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EXECUTIVE SUMMARY

This report summarizes research activity undertaken for the Aerospace Guidance and
Metrology Center (AGMC) at Newark Air Force Base, Ohio in support of their goal of
finding methods, materials, and technologies that will permit them to perform their
maintenance mission with greatly reduced utilization of solvents that are hazardous to
workers and the environment. The maintenance of guidance system components often entails
removal of organic adhesives and low residue cleaning of high value precision metal parts in
the disassembly, repair, and preparation for reassembly stages. In the past, strong solvents
that may be toxic, carcinogenic, or detrimental to the environment have been used effectively
for this purpose.

The objective of the research conducted under this program was to assess the possibie
role of advanced technology cleaning methods (such as laser and plasma cleaning) in
maintenance of high-precision guidance system components and to provide preliminary
experimental data to support this assessment. The research included identification of
candidate cleaning tasks, assessment of the advanced cleaning technology base, and
experimental demonstration of laser cleaning approaches.

Plasma cféaning was found to be fairly weli-developed as a technology, but of limited
usefulness in mest of AGMC’s cleaning tasks because of the extremely slow material
removal rates. It might be used for large area adhesive bond preparation if only a thin
contaminant film is present.

Most of the research was devoted to demonstrating laser cleaning techniques that would

be widely applicable and have high leverage in hazardous solvent use reduction at AGMC.
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epoxy layers and patches up to several hundred micrometers thick bonded to metal
substrates. The method is quick and efficient, uses no liquids, can be precisely applied to a
specific area, and generates no effluent vapor. For long laser pulses (1.06 um, 1 ms), the
surface temperature of the metal rises to no more than about 200 C for a brief instant. A

differential thermal expansion mechanism is believed responsible for the debonding effect.



Laser removal of particulate contaminants for final assembly cleaning was also
investigated. In this method, a transient liquid film consisting of a water/alcohol mixture is
deposited on the surface prior to laser exposure (1.06 um, 10 ns). Micron and submicron
size particles are blown off of the surface by explosive vaporization of the liquid via heat
conducted from the substrate. This technique was successfully demonstrated in the program
for SS-304 and 52100 bearing steel substrates.
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1.0 Introduction

This report summarizes research activity undertaken for the Aerospace Guidance
and Metrology Center (AGMC) at Newark Air Force Base, Ohio in support of their goal of
finding methods, materials, and technologies that will permit them to perform their
maintenance mission with greatly reduced utilization of solvents that are hazardous to
workers and the environment. The maintenance of guidance system components often entails
removal of organic adhesives and low residue cleaning of high-value precision metal parts in
the disassembly, repair, and preparation for reassembly stages. In the past, strong solvents
that may be toxic, carcinogenic, or detrimental to the environment have been used effectively
for this purpose.

In light of major changes in cleaning procedures being brought about by the
f the use of chiorofluorocarbons (CFC’s) and ot
Air Force, it is of critical importance to examine all technologies that will lead to effective
and productive cleaning procedures under the new operational constraints. In many cases
where parts 10 be cleaned have narrow crevices or highly inaccessible surfaces with
contaminants, the use of liquid cleaners of some type will likely remain the preferred
methodology. i?or surfaces that are accessible, alternative techniques (such as laser or
plasma cleaning) may be superior to previous methods. These new techniques may be more
effective either by themselves or when used in some combination with liquid cleaners.

The objective of this study was to assess the possible role for advanced technol ogy
cleaning methods (such as laser and plasma cleanings) in high-precision cleaning of guidance
systems components and to provide preliminary experimental data to support this assessment.
This objective was achieved in the program through identification of candidate cleaning tasks
that might benefit from advanced technology and through assessment of the advanced
technologies available for performing these tasks. The technology showing the greatest
potential for solvent use reduction was found to be laser cleaning and experimental research
was undertaken to provide preliminary supporting data for this finding. Results of these

research activities are summarized in the following sections.
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2.0 ldentification of Candidate Cleaning Tasks

At the beginning of the program, Battelle staff reviewed a number of cleaning
task candidates with AGMC staff to identify those that might be amenable to laser or plasma
cleaning processes. For this initial phase, the candidate list was not intended to be
exhaustive but, rather, representative of high volume repair activity that could greatly benefit

from the alternative cleaning technology. A brief description of these tasks is given below.
2.1 Epoxy Removal from Surfaces

Certain areas of metal parts may have adhered pieces of epoxy that must be removed.
The metal might be beryllium, nickel-copper alloy, nickel-based steel alloy, (stainless steel,
52100 bearing steel, or a variety of other special alloy steels). The surfaces include flats,
internal and external cylinders, grooves, rim fillets, etc. This type of task was initially
thought to be most suitable for laser cleaning because, generally, epoxy is partially
transparent to the laser beam and the metals are fairly reflective. In our discussions with
AGMC, it was f;rought out that the greatest benefit for such a process might be for complex
or composite parts that cannot be put into solution because of potential damage to adjacent
organic materials that are functional in the part. An example was a housing with a radial
groove that had epoxy protecting a fine lead wire. The task is to remove the epoxy.
Another example of epoxy removal was the outer cylindrical surface of a ball-bearing spindle
assembly. The adhesive layer was fairly thin (10-100 um) as was typical in epoxy removal
tasks, but well bonded. Epoxy must also be removed from an inside cylindrical surface as in
a ring gear part or rim clinching clamp and on flat surfaces, as in the platform gimbal
assembly part. In the latter case, epoxy patches as thick as several mm were common.

An additional epoxy removal task is related to screw staking wherein small drops of
epoxy are used to secure screws. In the G9 gyro bearing retaining ring, the epoxy remaining

in several counterbored holes must be removed.
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2.2 Potting Compound Machining and Removal From Surfaces

A few of the metal parts had potting compound residue to be removed (as in the
sealant for the gold connector on a rotor coil assembly part). This part also had P-37 potting
compound in bulk to be machined (etched) to the base of cracks that require repair by
backfilling with epoxy. This material was believed to have a different mode of material

removal than that of the epoxy because of its possible stronger absorption of the laser beam,

2.3 Filter Plate Cleaning

In the discussions with AGMC, it was revealed that there was some difficulty getting
good adhesion of a green glass filter plate to a CRT faceplate. In this case, the poor bond
may have resulted from a contaminant film. This seemed to be appropriate for plasma

cleaning, which is often used to get good adhesion of deposited metal films on glass.
2.4 Fill Fluid Residue Desorption

Another zleaning problem under consideration at AGMC was that of desorption of
residual fill fluid that has come in contact with potting material because of an internal leak.
The part is cleaned w.ad then vacuum degassed for 2 days. Lasers or plasmas might be
appropriate to speeding up the desorption process, depending on the nature of the surface,

access, and degree of penetration (diffusion of the contaminate) into the surface.
2.5 Fine Particulate Removal

In the final assembly of parts in the rebuild process, residual particulates on the
“clean” parts must be removed. These particulates range in size from submicron to tens of
microns and may be organic or inorganic in nature. This cleaning is normally done in a
clean room with a freon flush using filtered freon. Ionized dry filtered nitrogen is also used.

Lasers can potentially remove particulates, but care must be taken to avoid redeposition in

flowing gas systems.



4

3.0 Advanced Cleaning Technology Assessment

At the initiation of this project, several advanced cleaning techniques were envisioned
that might be appropriate to precision guidance component cleaning. For completeness, a
literature search was undertaken to assess the state of the art in advanced technology cleaning
methods and to provide a point of departure for experimental research to demonstrate
applicability of the leading candidate techniques. Results of this search are summarized

below.
3.1 Literature Search Approach

The search terms used in the computer literature search are listed in Table 1 along with
the qualifiers used to reduce the amount of information to a manageable size. More than
twenty data bases were searched including Inspec, Spin, Energy Science & Technology,
Aerospace, NSA, and NTIS, with dates going back more than thirty years to the present.
The abstracts received from the search were analyzed for relevance and the most significant
references were obtained in full hard copy form. These were examined and further reduced
to those that were most relevant to the AGMC cleaning mission. Study of the citations in the
key papers revealed additional literature that was then added to the collection. The most

significant results gleaned from these papers are discussed below.
3.2 Plasma Cleaning

Plasma cleaning is one type of surface processing, among several, that depend on
produétion of a low pressure steady-state plasma in a special vacuum chamber. These
processes include sputter deposition, ion plating, plasma enhanced chemical vapor deposition,
etching, cleaning, and surface modification. These techniques are fairly well developed and
are used widely in industry. Plasma cleaning is, by its nature, a batch process and has a
relatively low cleaning rate that is most appropriate to thin contaminant film removal. A
recent review article by Coburn® presents a good basic overview of plasma surface

processing and a guide to terminology used in the field.
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Table 1. Literature search results.

Strategy

Laser? and Clean? and Title or Abstract
Remov? or Vaporiz? or
Evaporate? or Ablat? or Strip

Reviews Only
Title

Clean? and Glow discharge? or Title or Abstract
Plasma? or Microwave?

Review Only

Laser? and Clean? but Title or Abstract
not Search 1 .
Title

Laser? in Title and Clean?
and Surface? in Abstract

Laser? and Ablat? or Strip?
in Title and Clean? in Abstract

@ean? and Glow Discharge? or
Plasma? or Microwave? or
Sputter? in Title

7

patents) |  Laser? and Clean? in Title
L]

* Abstracts obtained.

Figures 1-3 present typical geometries used for plasma processing. Generally, the
excitation of the gas may be from a DC, RF, or microwave power source. A simple DC
Iow pressure glow discharge can be an effective cieaning method if electrodes can be
permitted in the discharge chamber as shown in Figure 1. If contamination from electrode
sputtering is a concern, inductive or capacitive coupling from an RF circuit (as illustrated in
Figure 2) can produce an electrodeless plasma discharge that will clean a part surface. The
typical frequency for the RF discharge is 13.56 MHz. Additional control of processing can
be achieved by separating the plasma generation function from the surface interaction control
function as in the microwave plasma generation approach illustrated in Figure 3. All of

these geometries may be used to clean surfaces, but selection of one or another will be
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based upon the substrate material (conductor, insulator, etc.) and the nature of the
contaminant.

The mechanism of plasma cleaning is simply that which is generally used in plasma
etching. If an inert gas is used, the jons and neutrals in the plasma bombard the surface to
be cleaned and sputter off the contaminant film molecule by molecule, a purely physical
process. By using a reactive gas in the plasma, the bombarding ions also may react with the
contaminants and form gaseous species that evaporate from the surface. For energetic ions
this process is known as reactive ion etching and is used in microfabrication as well as in
cleaning. Examples of plasma cleaning processes found in the literature are discussed in the

following paragraphs.



3.2.1 Plasma Cleaning of Metals

Bearing Surface. As early as 1968, plasma cleaning was found to be effective in

guidance system component cleaning.) Galvin, et.al., reported an investigation of the
effectiveness of glow discharge cleaning of gas-bearing gyros. They were interested in
increasing the adhesion of a lubricating film to the gyro’s shaft and rotor. This can be
accomplished by furnishing a clean surface to the lubricant. The main aternative to glow
discharge cleaning of a gyro surface was to employ organic solvent, detergent, and water
baths followed by a light abrasive buffing to prepare bearing surfaces for the lubricant. This
was found to be a time consuming process; days were involved. By contrast, glow discharge
cleaning was on the order of minutes. In the cleaning tests, an Argon plasma produced in an
industrial plasma cleaner was used. Typically, the contamination layer to be removed was
only 1-3 molecules in depth. The efficiency of removal was judged by using two techniques.
The first technique measured the increase in the magnitude of the coefficient of friction of
the cleaned surface as a function of time. An increase in friction was assumed to be
associated with a decrease in the number of contaminants on the surface. The coefficient of
friction increased by a factor of 1.7 with 15 minutes of cleaning. A better test that was used
involved the comtamination of the gyro surface with a radioactive stearic acid. Initially, 1000
counts per minute were measured, but after 10 minutes of glow discharge cleaning, this rate
was reduced to 10 counts per minute.

Deposition Preparation. O’Kane and Mittal® report comparison of traditional
solvent cleaning with RF plasma cleaning for preparing rhodium and iron-cobalt surfaces to
receive a vapor deposited polymer film. They used water wettability and Auger electron
spectroscopy to measure the cleanliness of the surfaces. Their results showed that argon or
helium-oxygen plasma cleaning was more effective than solvent cleaning in removal of sulfur
and carbon contamination. No damage to the magnetic properties of the surface was
observed.

In another study motivated by the need to get good adhesion and interface bonding in
depositions (in this case an aluminum deposition), Kominiak and Mattox® found that a
reactive plasma cleaning was most effective for their titanium, 304-stainless steel, Kovar, and

nickel-cobalt steel substrates. Using soft x-ray appearance potential spectroscopy to check
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cleanliness, they obtained the best results in carbon residue reduction with low voltage RF
sputtering (300 V) with an Ar-HCI mixture forming the plasma.

Baker® studied the reactive plasma cleaning of copper, aluminum alloy, and Inconel
625 with DC and RF discharges in argon-oxygen mixtures. He used a mass spectrometer set
on CO, to monitor carbon evolution from the surface and calibrated the measurement by
etching a pure carbon film. Baker found that reactive plasma cleaning was most effective at
removing the deeply bonded carbon when the workpiece was at cathode potential to enhance
the ion impact energy.

Perhaps the most relevant work found was that of Ward and Buss'® who recently
studied plasma cleaning as a waste minimization tool with goals similar to those of AGMC.,
They experimentally investigated the effect of the process parameters on the plasma removal
of thin films (1.5-7 um) of PMMA and poly-2-vinylpyridine from a substrate located in a
research chamber using paraliel plate electrodes with RF excitation. They found that by
using a 40% SF4/O, plasma, that had an optimized plasma pressure (250 Torr) and power
density, a removal rate of approximately 5 nm/sec (19 um/hr) for PMMA could be obtained.
This was an enhancement of two orders of magnitude over the removal rates of commercial
plasma cleaners. By contrast, an optimized argon plasma only produced a removal rate of
0.08 nm/s. =

Additional experiments addressed the removal of A-9 aluminum cutting fluid oil from

and dyes. In their report they did not state the amount of oil that was present in the
substrates that were tested. Using a 40% SF,/O, plasma they were able to obtain a removal

rate of 7.5 nm/s. Further results are shown in Table 2.
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Table 2. Contaminant film removal rates for RF plasma cleaning.

_ Maerial___|Removal Rate (/o)

PMMA . oxygen
poly-2-vinylpyridine oxygen

PMMA argon
PMMA
A-9 Machine oil
A-9 Machine oil

The slow rate of plasma removal (7 nm/s) even with optimized conditions indicates that
only thin films could be removed from a surface in a reasonable time. For example, at a
plasma removal rate of 7 nm/s it would take 4 hours to remove a 0.1 mm thick contaminant

layer from a substratc surface.
3.2.2 Plasma Cleaning of Circuit Components

Several papers were found that indicate that plasma cleaning can be of value in
cleaning circuit boards. IBM researchers(®?) discovered that RF reactive cleaning with
oxygen-carbon tetrafluoride may be used to remove epoxy/glass particle/copper drill smears
in drilled through holes in printed circuit boards. Nonreactive and reactive plasma cleaning
have also been studied for preparing hybrid integrated circuits prior to wire

bonding.(1%1L12.13) performance exceeding that of standard solvent cleaning in

3.2.3 Other Plasma Cleaning Applications

Other plasma cleaning applications of less relevance to AGMC include cleaning of high
vacuum systems (such as accelerators and fusion research chambers) and vacuum devices for
the purpose of achieving and maintaining high vacuum levels.!'"¥ Plasma discharges have
also been used for cleaning x-ray optics('” and preparing semiconductor surfaces for

depositions and device manufacture.(16:17)
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3.2.4 Plasma Cleaning Conclusions

Based on this survey it was found that the plasma cleaning process was fairly well
developed and commercialized, but that the cleaning applications were limited in scope. By
its nature, plasma cleaning has very low rates of contaminant material removal and cannot,
therefore, be used effectively for removal of bulk contaminants such as epoxy patches or
other thick adhesive residues. On the other hand, it is generally more effective than solvents
for final cleaning of a surface in preparation for deposition of a film that must bond to the
surface reliably. It is likely that there are cleaning tasks at AGMC that could benefit from
plasma cleaning, such as the task of preparing a glass filter plate for adhesive bonding to a
CRT faceplate. An assessment must be made of the trade-off of cleanliness level versus
processing time, however. It is also important to note that there are a number of process
variables to which the plasma cleaning effectiveness is quite sensitive and these must be
established for each part-cleaning task and contaminant type prior to production use. Some
of these variables include discharge power source type, discharge voltage, electrode/coil/part
geometry, inert discharge gas, reactive component gas, reactive gas concentration, discharge
gas pressure, ge;s flow rate, and part temperature.

The matuze status of plasma cleaning technology and the few number of cleaning tasks
at AGMC that could potentially benefit from it (based on a limited survey) suggested that the
remaining program resources in this initial phase be focused on laser cleaning technology. In
terms of numbers of potentially applicable cleaning tasks and amounts of solvent to be
removed from use, the laser cleaning approach appeared more fruitful for this research

activity.
3.3 Laser Cleaning

Laser cleaning has been contemplated since the 1960’s, but has only been implemented
successfully in a limited number of applications. Most notably, lasers have been used, and
continue to be used, for cleaning statuary and aging paintings. Also, lasers have been used
for stripping paint from metal and composite substrates'!® and to strip insulation from

conductors.(!?:20)
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There are several notable advantages of laser cleaning:

. the processis generally very fast and energy efficient,
. the area to be cleaned can be highly selective and sharply defined,

. no foreign atoms are introduced to the surface as in ion bombardment
techniques,

. if cleaning is done in vacuum, the vacuum is not compromised because the laser
source can be located outside of the cleaning chamber,

= thermal diffusion of bulk impurities to the surface is avoided because of the
extremely large quenching rate afforded by very short pulses available,

= the removal rate can be easily controlled by changing the beam fluence or pulse
repetition rate.

The following sections outline specific techniques and applications for laser cleaning.

3.3.1 Laser Cleaning of Metal Surfaces

There aresat least two mechanisms in laser cleaning of metal surfaces: laser ablation
of absorbing contaminants and laser driven blow-off of transparent contaminants. Laser
ablation is the vaporization of thin layers of contaminants at the air-contaminant interface.
Efficient use of this mechanism requires that the contaminant be strongly absorbing at the
laser wavelength. Typically, in the absence of a strong absorption peak, far UV wavelengths
are preferred because broadband absorption occurs in most materials in this wavelength
region. Also, more efficient contaminant removal is found for short pulse-width, high peak-
power lasers. ‘

The blow-off mechanisms occur when the material is mostly transparent to the laser
beam, which passes through the contaminant and initiates a microexplosion at a subsurface
site, either at small absorbers within the contaminant or at the metal surface. The trapped
expanding vapors generated from the microexplosion pop off relatively large pieces of
contaminants. This mechanism is, in general, more efficient than ablation because less

energy goes into the heat of vaporization to remove the same mass of material. The cleaning
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process is self-limiting at laser wavelengths that are reflected by the metal surface, provided
that the beam fluence is below the damage threshold of the substrate. Self-limiting behavior
has been observed by Peebies®! using a YAG laser to clean oxide from SS-304, but the
limiting behavior should be dependent only upon the reflectivity of the substrate to the laser
wavelength and is generally applicable.

The most common contaminant found in the literature are oxide films which have been
effectively removed using a pulsed YAG laser. This can be used to advantage in reducing
chemical usage in processes such as fluxless soldering.?? The threshold for efficient film
removal varies only slightly with film composition, but is typically about 1 J/cm? in all cases
reviewed. Laser cleaning is typically done in a cleaning chamber that is either evacuated or
pressurized with an inert gas like helium or argon, with the laser beam intreduced through a
window. However, it is feasible to perform cleaning in a clean room with a fume hood and
aflowing inert gas.

No data on laser removal of epoxy films or patches were found in the literature.

3.3.2 Laser Cleaning of Non-Metal Surfaces

The bulk*of literature on laser cleaning of non-metal surfaces has been directed toward
the cleaning of semiconductor materials. However, some literature, which was not reviewed
in detail, was directed toward cleaning stone statuary and painted art work. The primary
semiconductor contaminants that have been laser cleaned are oxide films and absorbed metal
ions. Over the past 25 years, ruby, Nd:YAG, alexandrite, and CO, lasers have been used
for cleaning; but, more recently, excimer lasers have been the focus of most laser cleaning of
semiconductor substrates.

Because of the lack of high surface reflectivity of many non-metal substrates, the only
laser cleaning mechanism identified in the literature reviewed is the simple ablation process
discussed above. Consequently, UV lasers, such as krypton-fluoride excimers, have been
used most for this cleaning application (Watanabe and Gibson®® and Kiiper and
Brannon®). UV wavelengths can clean more efficiently than other laser wavelengths

because the absorption depth into oxides is much smaller (typically about 10 nm) in the UV.
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The optimum cleaning fluence for oxide removal via excimer lasers was found to be
very similar to that identified for film removal from metal substrates, i.e., 1 J/em® to 1.3
J/em?, which is typically enough intensity to remove a thin oxide film with a single pulse.
Material removal, however, has been observed at very low beam fluences, as low as 20
mJ/cm?, but these low beam fluences require hundreds of pulses to remove a thin film.
Typical rates of removal are in the tens of nanometers per Joule per square centimeter. As
with metal substrates, most of the laser cleaning of semiconductor substrates has been

conducted in a vacuum chamber or a controlled inert background gas.
3.3.3 Liquid Assisted Laser Cleaning

Many of the AGMC repair and maintenance tasks require final cleaning of the surfaces
in a clean room environment using methods that achieve very low numbers of residual
particles on the part surface. These micron-size particles are extremely difficult to remove
because the binding forces (Van der Waals, capillary, and electrostatic) holding them on the
surface are much greater than gravitational and inertial forces at this particle size.
Traditionally, ; filtered Freon wash performed in a laminar flow clean station is used for this
step. A similag problem arises in semiconductor device microfabrication, where micron-size
particles cause defects on the same scale as that of the microstructure being produced in the
process. Two groups have developed liquid assisted laser cleaning techniques that have
successfully achieved particulate removal without Freon or harsh solvents. It is important to
note that the liquid that is used does not reside on the surface for longer than a second or so.

Zapka and colleaques at IBM@3:26:27:28.29) have developed a technique
wherein a very thin volatile liquid layer (water, ethanol, methanol, isopropanol, and mixtures
thereof) is formed on the surface to be cleaned just before delivery of a short laser pulse,
The liquid works its way under the particles by capillary action and is explosively evaporated
by conduction of heat from the substrate which is heated directly by the laser pulse. They
cohducted most of their research on silicon surfaces exposed to 16-ns laser pulses from a
KrF excimer laser {0.248 um wavelength). Their best results were obtained using an 80/20
water/methanol solution to produce a vapor that was puffed onto the surface about 100 ms

prior to firing the laser. Particles of gold, silica, alumina, and latex with sizes in the 0.1 to
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10 um range were effectively removed with laser pulse fluences in the 30-300 mJ/cm? range,
The IBM rescarchers consider the process a dry cleaning process because of the short
residence time of the liquid on the surface.

In similar work at the University of Iowa, Allen and colleagues®®3!:3233:34) have
cleaned micron and submicron size particles from silicon substrates using a slightly different
approach, In their work, they use a laser wavelength that is absorbed directly in the liquid
that is deposited as the assist layer rather than in the substrate itself. Water was found to be
the best liquid and the CO, TEA laser (100-ns pulse, 1-us tail) with 9.6 and 10.6-um
wavelengths was used in most of their research. The threshold fluences were near 1-2 Jiem?
for these wavelengths. The Er:YAG laser operating at 2.94 um was mentioned in their
patent as a preferred device because of the good match to the 3-um absorption line in water.
Both this method and the IBM approach appear to work well in most cases, but the IBM
researchers claim the water absorption technique was not effective in removing gold
particles. They believe that higher temperatures at the liquid/substrate interface in the

substrate absorption case lead to more effective cleaning.

3.3.4 Laser Cleaning of Glass

-

To use a laser to remove a thin film deposited on optical components {e.g., glass or
quartz), it is desirable to use a short wavelength laser that is absorbed by the film and
transmitted by the bulk material (Zhuraleva, et al.®”). An additional practical constraint
requires the beam fluence to remain well below the damage threshold of the substrate. The
film removal mechanism is not clear. The literature reviewed indicates the removal is due to
evaporation or a blow-off mechanism (Ueda, et al.®®, Narihara and Hirokura®”). The
latter terminology implies that the material is removed because of an interaction at the film-
substrate interface, although the text does not define it explicitly. Cleaning glass surfaces is
more efficiently done using a short pulse laser (< 100 ns). Short pulse YAG, CO,, N,
lasers have been used to effectively clean optical substrates, but the shorter wavelengths have
proven to be more efficient because they are transmitted by the substrate. No literature on

excimer cleaning of optical surfaces was identified. A long pulse width (200 us) YAG has
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been used in an attempt to clean a glass surface.®® However, the longer pulse width
resulted in a larger heat deposition and substrate crazing. Cleaning thresholds depend on
film composition and laser wavelength, but are typically in the 100 mJ/cm® to 500 mJ/cm?
range. Cleaning with fluences in this range require multiple pulses to completely remove the
deposit. However, a single pulse cléaning threshold of 2 J/cm? was reported using a YAG
laser. These thresholds are consistent with those reported for cleaning metal surfaces.
Cleaning rates have been estimated to be approximately 6 cm?/s using commercially available
YAG lasers.?



il

e

17

4.0 Experimental Validation of Laser Cleaning Technology

After consideration of the advanced cleaning technology assessment and review of the
specific candidate cleaning tasks identified jointly with AGMC, it was concluded that
experimental validation should proceed on laser epoxy removal, potting compound
machining/removal, and fine particulate removal. Although no data on removal of epoxy
from metals with lasers had been found, several interaction mechanisms were believed to be
viable for its implementation. In light of this potential and the high leverage it would
provide AGMC in solvent-use reduction, a major effort was made to prove this technique.
The potting compound was likely to be etched cleanly at excimer wavelengths (0.25 pm), but
no data were available for other wavelengths of interest and potting compound studies were
planned and carried out along with the epoxy removal studies. Finally, there was clear
evidence that particulate contaminants could be cleanly removed from silicon substrates with
an excimer laser. Research was undertaken to demonstrate this process for steel substrates
and longer wavelengths.

The following sections summarize the research conducted in these three cleaning task

areas,

4.1 Epoxy Removal

Prior Battelle experience on laser interaction with epoxies suggested that several
mechanisms may be available for accomplishing a wide variety of location specific epoxy
removal tasks. In particular, the laser offers the potential for cleaning composite (or
complex) parts where certain susceptible areas on the part to be cleaned must remain
unaffected by the cleaning process (precluding soaking, for example). Cleaning mechanisms
and experimental research undertaken to demonstrate epoxy removal from metal surfaces are

discussed below.
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4.1.1Laser Interaction Mechanisms for Epoxy

Most epoxies have some transparency to visible and near IR laser light, which offers
the possibility for the following mechanisms:

u Defect site and low-Ievel absorption initiated nonlinear absorption in the epoxy
(thermal expansion or gas initiated blow-off of epoxy),

. Metal substrate heating (differential thermal expansion, volatilization of epoxy
constituents by conduction),

. Explosive heating of liquid introduced by capillary action at the edge of the
epoxy patch,

u Self-enhancement of all of the above effects by multiple exposures (absorption
sites in the epoxy grow with time, mechanical strength degrades, interfacial
cracks enlarge).

Some of these mechanisms are illustrated in Figure 4. Even neat epoxies have small
defects that serve as absorption site initiators when the fluence is sufficiently high. The
presence of fillers in some of the structural epoxies of interest to AGMC suggested that this
site density mig‘;lt be high and dominate the interaction. In such a case, the absorption site
initiates a pyrolysis reaction which further enhances the absorption via the presence of
carbon., The pyrolysis gas pressure fractures the epoxy and crack growth ultimately leads to
blow-off of chunks of epoxy. This mechanism of material removal was observed in the tests
at the higher laser pulse fluences, but it turns out that for the conditions investigated, a
debonding of the epoxy at the epoxy/substrate interface was observed at lower fluences.

This debonding is a new result and the mechanism is not yet known with certainty. It is
speculated that the substrate absorbs most of the heat and expands faster than the epoxy. The
shear stress may then be responsible for the debonding effect. A third mechanism is
illustrated in the right hand portion of Figure 4. It was suggested at the beginning of the
program, that if slight debonding could be achieved near the edge of an epoxy patch, liquid
introduced by capillary action could be explosively heated by the laser and effect patch
removal through crack growth at the interface. This mechanism was not investigated

extensively because it was found that a single pulse could remove an epoxy patch without a
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gure 4. Possible mechanisms of visible/IR lasers with epoxy materials.

liquid assist. Once the debonding was discovered, most effort was devoted to measuring its
threshold and tire threshold for marking the substrate.

4.1.2 Epoxy Sample Preparation

While a limited number of real parts with epoxy patches were available for
demonstrations, the number of tests anticipated for the research and the need for uniform
samples required that steel substrates be prepared with epoxy patches adhered to them. The
substrates were sheared to 2 in x 2 in. square plates from 0.048 in. thick rolled SS-304
sheet. Uniform thickness epoxy layers were cast on the as-rolled and toluene-cleaned surface
using a teflon sheet of the desired thickness as a dam. The teflon sheet had a circular 1 in.
diameter cutout to contain the epoxy and a flat teflon block cover to form the upper surface
of the epoxy layer. A brass weight was used to squeeze out excess epoxy. The epoxy resing

used in the trials were Bacon Industries No. LCA-9, LCA-4, and FA-8 obtained in two part
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kits. All resins were cured with No. BA-5 activator. The epoxy resin/activator mixtures
were vacuum degassed, cast, and cured for 1 hour at 200 F in all cases.

Epoxy layers of 0.005, 0.010, and 0.030 in. (125, 250, 750 um) were cast on the SS-
304 plates by the above techniques. In most cases, the epoxy that squeezed out under the
teflon dam provided an additional layer with which to experiment. This layer was typically
in the 0.001-0.003 in. (25-75 um) range and was representative of the thickness in some
actual part cleaning tasks. Some free form patches of epoxy or “dabs” were also formed on
the steel substrates to represent the geometry of screw staking patches. These were rounded
somewhat by surface tension and were irregular in size and shape. Generally, they were

much larger than the screw staking patches (1-5 mm diameter, 0.3-1 mm thick).
4.1.3 Experimental Apparatus and Approach

The epoxy removal trials were initially performed with a Continuum Model 481C-S
Nd:YAG laser operated in the fundamental, second harmonic, and third harmonic modes to
provide 1.06, 0_._53, and 0.355 um wavelengths, respectively. The laser has an injection-
seeded Q-switched mode of 6perati0n that provides 8-10 ns pulses (FWHM). The
experimental arrangement is shown schematically in Figure 5. The beam was delivered to
the target through a 4 mm circular hard aperture and 1:1 imaging relay optics. This
permitted selection of a spatially uniform portion of the beam and precise definition of a
circular uniform irradiance area on the target surface. Uniformity + 10% from the flat-top
average fluence was confirmed with a silicon array camera (as shown in the figure). The
beam energy on target was controlled by placing filter glass attenuators in the beam before
the 4 mm aperture. A beam splitter was used to sample the beam on each pulse for energy
measurement with a Laser Precision Model RjP-734 pyroelectric probe. This probe and the
sampling train were calibrated with a second calorimeter placed at the target position. A
Hamamatsu Model R1328U-01 vacuum photodiode was used to measure the temporal pulse
shape. -

The stainless steel substrates were held in a translation stage fixture inside a plexiglas

environmental chamber that permitted placement of multiple exposure areas on each

substrate. A HEPA filter was added to the exhaust duct for beryllium exposures. In the
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igure 5. Experimental arrangement for laser cleaning experiments.
early exposures of epoxy at high fluence, a microbalance was used to measure epoxy mass-
loss. After the debonding effect was discovered this measurement was irrelevant. The
debonding resulted in an air gap behind the epoxy which showed up clearly on the video
records as a light area due to total internal reflection at the debonding site.

Although not originally planned, epoxy debonding was studied at two other laser pulse
widths (150 ns and 1.0 ms) to see if the gap between the debonding threshold and substrate
damage threshold could be widened. This was quite successful and single-pulse epoxy patch
removal without even cosmetic change in the substrate was observed in the 1.0 ms case.
Both long 'pulse lasers were custom Nd:glass lasers designed and fabricated by Battelle.

Results of the epoxy removal research are discussed below.

4.1.4 Experimental Results

Initial laser exposures were conducted at the 1.06 ym wavelength with a 0.037 in. (0.9
mm) layer of LCA-9/BA-5 epoxy on SS8-304. The threshold for single pulse marking of the
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epoxy was found to be about 0.3 J/cm®. The mark was dark gray, indicating that internal
pyrolysis and carbon formation had occurred. No mass loss was observed at this level,
however, even if the pulses were repetitively delivered to the same spot. The fluence was
raised to higher levels to assess the threshold for mass loss by the blow-off mechanism.
Figure 6 presents results of these measurements for the LCA-9/BA-5 epoxy. Trains of
pulses delivered at 5 Hz and having various train durations were used to construct the
curves. Mass loss was measured for each train duration (plotted in terms of numbers of
pulses in the train). For 0.8 J/cm? per pulse, no mass loss was detected (points are shown at
the noise level of mass loss detection), but at 1.27 J/cm? per pulse, mass loss was clearly
evident and a crater appeared. Based on these tests, the threshold for LCA-9/BA-5 epoxy
blow-off for this material appears to be about 1.0 J/cm? per pulse at the 10 ns pulse width.
Unfortunately, this threshold is fairly high and the S$-304 exhibits minutc amounts of surface
melting (micromelt) at this fluence level which may cause some concern (although it is

mostly a cosmetic change).
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figure 6. Mass loss behavior for laser exposure of a thick epoxy layer.
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During these tests, it was observed that exposure of the thin layer of epoxy
surrounding the thick cast region exhibited clear debonding from the substrate under the
circular exposure area in a single pulse. This result was very significant because it
confirmed the possibility of removing epoxy with no effluent vapor generation. The
debonding process was then made the focus of the remaining epoxy removal experiments.
Samples of each of the three epoxies with thicknesses in the 0.007-0.011 in. range were
exposed in a series of single pulse tests to determine debonding thresholds. These thresholds
were found to be about 0.2 J/cm? for the 10 ns, 1.06 um laser pulse. Some change in
surface appearance of the substrate was noted in the tests and a series of exposures of the
bare substrate was performed to explore thresholds for marking. Based on microscopic
surface examination, it appeared that some micro-melting (smoothing of rough surface
features and ccratches) occurred at 0.8 J/cm?. At lower fluence, the slight marking is
believed to be oxide removal and cleanup of loosely attached metallic features on the surface
that cannot conduct heat to the substrate. While these changes in the substrate surface are
believed to be cosmetic in nature, subsequent tests included checks of the substrate marking

threshold. The results of the initial tests are summarized in Table 3

‘Fable 3. Summary of single pulse thresholds for laser effects
on epoxies at 1.06 um (10 ns pulse).

Threshold
Fluence
Material Effect (J/em?)

Bulk LLCA-9 (> 0.030 in.)| internal darkening in one pulse} 0.32 + 0.1
Bulk LCA-9 cratering in one pulse

Bulk LCA-% _ cratering with multiple pulses
SS-304 substrate cleaning mark (oxides?)
S$8-304 substrate micro-melting

LCA-9 Layer (0.011 in.) | debonding

LCA-4 Layer (0.007 in.) | debonding

FA-8 Layer (0.009 in.) debonding
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Before proceeding with additional tests, the feasibility of removal of large areas of
epoxy by laser debonding was confirmed in repetitive pulse tests. A S8-304 substrate with a
1 in. diameter (0.010 in thick) epoxy layer was hand-held in the beam which pulsed at 5 Hz
with a 0.36 J/cm? per pulse fluence on the surface. The hand scanning of the part under the
4 mm diameter beam was far from optimum, but the layer was removed in about 1200 pulses
(<4 minutes). Later research showed that the considerable scan overlap in this test was not
required. A video tape of this demonstration is available. The substrate exhibited only slight
marking, probably oxide removal.

A demonstration was also performed with mm-size epoxy patches on 52100 bearing
steel substrates provided by AGMC. The epoxy patches were made from the LCA-4 resin as
described above. Several single pulse tests were conducted with the patches. In those cases
where the irradiance area covered the patch completely, the patch would often jump
completely off the surface in one pulse. Sometimes light scribe force was used to overcome
the electrostatic force holding the debonded patch on the surface. Patches debonded typically
at 0.21 J/em? and jumped off the surface at 0.25 J/cm?. A video tape of this demonstration
is available.

Because ;na:king of substrates (believed to be cosmetic) occurred near the debonding
thresholds, longer laser pulses that might provide a larger margin between the debonding
threshold and the substrate marking threshold were investigated. These tests were conducted
at 150 ns and 1 ms because of the availability of custom-built lasers at Battelle with these
characteristics. At 150 ns the ratio of marking threshold to debonding threshold increased
significantly and at 1 ms the ratio is believed to be even higher. The significant result is that
the debonding threshold rose slower with increasing pulse width than did the marking
threshold.

For short pulses where the conduction of heat into the metal during the pulse is quite
shallow in depth, the heating of the surface may be simply modeled. The gaussian temporal
profile of the laser pulse can be approximated by a triangular pulse having the same pulse
width at half-maximum power. The temperature at the peak power time is simply
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where F, is pulse fluence, o is surface absorptance, k is thermal conductivity, p is density,
¢, is specific heat, and t, is pulse width. Substituting SS-304 properties and setting AT equal
to the melt temperature, the threshold melt fluence can be calculated as

12
F, = 4700 t,

This result is very approximate, but shows the well-known temporal dependence for the melt
threshold on a surface. Figure 7 displays this result as a dashed line along with the
measured marking threshold points (squares) and the debonrding threshold data (circles). The
agreement of melt theory with the marking threshold for short pulses is reasonable. Melt is
not observed on the samples at the marking threshold because of the extremely short duration
of any melt condition that may have occurred and the shallow heating depth (0.2 um at 10 ns
and 0.7 um at 150 ns). At 1 ms, the melt model should predict the threshold fairly well
because there is time for metal to flow. Measurement of melt threshold at 1 ms was beyond

the fluence level available in the setup at the time of the tests, but the model and the
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Figure 7. Single pulse thresholds for epoxy debonding from stainless steel substrates.
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debonding data suggest that debonding occurs at a fluence level more than a factor of 7 lower
than that for melting at this pulse width. The temperature rise at the surface is no more than
about 200 C and the depth of penetration of the heat is about 60 pm. The slower
dependence of debonding threshold on pulse width (t3®) is likely due to the thermal
expansion depending on depth of the thermal profile as well as the magnitude of surface
temperature.

Another variable investigated in the epoxy removal research was the effect of the laser
wavelength on the removal process. Second and third harmonics were available from the
laser which permitted study of effects at 0.53 and 0.355 um, respectively. Results of these
tests are shown in Table 4. The thresholds were determined with uniform epoxy layers in
nthe 0.005-0.010 in. range on $S-304 substrates except for the one point at 0.355 um. The
threshold was determined as that fluence at which about half of the area under the uniform
irradiance area was debonded. No significant difference was noted between the 1.06 and
0.53 pm debonding results and all three epoxies behaved essentially the same. The threshold
for micromelt of the SS-304 substrate surface dropped, however, for the 0.53 um case. A
uniform irradiance area was not achieved with the 0.355 gm beam and only the 52100 steel
with isolated ep;ny patches was tested. The patches could be removed, but the fluence was
close to the micromelt threshold. It was concluded that the 1.06 um wavelength was
superior for epoxy removal because of the higher margin from the micromelt condition and

the simpler laser apparatus that would be required.

Table 4. Summary of wavelength effect on epoxy removal thresholds
(8-10 ns pulses).

Threshold Fluence (J/cm?)

LCA9/BAS debonding
LCA4/BAS debonding
FA8/BAS debonding
S§-304 micromelt

*52100 Steel substrate,
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4.2 Potting Compound Machining/Removal

Potting compounds are typically used in the gyro components to contain electrical
wires and connections such as the driver coils in 2 motor drive. In some cases a crack
develops in service which must be machined or cut out and ultimately backfilled with repair
epoxy. In other cases, the compound must simply be removed from a surface. The potting
compounds differ from the epoxies primarily in the filler which was originally believed to be
sufficiently absorbing to lead to an ablative-like behavior. This turned out not be the case in

our experiments as discussed below.
4.2.1 Laser Interaction Mechanisms for Potting Compounds

As the absorption site density in a semi-transparent material such as epoxy is
increased, the absorption length for the light becomes very short and ablative behavior ensues
with a receding front surface that produces a crater. This behavior is illustrated
schematically lr; Figure 8. This behavior is known to occur in most polymers for very short
wavelengths (025 um) where bulk photochemical ablation produces very cleanly ablated
craters (no char). As discussed below, this was not the case at the longer wavelength for the

potting compound studied.
4.2.2 Potting Compound Sample Preparation

In many cases, the potting compound to be etched or removed at AGMC is no longer
manufactured. For this reason, a set of test samples was prepared by cuiting up a defective
potted rotor coil into wedge-shaped samples for laser exposure tests. The samples consisted
of potting compound P-37 (Bacon Industries) that was originally cast with a smooth flat

surface.
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4.2.3 Experimental Apparatus Approach
The laser and experimental arrangement for the potting compound exposures were
identical to those used in the epoxy exposures described above. Only the short pulses were
used in the tests (8-10 ns).

4.2.4 Experimental Results

Tests conducted at the 1.06, 0.53, and 0.355 um wavelengths revealed that the P-37
potting compound has a fairly long absorption length at these wavelengths and ablative
behavior was not observed. Internal charring and pyrolysis were evident in all samples as
noted by darkening in the irradiance area similar to that seen in the epoxies. Long trains of
pulses were required to achieve mass loss at reasonable fluences.

It was concluded that these wavelengths are not suitable for cleanly etching or

machining the potting compound for crack repair. It is likely that the debonding mechanism
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will work for removing this material from metal but layer samples were not available for
study.

4.3 Particulate Contaminant Removal
Experiments were undertaken to demonstrate the applicability of the liquid assisted
laser particle removal as a final cleanup step that might replace the filtered freon wash in
current cleaning procedures at AGMC. These tests extended the earlier IBM work to steel
substrates and the 1.06 um wavelength.

4.3.1 Laser Interaction Mechanisms

The mechanism employed to remove particles from a surface with a non-absorbing

liquid is illustrated schematically in Figure 3, A very thin (<50 pm) transient liquid film is
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Figure 9. Mechanisms for removal of micron and submicron particles from a surface.
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deposited on the surface to be cleaned just before the laser pulse is delivered (0.1-1 s).
Some liquid is pulled under each particle by capiilary forces. This liquid 1s explosively
vaporized by heat conducted from the absorbing substrate and the particle is ejected from the
surface. This is a relatively dry process since the film evaporates in less than a few seconds

and employs benign liquids such as water or simple alcohols.
4.3.2 Sample Preparation

Two types of samples were used in these tests: 304 stainless steel (rolled finish) and
52100 bearing steel gyro parts. All samples were cleaned by washing the test surface with
ethanol to remove most contaminants. Droplets of filtered ethanol containing silica particles
were then deposited on the clean sample surface. After the ethanol completely evaporated,
the silica particles remained on the surface of the sample. The average particle size was
measured to be 0.8 um, with the largest particles in excess of 15 um.

After a sample was secured into the test fixture, it was exposed to a blast of high
pressure canned air to remove any loose particles. This was done to ensure that the observed
particulate removal was indeed due to the laser vaporization of the liquid and not due to the

blast of vapor prior to laser exposure.
4.3.3 Experimental Arrangement

The experimental arrangement was identical to that shown in Figure 5, except that the
test chamber was modified as shown in Figure 10. The laser beam was changed to 45°
incidence to permit clear viewing of the particles. A video camera with microscope optics
having a measured 2 um resolution was positioned normal to the surface to look at the
residual particles on the surface at the center of the laser irradiance area. Although the
measured resolution of the camera is approximately 2 um, sub-micron particles can be
detected by shining a high intensity light at a glancing angle to the substrate surface to
provide dark field illumination. While particle size cannot be accurately determined,
submicron particles can be detected as a bright spot or pixel on the video monitor. The

video output of the camera was recorded on 3/4 in. video tape for post-test analysis.
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igure 10. Modified experimental arrangement for laser particulate removal
dermonstration.

A saturated vapor “puffer” was designed and fabricated to apply athin liquid layer to
the sample surface just prior to laser irradiation. This device followed closely the device
design used by Tam, et.al.® in their research as illustrated in Figure 11. The vapor
delivery device was constructed from a pyrex tube 90 mm long with 7.2 mm thick walls and
a 10 mm thick bottom. The top lip of the container was ground to provide an O-ring seal
for pressurizing the container. The top cap was a 10 mm thick x 125 mwm diameter piece of
stainless steel with an O-ring groove. An I8 mm diameter stem supported a heat distribution
disk which was 10 mm thick and 75 mm in diameter. This disk, which was 61 mm below
the top cap, was one integral piece with the stem. A bottom plate which was also 125 mm
in diameter, held 3 threaded rods which passed through the top plate. Nuts tightened the top
plate against the O-ring and container providing a pressure fight cell. The 18 mm stem was
bored out to hold an 85 W, 115 Volt cartridge heater. Its purpose was 1o heat the water-
alcohol mixture to 40 C to generate vapor in the space above the liquid. The cell was

ahant 1
QAVULVILL 3
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gure 11. Experimental arrangement used by Tam, et.al., to remove
particulate (Ref. 28).

A 1/8 in.‘gas line from an N, cylinder regulated to a few psi provided pressure to
drive vapor out of the cell. A solenoid valve in the line was attached to a 12 volt DC power
supply and relay which was driven by a Hewlett-Packard 8013B pulse generator. The
solenoid valve was pulsed on for 20-100 ms. The 10 inch long exit tube was wrapped with
electrical insulating tape and 24 in. of 26 gauge chromalox resistance heater wire was spiral
wrapped over the tape. At the far end of the tube, an 18 gauge S.S. tube was soldered into
the 1.D. of the copper tube to act as a nozzle. A chromel-alumel thermocouple was attached
to the O.D. of the copper tube to provide a method of measuring the 45 C temperature
required to prevent condensation in the tube., Both the tube and liquid reservoir were kept at
constant temperatures with a 5 C difference by electronic controllers. A photograph of the
puffer is shown in Figure 12. The liquid used for these tests was an 80/20 mixture of
distilled water and ethanol. Just prior to laser exposure, a relay opened for nominally

20 ms, allowing pressurized nitrogen to flow over the surface of the heated liquid. This
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igure 12. Vapor delivery device for liquid assisted laser cleaning.
forces a miniature vapor jet to be gjected out of the puffer and onto the sample surface where
it condenses om*the cooler surface.
Timing was critical and, consequently, was controlled via computer. The optimum
time delay between opening the puffer relay and triggering the laser was found to be

approximately 2 seconds in these limited demonstration trials.
4.3.4 Experimental Method and Results

The goal of these tests was to demonstrate efficient removal of particulate at 1.06 um
without damaging the metal substrate. The beam fluence was kept at a level well below the
marking threshold of the substrate. The fluence level was varied and optimum fluence levels
of 0.16 J/cm? and 0.31 J/cm? were found for the 304 stainless steel and the 52100 bearing
steel, respectively. The sequence of pictures in Figure 13 clearly shows the removal of a
large particle (~25 um) from the 304 stainless substrate. It should be noted that many of
the bright spots in the photos of Figure 13 are not particles but glints from surface features.
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(@) before liquid deposited

(b) after liquid deposited

(c) after laser pulse

e 13. Video microscope records of particle removal from S$S-304 (0.17 J/em?,
width of frame is 1.4 mm)..
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The beam fluence used was nominally 0.17 J/cm?, which left no surface marking.

The series of photographs in Figure 14 shows the successful removal of hundreds of
particles from a 52100 bearing steel substrate using a nominal fluence of 0.33 J/em?. No
surface marking of the substrate was detected.

The concept of removing micron size particles from metal substrates at 1.06 um was
successfully demonstrated. The fluence levels required for removal do not mark substrate
surface. The laser required to provide the necessary pulse energy is commercially available
in a compact package. Consequently, the possibility of developing a compact particulate

removal system based on laser technology is very viable.
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(a) before liquid deposited

(b) after one laser pulse

(c) after second laser pulse

gure 14. Video microscope records of particle removal from smooth 52100 bearing
steel (0.33 J/em?, width of frame is 1.4 mm).
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5.0 Conclusions and Recommendations

Based upon this initial research on advanced technology cleaning for guidance system
components it was concluded that:

(1)  Plasma cleaning is well-developed and may be applicable to a few AGMC
cleaning tasks where thin contaminant films must be removed from large areas
and cleaning time is not a factor. An example might be final preparation of a

glass filter plate for an adhesive bond to a CRT faceplate.

(2) Plasma cleaning is not generally applicable to the removal of thick layers of
residues and contaminants (such as epoxy bond residues and screw staking

residues) because of the very slow (atom by atom) removal rates.

(3) A new laser cleaning technique has been demonstrated that removes large epoxy
layers (up to 0.013 in. thick) and patches cleanly from metal substrates with no
liquids involved and no vapors generated. The removal occurs in a single laser

pulse if the irradiance area covers the entire patch.

(4)  The threshold for debonding epoxy (LCA-9, LCA-4, FA-8) from SS-304 is about
a factor four below the micromelt threshold for 10 ns pulses and about a factor

of seven below for 1 ms pulses at 1.06 pm.

(5) The debonding threshold did not depend significantly on laser wavelength and
did not vary among the epoxies studied. The lower threshold for micromelt at
the shorter wavelengths suggests that 1.06 um (or longer) is the best choice of

wavelength for epoxy debonding.
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Laser exposures of P-37 potting compound suggest that it does not cleanly ablate
at 1.06, 0.53, or 0.355 um. The material chars and forms craters at very high
fluences. These wavelengths cannot be used for etching out cracks, but they
may remove thin layers from metal in a manner similar to the epoxy debonding

process.

The particulate removal process discovered at IBM for silicon substrates using
UV lasers has been demonstrated for two steel substrates using 1.06 um laser
pulses for the exposure. Micron and submicron silica particles were cleaned
from the surface with only a transient film of water/ethanol mixture (80/20) and

14 &M

pulse with fluence below the substrate marking tlireshold fluence.

a
——
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o
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a single

To benefit from this initial phase, it is recommended that additional research and

development be undertaken to:

8y

further characterize and validate epoxy removal tasks at AGMC that would be

appropriate for laser debonding,

further characterize and validate particulate contaminant removal tasks at AGMC

that would be appropriate for liquid assisted laser cleaning,

perform additional laser exposures of actual partsto permit selection and
validation of the optimum laser characteristics for the specific cleaning tasks,

develop a specification for a prototype portable laser cleaning system (laser,
optics, beam delivery system, controls, safety features, flow subsystems, etc.)
that will accomplish the identified cleaning tasks without hazards to the workers

or the environment,

design, fabricate, test, and demonstrate the prototype portable laser cleaner,
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perform laser cleaning trials at AGMC and assess both cleanliness levels
achieved and operational characteristics obtained in a production environment,

and

implement any system modifications required and integrate laser cleaning into

production operations.



]

[ 2

L

(1)

@

&)

“4)

5)

6

Q)

®

®

(10)

(11)

(12)

(13)

(14

40

6.0 References

Coburn, J.W., “Surface Processing With Partially Ionized Plasmas”, IEEE Trans. on
Piasma Science, Voi. 19, No. 6, 12/91, pp. 1048-1062.

Galvin, G.D., D.W. Morecroft, A.G. Patterson, “Developments in Supercleaning and
Boundary Lubrication for Gas-Bearing Gyros Related to Surface Phenomena”, Jour.
of Lubrication Tech., Trans. of the ASME, pp. 1-9.

O’Kane, D.F and K.L. Mittal, “Plasma Cleaning of Metal Surfaces”, J. Vac. Sci.
Tech., Vol. 11, No. 3, May/June 1974, pp. 567-569.

Kominiak, G.J. and D.M. Mattox, “Reactive Plasma Cleaning of Metals”, Thin Solid
Films, Vol. 40, 1977, pp. 141-148.

Baker, M.A., “Plasma Cleaning and The Removal of Carbon From Metal Surfaces”,
Thin Solid Films, Vol. 69, 1980, pp. 359-368.

Ward, P.P. and R.J. Buss, “Rapid Plasma Cleaning As A Waste Minimization Tool”,
Sandia Report #DE92-015395, 4/52.

Horwath, R. and H. Moore, “Gas Plasma Cleaning Process for Multiwire Boards”,
IBM Technical Disclosure Bulletin, Vol. 25, No. 11A, 4/83, pg. 5391.

Cziep, W,, W.D. Ruh, and R. Schaefer, “Cleaning The Walls of Drilled Through-
Holes In Printed Circuit Boards and Cards By Plasma Etching”, IBM Technical
Disclosure Bulletin, Vol. 27, No. 1B, 6/84, pp. 647-648.

“Board-Cleaning Technique Using Hollow Cathode Plasma Discharge”, IBM Technical
Disclosure Bulletin, Vol, 29, No. 4, 9/86, pp. 1848-1850.

Baranyi, A.D., L. Seto, and S.K. Chang, “Plasma Cleaning to Improve Wire Bonds”,
Electronic Packaging & Production, 1/88, pp. 79-81.

Buckles, S.L, “Use of Argon Plasma For Cleaning Hybrid Circuits Prior To Wire
Bonding”, IMC 1988 Proceedings, Tokyo, May 25-27, 1988, pp. 383-386.

Liston, E.M., Dr., “Plasma Cleaning of Hybrids”, Hybrid Circuit Tech., 9/89, pp.
62-65.

Brunner, R.J., “Oxygen-Plasma Cleaning of Hybrid Integrated Circuits”, AT&T
Technical Journal, Mar./Apr. 1992, pp. 52-58.

Waelbroeck, F., J. Winter, and P. Wienhold, “Cleaning and Conditioning Of The
Walls Of Plasma Devices By Glow Discharges In Hydrogen”, I. Vac. Sci. Tech. A,
Vol, 2, No. 4, Oct-Dec./84, pp. 1521-1536.



15)

(16)

a1”n

(18)

(19)

(20)

(21)

(22)

(23)

24)

(25)

(26)

@7

(28)

41

Johnson, E.D., S.L.. Hulbert, R.F. Garrett, G.P. Williams, M.L. Knotek, “In situ
Reactive Glow Discharge Cleaning of X-Ray Optical Surface”, Rev. Sci. Instrum.,
Vol. 58, No. 6, 6/87, pp. 1042-1045.

Hoffman, D.M and J.H. Thomas III, “Confined Oxygen Glow Discharge Cleaning of
Silicon™, J. Vac. Sci. Tech. A, Vol. 4, No. 3, May/June/86, pp. 536-538.

Suemune, I, Y. Kunitsugu, Y. Kan, and M. Yamanishi, “Incidence Angle Effect Of A
Hydrogen Plasma Beam For The Cleaning Of Semiconductor Surfaces™, Appl. Phys.
Lett, Vol. 55, No. 8, 8/21/89, pp. 760-762.

Kopf, P.W., J. Cheney, and J. Martin, et.al., “Paint Removal From Composites and
Protective Coating Development™, Final Report, WL-TR-91-4025, AD-A249 238,
January 1991.

Miller, R.T., “Laser Wire Stripper Effectively Removes “ML” Polyimide for
Repeated Solderability”, Electronics, 2/85, pp. 54-55.

“Laser Wire Stripping: Equipment and Operation Notes”, Insulation/Circuits, This
article is based on NASA Tech. Utilization Report No. Sp-5107, 4/80, pp. 47-50.

Peebles, H.C., N.A. Creager, D.E. Peebles, “Surface Cleaning by Laser Ablation”,
Paper 5.6, Sandia National Laboratories, #SAND--91-0-505C, DE91 009189.

Peebles, H.C., D.M. Keicher, F.M. Hosking, P.F. Hlava, and N.A. Creager, “Laser
Ablative Fluxless Soldering (LAFS): 60Sn-40Pb Soldering Wettability Tests on Laser
Cleaned QFHC Copper Substrates”, ICALEO (1991), pp. 186-202.

Watanabe, J.K. and U.J. Bison, “Excimer Laser Cleaning and Processing of Si(100)
Substrates in Ultrahigh Vacuum and Reactive Gases”, J. Vac. Sci. Tech. A, Vol. 10,
No. 4, Jul/Aug 1992, pp. 823-828.

Kiiper, S. and J. Brannon, “Krypton Fluoride Laser Ablation of Polyurethane”, SPIE,
Vol. 1598, Lasers in Microelectronic Manufacturing, 1991, pp. 27-35.

Zapka, W., A.C. Tam, and W. Ziemlich, “Laser Cleaning of Wafer Surfaces and
Lithography Masks”, Microelectronic Eng., Vol 13, 1991, pp. 547-550.

Tam, A.C., W. Zapka, and W. Ziemlich, “Efficient Laser Cleaning of Small
Particulates Using Pulsed Laser Irradiation Synchronized With Liquid-Film
Deposition”, SPIE, Lasers in Microelectronic Manufacturing, Vol. 1598, 1991, pp.
13-18.

Zapka, W., A.C. Tam, G. Ayers, W. Ziemlich, “Liquid Film Enhanced Laser
Cleaning”, Microelectronic Eng., Vol. 17, 1992, pp. 473-478.

Tam, A.C., W.P. Leung, W. Zapka, and W. Ziemlich, “Laser-Cleaning Techniques



bay

LB ]

LA

[ X

(29)

(30)

42

for Removal of Surface Particulates™, J. Appl. Phys. Vol. 71, No. 7, 4/1/92, pp.
3515-3523.

Leung, P.T., N. Do, L. Klees, W.P. Leung, F. Tong, L. Lam, W. Zapka, and A.C.
Tam, “Transmission Studies of Explosive Vaporization of a Transparent Liquid Film
on an Opaque Solid Surface Induced by Excimer-Laser-Pulsed Irradiation™, J. Appl.
Phys., Vol. 72, No. 6, 9/15/92, pp. 2256-2263.

Imen, K., S.J. Lee, and S.D. Allen, “Laser-Assisted Micron Scale Particle Removal”,
Appl. Phys. Lett., Vol. 58, No. 2, 1/14/91, pp. 203-205.

(31) Allen, S. D., “Method and Apparatus for Removing Minute Particles From a Surface”,

(32)

(33)

(34

(35)

(36)

37

US Patent #4,987,286, 1/22/91.

Lee, S.]., K. Imen, and S.D. Allen, “Threshold Measurements in Laser Assisted
Particle Removal”, SPIE Lasers in Microelectronic Manufacturing, Vol. 1598, 1991,
pp. 2-12.

Allen, S.D., S.J. Lee, and K. Imen, “Laser Cleaning Techniques for Critical
Surfaces”, Optics & Photonics News, 6/92, pp. 28-30.

lee, S.3., K. Imen, and S.D. Allen, “CO, Laser Assisted Particle Removal Threshold
Measurements™, Appl. Phys. Lett. Vol. 61, No. 19, 11/9/92, pp. 2314-2316.

Zhuravleva, E.N., V.N. Kuryatov, A.V. Parygin, V.A. Porozov, and L.A.
Skirvortsov, “Laser Cleaning of Optical Surfaces of Laser Components™, SPIE Vol.
1723 LLAMILADIS °91 International Workshop, #0-8194-0896-4/92, pp. 70-71.

Ueda, M., R. Makino, K. Kagawa, and B. Nishiyama, “Laser Cleaning of Glass”,
Optics and Lasers in Engineering, Vol. 15, 1991, pp. 275-278.

Narihara, K. and S. Horokura, “Cleaning of Thomson Scattering Window by a Laser
Blow-off Method™, Rev. Sci. Instrum., Vol. 63, No. 6, 6/92, pp. 3527-3528.



