylAchloroform

Monoethanolamine

No-clean flux

" ODP

Organic acid (0A) flux

Ozone

An organic substance composed of hydrogen, chlorine,
fluorine, and carbon atoms. These chemicals are less
stable than CFCs, thereby having generally lower ODPs,
usually abbreviated as HCFC.

An abbreviation for‘InternationalgAgency for Research

.on Cancer.

A method of reflow soldering where the solder and the
parts being joined are heated by the incidence of
infra-red radiation in air, in an inert gas, or in a
reactive atmosphere.

See alcohols.

A surface mount component (SMC) whose exterior
consists of metallized terminations that are an
integral part of the component body.

The folded-e lifetime is the time required for the
quantity of a substance in the atmosphere to be
reduced to 1/e (0.368) of its original quantity. The
folded-e lifetime of CFC-113, for example, is about 80
years.

A flux which contains litqle solid matter, thereby
reducing or eliminating the need for cleaning. See

no-clean flux.

An abbreviation for monoethanolamine.

" General cleaning or degreasing of metallic surfaces or

assemblies generally with unspecified cleanliness
requirements.

See 1,1,1-trichloroethane.

A saponifier capable of reacting with rosin fluxes and
fatty acids. The reaction products are essentially
water-soluble. Usually abbreviated as MEA.

A flux whose residues do not have to be removed from
an electronics assembly; therefore, no cleaning is

necessary. This type of flux is often characterized
by low quantities of residues. '

An abbreviation for ozone depletion potential.
See water-soluble flux.

A gas formed when oxygen is ionised. Ozone partially
filters certain wavelengths of UV light from the
earth. Ozone 1s a desirable gas in the stratosphere,
but it is toxic to living organisms at ground level
(see volatile organic compdund).
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Ozone depletion

Ozone depletion

potential

Ozone layer

PCB

Pentafluoropropanol -

Perchloroethylene

A

Perhalogenation

Photoresist

Precision cleaning

Accelerated chemical destruction of the stratospheric
ozone layer. Chlorine and bromine free radicals
liberated from relatively stable chlorinated,
fluorinated, and brominated products by ultraviolet
radiation in the ozone layer are the most depleting
species.

A relative index of the ability of a substance to
cause ozone depletion. The reference level of 1 is
assigned as an index to CFC-11 and CFC-12. If a
product has an ozone-depletion potential of 0.5, a
given weight of the product in the atmosphere would,
in time, deplete half the ozone that the same weight
of CFC-11 or CFC-12-would deplete. Ozone-depletion
potentials are calculated from mathematical models
which take into account factors such as the stability
of the product, the rate of diffusion, the quantity of
depleting atoms per molecule, and the effect of
ultraviolet light and other radiation on the
molecules.

A layer: in the stratosphere,'at an altitude of
approximately’ 10-50km, where a relatively high

- concentration of ozone filters harmful ultraviolet

radiation from the earth.
A .
An abbreviation for printed circuit board.

A fluorinated alcohol.

A perhalogenated chlorocarbon solvent used extensively
in industrial degreasing and dry cleaning.

An organic molecule'is perhalogenated if all of the

" parent hydrogen atoms in a hydrocarbon are replaced

with halogen atoms (astatine, bromine, chlorine,
fluorine, or iodine). For example, carbon
tetrachloride (CCl,) 1is perchlorinated methane (CH,).
Chloroform (CHCl3)' is an example of a simple
chlorinated methane, where only three of the hydrogen
atoms have been replaced. .

A photomechanical product, in the form of a liquid or
a laminated dry film, used in the manufacture of
printed circuits. Certain types of these products use
large quantities of ozone-depleting hydrochlorocarbon
solvents, usually 1,1,1-trichloroethane. '
Dichloromethane is used for stripping some types.

. Cleaning of high-precision mechanical parts and

electronic sensory devices, as opposed to general
metal cleaning. This is usually done in "clean-
rooms," with low particulate contamination, to
specific 'standards. ‘
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POTW

Printed circuit

FWA

Reflow soldering

Rosin .

Rosin flux

SA Flux

Saponifier

Semi-aqueous solvents

SMC

Solder mask (resist)

Solvent

Solvent containment

Publicly Owned Treatment Works.

A printed circuit is a component for interconnecting
other components. It usually consists of a metallic
conductor pattern on an organic insulating substrate.
After fabrication, it is known as a printed circuit
board (PCB).; after assembly with components .it is
known s a printed wiring assembly (PWA).
[Terminology different in Europe and USA.]

An abbreviation for printed wiring assembly.

A méthod of: electronics soldering commonly used with
surface mount technology, whereby typically a paste
formed of solder powder and flux suspended in an
organic vehicle is melted by the application of heat.

A solid resin obtained from pine trees. It is
frequently used as a flux, usually with additives.

A flux whose main constituent is rosin. There are
several categories of rosin flux, often designated by
the codes R (pure rosin), RMA (rosin, mild
activation), RA (rosin, activated usually with free

"chloride ions), RSA (rosin, super activated).

Synthetic activated fluxes.

A chemical designed to react with organic fatty acids,
such as rosin, some oils and greases, etc., to form
water-soluble soaps. This is a method for defluxing
and degreasing. Saponifiers are usually alkaline and

" may be mineral based (sodium hydroxide or potassium
‘hydroxide) or organic based (water solutions or

monoethanolamine) .

Another name for hydrcarbon/surfactant (HCS) solvents.
The UNEP Committee recommends hydrocarbon/surfactant
(HCS) solvents as the more descriptive and accurate
nomenclature. )

An abbreviation for surface mount component.

‘A polymeric coating applied to bare printed circuits

which leaves only the pads or leads, designed to be
subsequently soldered, 'as bare metal.

An aqueous or organic product designed to clean a
component or assembly by dissolving and/or displacing
the contaminants present on its surface.

Means of reducing the emission of solvents (e.g.,
CFCs) into the enviromment. This technique usually
involves improving the design and operation of the
equipment in which the solvent is used.
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Surface mount - A component capable of’being attached to a PCB using
component .(SMC) surface mount technology The component may be either
leaded or leadless.

Surface mount . A technique for assembling SMCs on the surface of PCBs

technology (SMT) and PWAs, as opposed to inserting leads through holes.
Surfactant . . A chemical to reduce the surface tension of water.

Also referred to as surface-active agents. Detergents
are made primarily from surfactants.

Terpene ~ Any of many homocyclic hydrocarbdns with the empirical
formula CqgH4g. Turpentine Is mainly a mixture of
terpenes. See hydrocarbon/surfactant solvents.

1,1,1-trichloroethane , A hydrochlorocarbdn solvent with an estimated ODP of
0.1. Also known as methyl chloroform. 4

Ultrasonic cleaning 'Immersiop cleaning where mechanical energy formed by
‘ cavitational implosions close to the.surfaces being
cleaned significantly aids the cleaning operation.
Vapour -phase cleaning A cleaning process, usually with CFC-113 solvent or
4 hydrochlorocarbon solvents, where the final rinse is
achieved by condensing solvent vapours: on the parts
being cleaned.

Vapour -phase (conden-  A.method of reflow soldering where the solder and the
' sation) soldering . parts being joined are heated in the vapour of a

‘ ' .perfluorinated substance whose boiling point is .
usually in the range of 215-260°C. 1In some types of
equipment designed for this process, a less expensive
secondary vapour blanket of CFC-113 is used.

Volatile organic - These are constituents that will evaporate at their
compound (VOC) temperature of use and which, by a photochemical
" veaction under favourable climatic conditions, will
cause atmospheric oxygen to be converted into
potentially 'smog-promoting tropospheric ozone.”
Water-soluble flux A flux whose post-soldering residues may be removed by
/ ~ a water wash. Such fluxes are usually very active, so
adequate defluxing is an essential part of their use.
They are also known as Organic Acid (0A) fluxes or -
" inorganic acid fluxes. °

Wave soldering Also known as flow soldering, a method of mass
soldering electronics assemblies by passing them, |
after fluxing, through a wavé of molten solder.

* Legally, some countries classify all organic substances which evaporate
at ambient temperatures as VOCs, irrespective of their ozone-promoting
properties. ' : :
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EXECUTIVE SUMMARY: SOLVENTS, COATINGS, AND ADHESIVES TOC

Developed Country Progress in Eliminating Ozone-Depleting Solvents

Most developed country suppliers and cansumers of ozone depleting
solvents are halting production and use earlier than mandated or expected. A
few enterprises have made unwise first choices of alternatives and substitutes
. and are changing to better options.

However significant problems exist in the European Union (EU), where
many companies began their investments too late and may not be able to halt
their use prior to the 1 January 1995 EU phaseout of production. Furthermore,
some large companies in developed countries may have been over-confident that
their uses would qualify as essential and consequently may not have allowed
enough time for a smooth transition. Varying sizes of enterprises, but
especially small- and medium-sized ones, are identified in many developed .
countries as possibly belng unaware, unprepared, and financially unable to
make necessary investments in time to avoid chemical shortages and price
increases that could jeopardize their businesseés.

. Procrastination in implementing alternatives and substitutes could lead

to significant price increases for stockpiled and recycled ODSs manufactured
prior to the phaseout. . Dramatic price increases could stimulate illegal
markets in imported solvents. In the immediate future, shortages of ozone-
depleting substances (0DSs) for solvent applications could cause companies to
switch to chlorinated solvents and/or HCFCs, if allowed, because these
solvents can often be used in existing equlpment.

Miiitary Ptdgress

In January 1994 the North Atlantic Treaty Organization (NATO) held its
2nd international conference on "The Role of the Military in Protecting the
Ozone Layer". Participants from Algeria,-Belarué,‘Belgium, Brazil, Canada,
Denmark, France, Germany, Hungary,. India, Italy, Japan, Kenya, Latvia,
Lithuania, Norway, Pakistan, Poland, Portugal, Romania, Russia, Spain,
Slovakia, Sweden, Taiwan, Thailand, Netherlands, Turkey, Ukraine, United
Kingdom, United States, and Uruguay attended the meeting. NATO members
reported that they are meeting or exceeding the production phaseout goals of
the Montreal Protocol and EU members reported that they are meeting their more
stringent goals. Part of the reason for- this progress has beén the leadership
of policy makers in some ministries of defence who realized that.global
environmental protection is part of national security and also recognized that
they cannot continue to depend on chemlcals that will be unavailable or
increasingly expensive. ’

Germany, Norway, and Swedenvreported that they have virtually eliminated
the use of ozone-depleting solvents in military_applications.

German Swedish, UK, and US participants reported comparable progress in
1dent1fy1ng and documenting alternatives and substitutes for civilian aircraft
maintenance including options that provide equal or improved cleaning, surface -
preparation, and bonding. The International Cooperative for Ozone Leyer
Protection (ICOLP) announced plans to invite U.S. Env1ronmental Protection
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Agency (EPA) and the National Aeronautics and Space Administration (NASA) to
join their global project to phase out ODSs 1n ~aerospace operations. NASA and
u.s. EPA are considering the proposal.

The meeting resulted in several recommendations being made to NATO:
o Share information on critical ﬁseS'(e.g; gaseous and liquid oxygen

systems, guidance systems, rocket motors) via electronic data-
bases, publications, workshops and informal working groups.

. Foster and support streamlined universal qualification processes
' and procedures.

. Revise the existing military documentation.

. Further investigation, certification, and publication of

alternatives and substitutes for unresolved applications including
critical adhesive bonds in rocket motor manufacturing, cleaning
and verification of gaseous and liquid oxygén systems, and other
specific precision cleaning such as gyroscope bearings in space
systems that must operate for many years without maintenance.

e  Speed awareness and introduction of proven technologies by
utilizing "tiger teams" of experienced engineers and scientists to
help implement these technologies in military applications.

Developing Country Progress:

In some cases, technology cooperation with developing countries has
already been highly successful or has prepared countries to take prompt action
once incentives and financing are in place. Examples include Mexico,
Thailand, Turkey, and Malaysia. An important conclusion from investigations
of solvent use in developing countries is that enterprises must be motivated
and prepared to accept new technology. This motivation can result from
government regulation, ‘a clearly articulated industry phaseout strategy, price
increases, product shortages, or supply uncertainty for ozone-depleting
substances. Some technology cooperation efforts have been prematurely
attempted in countries where enterprises and national governments were not
prepared, and as a consequence little actual investment progress has been.
made., : '

Some regional and national conférences and workshops have not been as
successful as they could have been because the precomnditions for change had
not been met. The Committee recommends that conference pianners more
completely involve local industry, industry associations, and chambers of
commerce in the planning and that they determine whether the preconditions for
change are in place. 1If it is determined that a conference is useful,
-conferences should be organized and announced far in advance. It has been the
experience of the Committee in developed and developing countries that
representatives of small- and medium-sized solvent-using enterprises do not
travel long ‘distances for meetings based on general presentations. They are
short of funds and their manufacturing engineers are very busy. This makes
ensuring the presence of a motivational framework all the more important.

One problem common to all countries, but especially- developing
countries, is that domestic small- and medium-sized enterprises that use ODSs
-are difficult to identify, may not welcome government officials, and may not
be easy to convince that a change is necessary. It is likely that many of
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such users will only make changes when the price increases, when shortages
develop, when domestic regulations are in place, or when multinational
. companies require suppliers to phaseout. '

Concerns of unannounced changes in speciality products:

The Committee cautions that manufacturers may eliminate ODSs from
products without notifying customers. There is the possibility that the
manufacturer may not appreciate that their product is used in a particular
application where the ODSs provided a necessary performance characteristic
that is not duplicated by the reformulated product. Use. of such reformulated
materials and products under these circumstances could be costly or dangerous
to life and health. The solution is for manufacturers of speciality products
to better communicate to end-users, changes in product ingredients and to
cooperate with end-users on performance testing of the new products..

Some.Partieslmay have interpreted process agent use of controlled
substances as subject to phaseout. Other Parties may have interpreted such
use as. feedstock not subject to the phaseout. In 1994 the Committee was
unable .to recommend exemptions for process agent use under the Essential Use

Criteria.
At the October 6-7, 1994 Meeting of the Parties to the Protocol, it was
decided: ’ '

.for an interim period of 1996 only, (Parties may) treat chemical
process agents in a manner similar to feedstock, as recommended by the
Technology and Economic Assessment Panel, and take a final decision on
-such treatment-at their Seventh Meeting;" (Decision VI/10)

The Partiés requested the Technology and Economic Assessment Panel (TEAP):

To identify uses of controlled substances as chemical process agents, to
estimate emissions and ultimate fate, and to evaluate control
technologies; '

To evaluate alternative process agents or technologies or products.
available to replace controlled substances in such uses; and to

To report findings not later than March 1995. The Panel has asked the
government of Sweden to organlze and finance a special working group to
complete this work.

1994 Nominations for Essential Uses
The Committee reviewed nominations from Austria, Belgium, Canada,
Denmark, European Commission (EC), Finland, France, Germany, Greece, Ireland,
Italy, Japan, Netherlands, Norway, Sweden, SwiCZerland, United Kingdom, and

.the United States. In all but laboratory and analytical uses and Space
Shuttle rocket motor manufacturing the Committee was unable to recommend the
nominations because there are technically and economically feasible
alternatives and substitutes and/or because controlled substances are
available in sufficient quantity and quality from'existihg(sources. The
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Committee also found that many requests were insufficiently supported with
technical data.

HCFC

Few large scale current uses of HCFCs have been reported for solvents,
coatings, or adhesives. In the near term HCFCs may be necessary as tran51t10n
substances in some limited and unique applications including:

. cleaning delicate materials such as cultural heritage and archival
property

. cleaning assemblies or components with sen51tlve materials or
particular soils

. cleaning certain oxygen systems

. cleaning where explosive or flammable conditions are possible

o as a carrier of oil in precision applications.

Int countries where HCFCs are prohibited, enterprises may, in certain
specific cases, select perfluorinated carbons (PFCs) as an adjunct to
specialized cleaning systems. PFCs have extremely long atmospheric lifetimes
and have potent global warming potentials (GWPs) and should therefore be’
avoided where possible. '

The Committee does not recommend the use of HCFC-141b to replace 1,1,1-
trichloroethane as a solvent. A recommendation is not possible because HCFC-
141b has an ozone-depletion potential (ODP) comparable to 1,1,1-
trichloroethane and is not technically suitable for many cleaning
applications.

It is estimated that HCFC-141b and HCFC-225 together will not replace
more than 1 percent of global CFC-113 uses unless HCFC-225 becomes a
substitute for CFC-113 in dry cleaning, which could increase use to
approximately 5 percent. 1In some countries with active HCFC sales efforts,
approximately 5 percent of CFC-113 solvent use (excluding dry-cleaning which
may increase use) may be replaced with HCFC-141b. It is estimated that HCFCs-
may replace 1-5 percent of 1986 CFC-113 and 1,1,1-trichloroethane use as-
transitional substances and where no alternatives or substitutes are currently
available.

The Committee cautions that there may be essential uses of very small
quantities of ozone-depleting solvents that are not yet identified by the
Committee, national governments, product distributors, and possibly the
manufacturers themselves. However, it is expected that these uses will be -
identified as the accelerated phaseout in the EU is implemented and as
production is halted. Stockpiled and recycled sources may be adequate to
supply these uses.

PRICE INCREASES AND.SHORTAGES OF OZONE-DEPLETING SOLVENTS

CFC-113 is produced primarily as a solvent with certain amounts sold as
a feedstock for production of HFC-134a and some plastics. When CFC-113 sales
in solvent uses are halted in the EU in 1995, and in all developed countries
by 1996, the market may not be sufficient for developed country manufacturers-
to supply developing country markets.
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CFC-113 is currently manufactured in two developing countries -- China
and India -- and production facilities in South Korea and Talwan are believed
to be currently inactive. :

Since 1,1,1-trichloroethane is produced as a feedstock for HCFC-141b and
HCFC-142b, it will be more readily available than CFC-113 after 1996 for
export to developing countries for their domestlc needs, subject to Protocol
restrictions. :

It is the consensus of the Solvent, Coatings and Adhesives Technical
Options Committee that quality grades of CFC-113 and:1,1,1-trichloroethane
will be in uncertain supply after 1996 and that it will be prudent for
enterprises in developing countries to move quickly to reduce and eliminate
dependence on these chemical substances when cost-effective options are
available. European, Japanese, and U.S. chemical manufacturers, distributors,
and customers may have residual chemical supplies produced under national
Prototol quotas or under Basic Domestic Needs quotas that may be marketed to
developing countries if sales are less than expected in their developed
country markets. This oversupply is less likely in the United States where
taxes on stored ozone-depleting substances discourage oversupply.

A variety of alternative substances and technologies are currently in
use or under development to facilitate the phaseout of CFC-113 and 1,1,1-
trichloroethane. These alternatives include no-clean technologies, aqueous
and semi-aqueous cleaning, other hydrocarbon solvents, non-ozone-depleting
chlorinated solvents, HCFCs, perfluorocarbons, and a growing number of non-
solvent cleaning processes.- :

No-clean technologies represent the optimum alternative and have been'
applied in an increasingly large number of electronics manufacturing
applications in recent years. Nevertheless, research and testing of no-clean
manufacturing processes is ongoing in the hope of making them viable
alternatives in a wider variety of uses. Second to no-clean with respect to
environmental protection is aqueous or semi-aqueous cleaning. The major
. drawbacks of these alternatives may be high energy consumption and wastewater
treatment costs, depending on the process, requirements, and legislation.

HCFCs, though their use is transitional, are important alternatives to
‘CFC-113 and 1,1,1-trichloroethane solvent use in applications for which no
other viable alternative exists. Because of their lower ozone-depletion
potential (ODP), HCFCs with a short lifetime are preferred to those with
longer lifetimes. The ODP of all HCFCs is lower than the ODP of CFC-113.
However, HCFCs should be used as substitutes for 1,1,l-trichloroethane only if
the ODP of the HCFC substitute is lower than 0.10 and if their emissions are
controlled using the best available technology. In addition, the 1992,
Copenhagen Amendments to the Montreal Protocol require that production and
consumption of HCFCs, as defined in the Protocol (Annex III G. Article 2F of
UNEP/OzL. Pro. 4/15), must be reduced by 99.5% by 2020 and completely phased
out by 2030. Thus, HCFCs are a valid alternative in certain limited
applications while other, long term alternatives are being developed.
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SECTOR PROGRESS
Electronics Cleaning

The electronics industry, which was heavily dependent on ozone-depleting
solvents until recently, is fortunate to have the widest range of substitute
materials and processes available. There is no technical reason why any
company, large or small, in a developed or developing nation, should not be
able to move away from such solvents immediately. Economic considerations,
reported in previous editions (UNEP 1989, 1991), have shown that most
substitute processes for this industry are less costly to run and, most often,
give improved technical quality. On the other hand, relatively large
investment capital is sometimes required to obtain the required results and
this could be an obstacle, especially for small companies manufacturing "hi-
tech" electronics.

To substitute for CFC-113 in defluxing, there is a large choice of
processes, equipment, and materials commercially available for production
units of all sizes. Where there are no technical specifications that require
post-solder cleaning, "no-clean" techniques are often the most economical.
This technique is recommended where the reliability criteria can be met.
Where cleaning is a requirement, the use of water-soluble chemistry has
generally proved to be preferable to most other processes, although it is not
a universal solution. There is an adequate ch01ce of other techniques where
neither of these can be applied.

The Solvents, Coating and Adhesives Technical Options Committee do not
recommend the following processes in electronics manufacture for funding under

the provisions of the Montreal Protocol Multilateral Fund:

. HCFC-141b for defluxing printed circuits

. Vapour-phase reflow soldering
. Vapour-phase drying of heavy organic solvents using PFCs
. ‘Vapour-phase drying of water using HFCs or PFCs.

Precision Cleaning

Precision cleaning applications are characterized by the high level of
cleanliness required to maintain low-clearance or high-reliability components
in working order. They are used in a variety of manufacturing industries,
such as in aerospace, microelectronics, automotive, and medical. Several
factors define thé applications where a precision cleanlng process is
required. Some of these factors are:

. high standards for the removal of particulates or organic residue

] components constructed of chemically-sensitive materials
° components with physical limitations, such as geometry or
" porosity, which limit the ability to remove entrapped fluids like
water
[ ] hlgh cost components or components requiring high- rellablllty

CFC-113. and 1,1,1-trichloroethane have evolved as the preferred solvent
cleaning method in precision cleaning because of their chemical inertness, low
toxicity, non-flammability, low surface tension, and low water solubility.
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However, to eliminate CFC-113 and 1,1,1-trichloroethane use, a number of

- companies have tested and implemented alternative cleaning methods. Possible
alternatives include solvent and non-solvent options. Solvent options include
other organic solvents (such as alcohols and aliphatic hydrocarbons),
perfluorocarbons, HCFCs and their blends, and aqueous and semi-aqueous
cleaners. . Non-solvent options include supercritical fluid cleaning, UV/Ozone
cleaning, pressurized gases, and plasma cleaning. . Solvent use may also be
reduced by controlled planning of repetitive or multiple cleaning operations.

MetaI'CIeaning

‘Metal cleaning is a surface preparation process that removes organic
compounds such as oils and greases, particulate matter, and inorganic soils
from metal surfaces. Metal cleaning prepares parts for subsequent operations
such as further machining and fabrication, electroplating, painting, coating,.
inspection, assembly, or packaging. Parts may be cleaned multiple times
during the manufacturing process. -

The control approaches available for metal cleaning operations include
solvent conservation and recovery practices and the use of.alternative
cleaning such as solvent blends, aqueous cleaners, emulsion cleaners,
mechanical cleaning, thermal vacuum de-oiling, and no-clean alternatives.
Alternatives to CFC-113 and 1,1,1-trichloroethane must be selected and
_optimized for each application given the varying substrate materials, soils,
cleanliness requirements, process specifications, and end usés encountered in
metal cleaning.

Dry Cleaning

Dry cleaning enables the cleansing and reuse of fabrics that .cannot be
cleaned by alternative methods. The inherent environmental friendliness of
restoring freshness to soiled articles and garments is matched by extreme
efficiency in terms of solvent and energy use in-the dry cleaning process
itself. Organic solvents are used to clean fabrics because, unlike water,
they do not distort some ‘natural and synthetic fibres. Water cleaning of many
materials can affect the stability of fabric, lining, and interlining and may
cause stretching or shrinkage. '

A number of solvents can be used as alternatives to CFC-113 and 1,1,1-
‘trichloroethane in dry cleaning operations. Perchloroethylene, the most
widely used dry cleaning solvent, has been used in this application-for over
30 years, during which time the systems for its safe use have become highly
developed. The flammability of petroleum solvents effectively precludes their
use in shops, although with proper precautions, they can be a substitute for
CFC-113 on many fabrics. Petroleum solvents include white spirit, Stoddard -
solvent, hydrocarbon solvents, isoparaffins, n-paraffin, etc. A number of
HCFCs and HCFC blends are currently available commercially for use in solvent
applications. These include HCFC-123, HCFC-1l41lb, and HCFC-225. These HCFCs
have good stability, appropriate solvency, and non-flammability and some HCFCs
are suitable for cleaning those delicate fabrics that currently depend on CFC-
113. It should be noted, however, that HCFCs are transitional alternatives
subject to a phaseout under the Montreal Protocol by the year 2030. Other
classes of chemicals such as isoparaffins, solvents.derived from sugar cane,
and hydrocarbon/surfactant blends are theoretically possible alternative dry
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cleaning solvents. More research, however, is necessary to determine their
feasibility for dry cleaning. ' »

Adhesives

1,1,1-Trichloroethaneﬁis used as an adhesive solvent because it is non-
flammable, dries rapidly, does not contribute to local air pollution, and
performs well in many applications, particularly foam bonding. The rubber
binders used in 1,1,1-trichloroethane adhesives are soluble in other solvents,
'such as acetone, ethyl acetate, heptane, and toluene. Although there has been
a general trend in the U.S. and Western European adhesives industries to
replace organic solvent-based adhesives with solvent-free types, one
alternative is to return to earlier solvent formulations.

Some adhesives use water, in lieu of organic solvents, as the primary
solvent. Recent literature on water-based adhesives suggests that there is
still much debate about the overall effectiveness of water-based adhesives for
many end uses.

The Committee D-14 of the American Society for Testing and Materials
(ASTM) defines a hot melt adhesive as one that is applied in a molten state
and forms a bond upon cooling to a solid state. Hot melt Pressure-Sensitive
Adhesives (PSAs) now compete with water-based acrylics in outdoor
applications. They have been used on paper labels for indoor applications
since 1978. :

Radiation curing is a production technique for drying and curing
adhesives through the use of radiant eﬁergy such as ultraviolet (UV), infrared
(IR), electron beam (EB), gamma, and x-rays. Radiation cured adhesives are
especially well adapted for pressure sensitive tapes. One drawback is that
adhesive curing is only possible in the "line of sight" of the radiant energy.

One way to lower volatile organic compound (VOC) emissions when using
solvent-based adhesives is to increase the percent solids in the formulation.
High solids adhesives have good performance characteristics, including initial
bond strength comparable to that of 30 percent solids adhesives in medium and
high demand applications and can be applied using existing equipment at normal
line speeds with minor modifications. In other application areas, such as
bonding rubber assemblies, high solids adhesives have not been as successful.

One-part epoxies, urethanes, and natural resins are often supplied as
powders that require heat to cure. Powders are only used for non-pressure-
sensitive applications. One advantage of the powder form is that no mixing or
metering is necessary. However, powders must be refrigerated to maximise
shelf life. ' ' :

Moisture cure adhesives and reactive liquids can be applied as 100
percent non-volatile solid and liquid systems. These adhesives are composed
entirely of binding substances, modifiers, and fillers (i.e., they have no
carrier or solvent). Moisture cure adhesives cure upon exposure to the
humidity in the ambient air; this type of adhesive requires application in a
humid environment and might not work well in dry climates. Some two-component
adhesives use reactive solvents which form part of the cured mass and thus do
not depend on evaporation. In use, one solution consisting of an elastomer
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- colloidally dispersed in a monomer is cured by a second solution through a
‘free radical chemical polymerlsatlon, thereby creating the bond

Coatings and Inks

1,1,1-Trichloroethane is used by manufactureyxs, printers, and users of
protective and decorative coatings and inks. CFC-113 use in the production of
coatings or inks is negligible.. In coatings, 1,1,1l-trichloroethane is used
alone or combined with other solvents to solublllze the binding substance
which is usually composed of resin systems such as alkyd, acrylic, vinyl,
polyurethane, silicone, and nitrocellulose resin. Inks are used to print
items ranging from wallpaper to dog food bags to beverage bottles and.cartons.
Many of these uses involve the application of coloured ink to a fllm (or
lamlnate) in the flexible packaglng industry.

Some coatings contain water rather than organlc solvents. Recent:
advances in water-based coating technology have 1mproved the dry-time,
durability, stability, adhesion, and application of water-based coatings.
Primary uses of these coatings include furniture, electronics in automobiles,
~aluminum siding, hardboard, metal containers,. appliances, structured steel,
and heavy equipment. Water-based inks for flexographic and rotogravure
laminates have been successfully developed and have overcome technical hurdles
such as substrate wetting, adhesion, colour stability, and product1v1ty

Although high-solid coatings resemble conventional solvent coatings in
appearance and use, high solid coatings contain less solvent and a greater
percentage of resin. "High-solid coatlngs are. currently used for appliances,
metal furniture, and a variety of construction equipment. The finish of high-
solid coatings is often superior to that of solvent-based coatings, despite
the fact that high-solid coatings require much less solvent than do solvent-
based coatlngs : :

Powder coatings contain the resin only in powder form and thus have no
solvent. Whlle powder coatings were first used only for electrical
" transformer covers, they are now used in a large number of applications,
including underground pipes, appliances, and automobiles. L

Ultraviolet light/Electron beam (UV/EB)-cured coatings and inks have
been used in very limited applications over the last 20 years, but their use
has seen a dramatic increase in.recent years. Several of the markets in which
UV/EB-cured coatings and inks have been used more frequently in recent years
are flexographic inks and coatings; wood furniture and cabinets, and
automotive applications. One major limitation to the use of UV/EB-cured
coatings and inks is outdoor durability. This is an especially important
consideration in automotive applications. : '

Aerosols Solvent Products

1,1,1-Trichloroethane functions as either an active ingredient (e.g.
degreaser or cleaner) or as a solvent in aerosol product formulations. Though
most of the aerosol applications traditionally used 1,1,1-trichloroethane as
their solvent, there are a small number of products whlch made use of CFC-113
‘as well. Most aerosol products currently employing CFC-113.and.1,1,1-
trichloroethane can be reformulated with alternative compounds. Except for
water, some HCFCS, and non-ozone-depleting chlorinated solvents (e.g.,

\
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trichloroethylene, perchloroethylene, .methylene chloride), all of the
substitute- solvents currently available are more flammable than 1,1,1-
trichloroethane. The flammability is also a function of the propellant;
butane and propane being more flammable than carbon dioxide, nitrous oxide or
the traditional CFC-11/CFC-12 mixture.

Alternative solvents -currently exist for virtually all aerosol solvent
applications of CFC-113 and 1,1,1-trichloroethane. However, while some of
these alternatives are functional, they are considered to be less than optimal
for a variety of reasons. For example, in applications where a strong solvent
is required, but the use of a flammable solvent would pose serious safety
risks, substitutes may include only HFCs, HCFCs, and chlorinated solvents.
While these solvents would be functional, HCFCs contribute- to ozone-depletion,
and chlorinated solvents are toxic and may pose health risks to workers and
users of a product. o

CFC-113 and 1,1,1-trichloroethane use in aerosols can also be reduced if
alternative means of delivering the product are developed. Two examples of
these alternative methods are: (1) a manual "wet-brush" (recirculating
liquid) system, as a substitute for aerosol brake cleaners used in repair
shops, and (2) increased use of professional dry cleaning services as a
substitute for the use of aerosol spot removers.

Other Solvent Uses of CFC-113, 1,1,1-Trichloroethane, and Carbon Tetrachloride

) Some amount, in most cases relatively small quantities, of CFC-113,
1,1,1-trichloroethane, .and carbon tetrachloride are employed in a number of
industry and laboratory applications. The application areas include drying of
components, film cleaning, fabric protection, manufacture of solid rockets,
laboratory testing and analyses, process solvents, semiconductor
manufacturing, and others.

The_Committée'consénsus is that by 1996, in.accordance with the Montreal-
Protocol, most of the CFC-113, 1,1,1-trichloroethane, and carbon tetrachloride
used for these applications can be replaced by the alternatives.

In the applications of laboratory analyses and in the manufacture of a
specific large scale solid rocket motor, the Parties have granted an exemption .
for continued use of specified ozone-depleting solvents for.1996 and 1997.
The exemptions are subject to review and'alternatives are being investigated.

In the case of use of ozone-depleting substances as process chemicals,
there are also a number of alternatives identified in this report. In
addition, an in-depth review of alternatives is planned for completion and
presentation by the Technical and Economic Assessment Panel to the Parties by
early 1995.

PROGRESS IN ELIMINATING ODS FROM ROCKET MOTORS

Ozone Depleting Substances (0ODSs) have been routinely used globally for
decades in the manufacture of space launch vehicle solid rocket motors (SRMs).
The primarily ozone-depleting solvents used are 1,1,1l-trichloroethane (TCA or
methyl chloroform) and CFC-113. These substances are used because of their
excellent cleaning properties, low toxicity, -chemical stability and non-
flammability. '
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In the United States, large solid rocket motors (SRMs) are used to
launch into space communication, navigational and scientific satellites and
the manned Space Shuttle orbiters. . Large SRMs include the existing Titan IV
SRM as well as its upgraded version called the SRMU and the Space Shuttle ;
redesigned solid rocket motor (RSRM)

Despite these technical safety and reliability challenges, the SRM
industry has successfully tested, approved, and implemented significant ODS
elimination. Since 1989, the four US manufacturers of large SRMs have
eliminated over 1.6 million pounds of ODS use per year. Current (1994) ODS
usage is less than 48 percent of the use in 1989. Usage in 1995 is estimated
to be less than 22 percent of 1989, and manufacturers have committed to
complete elimination of ODSs within the next few years. -

Update on the Essential Use Applications

NASA/Thiokol was granted an essential use production exemption for 1996
and 1997. NASA/Thiokol have proceeded with their phaseout and are ahead of
schedule for eliminating non-essential uses and investigating additional
alternatives and substitutes. However, at this time NASA/Thiokol has not
identified any acceptable substitutes that would reduce their essential use
below the previously calculated amounts..

The Solvents, Coatings, and Adhesives TOC reported in the March 1994
Report that it was likely that all manufacturers of solid rocket motors use
ODSs. The Committee has confirmed that other U.S. and European solid rocket
motors use these substances and that these organizations are expected to
nominate additional essential uses by January 1, 1995 for decision in 1995.

The U.S. Titan program is working to completely eliminate the use of
ODSs and has invested substantial resources in successfully developing’
‘alternatives to ODS use. The. prime contractor and the major manufacturers of
Titan IV vehicle components will reduce all ODS -use by 99 percent, .from 1.33
million kg in 1989 to 9,200 kg in 1996.  Four small-quantity ODS uses are
critical to the success of .the Titan SRMU. These are. (1) surface préparation
to ensure effective bonding of the internal insulator-to the composite case,
(2) surface preparation to ensure effective attachment of breather cloth to
the insulator to permit uniform curing, (3) surface preparation to ensure
effective bonding of the propellant to the insulator, and (4) dispersing
propellant cure catalyst during propellant mixing. The quantity of -ODS
necessary to complete SRMU.manufacture for the final nine fllght sets 1is 3,660
kg per year or less for 1996 through to 1999.

* Both CFC-113 and TCA are used in the European Ariane Espace Programme.
Efforts to find substitutes for these programmes concern CRYOSPACE for liquid
rocket engines and Societe Europeénne de-Propulsion (S.E.P.) for solid motors.

The Japanese space rocket industry currently uses CFC-113 and TCA but
expects to phase out the uses by the end of 1995. Latest achievements include
the solid rocket booster (SRB) for the H-II launch vehicle whlch is capable of
launching a. 2 Ton satellite to Geosynchronous orbit.
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Cieaning'of Oxygen Systems

In January 1994 NATO identified the cleaning of oxygen systems as one of
the most difficult challenge facing military and aerospace applications. In
Fall 1994, the International Cooperative for Ozone Layer Protection (ICOLP),
'Aerospace Industry Association (AIA), U.S. EPA, National Aeronautical and
Space Administration (NASA) and the U.S. Air Force convened a special workshop
on cleaning of oxygen systems without ozone-depleting solvents.

Oxygen systems include: 1life support systems such as diving, totally
encapsulated suits, emergency breathing devices, fire & rescue backpacks,
submarine, aircraft, manned spacecraft, and medical applications; propulsion-
systems such as liquid rocket motors; industrial systems such as chemical
production; and other unique systems and customer products such as welding
equipment. - ' :

. Oxygen systems must be kept clean because organic compound
contamination, such as hydrocarbon oil, can ignite easily and provide a
kindling chain to ignite surrounding materials. Contamination can also
consist of particles that could ignite or cause ignition when impacting other
parts of the system.  Risk is increased by the typical proximity of oxygen
systems to very large quantities of fuel materials, and the common necessity
of locating oxygen systems in confined spaces with difficult or impossible
access and egress (e.g. space ships, submarines, aircraft, and.surface ships).

Examples of the challenges presented by these applications include the
cleaning of the space shuttle external fuel tank, cleaning of aircraft carrier
liquid oxygen plants, cleaning of installed submarine and transport aircraft
high pressure oxygen systems,-and the gauges and instrumentation associated
with each. Examples of devices typically cleaned in these systems include
tubing, gauges, regulators, valves, and metering devices. ‘It is usually most
effective to clean oxygen equipment at the piece part level in a proper
facility. 1t is more difficult to clean oxygen equipment in aircraft and ship
equipment in place with difficult accessibility and temperature extremes.
Additional challenges occur in many other industrial oxygen systems such as
those used in production and transfer of both gaseous and liquid oxygen, in
medical applications, and in welding. Cleaning of equipment used in the
oxygen production industry involves unique challenges such as compatibility
with aluminum heat exchangers. '

Solvents such as non-ozone depleting chlorinated solvents and
hydrocarbons often clean satisfactorily, but all have -environmental or
toxicity concerns, and some have flammability concerns.

Aqueous cleaning options have been successfully developed and
implemented for many oxygen system cleaning situations. For example, Lockheed
uses aqueous processes in the manufacturing and maintenance of aircraft and
missile oxygen systems, the Air Force uses aqueous cleaning for some aircraft
oxygen system maintenance, NASA/Kennedy Space Center uses aqueous solutions
for cleaning oxygen bulk storage and transfer systems for rocket motors, and
the U.S. Navy uses aqueous cleaning processes for cleaning the tubing in
oxygen systems on ships and submarines.
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, ‘Isopropyl alcohol'(IPA) is being used by Lufthansa German Airlines to
clean the oxygen systems in their commercial aircraft fleet. Sweden has
reported using a solvent blend for oxygen system cleanlng consisting of 957%
ethanol. :

Some parts of oxygen systems can be changed to simplify or avoid the
necessity of cleaning or they can be adapted to allow aqueous: cleaning.

Some oxygen system components still depend on CFC or chlorinated solvent
cleaning because current alternatives and substitutes are not technically
suitable. In other cases, rigid specifications and requirements may need to
be changed from prescriptive to performance standards to allow technlcally
f9a51ble solutlons to be used. '

This Report includes case studies of successful elimination of ozomne-
depleting solvents which discuss the evaluation and implementation.of
materials, alternative technologies, and processes. The following are
included in Chapter 11: Allied Signal (evaluation of aqueous saponifiers),
AT&T Bell Labs (non-ODS -alternatives including no-clean soldering), Beck
Electronics (alternative solvents and design of cleaning equipment), Ford _
Motor Company (no-clean soldering), Hitachi (non-ODS alternatives), Honeywell
{non-0DS alternatives), IBM Corporation (no-clean soldering), Japan Industrial
Conference on Cleaning (information dissemination), Lockheed Sanders Company
(company phaseout efforts), Miljoministeriet (hydrocarbon dry cleaning),
Minebea Company (aqueous cleaning of ball bearings), National Semiconductor
(company phaseout efforts), Naval Aviation Depot.Cherry Point (hand-wipe
cleaning), Northern Telecom (company phaseout efforts), Robert Bosch
Corporation (aqueous cleaning), Rockwell International (low-residue flux),
Seiko Epson Corporation (altermatives to 0DSs), Singapore Institute of
Standards and Indqstfial Research (0ODS-free certification of businesses),
Swedish EPA (country-wide phaseout efforts), Toshiba Corporation (vinyl-
copolymer masking agent), U.S. Air Force Aerospace Guidance and Metrology
Center (aqueous & non- aqueous alternatlves) Vibro-Meter, SA (water-based
cleaning). ' :

Total Equivalent Warming Impact (TEWI)

Total Equivalent Warming Impact - (TEWI) provides an important tool in the
selection procedure for alternative cleaning and drying technologies.
. However, TEWI must not be the only criterion when selecting the cleaning,
drying, or other technology for a manufacturing process. The Alternative
Fluorocarbons Environmental Acceptability Study (AFEAS) has provided a
methodology to calculate, TEWI for wide range of available systems.

The selection of the best technology to displace CFG-113 or 1,1,1-
trichloroethane (methyl chloroform) must be specific to the intended
applications and will represent a trade-off or balancing of several key
parameters: worker safety (toxicity or flammability concerns), investment,
operating costs, energy efficiency and reliability. It must also consider a
series of environmental issues (discharges to water or landfill, local
envivonmental air quality (smog) and global impact). '

This report has evaluated one of the selection parameters, TEWI, for a
number of systems. A summary of the key findings follows.
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. Solvent losses from the cleaning equipment are potentially lower than
assumed in the 1991 study, resulting in lower calculated contributions
to TEWI. This reduction in emissions is possible through the adoption
of enhanced vapor recovery and improved/novel approaches to materials
handling (e.g., freeboard dwell). 1In some cases, the above technologies
can be retrofltted to very modern ex1st1ng equlpment with results
almost comparable to new equipment. However, such equipment will
require careful operation and maintenance to sustain low emission rates.

. The no-clean systems used for the manufacture of printed wire assemblles
have the potential for the lowest TEWI. For metal cleaning,
chlorocarbon-based systems (e.g., PCE, TCE) have the potentially 1owest
TEWI. However, these chlorinated solvent systems may be subject to
various national, regional and/or local regulations or emission limits
that may severely limit the use of these chemicals for cleaning

applications.
. * The PFC system studied has the highest TEWI.
. While they use more energy per unit of work (throughput), aqueous, semi-

aqueous dnd alcohol systems generally have been shown to have a lower
TEWI than HCFC and HFC-based systems because emissions from aqueous,
semi-aqueous, and alcohol systems do not contribute to global warming.

. In the case of HCFC/HFC/PFC-based systems, the direct effect caused by
emission of the chemical, represents from 40 percent to over 90 percent
of the calculated contribution to potential global warming.

Future study should assess the effects of variations in equipment and
practices’on TEWI and estimate implementation time. for alternatlve systems in
developing countries.
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CHAPTER 1

INTRODUCTION

1.1 BACKGROUND .

In response to the growing scientific consensus that chlorofluorocarbons
(CFCs) and halons would ultimately deplete the ozone layer, the United Nations
Environment Programme (UNEP) in 1981 began negotiations to develop
multilateral policies for protecting the ozone layer. These negotiations
resulted in the Vienna Convention for the Protection of the Ozone Layer in
March :1985. The convention provided a framework for international cooperation
in research, systematic observation, and information exchange. In September
1987, 24 nations including the United States, Japan, the Saviet Union, and
members of the European Community signed the Montreal Protocol on Substances
‘That Deplete the Ozone Layer (hereafter referred to as "the protocol"). As of
February 1994, 132 nations and the European Community had ratified the
- Protocol (see Table I-1). These countries represent virtually all of the
world’s consumption' of CFCs and halons. The Protocol, which entered into
force on January 1, 1989, limited consumption of specified CFCs to 50 percent
. of 1986 levels by.the year 1998 and called for a production freeze of
specified halons at 1986 levels starting in 1992. Table I-2 lists CFCs,
halons, and other substances controlled under the Protocol.

Shortly after the 1987 Protocol was negotiated, new scientific evidence
conclusively linked CFCs to depletion of the ozone layer and indicated that
depletion had ‘already occurred. Consequently, many countries called for
further actions to protect the ozone layer by expamding and strengthening the
. control measures of the 1987 Montreal Protocol. In June 1990, the Parties to
the Montreal Protocol met in London and agreed to Protocol adjustments
requiring more stringent control measures on the CFCs and halons than those
listed in the original agreement. Amendments placed further control measures
on other ozone-depleting substances including carbon tetrachloride and 1,1,1-
trichloroethane. In April 1991 the National Aeronautics and Space
Administration (NASA) concluded that depletion of the ozone layer over the
past decade has occurred at a rate faster than previously estimated. The four
to five percent depletion over populated northern latitudes since 1978 led .
many countries to propose more stringent phase-out schedules than those
proposed at the London meeting of the Parties to the Protocol. As a result,
the Parties to the Protocol met in Copenhagen in November 1992 and agreed to
further amendments and adjustments requiring even more stringent control
measures on all controlled substances. In addition, the Parties added methyl
bromide to the list of controlled substances :and agreed to freeze production
of methyl bromide at 1991 levels by January 1, 1995. The reduction schedules

1 Consumption is equal to production plus imports minus exports.
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Table I-1.

PARTIES TO THE MONTREAL PROTOCOL

Algeria

Antigua and Barbuda

Argentina

Australia

Austria

Bahamas

Bahrain

Bangladesh

Barbados

Belarus

Belgium

Benin

Bosnia/Herzegovina

Botswana ’

Brazil

Brunei Darussalam

Bulgaria

Burkina Faso

Cameroon

Canada

Central African
Republic

Chile

China

Colombia

Congo

Costa Rica

Cote d'lIvoire

Croatia

Cuba

Cyprus

Czech Republic

Denmark

Dominica

Ecuador

Egypt

El Salvador

EEC

Fiji

Finland

France

Gambia

Germany

Ghana

Greece

Grenada

Dath February 1994

Guatemala
Guinea
Guyana
Honduras
Hungary
Iceland
India
Indonesia
Iran
Ireland
Israel
Italy
Jamaica
Japan
Jordan
Kenya
Kiribati:
Kuwait
Lebanon
Libyan Arab
Jamahiriya

"Liechtenstein

Luxembourg
Malawi

Malaysia
Maldives

Malta

Marshall Islands
Mauritius
Mexico
Monaco
Morocco
Myanmar
Namibia
Netherlands
New Zealand
Nicaragua
Niger
Nigeria
Norway
Pakistan
Panama

Papua New Guinea
Paraguay

Peru

Philippines

Poland

Portugal

Romania

Republic of Korea
Russian Federation
St. Kitts and Nevis
St. Lucia -

Samoa

Saudi Arabia
Senegal

_Seychelles

Singapore
Slovakia
Slovenia
Solomon Islands
South Africa
Spain

Sri Lanka

Sudan

Swaziland
Sweden
Switzerland
Syrian Arab Republic

'.Tanzania
Thailand

Togo ,
Trinidad & Tobago

- Tunisia

Turkey

- Turkmenistan

Tuvalu
Uganda
Ukraine
United Arab
Emirates
United Kingdom
United States
Uruguay
Uzbekistan
Venezuela
Viet Nam
Yugoslavia
Zambia
Zimbabwe
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Table 1-2. SUBSTANCES CONTROLLED BY THE MONTREAL PROTOCOL

ODP Relative

to CFC-11
ANNEXE A
Group I: '
CFC-11 Trichlorofluoromethane 1.0
CFC-12 Dichlorodifluoromethane . 1.0
CFC-113 1,1,2-Trichloro-1,2,2-trifluoroethane 0.8
CFC-114 1,2-Dichlorotetrafluoroethane 1.0
CFC-115 Chloropentafluoroethane 0.6
Group II: .
Halon-1211 Bromochlorodifluoromethane - , 3.0
Halon-1301 Bromotrifluoromethane 10.0
Halon-2402 Dibromotetrafluoroethane . 6.0
ANNEXE B
Group I: . ;
CFC-13 " Chlorotrifluoromethane 1.0
CFC-111 _ Pentachlorofluoroethane 1.0
CFC-112 " Tetrachlorodifluoroethane 1.0
.CFC-211 ' Heptachlorofluoropropane 1.0
CFC-212 Hexachlorodifluoropropane 1.0
CFC-213 Pentachlorotrifluoropropane 1.0
CFC-214 Tetrachlorotetrafluoropropane 1.0
CFC-215 Trichloropentafluoropropane 1.0
CFC-216 + - Dichlorohexafluoropropane 1.0
CFC-217 Chloroheptafluoropropane 1.0
Group II: .o
CCl, Carbon Tetrachloride (tetrachloromethane) 1.1
 Group II1I:
1,1,1-Trichloro- :
ethane Methyl Chloroform (1,1,1-Trichloroethane) 0.1
ANNEXE C

Partially halogenated fluorocarbons (including HCFC-22, HCFb-123, HCFC-141,
and HCFC-225), are defined as transitional substances by the Montreal Protocol
. under Annexe C. : '

ANNEXE E

Group I: '
CHzBr " Methyl Bromide 0.7

. Source: Montreal Protocol on Substances that Deplete‘the-Ozone Layer

% 1994 UNEP SOLVENTS, COATINGS, AND ADHESIVES REPORT *
1-3



set out in the Montreal Protocol Copenhagen Amendments of 1992 are shown in
Table I-3. -

Table I-4 compares worldwide consumption and ozone- depletlon potentials
of CFC-11, CFC-12, CFC-113, CFC-114, and CFC-115. Worldwide consumption of
1,1,1-trichloroethane in 1988 and 1990 was 679,000 MT, and 726,000 MT,
respectively (Mldgeley 1991). -The 1988 consumption of 1,1,1-trichloroethane
in the U.S, Western Europe, and Japan was estimated at 582,000 MT (Chem
Systems 1989). It has been estimated that of this amount, approximately
100,000 MT of 1,1,1-trichloroethane were used outside W. Europe, Japan, and
the U.S. (Chem Systems 1989). Figure I-1 presents the breakdown of 1 1,1,
trichloroethane consumptlon in these three regions.

1.2 TERMS OF REFERENCE FOR THE COMMITTEE?

The June 1990 London Meeting of Parties to the Montreal Protocol
reconvened the 1989 UNEP assessment panels. The 1989 UNEP assessment panels
consisted of the scientific assessment, the environmental effects assessment,
the technology assessment, and the economics assessment panels. The technical
and economics panels were combined for the 1991 Assessment. The three
international assessment panels were requested to report on:

] the science of stratospheric ozone-depletion
. the env1ronmental and publlc health effects of stratospherlc ozone-
depletion :

.. the technical feasibility. and earliest possible date, in each of the
major use-sectors, for phasing out production of ozone-depleting
substances and the related anticipated economic concerns. The 1991
Technical and Economic Assessment Panel is divided into six
Committees: : :

-- UNEP Aerosols, Sterilants, Miscellaneous Uses and Carbon
Tetrachloride Technical Options Commlttee

-- UNEP Economic Options Committee

-- UNEP Halons Technical Options Committee

C-- UNEP Refrigeration Options Committee

--  UNEP Solvents, Coatings and Adhesives Technical Options
Committee. ' ‘ : ‘

-- UNEP Technical Options Committee for Foams.

The third meeting of the Parties to the Protocol in Nairobi in June 1991
requested the assessment panels, particularly the Technology Assessment Panelq
to: '

2 This section addresses Decision II-13 Assessment Panels of the Second
Meeting of the Parties to the Montreal Protocol, Decision III-12 Assessment
Panels and Decision III-8 Trade Names of Controlled Substances of the Third
Meeting of the Parties to the Protocol (Kurita 1991b), and Decisions IV-13 and
IV-23 of the Fourth Meeting of the Parties to the Protocol. :

% 1994 UNEP SOLVENTS, COATINGS, AND ADHESIVES REPORT *
1-4



Table I-3: SUMMARY OF COPENHAGEN AMENDMENTS TO THE MONTREAL PROTOCOL

Chloreofluorocarbons (Group I - Annexe A CFC-11, ‘CPC-12, CFC 113, CFrC-
114, CFC-115)

° Freeze at 1986 levels by July 1989
] 75 percent reduction from 1986 Ievels by January 1994
® 100 percent reduction from 1986 levels by January 1996

Other fully halogenated CFCs (Group I - Annexe B: CFC-13, CFC-111, CFC-
112, CFC-211, CFC-212, CFC-213, CFC-214, CFC-215, CFC-216, CFC-217)

° 20 pefcent,reduction from 1989 levels by January 1993
° 75 percent reduction from 1989 levels by January 1994
° - 100 percent reduction from 1989 levels by January 1996

Halons (Group II - Annexe A: Halon-1211, Halon 1301, Halon-2402)

L Freeze at 1986 levels by January 1992
° 100 percent reduction from 1986 levels by January 1994

1,1,1-Trichloroethane (Group III - Annexe B)

] Freeze at 1989 levels by January 1993’
@ 50 percent reduction from 1989 levels by January 1994
° 100 percent reduction from 1989 levels by January 1996

Carbon Tetrachloride (Group II'- Annexe B)

] 85 percent reduction from 1989 levels by-January 1995
° 100 percent reduction from 1989 levels by January 1996

Partially Halogenatéd Fluorocarbons (Group I - Annexe C)

. Freeze at specified level by January 1996 (specified level is equal
to 3.1%Z of 1989 consumption of Group I Annexe A controlled
substances plus 100% of 1989 consumption of Group I Annexe C
controlled substances)

35 percent reduction from level of freeze by January 2004
65 percent reduction from level of freeze by January 2010
90 percent reduction from level of freeze by January 2015
99.5 percent reduction from level of freeze by January 2020
100 percent reduction from level of freeze by January 2030

Methyl Bromide {(Group I - Annexe E)

° Freeze at 1991 levels by January 1995
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Table I-4. COMPARISON OF WORLDWIDE GONSUMPTION OF CONTROLLED CFCS
AND OZONE-DEPLETING POTENTIAL (ODP)

1986 Worldwide . Atmospheric
Consumption Percent of Relative Percent ODP Lifetime
(kilotonnes). . Basket Total ODP of Basket (years)

CFC-11 370 35.0 1.00 36.4 75
CFC-12 480 45.4 1.00 47.2° S111
CFC-113 178 16.8 0.80 14.0 90
CFC-114 15 1.4 11.00 1.5 .
CFC-115 15 1.4 0.60 0.9 -
Source: Montreal Protocol on Substances that Deplete the Ozone Layer
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thure I-1

BREAKDOWN OF 1,1, 1-TRICHLOROETHANE CONSUMPTION IN THE U. S.,
WESTERN EUROPE AND JAPAN |

s

Meial Cleanihg S Metal Cleaning _ : Metal Cleaning
55% > . - 75% ‘ : - 76%.

/ ' A" Electronics
12 SN -
12% G 5%

7 Electronics

Adhesives L Aerosols
9% °°7aj/'"9 . 4% 2 13%
Aerosols . ° . _
Electronics SR : Adhesives . Aerosols

9% ° : ST 10% . . o A Adhesives . ‘

N 8% | » o 0/, o | 5% 1%
| USA ' Western Europe ~ Japan
280,000'metri9 tons. . . 151,000 metric tons 151,0‘00 metric tons.

Sbuvcea Che'm Systems 1989 .
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] "evaluate, without prejudice to Article 5 of the Montreal
Protocol, the implications, in particular for developing
countries, of the possibilities and difficulties of an earlier
phase-out of the controlled substances, for example of the
implications of a 1997 phase-out."

] "take into account the London.Resolution on transitional
Substances (Annexe VII ‘to the report of the Second Meeting of the
Parties to the Montreal Protocol), to identify the specific areas
where transitional substances are required to facilitate the
earliest possible phase-out of controlled substances, taking into
account environmental, technological, and economic factors, where,
no other more environmentally suitable alternatives are available.
The quantities likely to be needed for those areas and for those
areas of application currently served by transitional substances
shall both be assessed.” :

. "request the assesSsment panels to identify the transitional
substances with the lowest potential for ozone- depletion required
for those areas and suggest, if possible, a technically and
economically feasible timetable, indicating associated costs, for
the elimination of transitional substances."

. oL submit...reports in time for their consideration by the
Open-Ended Working Group with a view to their submission for
consideration by the Fourth Meeting of the Parties.”

Most recently, the fourth meeting of the Parties to the Protocol, held
in Copenhagen in November 1992, requested the following activities of the
assessment panels:

° "request the Technology and Economic Assessment Panel and its
Technical and Economic Options Committees to” report annually to
the Open-Ended Worklng Group of the Parties to Montreal Protocol
the technical progress in reducing the use and emissions of
controlled substances and assess the use of alternatives,
particularly their direct and indirect. global-warming effects."

o "request the three assessment panels to update their reports and
submit them to the Secretariat by 30 November 1994 . . . These
assessments should cover all major facets discussed in the 1991
assessments- with enhanced emphasis on methyl bromide. The
scientific assessment should also include an evaluation of the
impact of sub-sonic aircraft on ozone." '

. "encourage the panels to meet once a year

To assure the widest possible international participation in the- review
and the subsequent report, the 1994 Assessment Panels consist of some members
of the 1989 and 1991 UNEP Assessment Panels and additional new experts
nominated by Governments. Not only were expgerts from industry, government,

- academic institutions, and nongovernmental organizations invited to prepare a,

comprehensive and technically specific "Control Options Report” for each
sector, but the chairpersons of the. UNEP Technical and Economics Panel and
each of the Technical and Economics Option Committee also contacted countries
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to encourage their active participation in this review process. By contacting
"producers, manufacturers, and trade associations and by arranging for
additional technical input, the chairpersons of the Technical and Economic
Option Committee further insured widespread part1c1pat10n in preparing the
Technical Options Report on Solvents, Coatings, and Adhesives. As with the
1989 and 1991 reports, the 1994 report,has undergone extensive peer review and
will be distributed internationally by UNEP.

The member countries of the Committee included representatives from
North American, Latin American, European, African, and Asian governments and
companies (see Table I-5). Affiliations of the committee members are listed
in Table I-6. In addition, the Committee had the benefit of advice from a
distinguished panel of worldwide experts which included representatives of
government agencies, chemical producers, and industry associations (see Table
I-7). Committee meetings during the preparation of the 1991 report were held
in Germany, Japan, Mexico, Sweden, Switzerland, Thailand, United Kiﬁgdom,,and
the United States to facilitate participation by interested organizations.
These meetings enabled Committee members to gather information first hand on
the potential for substitution of CFC-113 and 1,1,1-trichloroethane and on the
progress made to date. The Committee met with a number of companies, trade
associations, and government agencies to understand their position on this
issue. :

1.3 BASIS FOR COMMITTEE RECOMMENDATIONS TO UNEP AND COMMITTEE POSITION ON
CFC-113, 1,1,1-TRICHLOROETHANE AND PARTIALLY HALOGENATED FLUOROCARBONS

The Committee's recommendatlons to the UNEP are the consensus of the
Committee. New sc1ent1f1c lnformatlon suggests that ozone depletion 1is
occurring at a rapid rate. The levels of future chlorine and bromine
concentrations in the upper atmosphere will depend primarily on future
emissions of CFCs, 1,1,1- trlchloroethane halons, HCFCs, halothanes, and other
ozone-depleting substances :

In August 1988, the U.S. Environmental Protection Agency (EPA) issued a
study entitled "Future Concentrations of Stratospheric Chlorine and Bromine"3
which looked at chlorine and bromine levels after the implementation of the
restrictions in the Montreal Protocol. The U.S. EPA predicted that, based on
their growth scenarios, levels of chlorine in the stratosphere would increase
from 2.7 to 8 parts per -billion (ppb) by 2075, even with the reductions in CFC
production called for in the Protocol. :This increase would be caused not only"
by the allowed use of CFCs and halons under the Protocol, but also by CFC use
in countries that are not members of the Protocol and.by the growth in the
production and use of chemicals such as 1,1,1-trichloroethane and carbon .
tetrachloride. While reduction efforts under the Protocol, coupled .with the
greatly increased number of signatories, is likely to result in increases in
'stratospheric chlorine levels closer to the low end of this range, such
increases are still of concern. :

The second and third meetings of Parties to the Protocol in London and
Nairobi calléd for an examination by the Committee of the technical

3 Clx Report, U.S. EPA Office of Air and Radiation, 400/1-88/005. August:
1988. ' | - |

\
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Table I-5. MEMBER COUNTRIES OF THE UNEP
SOLVENTS, COATINGS AND ADHESIVES TECHNICAL OPTIONS COMMITTEE

Member Countries

Belgium
Brazil
Canada
France
Germany
“Japan
" Jordan
Germany
Malaysia
Mexico
Singapore
Sweden
Switzerland
Thailand
United Kingdom
United States
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Table 1-6. ORGANIZATIONS WHOSE EMPLOYEES SERVE ON THE
UNEP SOLVENTS, COATINGS, AND ADHESIVES TECHNICAL OPTIONS COMMITTEE

Member Organizations

Allied Signal Incorporated

Asahi Glass Company Ltd.

AT&T Bell Laboratories

Boeing Company

British Aerospace (Dynamlcs) Ltd.

Charles Stark Draper Laboratory

Digital Equipment Corporation

Dow Chemical - Advanced Cleaning Systems
European Chlorinated.Solvents Association
Ford Motor Company ' '

Friends of the Earth

GEC - Marconi

Global Centre for Process Change

Hitachi Ltd!

ICF Incorporated

IFC

ITT Teves GmbH

Japan Association for Hygiene of Chlorlnated Solvents
Japan Audit and Certification Organisation Ltd.
JEMA . .
Lockheed )

Lufthansa German Airlines

Mexican Chamber of Industries

Ministry of Planning - Jordan

National Semiconductor

OXITENO

‘Promosol

Protonique S.A.

SAEO South America Electronics Operation
Siemens AG -

Singapore Institute of Standards and Industrial Research
Sketchley PLC

Swedish Environmental Protection Agency
- TELEMECANIQUE

Texas Instruments Incorporated

Thai Airways International

U.S. Air Force '

U.S. Environmental Protection Agency

Vulcan Chemicals

Waste Policy Institute

- \
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Table I-7. CORPORATE AND GOVERNMENT PRESENTATIONS IN MEETINGS HELD BY THE
UNEP SOLVENTS, COATINGS, AND ADHESIVES TECHNICAL OPTIONS COMMITTEE

}Allled Signal,Inc., U.S.A.

2A11 Japan Laundry and Dry Cleanlng Association, Japan
2pAlpha Metals, Hong Kong |

2Arakawa Chemlcal Industries, Ltd., Japan

Asah1 Glass Company, Ltd. Japan

2Asea Brown Boveri (ABB)

2Atsugl Unisia Corporation, Japan
2AT&T-Telecommunications Products (Thai) Ltd., Thailand
2Balzers A.G., Principality of Liechtenstein

Berghof GmbH ' & Co., Germany

Boelng Company, U.S.

3British Aerospace (Dynamics) Ltd.,; U.K.

3Brulln Corporation

Canon Inc., Japan i

Chemlcal Technology Research Co., Ltd., Japan
2Columbia Cement, Co., Inc.

2ConSolve, A.S., Norway

3Da1k1n Industries, Japan

Dan Science Co., Ltd Japan

2Data General, Thalland

3peft Corporatlon

2Department of Industrial Works - Ministry of Industry, Thailand
D1g1ta1 Equipment Corporation, Singapore

2Dow Chemical, Germany, Switzerland

2Du Pont Electronlcs U.K.

Du Pont, Japan, U.K., and U.S.A.

2Durr GmbH ‘Germany ,

1Ensambles Magneticos, S.A., Mexico

2Erlcsson Electronics, Sweden

Exxon Chemicals, Canada

Fqutsu Ltd. Japan

2FFV Aerotech Sweden

2GEC Research, U.K.

2General Dynamics, U.S.A.

'Halogenated Solvents Industry Alliance, U.S.A.
°Hitachi Chemical Techno-Plant Co., Ltd., Japan
2Hltachl Ltd., Japan : :
2Hitachi Construction Machinery Co., Ltd., Japan

2IBM, Sweden

3ICI PLC Chemicals and Polymers Ltd., U.K. .
2International Institute for Energy Conservation, Asia Office, Thailand
2ITT Teves Gmbh, Germany

2Japan Alcohol Association, Japan

2Japan Electrical Manufacturers Assn., Japan

2Karl Roll GmbH, Germany ‘ : '
2Koki Company, Ltd Japan

2Kolb GmbH & Co., Germany

2Leica Heerbrugg, Switzerland

3LPS Laboratories, U.S.

2Matsushlta Refrlgeratlon Co., Japan

®Micropolis Corporation, Thailand

2Mlnebea Group, Thailand ,
Ministry of International Trade and Industry, Japan
letSublShl Electric Corp., Japan

(continued on next page)
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Table I-7. CORPORATE AND GOVERNMENT PRESENTATIONS IN MEETINGS HELD BY THE
UNEP SOLVENTS, COATINGS, AND ADHESIVES TECHNICAL OPTIONS COMMITTEE

(Continued)

33M Corporation
?National Semiconductor, Thailand
®National Research Instltute for Pollution and Resources, MITI, Japan
'NEC, Japan ‘
2Nlppondenso Company, Ltd., Japan
eNissan Motor -Co., Ltd. Japan
2lesln Electric, Japan :
'Northern Telecom, U.S.A. and Canada
2NTN Corporation, Japan :
'Plamex S.A., Mexico
2SAAB Scanla Sweden
“SAGEM, France '
'SEHO, Germany
1Seiko- Epson, Japan
2Semlconductor Ventures International, Thailand
2Senju. Metal Industry Co., Ltd, Japan
'Separation Technologists, U.S.A.
1Sharp Corporation, Japan .
2Siam Compressor Industry Co., Ltd., Thailand
3Siemens, Germany
¢Siemens-Elema, Sweden
'Sigma Industries, U.S.A.
2Swedish Instltute for Production Englneerlng Research, Sweden
2Tinker Air Force Base, U.S.A.
3Toshiba Corporation, Japan .
-2Toshiba Display Devices (Thailand) Co., 'Ltd., Thailand
“Thiokol Corporation, U.S.A.
¢ULVAC Ltd., Japan

"United States Air Force Eng1neer1ng Services Center, Tyndall Air Force Base,

U.S.A.
2yC1, Germany
2YOLVO Aero Support
.3W.R. Grace, U.S.
2ZVET, Germany

1 1989 Presentation.

2 1991 Presentation.

3 1989 and 1991 Presentations.
4 1994 Presentations.
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feasibility of using only alternatives which do not deplete the ozone layet.
In the short-term some might use other low ODP alternatives. Figure I-2
compares the ODP of CFC-113 and 1,1,1-trichloroethane with that of the new
HCFCs and HFCs currently #n use or under development. The Committee believes
that there are a wide variety of alternatives that can completely replace CFC-
113 and 1,1,1- trlchloroethane use.

A variety of alternatlve substances and technologies are currently under
development to facilitate the phaseout of CFC-113 and 1,1,1l-trichloroethane.
These alternatives include aqueous and semi-aqueous cleaning, alcohol
mixtures, other hydrocarbon solvents, HCFCs, perfluorocarbons, no-clean
technologies, and a growing number of non-solvent cleaning processes.

No-clean technologies represent the optimum alternative and have been
applied in an increasingly large number of electronics manufacturing
applications in recent years. Nevertheless, research and testing of no-clean
manufacturing processes is ongoing in hopes of making it a viable ‘alternative
in a wider variety of uses. Second to no-clean with respect to ozone layer
protection is aqueous or semi-aqueous cleaning. The major drawbacks of these
alternatives may be high energy consumption and wastewater treatment costs.

HCFCs, though their use is transitional, are‘importanc alternatives to
CFC-113 and 1,1,1-trichloroethane solvent use in applications for which no
other viable alternative exists. Because of their lower ozone-depletion
potential, HCFCs with a short lifetime (below 10 years) are preferred to those
with longer lifetimes (over 15 years). However, HCFCs should only be used as
substitutes for 1,1,1-trichloroethane if their ODP is lower than 0.10 and if
their emissions are controlled using the best available technology. As a
result of the 1992 Copenhagen Amendments to the Montreal Protocol, HCFC use is
only a temporary alternative. The amendments state that consumption of HCFCs
must be reduced by 99.5% by 2020 and completely phased out by 2030. In the
interim, the Protocol recommends that HCFCs only be used in conjunction with
emission control recovery and recycling systems. Thus, HCFCs are' a valid
alternative in certain .limited applications wh11e other long-term
alternatives are being developed (Yamabe 1991).%

4 Low ODP alternatives, coupled with recovery systems, could be effective
in protecting the ozone layer. The recovery system would be effective in
reducing the consumption of ozone-depleting chemicals in small factories,
where more than 50 percent of the consumption of these chemicals takes place
(Yamabe 1991).
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CHAPTER 2

ELECTRONICS INDUSTRY APPLICATIONS.

2.1 BACKGROUND

Since the publication of the 1991 Solvents, Coatings and Adhesives
Technical Option Committee (TOC) report, considerable practical, commercial,
and technical developments have occurred. Several nations, including Germany,
Sweden and Switzerland, already have legislation in force to phaseout ozone-
depleting solvents. Many other countries, as well as individual users, have
achieved spectacular reductions.

Unfortunately, some electronics companies in some nations are unprepared
for the 1 January 1996 phaseout. This situation is difficult to understand,
as the electronics industry has found reasonable solutions for practlcally all
the problems that have arisen.

This chapter has been rewritten, not merely updated, in an attempt to
keep it a manageable size and due to the 51gn1f1cant progress that has
occurred in the electronics industry.

The principal use of CFC-113 and 1,1,1-trichloroethane (methyl
chloroform) solvents in the electronics industry is for defluxing, that is,
the removal of residues from assemblies after solderlng The flux or solder
paste residues' are characterised as a mixture qf.

o raw flux

. thermally modified flux
. flux decomposition products
¢  reaction products between the flux components and metal oxides

from the printed circuit boards the component leads, and the
molten solder

. residues - modified or otherwise - from contaminants previously
left on the boards and components

. . residues from soldering oils

. paste modifiers.

A further use for 1,1,1l-trichloroethane is in printed circuit
fabrication as a developer for photosensitive coatings, mainly dry film
photoresists and dry film solder masks.

The dissemination of information to small production units on
substitutes for ozone-depleting solvents is a problem in many nations. This
may be due to difficulty in assessing substitutes and because companies are
often too small or too remotely located to use consultants gffectively.

1. In this chapter, the word flux may be considéred as includihg solder paste,
except where there is a significant distinction specified.
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Language may also play a significant role, as most of the information is
published in English. This has been discussed in the 1994 TEAP report (UNEP
1994). : )

One other factor which has retarded the phase-out of CFC-113 in the
electronics industry has been specifications which discouraged using
substitute cleaning processes for military and similar applications. Much
ordinary electronics production, particularly in the smaller firms, was
cleaned to military approved requirements using CFC-113 and 1,1,1-
trichloroethane, even though it’was not strictly necessary. To avoid
duplication of processes and equipment, the military standards were used for
non-military work, which resulted in unnecessarily large CFC emissions. In
February 1991, the U.S. military adopted MIL-STD-2000,¢ Revision A (DoD,
1991). This standard conditionally permits the use of non-rosin fluxes and
non-ozone depleting solvents and cleaning processes for most electronics
assembly and retroactively for existing contracts. MIL-STD-2000 (Rev A) also
recommends that CFC solvents "be phased out". This revision to US military.
standards has already had a far-reaching and global effect. Nevertheless,
there is little room for complacency, as was shown by the report to a recent
conference concentrating on these problems (NATO 1994).

In the electronics industry, there are six primary methods that are
suitable for replacing ozone-depleting substances (0DSs) (Figure II-1), each
with a number of important variants. The following list, although not
exhaustive, is a general review of these as they apply to fluxes and solder
pastes. :

. "No-Clean" methods, including controlled atmosphere soldellng

. Water soluble flu\es and water cleaning

. Rosin fluxes + saponifier + water cleaning

. Rosin & SA fluxes + hydrocarbon/surfactant + water cleaning

) Rosin & SA fluxes + hydrocarbon and de11vat1ve (including alcohol)
solvent cleaning . :

. Rosin & SA fluxes + permitted halocarbon solvent cleaning.

t

Due to the numerous financial and environmental con51deratlons the
Solvents TOC recommends that the substitute - -process be fully tested,
qualified, and found satisfactory under full production conditions before any
capital investment is made.. In addition, the process and its supporting
infrastructure should include approval by all the appropriate fire, health,
safety, and environmental authorities.

The following List of quesﬁions can help users decide whether or not te

clean:
. is human life at stake?%
. is the assembly worKing at high frequency or high 1mpedance7'
. are analogue signal levels low?*

2 This standard details requirements for the materials and processes which
may be used in making soldered conmections in electronic assemblies. The
"soldered connections which must meet this standard's specifications include:
lead and wires inserted in holes, surface-mounted components, and components
attached to terminals.
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Figure II-1. Methods of replacing ozone-depleting
solvents in the electronics industry.
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. is reliability important?*

e«  are assemblies likely to be subject to high .temperatures®, high
humidity or rapidly changing atmospheric conditions?*
. are assemblies to be conformally coated?*
. does the customer specify high reliability standards?*
.. does the customer exact a long guaranteed lifetime?¥*
. is cost subordinate to other factors?
. is the aspect of the circuit important?
. is automatic testing to be done?
. is burn-in of the finished assembly done?

The questions with an asterisk (*) are more important in the decision process.

Where cleaning is necessary, there are problems 9f scale. With CFC-113
vapour defluxing, the equipment price is roughly proportional to the
throughput capacity; this, however, is not always the case with substitute
methods. To achieve a change which produces a satisfactory quality, small
manufacturers in both developing and developed nations may have to pay
disproportionately more for the equipment. In many instances, these ‘capital
costs may be offset by lower operating costs. ’

. Finally, before assembly is done, the design of the printed circuit is
an all-important factor which is frequently ignored. Successful use of "No-
Clean" fluxes, particularly with wave-soldered SM components, is dependent on
correct PCB design. Similarly, if cleaning is to be carried out, the criteria
are very different and other design factors are required. Often a circuit
which gives excellent results with one process gives very poor results with

another. Section (2.2) is a new section which addresses this problem.
\ .

2.2 PRINTED CIRCUIT DESIGN FOR EFFICIENT SOLDERINC AND CLEANING

The use of certain soldering and cleaning processes can be optimised .
only if the PCB is designed correctly for that process (Ellis 1994). The use:
of anything other-than-optimised may seriously compromise the efficiency. of
the chosen process. This section gives the designer an introduction ﬁo the
subject. A designer must be informed as to which soldering and cleaning
processes are to be used in production before starting work. It is assumed
that the designer uses a quality electronics CAD system, without it being .
specific to one type. Users of manual draughting, low-cost CAD systems or
those adapted from mechanical CAD packages may have to make some modifications
and make many manual retouches to comply with the following recommendations.

2.2.1 Low-Solids "No-Clean" flux wave soldering

The use of Low-Solids "No-Clean" fluxes presents the biggest challenge
to the PCB designer, particularly for the SMD circuit. 'The PCB design is
critical to exploit the operating window, which can be quite small.’

Traditional High-Residue fluxes for SMD soldering present a severe
disadvantage when soldering SMD components with a conventional wave soldering
machine. The components themselves create "shadows" which prevent correct

3 Rosin fluxes start to soften at about 70°C.
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soldering from taking place. This was circumvented by using "double-wave"
soldering machines: the first wave was very turbulent to ensure the solder
penetrated into the "shadows", but left uncontrolled amounts of solder on the
joints and between conductors. The second wave was a smooth, streamline wave
- whose function was to remove the excess- solder and to leave sufficient to form
© a perfect meniscus at each joint, ‘ '

Without extensive engineering it is generally not possible to use- the
"double-wave" technique with Low-Solids "No-Clean" fluxes because the
turbulent wave offers sufficient agitation so that the quasi-totality of the
flux activator is removed. The second wave has to operate practically without
activator present and the solder joint which results is usually defective. - A
few Low-Solids "No-Clean" fluxes are designed to permit double-wave soldering
but these may present other disadvantages. It is therefore necessary to
ensure, by careful layout, minimum shadowing by the components, so that a -
single wave may be used. ‘ :

Design for Low-Solids "No-Clean" flux soldering of SMD circuits implies
that no solder joint be placed on the last side of the component to "see" the
solder wave. With components that have connections along two sides, such as
passive «chip components and SMSO ICs, these should present themselves so that
all the solder lands be on either side of the device as "seen" by the wave. A
problem obviously presents itself with components which have soldering lands
along all four sides, such as gull-wing, J-lead PLCCs, or LCCCs. Shadowing
may be minimised by placing this type of device at 45 degrees to the wave
angle. This generally works with the better fluxes. Some of the less _
versatile CAD systems do not permit turning components through 45 degrees or,
if they do, they may not allow the connecting tracks to come out in a very
logical way. This would imply that the component actually be designed
specifically in the library at the required angle, thereby using up four
custom pad (land) sizes, instead of one. The best method uses a rectangular
pad design with the actual connection offset to the outer edge, if the design
rules do not allow the connection to be forced at the designed angle. Some
manual retouching may be needed after autorouting. .As cleaning will not be
carried out, the pad width may be as wide as is necessary to ensure that
bridging does not occur and that the minimum gap width be respected. .Via
holes should be spaced away from the pad by an intermediate connection between
them and the hole of a minimum of 1 mm, even if they are tented, filled or
‘otherwise rendered unsolderable. The major axis of the interconnecting tracks
should be parallel to the axis of the soldering machine, even if they are
covered with a solder resist or mask, in, order to ensure minimum solder
balling. For double-sided boards with wave - soldéered SM components on both
sides, this implies that the boards be soldered in different directions for
each side, as most CAD systems force the major routing at 90 degrees; in any
case, this uses the "real estate” most efficiently. With multilayer circuits,
the problem is not the same as both the outer layers may be forced in the same
direction, according to the flexibility of .the design rules .of the system.

_ Figure II-2 illustrates an example cf a hypothetical design for Low-
Solids "No-Clean" soldering. . ,

2.2.2 Controlled Atmosphere Soldering

. This presents exactly similar problems to that of the Low-Solids "No-
Clean" flux case and the same criteria apply, as in the preceding section.
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Direction of passage over solder wave

Figure II-2. Hypothetical example of SMD circuit
designed for "No-Clean" wave soldering showing correct
orientation of components.
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2.2.3 "Traditiopal" flux soldering and cleaning

"Traditional" fluxes may be considered as activated rosin (RMA, RA or F-
SW32 halide free) or water soluble types. The design criteria for soldering
with these fluxes are far less critical and therefore the accent is best
placed on cleaning. For through-hole circuitry, no change is required to the
design rules. The problems arise when cleaning SMDs.

In reality, cleaning with CFC-113 is, in most cases, just as difficult
as with any of the substitute processes, if not more so. This section
therefore applies to all cleaning methods.

The cleaning solvent, be it aqueous or organic, must penetrate as freely
as possible under the components and, having penetrated, must circulate.
Young's law indicates that pure water, with a high surface tension, will
penetrate better, by capillary action, into close spaces than would an organic
solvent or a less pure water, with a lower surface tension. If free
circulation is to take place, then the spaces must be as wide as possible and
the obstructions be minimised. It is therefore important to choose those
components which have the largest stand-off from the printed circuit board.
With plastic moulded components, it is quite usual to place small stand-off
"blips" in the corners. Ideally, these "blips" should also have the smallest
surface area, although thls criterion is secondary to the height. Smaller
components, such as 1206 passive chips, have relatively little difficulty, as
far as cIeanlng is concerned, because of the small area to stand-off ratio.

The placement of wave-soldered SM circuits is therefore the most
critical factor and should, as.ideally as possible, be done as a function of.
the component height. Some CAD systems will permit autoplacement where
component height can be a function by limiting tall components to specific
parts of the boards, while retaining coupled components (e.g. decoupling
capacitors). The space round tall components should also be greater than
round low ones. This can be done by using a larger rectangular silk profile
than that of the component itself and replacing it after the layout is
completed by an autolibrary function, if there is no.other way p0551ble to
* ensure the best conditions within the framework of the CAD system. When
considering component $pacing, it must be assumed that worst-case positional
tolerancing will occur: it is therefore a mistake to force components too
closely together: in fact, the ideal situation is to use the "real estate" of
the PCB to best advantage to maximise component spacing.. Orientation is also
‘critical. This should be arranged to allow the maximum ingress of cleaning
fluid, so the design is also a function of the way the finished circuit will
pass through the cleaning machine and of the way that the machine operates.
In-line conveyorised spray machines with the jets normal to the surface of the
board are generally less efficient than batch machines where the jets may
attack the boards at an angle as small as 15 degrees. On the other hand, the
‘former are perhaps much less prone to shadowing problems as the liquid can
penetrate the inter-component space more readily, even if it tends to "puddle"
and stagnate there, rather than circulate. -

Figures 1I1-3 and II1-4 show a few ideas as to the best principles to
adopt when designing the placement. of boards to be cleaned. 'Pad width becomes
very critical, in this case, as having a broad solder meniscus on four-sided
connection components will reduce the ingress of cleaning fluids by as much as
'50 percent, especially if the solvent loses kinetic energy by striking the
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Layout criteria for effective cleaning |

Ve ——— e . -

" Orientation of SOICs and chips: left OK, right poor

positional tolerances
and the component
height, make sure

there is adequate space
between them to allow
cleaning fluid to circulate

Do not put largé
components in the
line of spray to smaller
ones '
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Figure II-3. Layout criteria for effective cleaning
a) orientation and position -

‘
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Layout criteria for effective cleaning -

Components placed at an

~ angle: Solder joints brake the
energetic ingress of cleaning
products. '

-Minimal sized soldering
lands: maximum ingress
of cleaning products.

-Solder lands too wide:
ingress of cleaning
products reduced

by 50%.

Fio.3 i :

Figure II-4. Layéut Criteria for Effective Cleaning
b) Maximum ingress. of cleaning fluids
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board surface before being deviated under the components. t is therefore
important, in all cases, to use a pad width which is as narrow as possible,

. but consistent with good soldering quality. Such components must never be
placed at 45 degrees to the axis of the cleaning machine, as the angle will
reduce the "window" between solder joints by 30%: the component must always be
axial. : '

2.2.4 "Glue-spots" and cleaning quality

The position of the Glue-spots on boards which are not cleaned is not
very critical, within normal parameters. On the other hand, they may be
critical for boards which must be cleaned, as they can restrict the flow of
. cleaning fluids. With small components, the Glue-spot is generally placed
centrally. With heavier components, two or more Glue-spots may be required.
If two are used, then the ideal configuration is they should form an axis
which is not in line with the cleaning machine (as well as being of minimum
size). Either 45 or 90 degrees is generally satisfactory. With three or more
spots, care should be taken to-.avoid shadowing of the space between them.

Most good CAD systems can automatically incorporate the Glue-spot positions in
the component libraries, according to the operator’s wishes.

2.2.5 "No-Clean" Paste Reflowlsoldering

Most "No-Clean" pastes have considerably higher residue levels than many
other. "No-Clean" soldering processes as the chemistry must contain sufficient
product to ensure the correct viscosity and rheological characteristics. As
- the paste is reflowed homogeneously by infra-red radiation or by vapour phase
PFC heating, there are few orientational problems. As such, there are few
critical design parameters other than those imposed by the soldering process
itself. Soldering land width and spacing may be critical and the CAD design
rules may need some fine tuning. During component placement, the distance
between components must be sufficient to permit the heating medium to pass.
One of the main difficulties which is sometimes encountered is that of solder
balls. These may cause electrical and/or mechanical problems but they are not
so much a design problem as one of the soldering conditions themselves and the
paste quality and age.. Even more important than with wave soldering, via
holes must be well separated from the soldering pads or lands, otherwise the
molten solder may be drained from where it is necessary. ' )

-

2.2.6 "Traditional” Paste Reflow Soldering and cleaning

The design rules for rosin or water-soluble paste are similar to those
for "No-Clean" pastes. The components should be selected with maximum stand-
off heights and with other characteristics suitable for reflow and wave
soldering.

2.3 CFC-113 USE IN ELECTRONICS ASSEMBLIES

2.3.1 Major Assembly Processes

o Electronic components are fluxed and soldered to electronic assemblies
and then cleaned to remove flux residue and other contaminants introduced in
the production-process. The electronic components are attached by either
through-hole assembly technology or by surface-mounted assembly technology or
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-a combination of the two. The actual techniques are only secondary to the
problems of cleaning, so they will not be discussed here. - For further
details, please consult the 1989 and 1991 Solvents TOC reports (UNEP 1989,
1991) or other literature (Ellis 1986). '

‘ Boards are soldered in one.of two general ways: (1) a molten solder is
used to solder and secure the components onto the board or (2) a solid solder
(normally in the form of wire solder or small solder spheres in a flux paste
matrix) is deposited on the board and later heated. Wave, dip, and drag
soldering are examples of the former; manual, infra-red, condensation reflow,
or hot gas soldering are examples of the latter. Wave soldering is commonly
used in high-throughput electronic assembly operations. Wave-soldered boards
are fluxed and passed over a wave of solder that flows up from the solder

"bath. The solder forms an intermetallic bond with the surfaces of the
component leads and tracks. and with the plated through- holes of the printed
wiring boards.

Flux is removed from electronics assemblies to:

. remove corrosive flux ingredients

. improve adhesion of conformal .coatings
. enable easier visual inspection

. facilitate automatic testing

. minimise leakage currents ~

. enhance product appearance

. to. conform to customer spe01f1cat10ns

The need for post-selder flux-residue cleaning varies widely and depends
on the final electronics application. For example, most printed circuit
boards that are used in toys and home appliances are cleaned perfunctorily, if
at all. In contrast, boards that are manufactured for automotive, military,
space, medical and other critical applications require high levels of
cleanliness. Frequently, boards require cleaning for automatic testing rather
than for reliability (IPC 1986). However, in applications where assemblies
are exposed to elevated temperature and humidity, flux residues can corrode
metallic tracks on.electronics assemblies and component leads and also create
deleterious effects on the electrical characterlstlcs of the insulation (see
Section 2.1).

2.3.2 Flux Types

"No-Clean", rosin/resin, synthetically activated, and water-soluble
(also frequently referred to as organic acid) are the major flux types.

There are several variations in so-called "No-Clean" flux types,
containing quantities of resins (some with wood rosin) ranging from zero up to
about 5% w/w. They all have high degrees of 'activation, compared to more
- traditional rosin or resin fluxes. In extreme cases, the solid matter may be
entirely activators. The activators are most frequently based on non-
halogenated linear carboxylic acids, although some types also use cyclic acids
or organic hydrohalide compounds either alone or in combination. They are
also referred to as "Low-Solids" fluxes. The terminology, in either case, is
‘not necessarily precise as some fluxes with a low solids content may possibly
lend ‘themselves to cleanlng and some fluxes .with a higher solids content may
be perfectly adapted to not being cleaned (DIN Normen). As a general rule,
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the operating "window" when soldering with "No-Clean" fluxes is narrower than
with many other flux types and they are often more prone to cause solder-
balling (solder balls are.small metallic spheroid particles of typical
diameters within the range of 0.05 to 0.5 mm and which tend to adhere to the
printed circuit substrate. )

When properly prepared traditional rosin fluxes meet U.S. military
specifications (MIL-F-14256),% have a history of successful use, and do not
always need to be removed after soldering. Rosin is a complex mixture of
isomeric acids and rosin fluxes are classified by the amount of activator
present. Activators, generally halides or carboxylic acids or a combination
of both, increase the wetting ability of the solder by reducing oxides present
on the surfaces to be soldered. While they are the least corrosive and
conductive fluxes, rosin fluxes have limited wetting abilities.

The small amounts of post-soldering board residue can minimise cleaning
problems or eliminate the need for cleaning. Toubin (1989) found that Low-
Solids fluxes can be both efficient and cost effective when run under tight
process control. A later report (Toubin 1991) has indicated that many of
these fluxes may cause corrosion, and SIR problems. These and other problems
have been corroborated by a small number of users who have reverted to
cleaning after many months of using "No-Clean" techniques for medium-
reliability applications. '

Synthetic activated (SA) fluxes (more active than rosin fluxes, but less
active than many water-soluble fluxes) were initially designed to be removed
specifically with CFC-113. Compared to rosin fluxes, synthetic activated
fluxes, because of their activity, improve the wetting by the solder. SA flux
residues must be removed immediately after soldering. SA fluxes have never
held more than a small share of the market and, since the reduction of use: of
CFC-113 and 1,1,1-trichloroethane solvents, this share has been reduced even
further. This loss of market share is because SA flux has little specific
advantage except when used.with ozone-depleting solvents.

There are a variety of formulations for water-soluble fluxes which
usually contain relatively large percentages of activators (compared with
rosin fluxes), such as organic acids, hydrochlorides, hydrobromides and amines
dissolved in water or, more usually, alcohol solvents. Water-soluble fluxes,
in general, allow faster soldering rates with fewer rejected boards due to
solder defects and do not. require a saponifier when cleaned with aqueous -
cleaning systems. Water-soluble fluxes, as currently formulated, are usually
more corrosive than other fluxes. Subsequent board and component damage can
only be prevented by thorough and immediate controlled cleaning. It may be
necessary not only to use purified water in aqueous cleanlng processes, but
also to treat waste water.

Although aqueous cleaning is used in a number of electronics industry
applications, it 'is not approved for all applications. In the past, U.S.
military electronic assembly specifications did not allow water-soluble

“ This specification consists of a list of fluxes, rosin-based liquids, and
pastqs:which have been approved for military use. Specifically, they are
intended for use in the assembly of electronic circuitry and electrical
equipment using tin-lead solders.
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 fluxes, but such flux types were acceptable for British military- applications
(DEF-STAN 00/10-3, Baxter 1989). The .latest revision to the U.S. military
Tri-Services solderlng and assembly standard, MIL-STD-2000, > Revision A
(issued 14 February 1991), however, allows the use of non_r051n fluxes
provided specific test and quality criteria are met. Some specialised boards
. contain materials, such as polyimides and certain glazes in hybrid circuits,
that are incompatible with aqueous cleaning that employs saponifiers. Also,
some water-soluble fluxes with certain polyglycol derivative constituents may
be deleterious to the resin substrate of printed circuit boards particularly
where the base material is of poor quality or has been incorrectly
polymerlsed In this case, cleaning leaves a porous surface with flux
residues absorbed into the surface of the printed circuit board. These
hygroscopic residues may cause.surface insulation resistance problems under
conditions of elevated temperature and humidity. The majority of water-
soluble fluxes do not cause this problem, but it is advisable to conduct tests
before adopting fluxes of this type. This problem of surface attack is
independent of the more common, relatively benign, lowering of surface
insulation resistance due to adsorption of micellar substances on substrate
surfaces. This latter phenomenon is frequently temporary and is reported not
to degrade performance or long-term reliability (Fisher 1991). 1Inorganic
fluxes are too corrosive for electronics soldering in most -instances (Ellis
1989). Table 1I-1 lists common circuit board assembly contaminants.

Once a flux has been qualified, users should cooperate with vendors to
ensure consistent quality. This is particularly important where natural
products are used in the formulation of the flux.

2.4  PRODUCTION PROCESSES

Referring to Figure II-1, a brief commentary and the advantages and
disadvantages of each of the basic process will be discussed.

In all the following cases, no differentiation is made between wave
.soldering using some form of liquid flux, hand soldering using flux-cored wire

or reflow soldering using solder pastes, except where specifically mentioned.

© 2.4.1 "No-Clean" processes

*

Many "No-Clean" processes are difficult to understand, but they can
provide reliable, economical, and high quality production. These processes
often provide the first choice for CFC-113 replacement, where the quality is
acceptable for the application. Because there is no post-soldering cleaning,
any contaminants present on the components or PCB before fluxing may cause a
greater loss of reliability of the flnlshed assembly than the "No-Clean" flux
residues themselves. ~

> This standard details requirements for the materials and processes which.
may be used in making soldered connections in electronic assemblies. The
soldered connections which must meet this standard’s specifications include:
lead. and wireé:inserted in holes, surface-mounted components, and components
attached to terminals. )

* 1994 UNEP SOLVENTS, COATINGS, AND ADHESIVES REPORT *
3



Table II-1.

TYPICAL CIRCUIT BOARD ASSEMBLY CONTAMINANTS?

Category 1°

Category 2

Category 3

Resin and Fibreglass Debris

from Drilling and/or ‘Punching

"Operations

Metal and Plastic Chips from

Machining and/or Trimming
'Operations '
Dust

Handling Soils

Lint

Insulation

Hair/Skin

Flux Activators

Activator Residues
Soldering Salts »
Handling Soils (Sodium and
Potassium Chlorides)
Residual Plating Salts
Neutralisers

Ethanolamines )
Surfactants (ionic)

Flux Resin

Flux Rosin

Oils

Grease

Waxes

Synthetic Polymers
Soldering Oils

Metal Oxides

Handling Soils N
Polyglycol Degradation
Byproduct

Hand Creams

Lubricants

Silicones

Surfaetants (non-ionic)

3 Contaminants may exhibit characteristics of more than one’ category.
*

Category 1 -Particulate

Category 2 -- Polar, ionic, .or inorganic

Category 3 -- Nonpolar, non-ionic, or organic

Source:; ANSI/IPC-SC-60 1987.

* 1994 UNEP SOLVENTS, COATINGS, AND ADHESIVES REPORT *
2-14



2.4.1.1 . Low-Solids "No-Clean" processes

These processes use fluxes which may operate according to a number of
different principles. The original types were simply variants of traditional
fluxes of the DIN 8511 F-SW32 (halide-free rosin), which were diluted to-
typically one-half to one-third the solids content. The ratio of activator to .
rosin was generally much higher. These early fluxes were difficult-to-use.

These were followed by a number of fluxes with greatly reduced rosin or

synthetic resin content and an even higher activator content. These ones had

a slightly wider operating window. Typical activators were adipic ‘and

succinic acids which were fairly stable at soldering temperatures. The next
generation used flux systems which sublimated at soldering temperatures. This
allowed higher solids content to be used for a reduced volume of residues,

making for considerably easier soldering:

i

 Advantages: -
. Economical soldering
. No cleaning machine or space required’
. Environmentally easy to control
. Residues may be cosmetlcally acceptable \
Dlsadvanrages : C
. Restricted operating window
. Reliability of assembly needs to be determined
. " Higher-than-average retouch rate
. Some types not suitable for conformal coating
. Many types unsuitable for high-reliability applications
. Solder-balling may be a problem (not with hand-soldering)
. Cleaning not possible with many types ‘
¢« . Double-wave soldering very difficult
. Residues may cause corrosion
. Residues may deteriorate electrical characteristics
2.4.1.2 High-solids "No-Clean" processes 3

These use traditional rosin-based fluxes to R, RMA or RA specifications
or to DIN 8511 F-SW32 standards.

Advantages:
. Economical soldering 1 '
. No cleaning machine or space required
. Environmentally easy to control °
. Easy soldering _
. ‘Cleaning usually possible, if necessary

Disadvantages:

RN

. Reliability of assembly needs to be determined

- _Generally unsuitable for conformal coating

. Many types unsuitable for high-reliability applications
. Automatic testing wusually not possible

. 'Residues unsightly and frequently sticky

. Pastes may tend to solder ball -~ K :
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. Residues may cause corrosion
. Residues may deteriorate electrical characteristics

2.4.1.3 Controlled atmosphere soldering

' Controlled atmosphere soldering can be divided into two types: reducing
and inert atmosphere. Technically, reducing atmospheres are difficult to '
maintain and operate at ordinary soldering temperatures but may reduce the
needs of fluxes to extremely small levels, leaving very little flux-related
contamination®. Inert-atmosphere soldering is usually done under pure -
nitrogen with strictly-controlled oxygen levels. Inert atmosphere wave
soldering uses a flux which is sometimes called a preparation fluid. Early
types were based on a-simple dilute adipic acid solution in isopropanol. The
latest generation sublime  on the solder wave so that the small quantity of
flux almost completely vaporise: the relatively high vapour content may
recondense in a polymerised form on the cooling circuit 'as the PCB leaves the
machine. This leaves a microscopically thin protective coating. Solder
pastes for controlled atmosphere reflow must be formulated to have the right
ratio for the correct rheological characteristics. This makes them leave
residues which are more visible than with wave soldering.

Advantages:
. Little dross formation on solder waves
. Lowest "No-Clean" residues
. Environmentally easy to control
. Residues may be cosmetically acceptable
. If required, aqueous cleaning is usually easy
. Minimum heavy metal salt formation
Disadvantages:
. Restricted operating window
. Reliability of assembly needs to be determlned
. Higher-than-average retouch rate
. Of doubtful value for conformal coating
. - Many types unsuitable for high-reliability applications
. Solder-balling may be a problem
. Residues may cause corrosion
. Residues may deteriorate electrical characterlstlcs
. = High capital costs
. High costs of nitrogen

2.4.2 Water soluble processes . ,

The use of water soluble fluxes and pastes represent the most economical
manner of soldering and cleaning. Many major users have been using themn
continuously since the early 1960s. Up to recently, most of the fluxes used
at least some organic hydrochlorides as activators, with some form of glycol

% It has been stated on a few occasions that it is possible to solder in an
inert atmosphere without any flux, at all. This may be theoretically true
under- ideal conditions: in practice, some way-of reducing oxides on component
leads and the PCBs must be present. ' ‘
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. derivative as a vehicle. For about fifteen years, it has been known that a
few of the glycol compounds have caused a deleterious effect -on the insulating
characteristics of some organic substrates. This effect has been studied but
little major work was done to characterise the phenomena and to avoid it.
Recently, a number of glycol-free products have appeared on the market,
frequently also halide and VOC-free (or nearly so)/. These have generally
shown themselves to be somewhat more difficult to use, but may be useful where
"a maximum Surface Insulation Re51stance (SIR) is essentlal

The aqueous method has proved to be highly popular where the conversion
away from a CFC-113 process has already been made and a cleaning operation has
been deemed essential. ‘

As with all processes, these do require careful quality management.
Less-than-perfect cleaning may produce catastrophic results. Post-soldering
cleaning may be done with just a simple water wash followed by a succession of
water rinses. For best results; at the price of a slightly higher
manufacturing cost, the final rinses may be achieved with deionised water,
particularly for high-reliability work or where the tap water quality is poor.
Better results may be obtained by using a chelating solutian for the first
wash, to ensure perfect solubilisation of the heavy-metal salts resulting from
the 'soldering process, again indicated for high-reliability processes.

Several advantages can also result from the addition of a few percent of
lsopropanol to the last rinse water (Protonique 1993)

2.4.2.1 " Traditional wdter soluble process

This process consists of soldering with the help of a water soluble flux
using organic hydrohalide activators, containing little or no water in the
solvent base. The high flux activity makes this process easy-to-master with
extremely low retouch rates. The cleaning process 1s easy and the overall"
results are suitable for most applications.

One problem common to all pure water processes is that of retouches and
hand soldering. Water soluble flux cored solder wire of all types is
available from many manufacturers, but are not popular because of the fumes
they produce. Good air extraction from the soldering zone is highly
recommended, so that the same cleaning process may be used for mass-soldered
and for retouched boards.

Advantages i -t

. Lowest cost of all soldering/cleaning processes
. Easy soldering

. Low retouch rate , .
. Very good residual cleanliness, even under SMDs
e  Water treatment easy and cheap ‘
. Wide range of machines available
. 30 years of track record

7 All organic fluxes of all families contain volatile organic compounds

(VOCs). Although the solvent system is usually quotéd as the main source of
VOCs,- the activators, surfactants and vehicles also are the sources of
emissions of VOCs at soldering temperatures.

’
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Disadvantages

. Good cleaning quality essential - no half measures

. Possibility of -slightly poorer SIR

. Users are afraid to try it ) . v
2.4.2.2 "Glycol-free" water soluble process

This relatively new substitute process has raised some interest in
military circles. The prototype fluxes of this type were developed about
twenty years ago. One German manufacturer marketed a flux using citric acid
as activator, a triol as vehicle, a small amount of a non-ionic surfactant and
alcohol, with a small quantity of added water, as a solvent. Over fifteen
years later, an American company developed a flux consisting of citric acid, a
small amount of non-ionic surfactant and water. This latter development
dispensed with the triol and the alcohol to reduce the VOC content, an added
advantage in regions with rigorous VOC legislation, but at the cost of
narrowing the soldering "window”. " Another multinational flux manufacturer
announced in 1989 another type of polyglycol-free flux in both low VOC and
"normal" versions, employing completely different vehicle and activator
chemistries. Some of the fluxes in this range may be employed as "No-Clean"
products or for water cleaning, according to the individual circuits being
soldered.

Advantages
. Low cost soldering/cleaning processes’
. Very good residual cleanliness, even under SMDs
. Water treatment easy and cheap '
. Wide range of machines available
. No SIR deterioration '
.. Some products low VOC
Disadvantages
. Good cleaning quality essential - no half measures
. Some potential users "afraid" of trying it _
. Reduced operating "window" of soldering operation

2.4.3 Saponification processes

Saponification is a chemical reaction which modifies insoluble rosin
into a water-soluble rosin soap which can then be removed in a similar washing
process (2.4.2) as used for water soluble processes. As it is a chemical
process, it is necessary to use reactive products, generally highly alkaline
mixtures based on monoethanolamine. .These aggressive products require careful
handling. For this reason, this process has not been as popular as the
excellent results may suggest. Cleaning quality has been shown to Be
outstanding (Grossmann 1993), but this process works best with thin residue
layers. Although slightly more expensive than water soluble flux processes,
the overall cost is acceptable. ' :

L
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. Advantages

» Reasonably low cost soldering/cleaning processes
. Very good residual cleanliness, even under SMDs
.. Water treatment reasonably easy and cheap
. Wide range of machines available
. No need to change flux type in many cases
. Over 25 years of good track record
Disadvantages
.- Good cleaning quality essential - no half measures
. Users are reluctant to try it ‘
. Health and Safety concerns A
. Thick rosin residues may require long cycle times
. Potential 1ncompat1b111t1es ‘with amphoterlc metals and polyimide
substrates
. Selection of most suitable saponifier may require much work

2.4 .4 Hydrocarbon- Surfactant;ﬁHCS or HC/S) Processes

. Also - incorrectly - known as “semi-aqueous“ processés, HCS methods have
not seen the commercial success originally forecast. This is due to high

drag-out losses, up to 4 g.dm? with densely populated SMD circuits (Scolari

1993), high equipment cost, VOC concerns, combustibility, difficult recovery

and water treatment etc. Nonetheless, there remain many niche applications

" where HCS processes may be suitable and economical.

The basic principle is simple and effective. Rosin flux based soldering
residues are solubilised in an.organic solvent whose vapour pressure is fairly
low. The contaminated solvent is then removed by a full water wash, usually
very similar as is required for cleaning off water soluble fluxes (2 4.2).

This immediately shows that the cleaning equipment must therefore be designed-
with both the. solvent and aqueous phases in mind. . Chemically, the solvents
.may either be natural derivatives, such as terpene-based. substances, or
synthetic hydrocarbons and derlvatlves There is no specific advantage in
using the natural products - even though some may be derived from citrus
fruits, for example - from the points of view of health, safety and: the
environment. In fact, many (but not all) synthetic products are con51derab1y
less toxic than those made from citrus frults

There are two basic methods used in HCS processes and the equipment for
each is completely or partially incompatible with the other. These can be ,
considered as "separable” and "miscible" types. Separable types are based on
light hydrocarbon derivatives with a specific gravity of less than about 0.9
and which do not mix with water. 1In order to solubilise it in water, it is
blended with a surfactant which allows an unstable emulsion to form. The
water emulsion, if allowed to remain still, will separate out so that the
solvent will float on the surface of the water/surfactant mixture. It can
thus be easily recovered for a partial recycling, but the composition of the
separated product is different from the original solvent Retaining a steady
process may therefore be problematic.

The mlsc1ble HCS solvents may be subdivided 1nto those which are blended
with hydrocarbon solvents and more stable surfactants producing a permanent
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emulsion, and those which are hydrocarbons or derivatives which have, within
themselves, a surfactant property, often forming a non-micellar solution.

The cleaning part of the process is the same with both categories of HCS
products. The main difference is with the waste water treatment and recycling
processes. K

The cleaning quaiity ¢i both types of process may be very good, but
tests have shown that both water soluble flux and saponification processes are
even better (Grossmann 1993). It may be possible that the miscible types are
marginally better, although the difference would likely be small.

) With separable processes, the initial waste water treatment and/or
recycling is done by the separation. The water then has to be treated to
remove the surfactant, the heavy metal salts and residual solvents. This is
done initially with membrane separation (different membranes-may be required
for each solvent type), followed by active carbon and deionising resin
polishing. The water quality is high enough for recycling up to about 807% of
the total water requirements, but the process is expensive and it does not
include the treatment of the pollutants. The problem is even more difficult
with the miscible types, where the pollutants are almost impossible to remove
economically from the waste water. A recent development (Treacher 1993)
attempts to use evaporative separation, but it is a very energy-intensive
method and the recovered solvent has a considerably different composition
compared to the virgin material. . It should be stated that most miscible
solvents produce a waste water with high BODgs, which may not always meet
water quality standards.

It is possible that some of the less popular types may simply disappear’
from the market within the next two or three years. Persons considering these
processes would be well-advised to ensure that back-up products exist should
their original choice be withdrawn from the market (one major manufacturer and
one major distributor have both already dropped the commercialisation of such
products)

2.4.4.1 Separable HCS processes

Separable HCS processes are possibly easier to manage as an overall system
with recycling of the water and the solvent itself. To achieve this
separation requires equipment which is very costly to install, run, and
maintain. As such, this process is easier to amortise for very large
production rates where the equipment is expected to work at near-maximum
capacity 24 hours per day and 7 days per week. Smaller installations without
integral recycling may also be used, but may present other problems, outlined

earlier.

Advantages:

. Good cleaning quality ‘

. Slightly more forgiving of poor cleaning than many other types
Disadvantages:

. Heavy consumption without recycling

s High capital costs with recycling
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. High maintenance costs

. Combustible, .

. Separation may be at temperatures above the flash point
. Health and Safety concerns

. VOC concerns

2.4.4.2 Miscible processes

Other than for industrial cleaning, there is an important niche market
for this type of process: field and service. cleaning. One multinational
soldering product manufacturer offers a cleaning kit consisting of such a
solvent packed in a non-aerosol spray bottle with an adjustable nozzle capable
of a jet or fine sprays. For low volume industrial cleaning, this type of
process may be suitable without water treatment, but only on condition of
prior approval of the water authorities: In view of. the high quasi-
irrecoverable drag-out losses this process is very costly for high-volume
productlon

~Advantages:

. Good cleaning quality

. Slightly more forgiving of poor cleaning than many other types

e Very adaptable to low-volume cleaning

. Some products practically non-toxic
Disadvantages: \

. Heavy consumption without recycling with water pollutlon

. High capital costs with recycling

* - 'High maintenance costs

. ~ Combustible

. VOC concerns

2.4.5 HC and derivative processes.

Straight HC solvent cleaning use flammable or combustible solvents. The
processes can be divided between those using volatile and flammable solvents
such as light alcohols, and heavier, combustible, substances. Light alcohols,
by themselves, effectively remove rosin residues but many other contaminants,
such as heavy metal salts, may not be correctly ellmlnated Some proprletary
blends of heavier solvents are remarkably effective cleaners when correctly
used but their low volatility render them extremely difficult to'dry off.

Drag out losses are very high. As for HCS processes, these may reach as much
as 4 g.dm? on densely populated SM circuits, even with air-knife excess
solvent removal. Energy consumption for drying may be very hlgh with solvents
whose b0111ng points exceedlng about 135¢C.

2.4.5.1 Light HC solvent p;ocesses

This is occasionally used for very small scale cleaning (i.e. circuits),
using open trays and brushes. They represent distinct fire and toxicity
hazards. For full production scale cleaning, machines with,appropfiate
flameproofing, including nitrogen purging, are available. For correct
cleaning quality, many light solvents, including alcohols, saturate at
extremely low levels of heavy metals, particularly lead salts. This means
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that heavy-duty reflux distilling of the solvent is necessary to ensure emough
" pure material is present for the last rinse. This is a very costly process,

Advantages:
o Low-cost solvents
. Generic solvents readily and universally avallable,
. Easy-to-repurify by reflux distillation

Disadvantages:

° High capital cost for machinery

° High energy requirements

° Good cleaning quality difficult to ensure- con51stently

° Anti-fire/explosion precautions costly

° Solvents are VOCs

2.4.5.2 Heavy HC solvent processes ‘

These are arbitrarily separated from light solvent processes when the
boiling point of the solvent exceeds about 120°C and the flash point is higher
than about 50°C,

Those based on ethylene diglycol type derivatives (also usable as
miscible HCS solvents) are very effective cleaners without much evaporative
loss. However, they have an extremely low vapour pressure, with flash points
often in excess of 100°C. This renders them very difficult to dry off. Tests
with one type have shown that such solvents may require time and energy
requirements greatly exceeding those of water under the same .conditions by a
factor of five or more (Scolari 1993). Drying temperature should be limited
to at least 20°C under the flash point. The drying process may be aided by a
final ‘perfluorocarbon vapour.phase stage (2.4.6) but this is not recommended
due to the emissions of global warming gases. The process. may consume high
quantities of solvent by drag-out losses.

Advantages:

. Good cleaning quality possible

. Low fire hazard
. Low toxicity (some products)
. Easy to handle and use
. High rosin loading possible
Disadvantages:
. Expensive solvents :
. Difficult and expensive drying )
o VOCs .
. Difficult to repurify and recycle the solvents

N

2.4.6 Permitted halocarbdn;processes

There are three halocarbon processes which may be mentioned, using non-
ozone depleting chlorinated solvents, HCFC and HFC blends and PFC drying
processes. '
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All three of these processes demonstrate grave environmental and other
disadvantages. Practical experience in many locations have shown that there
are very few cases where the use of these environmentally disadvantaged.
products present a real benefit over more benign processes for the electronlcs
industry, elther economically. or technically.

At best, they can,offer‘only a temporary, technically doubtful and
costly alleviation of the problem. Most of those companies in the electronics
industry that have adopted them have chosen HCFCs and they are generally aware

that this process is temporary and may not be either entirely suitable or
economlcally viable. However, it may offer them the time necessary to choose
a more suitable process.

2.4.6.1 Non-ozoné-depleting .chlorinated procesées

Theoretically, all chlorinated solvents are ozone-depleting, although a
number of them have negligible ozone-depleting potentials. These include
perchloroethylene (tetrachloroethylene) and trichloroethylene. Solvent blends
containing perchloroethylene have been proposed as "cold flux removers". To
date, there is no evidence that these offer any real technical advantage over
other processes. On the other hand, they are known to cause problems with
many synthetic compounds such as a number of plastics and even printed circuit
substrates. As a result, their use is relatively limited. They have
occasionally been employed with "kiss" cleaning machines (bottom-surface
brushing machines) to remove sufficient flux to allow automatic test machine
probes to contact the metallic surfaces, withput truly cleaning the
assemblies, but this is a niche market, possibly better resolved by using
certain qualities of "No-Clean" flux. '

Advantages:
. _Easily obtained, low-cost sdlvents
. Zero-to-low ODP
. Traditional method
Disadvantages:
. Health and safety concerns
. Some blends may be VOCs and/or have high GWP
. Cleaning quality often mediocre
.« Plastics and PCB substrates often sensitive to solvent
. "Cold" cleaning produces high drag-out losses
. "Cold" cleaning blends non-azeotropic
. High boiling points preclude vapour defluxing in some cases
2.4.6.2 "~ HCFC Solvent processes

\

Exéeptlfor the very rare application, HCFC solvents should mever be used
for cleaning an electronics assembly.

All HCFCs deplete the ozone layer. They are regulated under the
Montreal Protocol and those controls may become more stringent until a total
phaseout is achieved. Two HCFC solvents are otherwise suitable for '
electronics cleaning. HCFC-141b has a high ODP (comparable with that. of
1,1,1-trichloroethane) and may be subJected to .more severe restrictions in the

A

* 1994 UNEP SOLVENTS, COATINGS, AND ADHESIVES REPORT *
‘ 2-23



°

short term. It also attacks many plastics materials and has a low boiling
point with a high volatility. This is the least recommended of HCFC solvents
for this work. HCFC-225 is a blend of isomers and has characteristics quite
similar to CFC-113 except for a lower ODP and a higher cost. It is the
nearest solvent we have to a "drop-in" replacement of CFC-113, even to the
‘extent of blends with similar characteristics.

The equipment, when using HCFCs, must always be suitable to minimise
emissions. This is not only to prevent unnecessary ozone depletion, but also
from a purely economic standpoint as the cost of these solvents is high. Any
unnecessary losses therefore compromise their economic viability. Above all,
they should never be used in an open-top vapour degreaser, particularly if the
model is more than two years old.

i

Advantages:

. Process similar to the familiar CFC-113 vapour defluxing
Disadvantages:

. Ozone depleting

s+ - Some blends may be VOCs and/or have a high GWP

. Requires expensive near-zero emission machinery

. Forbidden in some nations

. Future legislation uncertain in some others

. Some solvents expensive

. Doubtful economic viability

. Cleaning quality doubtful (according to solvent)

. Attacks some plastics (according to solvent)

. Transitional substances only
2.5 MACHINERY FOR ENVIF "NTALLY RESPONSIBLE SOLDERING AND CLEANING

All electronics solu.:ing and cleaning is detrimental to the
environment. It is important that those selecting equipment choose types
suitable to do the required work, yet cause a minimum amount of environmental
harm. This section will give a brief review of some of the risks that occur
with different process types.

2.5.1 Conventional wave solderigg

While wave soldering is generally not a very polluting process, it is
not entirely benign either. The worst pollutants are those derived from the
flux during the preheating and soldering stages. The fluxes generally contain
organic solvents, usually light alcohols. These are evaporated, mostly during
the preheat stage, but residual amounts during the actual soldering. There is
little decomposition of these compounds which are usually almost 100 percent
emitted. They are not very dangerous to the environment, due to their
hydrophilic nature which gives them a very short atmospheric lifetime.
However, a few nations or regions do consider them as VOCs. The cheapest way
of reducing their emissions is to use cold water, in a small.scrubbing tower,
between the machine exhaust and the outside air. The resultant water/alcohol
rixture may then be treated tc separate the components and thus recover the
‘ilcohol (this is not necessar:iy an economical recovery).

* 1994 UNEP SOLVENTS, COATINGS, AND ADHESIVES REPORT *
4



Also from the flux, activators and vehicles are often volatilised,
sometimes unaltered, sometimes decomposed, as well as the solvent system.
These may be hydrohalide acid gases, amines and amino acids, linear or cyclic
carboxylic acids, oxygenated hydrocarbons or derivates of these substances.
Rosin, for example, may partially decompose into toxic aldehydes. 1In ‘
particular, Low-Solids "No-Clean" fluxes are often designed to deliberately
volatilise or sublime so as to minimise the quantlty of post-soldering
residues. All these products with the exception of hydrohalide acid gases,
must be considered as VOCs. The quantities emitted per machine may not be
very large, but the global emissions must amount to thousands of tonnes per
year. Some products may even be considered as toxic or otherwise dangerous to
the environment. Again, a water scrubber will reduce 'effectively the quantity
of pollutants emitted, followed, if necessary, with an active carbon filter.

A third class of pollutants derived from wave soldering are metal oxides
and salts. Tin and lead in the solder wave oxidise on the surface. This film
of oxides falls into the solder bath, breaking up as it does so. Turbulence
at the surface causes a small quantity of these oxides to be projected as an
aerosol- dust into the air. If there are flux activators in the air, as well,
these oxides may be reduced into metal salts, some of which, finely divided,
may be particularly toxic, even if the quantities are almost infinitesimal.
Again, & water scrubber will remove most of this kind of particle, but the
water may require more figorous treatment. '

Metallic particles, often termed microspheres or microballs, are
frequently produced in relatively large quantities and may adhere to the
surface of the board. These are mostly removed in subsequent cleaning and may
cause problems in the cleaning product if not carefully mechanically filtered.

2.5.2 Controlled atmosphere wave soldering

The pollution produced from controlled atmosphere wave soldering is
‘generally very similar to that from conventional soldering, except that thé
oxidation of the solder is much reduced. There is therefore relatively little
metallic salt formation. The quantity is not reduced to zero, because of the
oxides present on the board and component leads before the soldering process
commences. These are not completely reduced to salts before the passage into
the wave, so a finite amount of dross is always present. Microballs are also
more frequently produced with this process but, as the boards are rarely
cleaned, they do not represent a major hazard in the cleaning process, even if
they may cause electrical problems. A newly developed-controlled atmosphere
soldering process uses a reducing gas plasma in place of fluxing. It is not
yet sure to what extent this can reduce organic contaminants on the components
without attacking the organic substrate. '

'2.5.3 Infra-red etc. solder paste reflow

This section also - includes most other types of reflow, with the
exception of vapour phase and liquid immersion types. The pollutants produced
are generally similar to those produced by wave soldering. In addition, -
chemical agents in the pastes to establish the right rheoclogical
characteristics add to the spectrum of evaporated chemicals. These may take
‘numerous forms but all such emissions must be considered as VOCs.
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.2.5.4 Vapour-phase solder paste reflow

This is possibly one of the worst pollution generators in the
electronics industry, after CFC-113 cleaning. There are .several conceptions
of the process, but none are better than the others. Fortunately, it is
losing popularity and few new equipments are being put into service.

The main problem with this process is analogous to that of CFC-113
cleaners. A heavy vapour is used to allow the parts to reach the soldering
temperature. This vapour is not easily contained and the methods used to
contain it often acerbate the problem. The vapour is a perfluorocarbon (PFGC)
compound with a boiling point in the range of 215°-260°G. As far as is known,
PFGCs have no effect on the ozone layer but .they are among the worst
"greenhouse gases”. Furthermore, they have atmospheric lifetimes of 500 to
10,000 years. The breakdown mechanisms are unknown and there is a finite risk
that they may cause unforeseen problems within a few centuries if allowed to
accumulate in the atmosphere. For this reason alone, this process is not
recommended.

There are three major methods used to reduce emissions of the expensive
PFC reflow medium, none of which are completely effective, as the medium is
often entrapped under the components on the assembly. These are the
mechanical machine design, the use of a CFC-113 secondary vapour blanket and
the use of a more volatile, less expensive, PFC secondary vapour blanket. The
latter has only an economical effect, as the PFC used for the blanket is as
bad a "greenhouse gas" as the primary vapour. CFC-113 is, of course, not
acceptable because it is a regulated substance under the Montreal Protocol.
No economical machine design can reduce the emissions of the PFC to an
effective level,

2.5.5 Hot liquid immersion solder paste reflow.

'

~ This method uses a glycol derivative heated to the fusion temperature-as
the heating medium. It has a number of advantages, especially for thick film
circuits. A good proportion of the paste residues actually dissolve in the
medium, so that the cleaning process, using a simple water wash, becomes easy.

The medium starts to decompose fairly rapidly, evidenced by a visible
carbonisation, but this does not become serious until the end of the useful
life of the product, typically 30-40 hours at the reflow temperature. Even
though the vapour pressure of the medium is so low at room temperature that it
may not even be considered a.VOC, the evaporation at fusing temperature is
quite high. This will contribute to tropospheric ozone and smog under the
right weather conditions. The process is quite dirty as a sticky polymer tends
to condense all around the machine. This makes a good extraction system
essential, designed to minimise cooling at the liquid-air interface. The
sutracted air can Ye water-scrubbed: mechanical filters are useless as they
.log very rapidly. The water in the scrubber tower may be contaminated to a
heavy degree but may be used as the first wash water for the reflowed
assemblies. The contaminated water will have a high BODy; and some authorities
iay not permit its discharge into sewage. The heavy metal content may be
~ceptable as much of the metal salts will remain in the fluid. This would .
‘»quire analysis .before allowing it to discharge.
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The spent fusion fluid must be considered as a hazardous waste and be
disposed of correctly. Apart from the heavy metals, the product will have
become heavily decomposed and polymerised. It will be largely non-
biodegradable, either in water or soil. It cannot be effectively used as a
fuel unless the metal content is removed and the residues cracked to lighter
‘hydrocarbons. This can be a severe limitation to its use.

The paste type used in this process is usually water-soluble. Rosin will
dissolve reasonably well in most of the commercial fluids, but an accumulation
of rosin residues will reduce the useful life of the product and make it even
more difficult to eliminate.

2.5.6 Aqgépus cleaning (conventional water-soluble fluxes)

The first wash water of straight water washing will contain heavy
metals, usually to prohibitive levels. Its pH may also be lower ‘than is
. permitted by many authorities. It will also contain glycols and surfactants
- which will both increase .the BOD;, but generally not to severe levels with the
levels commonly formed. The water may be treated by any conventional method
to remove the metal content and neutralised with a basic solution. This would
allow the waste water to be dlscharged assuming the biodegradability was
acceptable. :

i

Complete recycling of the waste water is nearly impossible: the maximum .
is probably about 75 to 80 percent, in most cases.. The remaining 20 to 25
percent represents drag-out losses, evaporative losses, membrane concentrate
solute, diverse filter replacement losses, deionising column regenerating
solution and rinse waters and other water usage. Any water treatment using
membrane or deionising techniques to remove heavy metals does not really help
the situation: at the best, it displaces the problem to another level, as the
metals are still present elther in the concentrated waste water and in the
resins.- On regenerating the latter, the metal is removed and re-enters into
an -aqueous solution. If the resins are mixed bed, this is usually done off-
site and the regenerating station must be warned that heavy metals are
.present. The one advantage in concentrating the heavy metal salts in waste
water is that they become easier to treat than in a highly diluted. form.

2.5.7 Agueous cieaning (glycol-free water-soluble fluxes)

The environmental problems with so-called glycol-free fluxes are
identical to those of conventional water .soluble fluxes. Despite the term
"glycol-free" some fluxes of this type do contain certain benign glycol
derivates, even if they do not contain the polyglycols suspected of causing a
reduction of surface insulation.resistance of some substrates. Some of the
surfactants used to allow such fluxes to foam or to improve the wetting of the
flux are very closely related t6 some of the polyglycol derivates.

l )

Some of these fluxes also contain tribasic carboxylic acid activators,
such as citric acid. These are known to have a chelating action on heavy
metal salts. As a result, the latter may be more difficult to remove until
such time as the acids start to blodegrade which may take a considerable
amount of time. '
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As a general rule, these fluxes are no better environmentally than their
-conventional counterparts, as far as the cleaning process is concerned, and
may present greater difficulties.

2.5.8 Saponifier cleaning

Saponifiers based on monoethanolamine operate normally at around 55°C.
At this temperature, there is a certain amount of evaporation of the amine and
the co-solvents. The latter are usually VOCs, but the amines, being basic,
tend to react rapidly with acid gases, such as carbon dioxide, especially in
the presence of humidity. Because of this, their atmospheric lifetime usually
is. very short. The reaction products are generally without effect, being also
very hydrophilic with a very short folded-e lifetime. They may form nuclei
for mist formation if the atmospheric humidity approaches saturation. This
must not be confused with ozone and smog formation due to the photochemical
reaction between nitrogen oxides and VOCs.

2.5.9 HCS solvents . '

HCS solvents may be among the most polluting methods of cleaning.
Practically all the solvents are classed as VOCs at normal operating’
temperatures. Most of the emitted vapours can be collected from all parts of
the machine (including the wash and rinse sections’ and the separator,; if so
equipped) and economically reduced by .a water scrubber.

The most polluting aspect of the HCS processes is the quality of the
wash and rinse waters. Even if gravitational and/or membrane separation
techniques are used, a considerable quantity of solvent remains either in the
water when -the machine is drained and the concentrate contains considerable
proportions of water. Many commercial machines, including some quite large
and expensive ones, .are equipped with no means of separation, meaning that
most of the large quantity of dragged-out solvent ends up in the waste water.
This is especially critical with solvents that actually form a stable mixture
with water, where no economical form of separation can possibly work, except
for the very largest installations. One commercial machine, designed for use
with a high-boiling peint solvent, developed in Great Britain, -concentrates
the mixture by evaporating off the water. However, this is inefficient and
energy-intensive: as some of the components of the solvents, themselves
zeotropic, form an azeotrope with water, the resultant residue qbntains water
and has a composition wildly different from that of the original solvent. It
is likely that the recovered solvent is not extensively re-usable and that
considerable quantities of some of the components are emitted.

Solvent drag-out losses can be very high, of the order of 100-500 g/m2
of printed circuit assembly depending essentially on the type and density of
the electronics components. Many machines are equipped with air knives on
exiting from the solvent phase of the cleaning process. This is insufficient
to significantly reduce the problem: if the energy is sufficient to eliminate
more than a few percent of the solvent residues, most of the solvent will be
atomised or vaporised, thus displacing the problem from water to air. In
practice, with a machine which air-knives the PCBs without causing undue
losses, only the superficial solvent, representing typically about 50-100

"g/m?, will be recovered. ' ‘
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The solvent in the wash water is usually claimed by the manufacturers to
be "biodegradable". 1In reality, many HCS solvents have a very high BOD5 and
or COD, sometimes exceeding national limits or recommeridations even in small
proportions. This aspect should be carefully examined before choosing such a
process or, at least,'a given solvent.

Even if gravitational separation is employed, practically all the
surfactants -- often up to 10% of the solvent volume.-- and dissolved heavy
metals remain in the water. The only way to improve separation is by active
carbon filtration to handle.the large quantities of surfactant followed by
traditional methods of deionisation or precipitation to remove the metals.
Membrane technlques may not be able to separate the two pollutants from each
other.

‘ The most difficult problem is the disposal of the used solvents. These
contain, as well as the original components,. heavy metals, rosin residues,
activators and other contaminants resulting from the assembly being cleaned.
They are therefore considered toxic waste. Since about one-third of such
waste is composed of contaminants from the assemblies belng cleaned, the
composition is completely unknown and the heavy metal content is- llkely to be
quite high. The only safe way to dispose of these products is to incinerate
them in a kiln designated for the disposal of combustible chemical waste.

" There exist a handful. of special purpose- -built kilns.for this throughout the
world, but their use is expensive. -More usual.is to mix the solvent into
cement kiln fuel with apprdved installations. Most of the incombustible
residues (heavy metal salts) are incorporated in minute proportions into the
cement. .They do not alter the cement properties and they eventually become
encapsulated in a mass of solid cement or concrete where they are harmless.
The remainder of the salts are collected by the fly ash electrostatic
_precipitator whose contents are usually added to the limestone feeding the
kiln. Any acids or other volatiles from decomposition of the activators are
collected in a water scrubber mounted in the flue.

Some manufacturers of HCS solvents try to make light of the dLsposal
problem of the used product. For example, it has been suggested that the
spent solvent may be added to heating fuel oil. The problems that could
result from such advice may be: 0

. clogging of rhe burner nozzles by burnt rosin, causing poorly
controlled combustion ‘

. acid vapours could attack burner parts, boilers and flue linings
if they are of unsultable materials ;

. all the heavy metal salts would be emitted into the atmosphere

. the optimum fuel:air ratio will be upset producing excessive

~ emissions of NO, gases and soot :
. ' in summer, when the fuel consumption drops, the problem tends. to

become acerbated by excessive quantities of solvents

This practice, where it is not expressly forbidden by law, should be
discouraged.

2.5.10 HC solvents and derivatives

As a general rule, all straight solvents are VOCs and their disposal
must be done ‘according to the criteria of common sense. Both these subjects
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form part of the last séction (2.5.9) and their treatment is more-or-less
identical. They normally engender no water pollution problems, by definition.

The only exception to this is with the use of light solvents, such as
the lower alcohols. The vapours from these form a distinct fire and explosion
hazard, as well as being VOCs. Appropriate action should be taken, in
conjunction with the local fire protection agency and insurance company, to
prevent any emissions from creating an unforeseen hazard. The best method is
to ensure that the emissions are as low as is humanly possible.

2.5.11 Permitted halocarbon solvents

No matter their composition, all halocarbon solvents are dangerous to
the environment, being any combination of ozone-depleting, global-warming,
toxic, VOCs and generally undesirable. It is the responsibility of the user
to reduce their emissions to virtually zero at all times by suitable machine
design and housekeeping practices. There is really no reason why they should
be used for any purpose within the electronics industry, with the possible
exception of a very few minor applications, representing perhaps the
productioh of one establishment in tens of thousands.

Unfortunately, this is unrealistic. There has been economic pressure to
use HCFC-141b in place of CFC-113. Some vendors claimed that it could be used
in existing machinery without modification of the equipment or the working
practices. The result was that emissions into the atmosphere increased
significantly. Although this solvent has only about one-fifth the ODP of CFC-
113, the net result would be the unnecessary emission of an ozone-depleting
substance. As HCFC-141b mixtures are poor defluxers and can attack some
electronics components, there is no reason why it should be used for this
application. If, for any reason, an HCFC solvent must be used for defluxing,
then an HCFC-225 mixture would be more suitable. Also, since it is more
expensive, users will have the incentive to minimise emissions.

The Solvénts, Coatings and Adhesives Technical Options-Committee does '
not recommend HCFC-141b for .defluxing in. tbe electronLcs 1ndustry under
Multilateral Funding®. :

The measures to be taken to minimise emissions of .HCFC-225 and other

halocarbon solvents are described adequately in past editions of these reports
(UNEP 1989, 1991).

2.6 PRODUCTION MACHINERY AND MATERIALS

The choice of machines for assembling and soldering printed circuit
boards is too large to catalogue all that are available. Instead, discussion

8 HCFC-141b has a high ozone depletion potential (ODP) of 0.11 which is
equivalent to the 1,1,1-trichloroethane ODP of 0.12 and it is controlled under
the Montreal Protocol. Future changes may further restrict its use or advance
its phase out dates.. HCFC-141b should therefore ‘only be considered as a
replacement for CFC-113 in specialised application where no other substitute
or alternative exists. '
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will focus on the impact they may have on the overall process when
-.substituting new methods for traditional ones.

2.6.1 Conventional wave soldering machines

When choosing a new wave soldering machine or adapting an ex1st1ng one,
it is important to look at the means for fluxing. Traditional rosin fluxes
usually foamed very well, so that foam application was the choice of
predilection. This was simple, effective, and inexpensive. Originally, air
was pumped in through a porous, cylindrically shaped stone. To obtain more
uniform results, this was replaced by synthetic sintered stones. Some of
these were slowly attacked by some fluxes and sintered plastic "stones" are
now the rule, being cheap and long-lasting. They are available in different
" pore sizes and the choice may become critical according to the flux
characteristics with modern fluxes.

As a general‘rule, "No-Clean" Low-Solids fluxes do not foam very well
and are sometimes difficult to use in a foam fluxer. ' If problems are
experienced, one should try different stone porosities. Having determined the-
best one, if the foam head is still inadequate, it may be necessary to modify
~the chimney geometry with either a new chimney or polypropylene inserts,
fashioned to suit. These should restrict the form to as narrow a chimney as
possible, 6-10 mm internal width at the top and 2-3 mm more than the stone
diameter at the bottom being ideal. :

Another approach is to replace a foam fluxer with a fine plastic mesh
drum which turns with the bottom third in the liquid flux. At the top, an
air-knife blows the flux held by capillary action as fine droplets onto the
board. This is possibly more reliable than foam fluxing in difficult cases.

In both of the previous methods, there are considerable changes in the
flux composition with time, as the air used exaggerates the evaporation of
solvents and may add humidity to the flux. The solvents have to be replaced
to maintain the correct flux characteristics. With conventional fluxes, this-
replacement can be calculated and checked easily by simple gravimetric means.
With Low-Solids fluxes, this is not possible as the difference in density
between the flux and the solvent is small and the results can be easily
misinterpreted by the presence of humidity absorbed from the atmosphere or the
air used in the fluxer. The only reliable low-cost method is by titration and
some flux manufacturers provide simple titration kits for use with their
fluxes for maintenance.

Another fluxing method is to spray the flux evenly over ‘the board using
oscillating or multiple spray heads. These must produce a fine, uniform
" deposit without undue quantities of mist which would not only be wasteful but
also present. an explosion hazard. Ultrasonic spraying, for example, is
considered as an excellent means for this method. This has the additional
advantage that the flux that is sprayed is always exactly of the "as-
delivered" composition and no maintenance is required. .

Fluxer materials must be compatible with the flux being used. " In
Europe, the traditional fluxer material is stainless steel. This has proved
to be 1nadequate for use with some water-soluble fluxes, which can attack it,
especially along the welds, over a period of time. Early US fluxers were
frequently made from fabricated PVC sheet. This material resists most fluxes
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very well, with the exception of those containing esters in their solvent
system. Perhaps polypropylene, which is also cheap and easy to fabricate,
- presents the best compromise.

The machine should be fitted with an air-knife immediately after the
fluxer. This serves three purposes:

. it removes excess flux and pushes it back into the flux reservoir

or a catch tank

. it ensures a more even flux distribution '

. it helps flash off the excess solvents, easing the load on the
preheater.

Preheating is the next critical point. Some European machines are
inadequate in their preheat temperatures. The preheating is often thought of
as simply to evaporate the solvents in the flux, although this is not true.

It has to bring all the parts of the board and components to be soldered to a
temperature at which the flux can reduce any oxides present before contacting
the wave, so that the molten metal can immediately start forming intermetallic
compounds. This temperature may depend on the flux type and the nature and
quantity of the activators. As an approximate rule, this critical preheat
temperature is generally in the range of 90°C to 115°C. As it is expected
that the solder should rise in plated-through holes, this should be measured
on the top side of the assembly being soldered at the instant immediately
before entering the wave. Temperature profile recorders are ~ideal for
determining this. These are small devices with a number of thermocouples on
flying leads attached at appropriate points to the assembly. The whole device
is passed through the machine and afterwards the results, held in memory, are
analysed and printed out. There are excellent devices of this nature
manufactured in Europe and the USA.

The method of preheating employed is often unique to particular
machines, ranging from convected air to forced hot air and from low-
temperature hot plates to electric light bulbs, or combinations thereof.

There is no ideal method, provided that the required' temperature can be
achieved in the minute or so of preheating. However, particularly when using
Low-Solids fluxes the infra-red absorption characteristics of an assembly can
vary widely according to the peak wavelength of an-infra-red generator. Metal
is heated much less efficiently as the wavelength increases so, if the desired
temperature is reached on the top side of the circuit from a very brightly
incandescent source, there is a very real risk that the substrate will become
too hot, causing discoloration, chemical decomposition or an unusual 'set’ due
to the glass transition temperature (Tg) being exceeded for too long a time.
Experience has shown that the most usual method employing metallic (Inconel)
Infra-red heaters at temperatures within the range of 400°C to 700°C in a
polished reflector or some hot air types give the best results.

Energy consumption is also a factor where, ideally, all the heat
generated should be converted into a rise of temperature of the PCB. More
important than the actual conversion efficiency is the conservation of energy
in stand-by periods. With incandescent and hot-air preheaters, they can be
switched on as and when needed and switched off when there are no boards being
processed. With metallic or ceramic infra-red heaters, these should be as
thin as possible to minimise thermal inertia. They can then be switched on
- for all the time there is a board present as from the entry of the machine (to
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ensure they are at full working temperature by the time the board reaches the
preheat zone) and switched off again a few seconds before the last board quits
the preheat zone. To.achieve this ultimate performance, sophisticated
temperature controllers using proportional techniques with differentiation and
‘integration are required, with a sensor wire in the heater itself. These
apply full power to the heater during warm-up to.reach the working temperature
very rapidly. About 5°C hefore reaching the preset heater temperature, the
power 1s progressively diminished until it reaches optimum at which
temperature the whole system is in perfect equilibrium with no overshoot. The
moment the temperature varies from optimum, the power is adjusted accordingly
to reestablish the perfect conditions. The controller can even anticipate in-
advance the conditions needed to perfect the temperature control without any
overshoot or excessive damping.

. As well.as "No-Clean" fluxes, low VOC fluxes are particularly critical
in terms of preheating. They usually contain a considerable percentage of
water which requires much more enérgy to evaporate before the board can bhe
bxought up to the full. preheat temperature.

The design of the wave is also particular to many manufacturers and
should be of little consequence in the final results.

One exception to this is that of double -waves. K This technique is
designed to ease soldering of "glue-spotted"” surface mount devices. It )
consists of having two separate waves or a single wave divided into two zones.
The first wave is purposely highly turbulent, designed to project the molten
solder into the shadows created by the components, allowing initial wetting in
these zones. The second wave is smooth and is designed to ensure that the
wetted areas form a bright, even and smooth meniscus. There is a hic with
this technique. For it to be successful, there must be sufficient flux
available to reduce oxidation at the second wave. With conventional fluxes,
this is no problem. With Low-Solids "No-Clean" fluxes, there is sometimes
insufficient flux remaining after the passage over the first wave to ensure
correct smoothing in the second wave. This implies ‘that, at least, medium
solids (about 8-10 percent) fluxes should be used although some engineering
changes may help considerably with lower solids materlals This is not always
compatible with all the "No-Clean" criteria.

Because soldefing with modern fluxes is often more critical, with
narrower operating windows, than with conventional fluxes, everything .should
be done to ensure ease of soldering. This means tightening of operating
tolerances. In previous operations, solder alloys with tin contents as low as
40% were successfully used. Only binary or ternary eutectic alloys, such as
63%Sn/377Pb ox 62%Sn/36%Pb/2%Ag should be considered with Low-Solids "“No-
Clean" fluxes. The soldering temperature is also more critical with these
fluxes and should be chosen within the range 230°C to 250°C after practlcal
trials.

‘Optimisation of the soldering process is tricky, as there are many input
and output parameters. Some form of scientific evaluation is usually
necessary, especially with "No-Clean" techniques, to bring the trial
procedures within reasonable bounds. One of the easiest ways of doing rhls is
with the Taguchi method whereby eight input variables and any number of output
variables can be analysed with only twelve experiments, followed by a

* 1994 UNEP SOLVENTS, COATIN3[33S, AND ADHESIVES REPORT *
2-



thirteenth confirmatory experiment after the ana1y51s For example, the inpdé
variables could be: R

Percent flux solids (2-6%)

Flux wet weight:area ratio (0.3-0.7 g.dm'z)
Conveyor speed (0.9-1.5 m.min™')

Preheat air temperature (180°C-220°C)

Radiant heater. temperature (400°C-500°C) .

Solder temperature (230°C-250°C) '
Solder resist (dry film or wet film)

PCB metal treatment (HAL or IRR)

O~ PP W

The output variables could be:

1 Defective solder joints,
2 Bridges between joints
3 Other bridging
4 Insufficient rise in PTHs
5 Skipped pads
6 Aesthetically unacceptable or uninspectable 301nts
7 Solder webbing :
8 Visible residues
9 Residues causing AT probe problems
10 Surface insulation resistance etc.
11 Number of less-than-minimal menisci
12 Number of ‘more-than-maximal menisci

Each of these output variables can be weighted in terms of their individual
importance or the list lengthened or shortened at will, without changing the
number of experiments, inasmuch as boards evaluated for one criterion are
suitable for ‘evaluating all the other criteria.

. Commercial software is available for helping in Taguchi optimisation.

2.6.2 Controlled atmosphere wave soldering machines

These are essentially the same as the machines discussed in sectlon
2.6.1 (q.v.)

In reality, only inert gas is used in commercial systems, the gas being
generally nitrogen. Reactive gases have been tried, as well as mixtures of
inert and reducing gases. Soft soldering does not reach temperatures where
reducing gases, such as hydrogen, are really effective. For this reason the
reactive gas technique is not common.

There are three basic techniques used to ensure the soldering zone is
inerted: '

. a tunnel adaptation of conventional machines
. purpose-built tunnel machines
. purpose-built hermetic machines.

¢

The first is cheap to install and reasonably effective. However, it is
more difficult to.ensure the complete purging of air around the soldering and
preheating zones, an essential element of the technique. Practical tests
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indicate that best results are obtained when the oxygen content is reduced to
. 6-10 ppm, but satisfactory results have been obtained at higher levels of
oxygen. To achieve this under these conditions is very difficult and requires
‘heavy nitrogen consumption, making it an expensive optlon in terms of

' operating costs.

Purpose built tunnel machines use clever gas.curtaining and other
techniques to reduce the admixture of air into the soldering and preheating
zones without excessive gas consumption. Notwithstanding, the consumption
still remains quite high.

Purpose-built hermetic machines avoid any risk of contamination of the
nitrogen by air. The assemblies being processed pass through airlocks at each
end of the machine. The air in them is evacuated twice and replaced by
nitrogen before they are opened to the interior of the machine. This is much
more economical to run, but slightly higher in capital costs. ‘

These machines are typically designed around the use of special fluxes,
sometimes commercially named preparation fluids. Early Inert-atmosphere-

fluxes were simply dilute solutions of adipic acid in isopropanol. New Inert-

atmosphere fluxes are appearing on the market which are claimed to have more
‘benign and/or. lesser quantities of residues. One is claimed to leave even a
completely inert polymeric coating over both surfaces, giving additional
protection. When the quantity of residues diminishes, the metal salts
produced by reaction between the flux activators and oxides present on the
components are more exposed to the effect of atmospheric conditions in
service. Their effect on the reliability of the assembly is still

- undetermined.

Some inert- atmosphere machlnes provide the option of injecting a formic
dcid mist in the soldering zone, which may be dangerous. Theoretically,
formic acid volatilises at about the same temperature as water and decomposes
into carbon monoxide (the reducing agent) and water at soldering temperature.
For it to be innocuous, it would be necessary to ensure complete removal of
the -acid from the assembly. This implies that the whole assembly would need
to be taken to soldering temperature, including the upper surface of the
components, to ensure that any formic acid was totally decomposed and that all
parts of it remained at over 100°C during the whole sojourn in the soldering
zone to prevent formic acid from condensing back onto it. Neither of these
conditions can be guaranteed and independent tests with and without formic
acid injection have shown that the residual ionic contamination may be up to
three to four times higher with the .injection than without it.

Various contradictory statements have been published as to whether
Inert-atmosphere soldering is economically viable, compared with traditional
wave soldering. This is not surprising, as individual conditions are so
variable. Unless a machine is used to near-full production capacity,
.preferably 24 hours per day, then it is possible that the cost of amortisation
and keeping it idling (nitrogen consumption) may become prohibitive. The
savings due to lower dross formation are often very small and are offset by
the nitrogen consumption necessary to achieve it. A recent communication even
suggests that hidden costs involved in inert-atmosphere "No-Clean" soldering
may actually make it uneconomical.
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Inert-atmosphere wave soldering has a very narrow operating window and
is very difficult to master during initial set-up. It may require the use of
selected solderable components. Once the process has been optimised, the
retouch rate should not be much higher than that from other processes. The
switch from a traditional machine to an inert-atmosphere machine can be a
lengthy process. An overlap period with both machines in service in parallel
of at least 4-8 weeks is generally necessary. Again, Taguchi optimisation can
be a quick and reliable help to putting such a machine into service.

2.6.3 Vapour hhase reflow

Vapour phase reflow will not be discussed due to the decrease in its
use. This method also results in the emission of "greenhouse" or other highly
polluting gases including, in some cases, ozone-depleting blanket gases.

There are no known applications whereby some other means of reflow would
not give equal or better results, usually at lower cost. One critical .
application is for reflowing components on certain complex flexible circuits.
The non-directionality of vapour phase reflowing made it technically
attractive for this. Careful jig design is usually sufficient to allow hot
air or infra-red reflow to be equally successful.

The Solvents, Coatings and Adhesives Technical Options Committee.does
not recommend vapour phase reflow in the electronics industry, under the terms
of Multilateral Funding?.

2.6.4 Infra-red reflow machines

. There is a wide choice of machines available, from simple "simmerstated"
Infra-red heaters over a moving conveyor to very complex multi-zone machines
with individual inert gas purging of each zone, mixed heating methods and
sophisticated process control. It is therefore impossible in a few brief
paragraphs to give more than an outline of the process. o

The most common process-is to stencil or screen solder paste onto the
PCB to be processed, force the components onto the wet paste and then reflow
the paste to achieve good soldered joints.

The paste itself is (usually) an intimate and fairly homogeneous mixture
of minute spheroids of solder alloy in a chemical mixture. The spheroids are
carefully size-graded and the most popular grades approximate around 50 um
diameter. Special purpose pastes may have smaller or larger particles. It is
- important to note that smaller particles would appear to approach the ideal,
but they do have more surface area per unit weight of metal, hence any
oxidation becomes greater in proportion to the metal mass and the paste
becomes more difficult to use with a shorter lifetime. The metal to chemical
ratio is typically in the range of 85-95 percent of the total weight, but the
ratio is about only 50 percent by volume. It is important to realise this, as
the quantity of chemicals is much greater with reflow than with wave or hand
soldering (solder wire usually contains only 1-3% flux by weight) and the

1

-9 All.vapour phase reflow processes emit PFC vapours. These may be the
subject in the future to restrictive legislation designed to curtail emissions
of "global warming gases" which may be a cause of climate change.

* 1994 UNEP SOLVENTS, COAZTlg%S' AND ADHESIVES REPORT *



quantity to remove thereafter is also much greater. The chemicals themselves
are a small quantity of flux and, proportionally, much larger quantities of
thixotropic gels and other rheological agents, heavy molecular weight solvents
etc. This mixture of chemicals is very complex and the role that each
component plays during screening/stencilling, holding, component placement,
holding again, preheating, reflowing, holding a third time and cleaning (if
done) must be studied during the formulation. -The jideal paste would be a
completely inert mixture that could be screened perfectly without any slump,
with an indefinite open time on the screen, have an indefinite hold time,
would cause instant and perfect adhesion of placed components, could be held
indefinitely without humidity absorption, could be preheated and reflowed
without fault over a wide range of temperature profiles, wetting oxidised
components, and maintaining perfect adhesion of them during the process, and
then leave no chemical residues or solder balls whatsoever. This fiction does
illustrate that the preheat/reflow process 1is only a small part of the total
process and cannot be taken in isolation.

The main problem with Infra-red reflow of pastes that are destined to be
cleaned is the importance of ensuring a perfectly controlled thermal reflow
profile. A recorder of the type mentioned under wave-soldering machines is a
certain asset in ensuring this. The various components of the chemicals used
inter-react with each other as well as with what it contacts on the components
and boards. The result is a mixture whose composition is difficult to
determine. Even a slight change of fusion temperature and/or time may render
the residues totally impossible to be removed. This is more important with
pastes that leave thick deposits, such as common, general-purpose RMA and RA
pastes. Careful control of the fusion process is therefore very important
when reflowing this kind of paste, and sophisticated equipment must be used.

Modern "No-Clean" pastes rely on the volatility of their major
components at fusing temperature to minimise the quantity of visible residues.
It is important that at least a.thin film of flux remains until the solder
solidifies, to ensure acceptable menisci. Some require the use of a
controlled atmosphere, either inert or active. For best results,
manufacturer’s recommendations should always be closely followed.

As the major part of "No-Clean" pastes does volatilise, the user should
be aware that a large facility could emit significant quantities of VOCs
unless precautions are taken to capture them. This is not commonly realised
and many plants violate VOC emissions laws. The same holds true for some wave
soldering 'fluxes, even low-VOC types, but the quantities of activators which
evaporate involved are relatively small. The term "low-VOC" means that most
of the solvents have been replaced with water and does not refer to the
activators which are-always VOCs at soldering temperature. With pastes, up to
90% of the chemicals, representing typically 45% of the volume of the bought-
in paste, are organic chemicals whlch 'sooner or later, volatilise during
processlng '

2.6.5 Other reflow methods

- There are a number of alternative methods of reflow used. These include
thermode, hot gas or air, laser, non-coherent focused flash radiation, hot
belt (mainly ceramic substrates), liquid immersion, and the old soldering
iron. These -will not be discussed here, as they are of limited interest and
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their advantages and disadvantages related to cleaning are logical extensions
of the previous sectioms.

2.7 | CLEANING MACHINERY

There are many different types of cleaning machinery and features within
specific types. The following summaries are therefore broad and the user is
warned that they are not comprehensive. Auxiliary features, such as waste
water treatment, are not considered in these lists. The term "drag-through"
is used here to describe liquid that remains in a machine from one operation
to the next, as opposed to drag-out which is liquid that remains on the work-
pieces from one operation to the next. '

2.7.1 "Dishwasher" types

"Dishwasher" types of batch hachinery are available for use with some
solvents (including some HCS solvents), some emulsion cleaning and most forms
of aqueous cleaning. It is important to note that unmodified domestic or
industrial dishwashers are unsuitable for cleaning electronics assemblies for
many reasons.

Advantages

. Low capital cost

. Small floor space "footprlnt"

. Cleaning quality may be excellent

. Some may be purged for flammable/combustible’ solvents
Disadvantages

¢« . High energy and pure water requirements per un1t area

. Very low throughput capacity (typically 1 m’.hT)

. Drying quality may not be perfect

. ‘Optimisation of wash and rinse cycles difficult

. Machine drag-through high

. Saponification may be difficult

. Handling of heavy baskets at a low level

©2.7.2 "High-Throughput™ types

"High-Throughput" types of batch machinery are available for use with
some solvents (including some HCS solvents), some emulsion cleaning and most
forms of aqueous cleaning. They are characterised by separate machines or
compartments for cleaning and drying, separate optimised wash and rinse
circuits for cleaning and rotary high-spee@'hot-air knives for drying.

Advantages
. Will accept output of most soldering machines (20 mé.h™")
. Very efficient cleaning
e . Very efficient drying
. Low pure water and energy requlrements
. Moderate capital cost
. Simple to automatise
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. No-lifting of heavy baskets

. Virtually no machine drag-through
Disadvantages.
. Unless automated, requires some‘mgnpower
. "Footprint" relatively large (up to 6 m?)
e Peak power consumption high (average low)
. Combustible solvents need module with different concept
. Flammable solvents excluded

2.7.3 "Tank-line" batch types

"Tank-line" types of batch machinery. are available for use with some
solvents, (including some HCS solvents), some emulsion cleaning and most forms
of aqueous cleaning. They are characterised by separate tanks, usually
agitated immersion, for each operation, in line. The baskets are usually
handled by automatic transfer mechanisms ("hoists") which are designed to
perform both the lifting and linear movements.

Advantages
. Some will accept output of soldering machine (5-15 m2.h™t)
. Low. pure water requirements s
. Simple to automatise
. No lifting of heavy baskets . -
. Virtually no machine drag-through
. " Highly flexible modular conception
+  Combustible solvent-compatible
Disadvantages
¢ - Unless automated, requires some manpower
« . "Footprint" large (up to 12 m?) : '
. Cleaning not always as good as may-be required
. Drying not always as good as may be required A
. Energy consumption may be high : -
. High capital cost :
. Flammable solvents excluded

S 2.7.4 Totally enclosed types.

Totally enclosed- types of batch machinery are available for use with all
solvents, emulsion cleaning and all forms of aqueous cleaning. They are
characterised by a sealed cleaning chamber and tanks containing the various
liquids which, can be pumped in and out the chamber.

Advéntages

. Lends itself to rotary agitation
. Lends itself centrifugal drying
. Good cleaning quality possible
. Good drying quality possible

e Small footprint possible

e ~ Excellent flexibility
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. Vacuum drying after centrifugation

. Easy inert atmosphere purging

. Combustible/flammable solvent-compatible
Disadvantages

. Assembly size and weight may be llmLted

. Very small throughput (typ. 1-2 m?.h')

. High capital cost

. Long cycle times

. High machine drag-through

2.7.5 Conveyorised "in-line" machines

Conveyorised "in-line" types of machinery are available for use with all
solvents, emulsion cleaning and all forms of aqueous cleaning. They are
characterised by the form of a tunnel divided into compartments for each
function and through which an open mesh conveyor belt transports the
assemblies for cleaning. Warning: there are some smaller conveyorised
machines available which do not comply with all the criteria listed below and
which are often inefficient in terms of cleaning and/or drying quality.

Advantages
. Can be matched to any machiné(s) for throughput capac1ty
. Virtually no manual production operations
. Modular types flexible
. Easy handling of combustible solvents
. Inert gas purging possible for flammable solvents
Disadvantages
s High to very high capital cost
. Large to very large footprint :
. High production rates impose very long machines (>15 m)
. High energy and pure solvent water demands
. Generally poorer cleaning quality than batch machines'?
. Generally poorer drying quality than some batch machines'®
« . High drag-out on horizontal assemblies

. Angle of spray attack usually less than ideal

0 These generalisations should be qualified by the statement that a few,
costly, state-of-the-art machines may give excellent cleaning and drying
results. They are based on the fact that if a conveyor moves at 1.5 m.min
and a cleaning, rinsing or drying phase of the process requires, say, 2-3
minutes to achieve good results, the compartment for that phase should be 3-
. 4.5 m long and be ‘equipped with the appropriate treatment for the whole of
that length. Few machines offer this possibility. Slowing down the conveyor
may dramatically improve this situation but at the cost of perhaps not being
able to use the other machinery to full capacity. .

-1
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2.7.6 Vapour phase solvent machines

These can be used only with solvents whose boiling point is sufficiently
low so that the parts being cleaned are able to support. the temperature and
whose vapour is much denser than air. The components must also be compatible

.with the solvents and.their vapours (please consult the manufacturers’
literature). Halocarbon solvents were most often used with this techﬁique.

As awareness of environmental problems increased, such machines became
more sophisticated with features to reduce emissions. Nevertheless, few of
the open-top batch machines are able to reduce emissions to acceptable levels
when using CFCs, HCFCs, HFCs or PFCs. On the other hand, some of the fully
enclosed, entirely automatic ones may be acceptable. ‘Their use with less
polluting solvents is not so critical but it is still a wise economical and
environmental precaution not to permit any emission that is not strictly\
necessary. For this reason alone, open-top vapour phase solvent machines are
undesirable for use with any solvent used for defluxing or drying printed
circuit assemblies. ' '

There is a problem when using any solvent‘in,vapour phase in conjunction
with PCB assemblies, especially for tightly packed surface-mounted ones,
regardless of the machine’s design.' Vapour becomes trapped under the
components and, as the'assemblies are removed from the vapour zone, it takes
considerable time for the trapped vapour to.fall back into the machine, .often
counted over several minutes. The machine design and programming must take
this, factor into account. ‘

2.8  MACHINE AGITATION

The efficiency of a cleaning operation is often a critical function of
the method and total energy used in agitating the solvent with respect to the
parts being cleaned. This reaches a peak when cleaning under large surface-
mount devices with small stand-offs from the printed circuit. This section
gives a brief discussion of the most usual types encountered.

2.8.1 Spravs for cleaning

Sprday cleaning, correctly applied, is the most efficient way to remove
soils. The function is to ensure a maximum high-energy penetration of the
fluid into all the crevices, over the required time. Many cleaning processes
may require several minutes to. ensure dissolution of the soils, even with
high-energy spraying. ‘

The form of the sprays should be solid, coherent jets or linear curtains
applied to the parts at an acute angle. This-angle should be as small as
possible to ensure minimum loss of kinetic energy by the fluid "puddling" on
the substrate, but should not be so small that severe shadowing occurs.
Empirical tests reveal that the best compromise, depending on the machine
design, is usually 15° to 45° with respect to the substrate surface. Batch
machines- are generally better than conveyorised machines in this respect. ' The
geometry of the spraying should be such that all parts of the board are
subjected to direct jet action at least over a part of the cleaning cycle.

~ This implies that there should generally be relative movement between the
nozzles and the assembly in both axes.
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The efficiency of spray cleaning is dependent on the kinetic energy with
which the cleaning fluid is sprayed onto the assembly. This is a function of
the spray pressure, the spray volume, the fluid velocity, the nozzle design,
the distance between the nozzles and the assembly and some minor factors. It
is perhaps important to note that a given energy may be imparted equally by a
high pressure, low volume or by a low pressure, high volume flow, but the
nozzle design would be different in each case. The energy is given by the
pump and if a pump consumes a given power at the same efficiency, the results
will be similar, no matter what the pressure and volume, assuming correct jet
design. As a rule of thumb, for reasonably efficient cleaning of electronics
assemblies, the minimum practical energy level of a jet bar is approximately
represented by 2 kW (2HP) of pump motor consumption per total metre length of
bar. ' .

. The high energy levels produced by efficient spray cleaning are
partially dissipated when the jets or curtains hit the assemblies. As a rule,
the higher -the velocity, the more is the energy lost by the rebounding of the
solvent from the topography of a typical assembly. This often produces a fine
mist.  Even with combustible liquids with a flash point of 100°C or more, this
mist can be easily ignitable and, if the proportions are right, even :
explosive. It is therefore essential to correctly inert-gas purge any
machines where spraying of -flammable or combustible fluids occurs and to use
flame-proof and/or inherently safe.electrics and electronics in appropriate
premises.

+ The removal of "HCS solvents by water is a cleaning operation and not a
rinsing one: 1t must be followed by a rinsing operatlon

2.8.2 SpraVS'for rinsing

The whole function of rinsing is different from cleaning and efficient
rinsing is best achieved by low-energy spraying. It should be. remembered that
at least the last rinse or rinses should be done with pure uncontaminated
solvent or water, so the volume consumed should also be minimised. The
function of rinsing is to replace the contaminated solvent or water by
successive amounts of a cleaner product of the same nature. In other words,
it is a series of success1ve dilutions until the residual contamination level
is acceptable.

The best spray form is a coarse mist with a mean droplet size smaller
than the smallest interstice, so that there is direct penetration with
displacement of the contaminated fluid before much mixing occurs. It is
therefore inefficient to use energy levels which are too high. A typical pump
errergy level for good operation is 200-500 W.m' of spray bar and the nozzle
design should be such that the spray velocity is low with a droplet size of
typically 20-100 uym. This may be achieved most efficiently with pressures of
about 3 bars. ‘

Again, the angle of attack should be acute at the moment of impact.
This may imply almost horizontal nozzles on conveyorised machines, if the
velocity is fairly low, as recommended above. Batch machines, with the
assemblies held in baskets in a near-vertical position, offer the best and
most economical rinse conditions, but the nozzle design may require to be
different for the top and bottom spray bars, due to the effect of gravity.
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' Machines which use the same spray bars for cleaning and rinsing are
‘essentially a compromise in that neither operation can be done under optimum
conditions. This may be partially compensated for by adjusting the cleaning
and rinsing times and the number of rinses. One severe disadvantage of such
machines is the "drag-through" caused by contaminated liquid from the previous
operation remaining in the pipe-work, so that clean rinse liquid is

_ contaminated even before it reaches the assemblies being cleaned. This can
severely compromise the throughput and liquid consumption of such machines by
increasing the number of rinses before adequate cleaning quality is achieved.

2.8.3 "Under-surface" spraving

"Under-surface" spraying is not new, but it has regained popularity as a
means of mechanically agitating combustible solvents without forming an
ignitable mist. It consists of high-energy jet spraying of the parts being
cleaned with the said parts actually immersed in the liquid. The
hydrodynamics of the 'spraying is complex and the kinetic energy loss is high
over relatively short distances. As the boards are usually held vertically in
.a basket or jig (batch machinés) or at a.30°-45° angle on conveyorised
machines, the jets are most frequently applied edge-on or close thereto. To
calculate the required pump size, count on at least 5 HP for each square metre
of area being agitated, plus an extra 10% for each 10 cm of the distance over
which the jets should remain effective (rule of thumb). In this case, in
order to keep the jets as coherent as possible over a distance, it is
essential that the pressure be high (>20- bars) and the volume low.

The high kinetic energy is dissipated thermally within the solvent. It
is . possible that the temperature rise may reach bounds where it approaches the
fluid flash point. 1In this case, water cooling will be necessary. The
working temperature should always be maintained at 20°C under the flash point
with additional safety devices to shut the machlne down completely at 15°C
under the flash point. :

There is no advantage to using this technique over conventional spraying
with non-flammable ‘substances and its poor energy efficiency is marked.

2.8.4 Ultrasonic agitation

The use of ultrasonics on electronics assemblies is the least understood
and most controversial cleaning technology.

The main classes of components reported as being potentially damaged by
ultrasonic agitation are non-moulded semiconductors (metal, glass and ceramic
. cases), thermionic devices, large multilayer ceramic chip capacitors, 1liquid
crystal displays and components wound with unencapsulated fine wires. This
list is probably not exhaustive and it certainly does not mean that all
components of the mentioned types will fail after ultrasonic cleaning. It
means that particular prudence is required when judging whether assemblies
with any of these components on may be cleaned or not.

Most experience with ultrasonic cleaning was with CFC-113. It is of
first importance to note that data obtained with one solvent type should never
_be considered as necessarily valid with a different solvent type. The
compressibility and cavitational characterlstlcs of any liquid is unique to
that-liquid alone
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The first essential criterion to effective ultrasonic cleaning is for.
cavitation to occur on the surface to be cleaned. This condition can be
achieved only if there are no dissolved gases and no particles between the
transducers and the parts, otherwise all the ultrasonic energy will be
dissipated away from the cleaning zone, where it will serve no useful purpose.
To achieve adequate cavitation in water or aqueous solutions, for example,
they must be degassed two or three times a day and continually filtered down
to 1 um particle size. Degassing is usually done by subjecting the solution
under mechanical agitation to. a moderately high vacuum (<1 mb) at 30-50°C.
Some organic solvents can never be degassed sufficiently to achieve good
cavitation. The quality of emulsions can also vary by the application of
ultrasound.

Frequency is another cause of misunderstanding. Ultrasonic energy is
created by the instantaneous implosion of cavities and the consequent
adiabatic compression of vapour therein. This causes an astronomic rise of
temperature to thousands of degrees over an extremely short time, measured in
nanoseconds, in turn causing a mechanical shock wave to form in the virtually
incompressible fluid. This shock wave does the work. It is typically
amortised within a millimetre of the point of cavitation, hence the importance
of cavitation on the part being cleaned, preferably on'the contaminant itself.
Cavities do not form at the frequency of the ultrasonic energy but build up
slowly over tens or even hundreds of cycles. This slow rise is a means of
storing energy which is released at the instant of implosion. The high-energy
shock wave is therefore completely aperiodic and cannot be the cause of’a
sustained resonance. On the other hand, if there are undamped or poorly
damped mechanically resonant parts, such as- unsupportéd wires or quartz
crystals, these may be set to oscillate instantaneously at their own natural
frequency, no matter what this.is. Repeated oscillation may cause, in the
long term, fatigue which could lead to a loss of reliability. For the
ultrasonic energy to cause direct damage by resonance to a part would seem
highly improbable. The following conditions would have to be united:

. the resonant part would have to- have a natural frequency exactly
equal to the excitation frequency

. the resonant part would have to have a high Q to obtain sufficient
amplitude to cause fatigue :

. the excitation frequency would have to be stable, which is rarely
the case

. the excitation would have to be unmodulated to maintain continuous

A oscillation, which is rarely the case :

. “the dlrectlon of excitation would have to be such that the

amplitude of oscillation was maximised.

1t is unlikely that all these conditions would apply. Frequency seems,
therefore, not to play a direct role. On the other hand, it' can play an
indirect role in that lower frequencies may produce larger but fewer cavities,
so- that the implosion energy per cavity may be greater. Some systems use
sweeping frequencies. Over narrow bands (up to one octave), this technique
would not bring about any significant difference. Another new technique,
developed in Japan, is to use simultaneously three frequencies, such as 35
kHz, 70 kHz and 200 kHz. It is claimed that this is particularly effective,
with correct dosing of each of the three amplitudes, when using degassed water
or aqueous solutions.
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No matter what system is employed, successful use of ultrasonic. cleaning
depends on: '

. cavitation occurring in close proximity to the contaminants

. cavitation of sufficient amplitude/frequency characteristics to
ensure adequate acceleration of the cleaning process

. thoroughly degassed solvents or solutions

. very tight process control

. provably, no deterioration of components

. provably, a significant improvement in the residual contamination
levels

If any one of these criteria cannot be met, ultrasonic cleaning should not be
used. In the last condition, "significant" means that if the levels are not
at least 30-50% lower than without ultrasonic cleaning, under otherwise
identical conditions, then the process is not optimised.

2.9  DRYING

Drying is an important'part of the cleaning process and can contribute
to the overall success or otherwise of the operation. The most common methods
of drying organic solvents and water fall -into three categories, mechanical
drying, evaporative drying and vapour phase drying. - Each of these has a
number of sub-categories. '

. Whether an organic solvent or water (or a mixture in some cases) is used
as the final rinse,. it must be realised that drying does involve thermal

considerations by all three categories enumerated above.

2.9.1 Mechanical drying

The two main subcategories of mechanical drying are effective air-
knifing and centrifugation. In both cases, they are accompanied, to a certain
extent, by a small proportion of evaporation. This absorbs sufficient heat
from the ambience to provide the required latent heat of evaporation. The
result is ‘a drop in temperature. With some organic solvents, this may be
sufficient under some conditions to take it below the dew point, causing
condensation .of atmospheric humidity onto the assemblies and subsequent
further difficulties. The latent heat of condensation of this water will
supply some of the heat required to evaporate the solvent and an equilibrium
will be reached (assuming the solvent is not water soluble). It is sufficient
to ensure that the air in the knife or in the centrifuge, along with the
assemblies, is a few degrees higher than the ambient temperature to avoid
this. 1In any case, the compression of the air in the air-knife system should
be sufficient to ensure an adequate heat input. '

Mechanical drying is, by far, the most effective means of gross drying.
Ninety.to ninety-five percent of residual water can be eliminated from even
tightly packed surface-mounted assemblies-in a matter of thirty seconds. This
will require less than 10 percent of the energy needed to evaporate an
equivalent mass of water. High-boiling point solvents, e.g. diglycol ethers_
with boiling points in excess of 200°C, are much more recalcitrant to
mechanical removal. This is because their evaporation rate is insignificant
below 100eC but, above all, they wet the substrate and components better in

* 1994 UNEP SOLVENTS, COATINGS, AND ADHESIVES REPORT *
2-45



the interstices, making them more difficult to shift. 1In some recorded
experiments using hot air-knives at 80°C, on circuits with a medium-high '
density of SM components, water was retained at an average of 4.2 g.dm? after
immersion in water followed by ordinary handling. Dipping into a solvent with
a- boiling point of 210°C, the average weight of retained solvent was 3.9 g.dm’
2, After 20 seconds air-knifing at 80°C, the figures.were ‘respectively 0.5
"and 1.8 g.dm’ 2 After five minutes, the residues were <O0. Ol (the limit of
measurement, approx1mat1ng to total dryness) and 0.55 g. dm™? respectively.
Even after 30 minutes, the solvent-wetted boards were not dry, even with the
combination of high-veloc1ty air and moderately high temperature. Repeating
the experiment with water to which 5% of isopropanol was added changed the
mean zero and 20 second weights to 4.05 and 0.35 g.dm2 respectively, a
distinect improvement over. water alone. (These figures were derived from
experiments conducted in 1993 by a Swiss company which requested anonymity.)

The supreme advantage of mechanical drying is that most of the water or
solvent is eliminated in discrete droplets, typically 100 ym - 1 mm diameter.
As seen earlier, rinsing is a process of successive dilutions.' There dre
therefore always some contaminants in the residual liquid and these are
eliminated along with the droplets. This method therefore produces a
significant improvement of cleaning quality over other methods of drying.

There is no evidence of an increase of fire risk when hot-air knifing
combustible solvents. The droplet size is large and the air velocity is high,
so that the concentration cannot reach dangerous levels, provided that the air
temperature is kept well below the flash point (at:least 20°C less). ’

It may perhaps be useful to define air-knifing in this context as some
machine manufacturers mistakenly call forced-air circulation air-knifing.
With an air-knife, there are two criteria: the air is forced: through a linear
orifice, usually’a few millimetres wide, and impinges directly onto the parts
to be dried. The air velocity is generally about 50 m.sec’' or more. 1In in-
line machines, two or three air-knives on each side provide the action.

2.9.2 Evaporative drving

This consists of either -letting the residual liquid evaporate to dryness
or to force it dry by increasing the temperature and/or reducing the pressure.
The usual means for this are heating by convection, forced air, Infra-red
radiation in ovens or tunnels or vacuum ovens.

The chief disadvarnitage of evaporative drying is that, as drying
progresses, the volume of liquid diminishes. The remaining liquid tends to
move to where the capillary spaces are smallest, as the contaminants become
gradually more concentrated in it. These spaces are mainly round the solder
joints. Eventually, these contaminants will become dry at the places where
they are deposited, often where they can cause the most electrical or. chemical
harm. It is for this reason that it is stated above that mechanical drying is
preferable for the gross liquid removal. Evaporative drying is used for the
remaining 5 or 10 percent that mechanical drying will not remove.

One of the important aspects of evaporative drying is the large amount
of power required to supply the latent heat of evaporation of the liquid being
removed. In the case of water, for example, about 6.5 kWh is required to dry
off each litre of water at 80°C, assuming a 10% heat transfer efficiency

* 1994 UNEP SOLVENTS, COATINGS, ANb ADHESIVES REPORT *
i 6



i

(typical for a forced air oven, convection ovens being even less efficient).
This is typically ten times hlgher than is required for mechanical removal.
This is another major reason why the latter is preferable for gross drying.
Vacuum drying does not escape this rule, even though it is achieved faster and
at a lower temperature. Any power gained by not heating the solvent to such a
high temperature to obtain a suitable rate of evaporation is more than
compensated for by the power consumed by the vacuum pump itself. The latent
heat of evaporation remains substantially constant over a wide temperature
range and this represents the major part of the power requirements.

N - . .

Vacuum ovens must be fitted with effective vapour traps to prevent water
or solvent vapours from entering the pump, causing a deterioration of the
lubrication and thus damage and to prevent lubricating oil vapours from
refluxing into the oven, where it could condense in the oven and onto the
workpieges.

Infra-red drying efficiency depends on the absorption characteristics at
the wavelength of the radiation source. Black and other dark components tend
to become hotter than the relatively light ones and the substrate. This
temperature differential may become relatively great in some cases.

Forced air drying is the means for the most uniform heatlng of wet
assemblies.

2.9.3 Vapour ﬁhase drving

This is the familiar way of drying after solvent cleaning using CFC-113
or 1,1,1-trichloroethane. There are three variants, all based on the same
basic idea. These are drying off a solvent in its own vapour, drying off a
solvent in the vapour of another solvent miscible with it and drying off a
solvent with another one which is not directly miscible with it.

It is important to understand the operating mode of a typical straight
vapour phase cleaning operation. The parts to be cleaned are immersed in the
boiling solvent for gross cleaning. They are then transferred to a clean,
cold solvent bath for rinsing. They should stay there until, at least, the
whole assemblies cool to the solvent temperature. They are then lifted out of
the liquid into the solvent vapour. Solvent condenses on the parts and gives
a final rinse of relatively clean solvent. The latent heat of condensation
released causes the parts to heat up rapidly and condensation ceases when they
reach the same temperature as the vapour itself. The parts can then be slowly
withdrawn slowly out of the machine in such a way as to prevent any vapour -
from being drawn out with them. This technique is not generally recommended
for defluxing because there are many substltute processes which are less
polluting and give better results. R )

It is also possible to dry miscible solvents and recover the drag-out by
using vapour phase drying. This is theoretically possible using any solvent
which mixes with the cleaning solvent and satisfies the criteria in ‘the
previous sections. This is perhaps amongst the most efficient ways to dry off
high boiling point solvents (typically BP >170°C and flash point >85°C). This

_can be done with many solvent families but with all the disadvantages of

vapour phase cleaning. 1In effect, the vapour phase solvent cleans otf the
contaminated cleaning solvent. In recent years, it has been proposed to use
HFCs and PFCs, which are greenhouse gases, for this application. As the
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-emissions of the polluting vapour phase solvents are always more than finite
and there are other ways to achieve similar or better results for electronics
cleaning and drying, it is not a recommended process.

The Solvents, Coatings and Adheéives Technical Options Committee does
not recommend vapour phase drying of heavier solvents using HFCs and PFCs in
the electronics industry, under the terms of Multilateral Fundingll

The use of vapour phase drying of non-miscible solvents is most commonly
applied to water. It is exactly the same as the previous case except that
there is one intermediate step between the cleaning and drying operations.
This involves wetting with some form of third solvent which is miscible or can
be made miscible with both the cleaning and drying solvents or displaces the
cleaning solvent. One way of doing this, with water as the cleaning solvent,
is to use an oxygenated hydrocarbon solvent such as a light. alcohol or a
heavier diglycol ether. This will dissolve the residual water and the
resultant mixture can be dissolved in the drying solvent. Another method is
to use an intermediate bath of the same solvent as the drying solvent to which
some surfactant is added. To'displace water from.a part, a light aromatic
hydrocarbon may be used, such as toluene (with flammability and toxicity
problems to be overcome). Drying water using vapour phase techniques is
neither useful nor viable for ordinary electronics assemblies, although it may
have applications for some complex optical parts. As it is as polluting as
the last process, it is equally not recommended in this context. )

The Solvents, Coatings and Adhesives Technical Options Committee does
not recommend vapour phase drying of water using HFCs and PFCs in the
electronics industry, under the terms of Multilateral Fun‘ding13

s

2.10 CONTAMINATION AND QUALITY CONTROL

There are three factors which must be analysed to ensure sufficient
quality in relation to the job to which the .soldered and possibly cleaned
- assemblies will be put and to the expected llfetlme These include the
following:

. Is the soldering quality sufficient that the rate of retouching is
small and that the risk of breakdowns due to faulty solderlng is
: negligible? :
. Is there any likelihood of electrical failures due to the presence

of contaminants causing corrosion or leakage during the expected
lifetime of the assembly under the expected worst conditions of
service?

Yo

" All vapour phase drying processes emit CFC, HCFC, HFC or PFC vapours.
Where these are not already restricted, they may be the subject in the future
to restrictive legislation designed to curtail emissions of "global warming
gases" which may be a cause of climate change.

,12 All vapour phase drying processes emit .CFC, HCFC HFC.or PFC vapours.

Where these are not already restricted, they may be the subject in the future’
to restrictive legislation designed to curtail emissions of "global warming
gases" -which may be a cause of climate 'change.
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. Is the total process arranged so that the production quality can
be constantly monitored and, if necessary, corrected and is it
likely to introduce by itself problems which can upset later
quality controls as well as in service?

The first two of these questions relate dlrectly to,the reliability of the
product. The third one is an internal production problem which is not always
evident. One simple example is that if a "No-Clean" soldering flux with a
high level of residues is used, automatic testing may be upset by contact
problems. ’

As a general rule, the third question is answered by a series of
empirical trials. These trials are Usually on-going until the whole
production line runs smoothly. The first two questions are answered by three
forms of instrumentation. ' ' :

2.10.1 Solderability testers

There are several types of solderability tester available on the market..
The most usual one uses the "wetting balance method". There are two variants,
using a solder bath and a globule. The first-named is most generally useful
for printed circuit boards and wired components whereas the latter type is
éertainly indicated for surface-mount chip components, but can also be used on
some other component types. Some instruments have interchangeable'solder
sources. All incoming components, .including PCBs, should be tested to ensure
good solderability and this is especially importarit with "No-Clean" processes
where operating windows are often so narrow that a small reduction of
solderability will create catastrophic problems.

'2.10.2 . Tonic contamination testing

, - Ionic contaminants are those that are most likely to cause electrical

" problems in an assembly. With "No-Clean" processes, there is a deliberate
introduction of ionic contaminants that is hopefully- controlled by the process
parameters and thus rendered more-or-less relatively harmless. Ionic
.contamination testing after such a soldering process is meaningless. On the
other hand, it is very important to test incoming components and PCBs with an
adequate instrument because any contaminants will pass through the process and
produce any one or more of three effects:

. they may upset the soldering process
. they may upset the careful balance of the flux residues, causing
poorer electrical quality and corrosion
. they may be the cause of a definitely shorter lifetime of the

assembly under service cenditions.

This is therefore an essential element' of "No-Clean" techniques relating to
quality.

Where cleaning is carried out, testing of incoming components may. be
often dispensed with because the soldering processes are usually more tolerant
of minor solderability problems and any incoming contaminants should be at
least partially removed during the cleaning process.
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When CFC-113 azeotropes were used for cleaning, the process was
relatively "fail-safe". This meant that inadequate cleaning oftén resulted in
a slight drop in quality. This is not the case with most substitute methods.
Ionic contamination testing is the preferred QC aid to ensure that the quality
is maintained at an acceptable level and is a "must" for most users. Low-cost
process-control instrumentation is therefore becoming available as well as the
very sophisticated testers, which have been available for many years.

2.10.3 : Surface insulation resistance and electromigration testing.

SIR testing has been largely ignored as a means of quality control until
recently but is often used as a qualification procedure for methods. New
variants have contributed to its being adopted as a production test with
accelerated test times of about 8 hours. This is aided by the relatively
recent introduction of new automated test instruments which take the
difficulties out of the practical measurement.

Such SIR test techniques are an extremely good complement to ionic
contamination testing, but it is emphasised that each gives part of a-total
picture with almost no overlap. On occasion, either may indicate dangerous
conditions of residual contamination that the other could never even detect.

They are usable after all types of cleaning process and after "No-Clean"
soldering. They are especially useful after aqueous cleaning methods. ]

2,11 PHOTORESIST DEVELOPMENT

In the 1991 Solvents TOC Report (UNEP 1991), a detailed section was
published on the problems of developing dry film resists used for etch,
electroplating and solder masks with 1,1,1-trichloroethane. This is a niche
application in the printed circuit manufacturing industry.

Dry film resists were introduced in the late 1960s and they quickly,
found a ready and wide market for some applications. They were initially all
1,1,1-trichloroethane-developed. They supplanted wet resists for most PCB
manufacturing applications. The process caused both considerable OD solvent
emissions, as the solvent was sprayed, and water pollution, as there was
solvent drag-out into a final water rinse. ‘

By the mid-1970s, aqueous-developed dry-film resists became available.
These were slow to become popular as the process was initially more difficult
to master and the reject rate was higher. These early problems were overcome
and, by 1980, probably over half of the dry film resist .used, of all types,
was aqueous-developed, with an ever-increasing proportion. ’

By the mid-1980s, aqueous methods were used for over 90% of etch and
plating mask applications and 75% for solder resist applications. The
remaining solvent-developed operations were generally reserved for state-of-
the-art applications, where the fine-line qualities of aqueous methods were
perhaps at the limit of the technique.

Today, there are substitutes availablé for 1,1,1-trichloroethane- .
developed dry-film photoresists for all applications:
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-a. Etch and pléting resists:

. aqueous-developed dr§ film photoimaging resists
e aromatic solvent-developed wet-film photoimaging resists
. aqueous-developed wet-film photoimaging resists
. fine-line silk-screening UV-curing resists .
. fine-line silk-screening thermal-curing resists.

b: Solder resists: ’

. aqueous-dev. dry-film photoimaging (not universal)

. curtain-coated HC-developed wet-film photoimaging

. curtain-coated aqueous-developed wet-film photoimaging
. screen-coated HC-developed wet-film photoimaging .

. screen-coated aqueous-developed wet-film photoimaging
. fine-line silk-screening UV-curing resists

. fine-line silk-screening thermal-curing resists

For further details and a more technical discussion on this matter,
please refer to the 1991 Solvents TOC Report (UNEP, 1991)..

There is no technical nor economic reason why 1,1,1-trichlorcethane-
developed dry-film photoimageable resists of any nature should continue to be
used: there is a wide choice of substitutes suitable for all applications.

2.12 SUMMARY

The electronics industry, which was heavily dependent on ozone-depleting
solvents until recenmtly, is fortunate to have a wide range of substitute
materials and processes available. There is no technical reason why any
company, large or small, in a developed or developing nation, should not be
able to move away from such solvents lmmedlately Economical considerations,
reported in previous editions of the Solvents TOC Report (UNEP 1989, 1991),

" have shown that most substitute processes for this industry are less costly to -

run and, most often, give improved technical quality. On the other hand, a
relatively large capital investment is sometimes required to obtain the
required results. This could be an obstacle, especially for small. companies
manufacturing "hi-tech" electronics. However, even with heavy amortisation
costs, most of these processes can be economically and technically viable.

A number of secondary problems have arisen. One of the most important
is the fact that most information has been published only in English. English

- .is the most common language in the electronics industry, although it may be

poorly understood, especially in developing nations. This .is a severe
difficulty which can be overcome ohly by close cooperation between English and
. non-English speaking experts. "Hands-on" experience is.also essential. It
may'be useful to publish a series of simple pamphlets. (say, up to’ 16 pages) on’
single subjects written in English by experienced engineers. These could be
distributed to developing nations where local engineers could translate them
into the local language. Then they could be published and distributed free-
of-charge throughout the local industry. The total cost of' this could be less
than that of a single mistake in equipment or process selection. ‘

~
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To substitute for CFC-113 in defluxing, there is a large choice of
"processes, equipment and materials commercially available for production units
of all sizes. Considerations of economic and technical viabilities under
individual conditions may limit the choices. Where there are no technical
specifications that require post-solder cleaning, "no-clean" techniques are
often the most economical.’ This technique is recommended where the
reliability criteria can be met. Where cleaning is a requirement, the use of
water-soluble chemistry has generally proved to be preferable to most of the
other processes, although it is not a universal solution. There is an
adequate choice of other techniques where neither of these can be applied.

The choice of substitute methods should be subordinate to environmental
considerations. Due to their harmful environmental effects, the following
processes should not be selected for electronics manufacturing without a very
imperative reason, especially as there are usually more benign processes
available that will do the same job. The Solvents, Coating and Adhesives
Technical Options Committee does not recommend the following processes in
electronics manufacture for funding under- the provisions of the Montreal
Protocol Multilateral Fund:

. HCFG-141b for defluxing printed circuits
. Vapour-phase reflow soldering

e Vapour-phase drying of heavy organic solvents using PFCs
. Vapour-phase drying of water using HFCs or PFCs.

-

Another factor which has become evident only. in recent years is that the
"operating window” of some substitute processes, including "No-Clean” ones, is
considerably narrower than that of traditional ones. If the process is not
perfectly mastered, this. may result in very significantly increased operating
costs for rework. One of the parameters which can greatly influence the width
of the "operating window" is the design of the assembly being processed. The
design itself should be optimised for the process which will be used in the
subsequent manufacture. Changing from one process to another may require 4
re-design. Fortunately, some of the better CAD systems permit this switch
very rapidly by simple word processing in text library def1n1C1ons of the
component "footprlnts" and in the rules file.

Finally, there are no technical obstacles for a compleﬁe and rapid
phaseout of ozone-depleting solvents in the electronics industry in developing
nations, as well as developed ones. In almost every case it is possible to
find substitutive processes that result in significant production cost-
savings, although they may require a considerable capital expenditure.
Amortisation of a correctly-chosen investment is typically one to three years
but may require longer periods in exceptional cases. In a few cases, there
may be increased energy requirements, but the cest of this will be more than
offset by other production cost savings.
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CHAPTER 3

‘ : . "PRECISION CLEANING APPLICATIONS

.

3.1, BACKGROUND

Precision cleaning applications are characterized by the high level of
cleanliness required to maintain low-clearance or high-reliability components
in working order. They are used in a variety of manufacturing industries,
such as in aerospace, microelectronics, automotive, and medical. The primary
factor that defines the applications where a precision cleaning process is
required is high standards for the removal of particulates or organic residue.

" There are many types of contaminants that might be required to be
removed in a precision cleaning process. These contaminants are generally
divided into either partiCulate}contamination or nonparticulate contamination.
Particulate contamination is the type of. contamlnatlon usually resulting from
a preceding manufacturing process,. such as cutting, drilling, grinding, or
buffing of component parts. Nonpartlculate contamination is usually composed
.of organic re51due such as machining oils, waxes, finger print oil, and so
forth. ' : "

‘As the term suggests, precision cleaning involves the cleaning of
_components to a high standard of cleanliness. One example of the cleanliness
required for a precision-cleaned component is provided in Figure III-1, which
shows the dimensional clearance on a computer disk drive. relative to the size
of various contaminants. Tight dimensional clearances require the removal of
small particles that become lodged between the two surfaces. :

The factor that made CFC-113 the precision cleaning solvent of choice is
its remarkable chemical stability (manifested directly in its compatibility to
structural materials), its low toxicity, and zero flammability. This has
allowed closed, superclean white-room assembly areas to be operated safely
and effectively. Probably the most essential example of solvent compatibility
is provided by CFC-113 in cleaning beryllium, particularly in the inertial
sensor industry. As the performance requirements of gyros increased for both
defence and aerospace applications, the need for a structural material that
combined low density with high dimensional stability also increased. Hot
pressed beryllium has provided that material with a range of properties unlque
among materials. It has one distinct disadvantage -- chemical reactivity,
. especially with ionic chlorine. ‘The viability of CFC-113 as a pure, stable
solvent has allowed beryllium to be widely used as a structural material. It
should be noted, however, that mixtures of CFC-113 with methanol will attack
beryllium very vigorously. :

1,1,1-Trichloroethane is the solvent of choice in some precision
cleaning applications. Several of its physical properties -- higher
solvency, moderate evaporation rate, and higher boiling point -- make it .a
uniique product for cleaning some soils, such as heavy grease. :
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Figure III—]
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A number of companies have successfully tested and are currently using
CFC-113 and 1,1,1-trichloroethane alternatives to clean precision instruments.
Companies also are implementing conservation and recovery practices to reduce
solvent use in the short-term. Possible alternatives include solvent and -
nonsolvent options. Solvent options include aqueous and semi-aqueous,
alcohols, perfluorocarbons, synthetic aliphatic hydrocarbons, .
hydrofluorocarbons (HCFCs) and their blends, and other miscellaneous solvents.
Nonsolvent options include supercritical fluid cleaning, UV/Ozone cleaning,
pressurized gases, and plasma cleaning. Although much testing still needs to
be done ‘for specific applications,! the Committee consensus is that
alternatives will be substituted for CFC-113 and 1,1,l-trichloroethane in
" virtually all precision cleaning applications by the year 2000.

3.2° CFC-113 AND 1,1,1-TRICHLOROETHANE USE IN PRECISION CLEANING APFLICATIONS

3.2.1 Precision Cleaning Processes and Equipment

To describe "precision cleaning" in a simple succinct way .is difficult.
To overcome this difficulty an integrated manufacturing system is described in
which the differences in "metal ‘cleaning" and "precision cleaning" become
* apparent by the nature of the components and the cleaning process.

Figure III-2 shows a diagram containing both metal cleaning (parts
manufacturing) and precision cleaning (clean room assembly) processes. In the
parts manufacturing segment, parts are manufactured, deburred, gauged, cleaned
~using 1,1,1 trichloroethane, and stored. In the cleanroom assembly areas,
parts and components are passed through a preliminary "goods inwards" cleaning
process using CFC-113 and then into final assembly and test. In the final
assembly stages, mostly manual, multiple operations are carried out on a given
item and the parts are repeatedly cleaned using CFC-113, during and after each
assembly stage. When complete the finished item is passed through
"acceptance" testing and inspection and then delivered either to detailed
functional testing or directly to the customer. Functional rejects, occurring
during acceptance testing are often torn-down, recleaned, and returned to the
assembly process. '

In the first stage, parts manufacturing, single parts will be  formed by
machining, stamping, pressing, etc. The cleaning requirements include the
removal of burrs and other mechanical residues as well as the removal of gross
residues of machining oils or other processing residues. In this stage,
vapour degreasing with 1,1,1l-trichloroethane was a common practice.

Within the clean room assembly area, CFC-113 cleaning would normally
follow. Its particular properties ,of nonflammablllty low toxicity, and low
odour allow it to be used in small cleaners within laminar flow cabipets or in
bench top units close to the operator’s working position. Typical'devices
made in such areas usually contain a wide range of materials. In addition,
many items are fixed using synthetic resins, local soldering operations on
custom-built hybrid devices-are required, and many solvent sensitive polymers

! Testing needs to be done not only to determine -cleaning effectiveness
but cost and environmental effects as well.
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‘such as polycarbonate  and polyether sulphones can be used. The availability
of CFC-113 has obviously been vital in such an operation. ' ‘

Replacement of currently used solvents is relatively easy in the
~"general cleaning" stage of manufacture. Because the basic components are
usually one part-items, they can be cleaned very effectively using
alternatives such as aqueous and semi-aqueous systems. If this system is
incompatible with the parts, due to corrosion sensitivity or shape
limitations, then solvents such as alcohols, HCFCs, and hydrocarbons can be
used, particularly with closed-type cleanlng equipment now available to
minimise solvent emissions.

Introducing alternative cleaning materials or processes is particularly
difficult in the final assembly precision cleaning area. This is not due to
the nature of the soils involved, but due to the wide range of materials used
in the manufacture of the assemblles and the small clearances and complexity
found in such devices. '

§

Thus precision cleaning applications might include:

o Assembled units with complex shapes and small clearances

° A wide range of metallic and nonmetallic components, including
many elastomeric materials
° Blind holes with capillary gaps which make evaporation of low

'vapour pressure fluids such as water impossible.

Such work pieces are not always small; complete auxiliary power
generators and military alrcraft generators can be immersion cleaned using
CFC-113 during maintenance operations, thus avoiding costly and risky
disassembly and reassembly of the units. Alternative cleaning materials or
processes, therefore, are required to have low surface tension, low viscosity,
and relatively high vapour pressure. Alternative processes must be designed
with new cledning and drying technologies to. be used with aqueous and semi-
~aqueous cleaning systems. :

In the past, standard vapour degreasing equipment.was used in precision
cleaning processes. The equipment is usually comprised of a boiling sump,
cooling coils, and a clean rinse stage with ultrasonic generators. These
,units were often fitted with mechanical handllng equipment and installed at
the incoming location adjacent to clean areas so that parts, sub-assemblies,
and propriétary components could be cleaned and rapidly sealed in bags prior
to transfer to the clean room assembly area. Within clean room assembly
areas, smaller CFC-113 and 1,1,l-trichloroethane vapour degreasers with
ultrasonic generators were often installed close to inspection and assembly
areas so that local batch cleaning could be performed.

Bench-top ultrasonic cleaners are used in clean rooms and are often
installed within laminar flow boxes. These ultrasonic units are cold cleaners
in which water is used as the energy coupling medium. Clean glassware
containing a. small volume of CFC-113, 1,1,1 trichloroethane, or other
nonflammable solvent is placed in the water ‘such that ultrasonic energy can
agitate ‘and clean the individual components when they are placed in the '
solvent. This type of cleaning has a high loss to evaporation;. 100 percent of
the evaporated solvent is lost to the atmosphere because there are no cooling
coils or other forms of vapour containment or collection. Often this
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technique is combined with particle counting in which all of the solvent is
microfiltered after cleaning so that the contaminant particles may be counted
under a microscope.

Gyroscope flushing tools are dedicated systems designed specifically for
a particular gyroscope. Coupling fixtures attach these tools to the gyroscope
shell. Clean.CFC-113 is forced through the gyroscope via ultra-filters under
pressure in an open-ended process to remove flotation fluid during rework or
to clean an assembly before filling it with oil.

Hydraulic system flush and spray booths are similar to gyroscope
flushing tools but are larger. The flush mechanism pumps CFC-113 through the
hydraulic systems to remove hydraulic fluid.. These cleaning machines often
have hand-held spray cleaners for manual cleaning of valve seats. Many are
100 percent evaporative systems in which the solvent evaporates and is removed
from the work areas by extraction fans. Similar techniques are used in the
refrigeration industry to flush out systems before filling.

3.2.2 Precision Cleaning Applications

1

Precision cleaning is discussed in this report in terms of the following
engineering applications: cleaning precision instruments during
manufacturing, testing or assembly; cleaning during specialised manufacturing
techniques; and maintenance and repair cleaning. :

3.2.2.1 Cleaning Precision Instruments Durlng Manufacture Assembly,
and Testing '

Precision cleaning is used to remove contaminants from delicate and
complex instruments such as computer disk drives, inertial guidance systems
(gyroscopes), hydraulic control systems, optical components, and micro-
switches. Traditionally, CFC-113 has been effectlve in precision cleaning the
following delicate instruments. '

Disk Drives. Disk drives are magnetic. storage devices that store
information in computer systems. Disk drives have a very small tolerance for
contamination during assembly. Normally, the record/read head is spaced from
0.813 to 1.143 microns above the recording media surface of the disk
substrate. To place this distance in perspective, smoke particles typically
are on the order of 6.3 microns in diameter. Contaminants must be controlled
at the submicrometer level for the drives to work effectively (Felty 1991).
Possible cleaning alternatives for disk drives include ultrapure water, semi-
aqueous processes, and organic solvents. '

Gyroscopes. Precision cleaning is used to clean the mechanical
components of inertial systems, including gyroscopes and accelerometers.?
Parts are repeatedly cleaned at all stages of component assembly to remove
handling contamination and particulate material. Repeated cleaning is

2 Inertial guidance systems or gyroscopes. include rate gyroscopes,
displacement gyroscopes, and rate-integrating gyroscopes. Displacement
gyroscopes typically are used in autopilots. -Rate-integrating gyroscopes are
used in precise inertial navigation systems in missiles, satellite controls,
commercial aircraft, and underwater systems.
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important in gyroscope gimbal assemblies because suspension bearings
lubricated with solid film are sensitive to solid particulate contamination.
Cleanliness helps to assure torque values of a few microgram (mg) centimetres.
To reduce precessional drift, components have often been cleaned in small )
ultrasonic cleaners using CFC-113.

In rate-integrating gyroscopes, the flotation fluid surrounding the
inner gimbal is a poly (trifluorochloro) ethylene. When the viscosity of the
fluid must be changed, secondary fluoropolymers are added. Typically this
fluid is poly (1,1-difluoro)ethene. Other fluorinated, high density
materials, such as perfluorotrialkylamines, are also used in the assembly and
 testing stages. A related advantage of CFC-113 is its solubility of these
high density polychlororofluoroethylene and polychlorobromoethylene compounds .
These compounds are not soluble in common solvents

Although the floated gyroscope' technology is being superseded by. Solld
state, optical systems, commercial and military gyroscope equipment will
remain in service for many years. Because these gyroscopes need to be
serviced and maintained, there is a long-term requirement for compatible
solvents for manufacturlng spare sensors and gyroscopes and for cleaning
existing units. !

Possible cleaning alternatives for gyroscopes include nonozone-depleting
chlorinated solvents, organic solvents, hydrofluorocarbons (HFCs),
hydrochlorofluorocarbons (HCFCs), aqueous processes, supercritical fluids, and
perfluorocarbons (PFCs). »

Hydraulic Control Systems. Hydraulic military vehicle control systems
have control valves with extremely small diameter bores as well as parts such
as O-ring seals and gaskets made of elastomers. These systems are flushed to
remove the working fluid and to remove all particulate contamination during
assembly, after functional testing, and during field maintenance. CFC-113 has
traditionally been the solvent of choice because of its chemical stability and
noncorrosive properties. Smaller tactical weapon systems often use a gas
control system in which a source of high pressure gas, either chemically
generated (e.g., extruded double-based propellent) or a "cold"” compressed gas
such as nitrogen at 3.56 x 107 N/M?, controls the actuator systems' valves.

Gas controls require extreme cleanliness as they are sensitive to particulate
contamination. Gas control systems are pressure tested, and water often is
used as the test fluid. Many hot gas control units have long blind holes from’
which it is difficult to remove water by oven evaporation. Water-displacing
mixtures based on CFC-113 effectively dry these systems.

Possible alternatives for hydraulic control system cleanlng include
alcohols, supercr1t1cal fluids, and gas plasma

Optical Components. CFC-113 solvent and alcohol azeotrope or surfactant
solvents along with 1,1,1-trichloroethane are widely used in cleaning and
fixturing processes during grinding and polishing operations and prior to
applying vapour deposition coatings in optics fabrication. The surface -
cleanliness of glass and metal optical elements are critical to ensure v
adequate adhesion of optical coatings and freedom of movement in low torque
pivats with small clearances.
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Solvent cleaning has been an integral part of the manufacturing cycle
for optical components. Solvents used included 1,1,1-trichloroethane,
trichloroethylene, CFC-113, CFC-113 with the azeotropes of methylene chloride,
acetone, methanol, ethanol and CFC-113 dispersions with water and surfactants
‘as well as individual solvents as methylene chloride,. acetone and methyl,
ethyl, and isopropyl alcohols. Historically solvents have been the preferred
method due to their speed of soil removal, known material compatibility, lack
of residual contamination, ease of use, and low cost. Regulatory changes in
purchase and disposal of these materlals ‘is dlctatlng a change to alternative
cleaning techniques. These changes will not be without their associated
problems. '

Typical part holding (blocking) techniques are used during precision
optical grinding and polishing operations utilizing rosin and paraffin-based
waxes, pitches, and some cyanocacrylate adhesives. In particular, the waxes
- and pitches are used for their ability to conform and hold to a variety of
irregular shapes and surface textures. The blocking technique involves
heating the part and tooling, applying a layer of wax to the tool surface,
installing the part, and then allowing the tool to cool before subsequent
processing. The waxes and pitches are also nonreactive with water-based
coolants and slurries used during the grinding and polishing of optical
elements. Cyanoacrylate adhesives are used during a limited number of
operations where precision tolerances_are required, but are limited by their
ability to withstand the dynamic loading and shocks encountered during some of
the manufacturing procedures.

After processing, part removal is similar to the blocking technique.
The tool is heated, the blocking wax or pitch softens or melts, the part is
removed and both part and tool are cleaned. The use of a solvent vapour
degreaser allows streamllnlng of the cleaning sequence since all operations
can be performed in a single machine. - When the parts/tools are removed from
the degreasing operation, they are clean and ready for additional processing
steps such as vapour deposition of specialized coatings.

The use of cyanoacrylates as blocking agents requires some form of
solvent cleaning to. remove all residues prior to additional processing. Much
of this cleaning is performed in soak hoods where the contaminated optical
element is immersed in solvent or where direct manual cleaning is employed
using acetone. Other processing techniques that are dependent on the use of
solvent cleaning are the application of protective coatings used during
fabrication operations to protect finished surfaces. The current selection of
coatings used are solvent based and are resistant to water, again a
requirement due to the use of water-based coolant and processing fluids.

Some water-based cleaning is currently in use for rough cleaning
operations prior to final, fine cleaning operations. Problems have been noted
with residues left after using water-based cleaners prior to vapour deposition
thin film coating operations. The negative impact of these residues on the
adhesive strength of thin film coatings deposited after such operations has
prevented their use in final, fine, or finish cleaning procedures. The
reduced adhesion and increased propensity for peeling of the coating is
particularly noticeable when completed optical elements are exposed to
elevated temperature and humidity condltlons :

* 1994 UNEP SOLVENTS, COATINGS, AND ADHESIVES REPORT *
3-8



Water-based cleaners.also suffer from material compatibility problems.
There are well over 100 types of visible glass and infrared materials
" (germanium metal, etc.) used in precision optical elements. The need for
precise process control, minimization of staining on optics, '‘difficulties with
-rinsing and drying (formerly used chlorofluorocarbons (CFCs)), and equipment
reliability problems associated with utilization of aqueous cleaners have
forced manufacturing in many instances to return to manual final
cleaning/drying operations utilizing ‘acetone and alcohol solvents to replace
CFCs. : '

The change from solvent cleaning to alternative methods will require
significant process changes in the future to completely remove CFCs and 1,1,1-
trichloroethane from the precision optics manufacturing process. Blocking
materials, protective coatings, and techniques for final cleaning before
coating will require change. Material compatibility, cleanliness, and process
stability will be critical considerations for any replacement cleaning
solvent. . , : : :

HCFCs may provide an alternative for final cleaning operations after wax
and other blocking and grinding/polishing residues have been removed. Testing
(Schaefer and Scott 1991) has indicated that the three-carbon HCFC-225 solvent
is equivalent to CFC-113 in its ability to provide final cleaning before and
after vapour deposition coating operations without introducing stains due to
solvent evaporation. Cleaning equipment used for CFC-113 can also be used for
HCFC-225 because the boiling point is slightly. higher than’CFC-113. It is
important to operate the equipment, however, with a recovery system to
minimize solvent emissions (Yamabe 1991).3 Newly designed, closed-type
equipment is also available to reduce solvent emissions. Initial testing has
.shown the HCFC-225 to exhibit very poor solubility with the typical blocking
waxes and pitches used in the optics manufacturing operation; solvent blends
and new soluble blocking ‘materials are being developed to overcome this
‘difficulty. In order to use HCFCs throughout the fabrication cycle, new
‘compatible (soluble)'blocking materials will have,to be developed.

Recently, manufacturers of glass-based optical elements have shifted
away from CFC-113 cleaning solvents. The use of chemically inert CFC-113
solvents is critical for metal-based optical elements such as highly polished
or diamond turned (machined) aluminum reflective elements. The highly
sensitive metal surfaces are extremely reactive in a fresh, nonoxidised state,
and cleaning with substitute chlorinated solvents would detrimentally affect
the metal. HCFC-225 has also been evaluated as.replacement for CFC-113 (in
part due to similar boiling points) in this operation and found to be
compatible with the freshly machined surface and capable pf final cleaning of
such surfaces without generating stains during solvent flash-off.

Other alternatives, known as hydrofluorocarbons (HFCs) and
perfluorocarbons (PFCs), have been developed for use in the precision cleaning
of optics as well. PFCs are currently commercially available, and HFCs are
expected to be available commercially in the next one to two years. Both HFCs
and PFCs exhibit low reactivity, vapour pressures similar to that of CF(C-113,
and relative nonflammability. PFCs. have been used for many years as

t

3 HCFG-225ca and cb ha&e been registered in EINECS, Toxic Subsfances
Control Act (USA) and in Japan. '
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insulating and drying fluids, although the use of PFCs in emissive : ‘
applications such as solvent cleaning is limited. Both HFCs and PFCs, which
do not contribute to stratospheric ozone depletion or to the formation of
tropospheric ozone (smog), have been identified as global warming compounds.
PFCs are more potent global warmers than HFCs because their atmospheric
‘lifetimes are significantly. longer than those for HFCs. Newly designed
equipment is available to aid potential users of either PFCs or HFCs. . The new
equipmeﬁt is vapour-tight and usually includes options for solvent filtration
and recycling within the unit.

Gas plasma cleaning has become more popular in the mid-1990's for
general precision cleaning of organic contaminants based on the use of the
technology developed in the electronics industry in the 1980's. Gas plasma
cleaning requires the use of oxygen, carbon tetrafluoride/oxygen, or other
gases, to remove trace amounts of organic material. The gas plasma is created
when normal gases are excited above their normal energy levels. The
excitation of the gases results in the creation of excited oxygen molecules,
which then react and oxidize organic molecules to form carbon dioxide and
water vapour. Gas plasma cleaning will damage all amorphous carbon-based
materials and therefore .should not be used with components containing
.plastics. This type of cleaning finds its way into all of the cracks and
crevices of a particular component and is ultimately removed by creating a
vacuum on the cleaning chamber. Waste disposal is generally not a concern
with gas plasma cleaning as the waste components are only the small amounts of
contamination or dirt collected in the gas plasma air filter.

Pressurised CFC-113 is also used for cleaning dust and particles from
high definition cathode ray tube shadow works and electron guns. CFC-113
solvent is very efficient as the high specific gravity -allows nonmetalllc
particles to be floated off precision parts (Nemoto 1989).

In the past, CFC 113 was used in many drying operatlons to prevent
streaking and water spot deposition on pre- and post- coated optical element
surfaces. Many of these applications, however, have been replaced with high
vapour pressure organic solvents. In such applications, since these materials
are considered volatile organic compounds (VOCs), vapour retention is critical
to prevent the emission of solvent vapours to the atmosphere.

Possible alternatives for optical component cleaning include
supercritical fluids, high-pu;ity alcohols, HCFCs, and PFCs.

Electrical Contacts. Micro-switches used for critical switching
functions require extremely clean contacting surfaces. CFC-113 often is used
to clean these surfaces. The switches also can be cleaned using CFC-113 after
assembly to remove particles or oily material deposited during assembly.

Most electrical contacts in connectors, slip~rings, potentiometers,
microswitches, and relays have precious metal contacts such as gold, gold
alloys, and platinum metals.- Precious metal contacts are used in the defence
industry where "single shot" devices require a long storage life (up to 15
years) and must operate with greater than 99 percent reliability. High
surface contact resistance is a problem as many of these devices are closed
"c61d" (i.e., without an applied voltage) because of safety requirements. In
the past these specifications were met by CFC-113 cleaning. CFC-113 also was
used to clean sliding contacts such as slip rlngs and potentiometers.
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P0551b1e alternatives for electrlcal contact cleaning include
supercritical fluids, gas plasma, HCFCs, high purity organics, and nonozone-
depleting chlorlnated solvents. - :

Medical Equipment Applications. The small blind holes increasingly
found on complex surgical-equipment have made it difficult to remove the water \
from this equipment.® A majority of surgical instruments were first dried
using CFC-113 water-displacing materials and then were sterilised.
Orthopaedic prostheses such as hip. joints and knee joints are cleaned and
dried using a similar process. CFC-113 was also used to clean pipe-runs,
" bedside control systems, and main control panel equlpment after 1nstallat10n
and during maintenance cleaning of hospital plped oxygen systems., HCFCs and
PFCs can now be used to clean and sterilize these systems. The high
volatility and nonflammability of CFC-113, HCFCs, and PFCs allows the flushing
solvent to be blown through the oxygen system without risk of explosion.
Vacuum drying can be used to’ eliminate any risks of leaving trace amounts of
solvent. The chemical stability of CFC-113, HCFCs, and PFCs and the absence
of stabiliser chemicals helps ensure that organic contaminants can be removed

from the metal parts of the oxygen systems without risk of corrosion.
i : o '

-

Possible alternatives for the'cleaning of medical equipmentbinclude
supercritical fluids, gas plasma, high- purlty alcohols HCFCs, PFCs, organic
solvents, and vacuum drylng

Plastic Assemblies. CFC-113 was used to remove mould release agents
from a variety of plastic mouldings such as ABS electronic cabinet mouldings,
domestic white goods accessories, medical parts, syringes, spoons, bottles,
and sample vials. Thé advantage of using CFC-113 in this application is that
‘there is no risk of surface attack or "crazing," which could occur if other
solvents are used without considering material compatibility issues.

Possible alternatives in this applications include nonozone-depleting.
chlorinated solvents and organic solvents where compatible.

3.2.2.2 Specialised Manufacturing Techniques

Precision cleaning also is a component of specialised manufacturing
techniques such as auto-rivetting of commercial aircraft wings and precision
application of special lubricants. .These options are also discussed in
further detail in Chaptef'9: Other Uses of CFC-113 and 1,1,1-trichloroethane.

Auto-Rivetting. Commercial aircraft wings often are used as fuel tanks.

These wings, therefore, must be of minimum weight and maximum strength, have a
long corrosion-free life, and be fuel tight. . Auto-rivetting is used to meet
these requirements.® Traditionally, major aircraft companies have used CFC-

113 for auto-rivetting because the stock being drilled for commercial aircraft

4 In the past, surgical 1nstruments were drled after washlng and then
sterilized ln hot air ovens. ‘

5> In this process, the wing skins are clambed to the stringers, a double
_counter sunk hole is drilled through both components, and an appropriate rivet
slug-is placed into the bore and the head machined flush with the outer wing
surface.
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wings is much thicker than that on the wings of fighter aircraft. A
proprietary CFC-113 solvent blend is sprayed on the drill tool during cutting
and on the rivet slug as it is placed into the bore. Although the rivet slug
is anodised, the freshly drilled bore surface is not protected.. The solvent
spray protects the assembly as it is formed and frees the joint of entrapped
moisture or acidic components that might encourage corrosion. The solvent
rapidly evaporates and helps cool the form.

A possible alternatlve for this appllcatlon is the use of r1vets with
dry film lubricants.

Application of Special Iubricants. The surface of miniature precision
bearings is coated with a thin oil film. To ensure that the film remains
stable over many years of storage life, a lubricant such as a CFGC-113 solvent
solution is sometimes applied to the bearings. The low surface tension of
CFC-113 solvent allows the solution to "wet" the bearing almost instantly.
The rapid solvent evaporation leaves a film of oil on the bearing surface.
Perfluoroether and cyclopentane-based lubricants, which are used in some space-
applications due to their extremely low vapour pressure and flat temperature-

“viscosity curve, use CFC-113 as a’carrier for thin film application and to
clean bearings as these lubrlcants are only soluble in a select few organic
solvents.

3.2.2.3 Maintenance Cleaﬁing and Repair

Maintenance precision cleaning applications include avionics equipment,
glove boxes in the nuclear industry, electronic sensors associated with
offshore oil rigs such as remote cameras and well loggers, and reticles used:
‘to manufacture semiconductors.

In the past, 1arge commercial airline workshops used large amounts of
CFC-113 solvents to clean avionics equipment.® In the nuclear power
industry, pieces of ancillary equipment that become contaminated with
. radioactive dusts are removed in glove boxes using remote handling systems.

With continued use, the boxeés themselves become contaminated. Glove boxes can
be decontaminated by spraying with CFC-113 to remove radioactive dusts. The
low surface tension and high volatility of CFC-113 provide good wetting and
_penetration for particle removal. The low flammablllty and low toxicity of
CFC-113 were the main reasons for using CFC-113 on offshore oil rigs where
CFC-113 was used to clean sensors such as remote cameras, drill head attitude
indicators, and well loggers. Pressurised CFC-113 was used for cleaning dust
and particles from reticles used during the manufacture of semiconductors.
The reticle is a patterned glass plate through which light is directed on
wafers to create circuitry. CFC-113 solvent is very efficient as the high
specific gravity allows nonmetallic particles to be floated off retlcles
(Nemoto 1989). .

- 6 Larger aircraft components are cleaned u51ng other chlorinated solvents
such as trlchloroetbylene and perchloroethylene in vapour degreasers and
1,1,1-trichloroethane in cold cleaning and vapour degreasing.
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3.3  ALTERNATIVES FOR REDUCING OR REPLACING CFC-113 AND 1,1,1-TRICHLOROETHANE
‘ "IN PRECISION CLEANING

CFC-113 and 1,1,1-trichloroethane have evolved as the preferred solvent
cleaning method in precision cleaning because of their chemical inertness,; low
toxicity, nonflammability, low surface tension, and low water solubility.
However, to eliminate CFC-113 and 1,1,1-trichloroethane use, a number of
companies have tested and implemented alternative cleaning methods. Possible
alternatives include solvent and nonsolveit options. Solvent options include
other organic solvents (such as alcohols and aliphatic hydrocarbons),
perfluorocarbons, HCFCs and their blends, and aqueous and semi-aqueous
cleaners. Nonsolvent options include supercritical fluid cleaning, UV/Ozone
cleaning, pressurized gases, and plasma cleaning. Solvent use may also be
reduced by controlled planning of repetitive or multiple cleanlng operatlons
These alternatives are discussed later in this chapter '

Generally, the selection of the most appropriate alternative to either
CFC-113 or 1,1,1 trichloroethane should be made based on a number of factors,
including technical feasibility, environmental,,health, and safety impacts,
and cost. Technical feasibility can be predicted by the use of solubility
parameter technology, such as Hildebrand parameters. This process is very
simple and has proven to be accurate in many cases. The basic process
‘requires the identification of the solute, or contamination, that is to be
removed from a particular surface. Next, “the solubility parameter of the
- solute is determined and matched to the solubility parameters of hundreds of
common industrial solvents. ‘Several common solvents are selected and the
properties of each should be closely reviewed. Finally, one or two solvents
can be selected for testing on actual hardware. This is a scientific process
on how best to narrow the selection of alternative solvents. For more
information on this process, consult "Handbook of Solubility Parameters and
Other Cohesion Parameters", Allan F.M. Barton, CRC Press.

3.3.1 Conservation and Recovery Practices

Solvent losses are often large in conventional or poorly maintained
plants. In a poorly maintained plant, 20 percent or less of .the purchased
solvent is generally recovered.

‘Depending on what measures have already been adopted at a plant,
applications of the guidelines summarized in Appendix C. can enable total
emissions to be reduced by up to 90 percent. Solvent losses can be reduced
from 2-5 kg/h-m? of bath area with conventional practice to 0.2 - 0.5 kg/h-m?
of bath area. -For certain alcohel .and partially aqueous systéms, the overa114
base rate of annual loss is around 0.03 - 0.05 kg/h-m? of bath area.

The recommendations summarized in Appendix C can be implemented to
reduce solvent use in cold. cleaning, vapour degreasing, and continuous in- line

cleaning.

3.3.2 Aqueous Cleaning

Aqueous cleaners use water as the ﬁrimary solvent. Synthetic detergents
and surfactants are combined with special additives such as builders, pH
"buffers, inhibitors, éaponifiers, emulsifiers, deflocculants, -complexing
agents, antifoaming agents, and others. They provide multiple options in
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formulation blending, such as the use of corrosion inhibitors and pH buffers.
- Table III-1 summarizes the advantages and disadvantages of aqueous cleaning.

The key stages of an aqueous cleaning process are washing, rinsing,
drying, water treatment, and waste recycling/disposal. Although each of these
steps in Figure III-3 is an important and integral part of the aqueous
cleaning system, rinsing and drying may not be necessary in all circumstances
and wastewater disposal may also be integrated into the other steps by
recycling bath contents and the overall water use.

Process Equipment

Aqueous cleaning equipment can be characterized as:
] In-line equipment used for high throughput cleaning requirements

] Batch equipment used for low throughput such as for maintenance
' applications or smaller production processes. The in-line and
batch equipment can be further subdivided into immersion, spray,
and ultrasonic type equipment. Table III-2 summarizes the
advantages and disadvantages of each of these three types of
equipment. ) '
Product design can have a significant influence on cleanability. Choice
of materials and configuration should be reviewed if possible for
opportunities to make changes that can have a major influence on the success
of aqueous cleaning. Care should be exerciséd to prevent trapping cleaning
fluid in holes and capillary spaces. Low surface tension cleaning solvent
might penetrate spaces and not be easily displaced by the -higher surface
tension pure water rinse. Penetration into small spaces is a function of
surface tension, viscosity, and capillary forces.

Water-based cleaning is a more complex process than CFC-113 and 1,1,1-
trichloroethane cleaning. Good engineering and process control are much more
critical to prevent problems. Useful parameters for process control include
bath temperatures, pH, agitation, rinse water quality, and cleaning bath
quality.

Drying presents one of the major challenges to aqueous cleaning for
complex parts and may require considerable engineering and experimentation.
However, there are some aqueous cleaning systems in operation today in
precision cleaning applications that produce spot-free drying. There have
been significant changes in the area of spot-free drying over the last several
* years, and there are commercially available systems that will spot-free dry
almost any component. '

- Aqueous cleaning requires careful consideration of drying.
Thermodynamic or evaporative removal of bulk water is usually not practical
from the perspective of an energy or process time. Mechanical removal of the
water (90 percent or more) can be accomplished in some cases using compact
turbine blowers with filtered output. Design options include variation of .
pressure, angle, velocity, and volume. Other sources of air include dedicated
- compressors or plant air, but care must be taken to remove oil, particles, and
. moisture to the level desired. Economics and noise reduction are other
considerations in using such options. (Depending on the equipment and plant,

)
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'ADVANTAGES

Aqueous cleaning has several advantages over organic
solvent cleaning.

e Safety -- Aqueous systems have few problems with
worker safety compared to many solvents. They
are not flammable or explosive. Toxicity is low for
most formulations, requiring only simple
precautions in handling any chemical. It is
important, however, to consult the materia! safety
data sheets for information on health, safety, and
environment regulation.

. Cleaning -- Aqueous systems can be readily
designed to clean particles and films better than
solvents. '

»  Multiple Process Options -- Aqueous systems have
multiple process options in process design
formulation and concentration. This enables
aqueous processes to provide superior cleaning for
a wider variety of contamination.

. lnorggnié or Polar Sails -- Aqueous cleaning is
particularly good for cleaning inorganic or polar
materials. For environmental and other reasons,
many machine shops are using or converting to
water-based lubricants and coolants versus oil-
based. These are ideally suited to aqueous
chemistry.

«  Qil and Grease Removal -- Organic films, oils,
and greases can be removed very effectively by
aqueous chemistry. .

+  Multiple Cleaning Mechanism -- Aqueous cleaning .

functions by several mechanisms rather than just
one (solvency). including saponification (chemical
reaction), displacement, emulsification, dispersion,
and others. Particles are effectively removed by
surface activity coupled with the application-of
energy.

. UNtrasonics Applicability -- Ultrasonics are much
more effective in water-based solvents than in
CF(-113 solvents.

. Chemical Cost -- Low consumption and
inexpensive.

Table ilI-1

AQUEOUS CLEANING

DISADVANTAGES

Depending upon the specific cleaning application, however,
there are also some disadvantages. :

* Cleaning Difficulty -- Parts with blind holes and small
crevices may be diffitult to clean and may require
addition of a vacuum dryer. ’

« Process Control -- Aqueous processes require careful
engineering and control.

+ Rinsing -- Some aqueous cleaner residues can be
difficult to rinse from surfaces. Nonionic surfactants
are especially difficult to rinse. Trace residues may not
be appropriate for some applications and materials.
Special precautions should be applied for parts
requiring subsequent vacuum deposition, liquid oxygen
contact, etc. Rinsing can be improved using deionized
water or alcohol rinse.

«  Floor Space -- In most instances, aqueous cleaning will
require more floor space.. .

¢ Drying -- For certain part geometries with crevices and
blind holes, drying may be difficult to accomplish. An
additional drying section may be required.

» Material Compatibility -~ Corrosion of ‘metals or
delayed environmental stress cracking of certain
polymers may occur.

«  Water - In some applications high purity water is
needed. Depending on purity and volume, high purity
water can be expensive.

« Energy Consumptilon -- Energy consumption may be

" higher than solvent cleaning in applications that require
heated rinse and drying stages.

« Wastewater Disposal -- In most instances use of
aqueous cleaning will require wastewater treatment
prior to discharge.

« Water Recycling -- Wastewater may be recycled. Cost
of equipment and maintenance can be moderately
expensive.

Source: Adapted from ICOLP.
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Solution
Recirculation:
Filtering, Skimming

Source: EPA 1989%a

Figure I1I-3

CONI"-'IGURATION OF A TYPICAL AQUEOUS
CLEANING PROCESS

Parts from
Manutacturing
Process
Wash
Stage:
Heatad Detergent
Solution: Spray,
immersion
Ulrasonics, etc.

Rinse

Stage:

Water:
Spray, Immersion

* Periodic Removal
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Table I11-2

AQUEOUS CLEANING PROCESS EQUIPMENT

IMMERSION WITH

- IMMERSION
ULTRASONIC WITH MECHANICAL
AGITATION AGITATION SPRAY WASHER
ADVANTAGES

Highest level of
cleaning; cleans complex
parts/configurations
-Can be automated

Parts can be welded

Usable with parts on
trays

Low maintenance

Usable with parts on
trays

Will flush out chips
Simple to operate

Cleans complex parts
and configurations

Might use existing
vapour degreasing
equipment with simple
engineering changes

High level of cleanliness

Inexpensive

~ Will flush out chips

Simple t() operate
High volume
Portable

Short lead time

DISADVANTAGES

Highest cost .

Requires rinse water for
some applications

Requires new basket
design '

Long lead time

Cannot handle heavy
oils

Limits part size and tank
volumes

Separate dryer may be
required -

Requires rinse water for

some applications
Harder to automate
Requires proper part
orientation and/or

changes while in solution

Separate 'dfycr may be
required '

Requires rinse water for
some applications to
prevent film residues

' Not effective in cleaning

complex parts

Separate dryer may be
required T
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humidity and air-conditioning control as well as associated economics may be
an issue.) Centrifugal drying is another useful option for the mechanical
removal of water from complex, robust parts. Evaporative drying following
mechanical removal can be accomplished using infrared, -clean dry air-heated or
ambient temperature, or vacuum-heated drying. Dryers can be designed in-line
or batch. Drying design should always be confirmed with experimentation.

A very effective means of completely removing water from, or drying,
objects with either simple or complex geometries is the use of a vacuum oven.
The amount of vacuum and the temperature together with the length of time an
object is left within the vacuum oven are variables. They should be matched
to the complexity of the object and the nature of its construction (Baxter
1991).

Wastewater minimization and treatment is an important consideration and
is discussed in detail later in this report. :

Successful cleaning of both disk-drive parts and gyroscope components
using aqueous detergent processes has been reported. One major company has
switched from a CFC-113 disk drying process to a hot water/air drying system
for some applications (Wolf 1988). Aqueous ultrasonic cleaning also has been
successfully used to clean inertial guidance and navigation systems and
components that are used in some missiles and aircraft in the U.S. Department
of Defense inventory (Patterson 1989).

Alternatives to CFC-113 cleaning of inertial systems, gyroscopes,
accelerometers, and related gaskets, bearings, and housings include
biodegradable aqueous-based systems and nonchlorinated/halogenated
hydrocarbons such as alcohoéls, ketones (acetone), hydrocarbon/surfactant
blends, and petroleum distillates. The alternatives may be a combination of
systems using ultrasonics, high pressure sprays, surfactants, and ancillary
equipment. The following contaminants have been successfully removed using
aqueous detergents and ultrasonics:

o A& highly fluorinated, long chain polymer lubricant
Polychlorotrifluoroethylene, a viscous heat transfer
fluid with ‘a low coefficient of expansion

Long chain hydrocarbon oils/grease

Finger prints

Inorganic particulate matter

Rust and other oxides

Some carbonaceous char.

The cleaning equipment used was a self-contained system that cleans
with detergents and water in a cylindrical cleaning tank agitated by
ultrasonics. This aqueous system not only has offset use of CFC-113 and
1,1,1-trichloroethane, but has reduced process time as well. For example,
while manual cleaning of gimbal rings takes approximately 15 minutes per ring,
an aqueous ultrasonic system can clean 24 rings in 25 minutes.

The cleaner provided better cleaning results than those achieved with a
solvent-based system. The self-contained system is a promising spray booth
media for cleaning parts which cannot be subjected to ultrasonics and also for
bench use where spot cleaning is done as part of thé repair process. '
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Nuclear decontamination may be effectlvely achieved by an aqueous- -based
system and high pressure sand blasting. Also, Al,03 and/or glass beads of.
0.1 mm have been used successfully. In this process, the water evaporates and
the residue is cast for disposal (Arvensen 1989).

3.3.3 Semi-Aqueous Cleaning !

\

Hydrocarbon/surfactant cleaners, one type of emulsion cleaner that can
substitute for CFC-113 and 1,1,1-trichloroethane in precision cleaning
applications, have been 1ncluded in a number of different cleaners formulated
_for different purposes. Hydrocarbon/surfactants are used in cleaning
processes in two ways: They are either emulsified in water solutions and
applied in a manner similar to- standard aqueous cleaners or they are applied
in concentrated form and then rinsed with water. Because both methods use
water in the cleaning process, the hydrocarbon/surfactant process is commonly
known as a semi-aqueous process.’

'

7 Under certain circumstances, it may be possible to modify an existing single or muiti-stage vapour,
degreaser for use with an alternative solvent. For alterpative cold dip cleaners such as hydrocarbons, the
vapour degreaser will be used primarily as a containment vessel and the ancillary features such as heaters,
etc., are not required. It may also be possible to adapt a multi-stage degreaser for use with the neuwly
emerging semi-aqueous cleaning processes. The details of the conversion procedure will depend on the type
of process being .considered but the following guidelines illustrate the principles.

A. Semi -Aqueous’ Processes

Halogenated solvent degreasers are usually fltted Wwith heaters, some form of condensing coils water
cooled or refrigerated, safety cut-out devices and in some cases, ultrasonlc agitation and/or pumplng and
spraylng equlpment.

: As halogenated solvents are non-flammable, the equipment designed for their use will have electrical

equipment that will not be certified for use in flammable areas.” The semi-agueous processes use flammable
fluids. Though the fluids are normally used below the flash point, consideration should be given to a
situation where the flash point may be exceeded. In this situation, equipment may have to be modified so
that it shuts down in a safe controlled manner. :

" Process. Semi-aqueous processes consist of one or two immersion stages in the proprietary
hydrocarbon formulation followed by rinsing in one or two stages of water. Drying is usually required.

The degreaser should have sufficient compartments to accommodate the chosen semi-aqueous process
commensurate with the level of cleanliness required.

Cleaning Stage. The proprietary semi-aqueous cleaner is contained in the first stage(s). Should
heating be required then it will need to be determined whether there is sufficient heat input with the
existing heating arrangements. Temperatures of 30-50°C are typical, however terpene-based solutions can be’
used unheated. It may be necessary to include some form of cooling in the event that 1ntroduced parts are
warm or. to counteract excessive heat input from pumps, ultrason1cs, etc . .

A control system will need to be instalied to control the temperature to 20°C below the flash point
of the semi-aqueous material. The existing safety cut-out may form part of this system. In addition, a
back up system should be fitted which woultd shut the system down and sound an alarm should the temperature
reach 10°C below the flash point of the cleaner.

_ Rinse Stage. Water can be circulated or agitated with ultrasonics in the remaining stages of the
cleaning equipment. It may be necessary to heat the water using the existing heaters to achieve good
rinsing and to assist in dry off.  There may be significant drag out of the wash liquid into the rinse
stages. . Water may be re-circulated or passed to drain depending on the process requirements. If the water
is to be re-circulated, then appropriate ion exchange or membrane technology may need to be. installed to
keep the water clean. Similarly, this may be required prior to disposal.

The advice of both the manufacturer of the semi-aqueous cleaning fluid and the degreasing equipment
should be sought before attempting such a conversion (Johnson 1991).

'AB. Alcohol Process

Conveksion'of’standard halogenated solvent degreasing equipment for use with alcohols iherted with
perfluorocarbons is not practicable (Johnson 1991). However, some companies have successfully modified
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The benefits of semi-aqueous cleaning processes include the following:

° Good cleanlng ab111ty (especially for heavy grease tar, waxes,
and hard to remove soils)

[ ] Compatibility with most metals and plastics ~

® - Suppressed vapour pressure (especially if used in emulsified form)

L Nonalkalinity of process prevents etching of metals, thus helping
to keep metals out of wastestreams

° Reduced evaporative loss

. Potential decrease in solvent consumption which may lower overall
cost - :

L Ability of some formulas to decant easily from water.

o Lower water consumption as compared to aqueous cleaning

The drawbacks include:

. Recycllng or disposal cost of wastewater could make the process
less economically viable
o Flammability concerns if concentrated cleaner is used in spray

cleaners; however, the flammab111ty issue can be solved with
improved equipment design

] Objectionable odours with some cleaners such as terpenes

® VOCs make up some cleaners

L] Drying equipment will be required in most applications

L] Gelling of some cleaners at low water solutions

o Difficulty in reducing surfactants used in cleaners

o Toxicity considerations not yet established

® Auto-oxidization of some cleaners. For example, d-limonene (a
type of terpene) can auto-oxidize. The terpene suffers auto-
oxidation naturally from contact with air. This can in some
instances be reduced using a