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Abstract

In this study the relationships between cleaning results and seven factors of a casting
cleaning process are examined. This was to determine the parameters of an automated cleaning
process that should be used to meet requirements for maximum particle size and the maximum
total amount of contaminant. Two experiments were performed in order to investigate the
influence that the factors and their interactions had on cleaning results in this process. It was
concluded that the current cleaning system was capable of consistently meeting the requirement
for contaminant amount when factors were adjusted to levels suggested by this study. The
requirement for maximum particle size was not able to be met with the current cleaning system
and factor settings within the investigated ranges. The system factors for the production process

were adjusted to determined settings from this study.
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Chapter I: Introduction

Company XYZ entered into a contract to supply machined cast iron coupling assemblies
to Original Equipment Manufacturer (OEM) D. These assemblies were supplied in three
variations consisting of standard cartridge style quick couplings installed into custom castings
that were developed for OEM D applications. These machined cast iron coupling assemblies had
a requirement for internal cavity cleanliness that was very stringent and the machined castings
required thorough washing prior to painting the external surface of the casting.

The current processing methods for this product were not able to meet the OEM D
cleanliness requirement. Subsequently, OEM D initially allowed a deviation to the
specifications. The stipulation to this deviation was that it had an expiration date and that
processing methods had to be improved to meet the requirements.

The current processing sequence through external supplier A was: 1) raw casting was
machined to accept coupling cartridges, 2) machined casting was washed and dried by external
machining supplier, and 3) casting was rewashed when received directly before painting and
assembly. Additionally, a second external supplier B to machine the raw castings was being
developed to meet the increasing demand for this product. The proposed processing sequence
through this additional external supplier B was to be: 1) raw casting was machined to accept
coupling cartridges, and 2) casting was washed when received directly before painting and
assembly.

Numerous tests and studies were performed with a variety of washing systems from
multiple potential vendors. The best performing system was purchased and was installed in the

painting facility. This system was capable of cleaning the product to meet the cleanliness
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requirements of the customer, but it was not consistent and required repeated adjustment to
produce product that met the cleanliness specifications.
Statement of the Problem

The current cleaning method for machined cast iron couplings was not reliable or
repeatable. This resulted in the requirements for cleanliness of the casting not being consistently
met.
Purpose of the Study

The purpose of this study was to improve cleanliness of the castings to meet OEM D
specifications. This was to be accomplished by changing processing methods for this product to
meet the customer supplied cleanliness requirements. Those requirements that needed to be met
as directed by the customer were: 1) the largest particle that was allowed was 0.80 mm as
measured in any direction, 2) this size limitation was applicable to both abrasive and non-
abrasive particles, and 3) the maximum total amount of contaminant allowed was 44 mg per each
square meter of surface area.
Assumptions of the Study

In this study it was assumed that all cleanliness testing was performed according to the
OEM D specification requirements. It is also assumed that all data used in this study was
measured and recorded accurately.
Definition of Terms

Abrasive particle. An abrasive particle is any solid particle of metallic or mineral base.
This would include metal shavings or burrs, casting sands, or any other hard substance that could

be used for machining metal.
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Burr. A burr is a rough edge on a metallic surface where geometries intersect. Burrs
may be slight protrusions of material or large displacements of metal that could be knocked loose
during subsequent processing.

Cleanliness. Cleanliness is a measure of the amount of, and/or largest particle size, of
contaminant found on the surfaces of a product. These materials would be either abrasive or
non-abrasive particles and could include, but are not limited to, items such as dirt, cardboard
fibers, iron slivers, or grinding wheel material.

Design of experiment (DOE). A DOE is a systematically developed experimental
procedure that is used to solve engineering problems. This experiment is developed to ensure
that accurate and efficient data is gathered to support conclusions. This experiment is also
developed in a manner to minimize number of runs performed, time, and total cost.

Emulsified. Emulsified refers to the joining together of two liquids that are not typically
soluble. Detergents are used to accomplish this and the process is often used for removing oil
from surfaces with the use of water.

Ferrous. Any metallic compound or mixture that contains iron as the predominant
element.

Gravimetric analysis. A process involving the thorough re-washing of a previously
cleaned product and the measurement of amount and size of solid particles washed from the
casting using a cleaning solution. The cleaning solution is filtered and the gathered solid
particles are weighed and measured.

Green sand. A term used to reference the condition of the sand used to create molds for
metal casting. Green sand is that which has moisture in it and is not dry. It is a combination of

sand, a binder which is usually clay, and water.
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Machinability. Machinability refers to how difficult or easy a metal can be processed.
This would include aspects such as actual physical removal of material, the life of tools being
used to process the metal, and the time that it takes to process the metal.

Non-abrasive particle. A non-abrasive particle is any solid particle that is not metallic
or mineral base. This would include plastic slivers, cardboard, wood splinters, or any other solid
substance that is not metallic or mineral in base.

Plating. This is a process where a thin layer of metal is applied to the surface of a base
material.

Limitations of the Study

There were four initial limitations to this study. First, the study was limited to testing and
analysis of machined cast iron coupling assemblies and did not extend to any other product
variations. Also, the study was focused on the current processing method of cleaning castings in
the newly purchased parts washer from Ramco Equipment Corporation. This parts washer was a
four stage model MK-16T and was located in a facility in Mankato, MN.

Additionally, this study was limited to the washing method used and did not investigate
alternate, or secondary, inspection and deburring methods to improve cleanliness. Finally, this
study utilized gravimetric testing procedures with pressurized solvent cleansing. The effect of
this testing procedure on cleanliness results was not studied.

Methodology

The current processing method was used as a baseline to measure incremental

improvements in casting cleanliness due to process changes. An experiment was performed to

document the current cleanliness capability of the process. The data that was measured during
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testing of the cleaned part was the largest particle size found and the amount (mass in
milligrams) of contaminant per each square meter of surface area of the casting.

A design of experiment (DOE) was developed and performed on the current washing
process to determine the variable settings of the washer that should be used to consistently meet
part cleanliness requirements. Not all of the variable settings were clearly defined in the first
experiment, so a second experiment was then performed to further define the remaining variable
settings. A conclusion and recommendation was then developed based upon the analysis of this

data.
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Chapter II: Literature Review

With the advances in technology there has been an increase in the precision required for
manufactured components and assemblies. This increased precision affects characteristics of
manufactured products including material quality, tolerances, and even in the cleanliness of the
final product. Cleanliness may seem like an unusual requirement, but according to Korn (2005)
a couple of primary reasons that products must be cleaner are decreased clearances between
mating parts and smaller fluid orifices being used within systems. This would directly apply to
cast iron coupling assemblies that would be part of a fluid transfer system which are the products
studied in this paper. Osborn (2005) also noted that cleanliness considerations are rapidly
increasing and that changes in tolerances drastically affected the cleanliness requirements of the
products. Excessively sized particles can get caught between components causing binding or
increased wear. Oversized particles can also partially block or even completely plug fluid
orifices. Particles of even of a minute scale can render these products nonfunctional and/or cause
them to fail prematurely.

With these more stringent requirements in cleanliness, many original equipment
manufacturers (OEM) have developed their own specifications that suppliers must adhere to in
order to provide acceptable components. While these OEM specifications alleviate the question
of how clean is clean enough, they do not help with the issue of determining what cleaning
method is the best process required for each product. They also do not always clarify what
Wilson (2005) defines as the other main challenge in cleaning which is defining an appropriate
testing procedure to assure that the cleaning has been performed to meet specifications.

There are numerous cleaning methods available and even more possibilities when

combinations of these methods are used. To make matters more complicated, a producer must
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take into consideration not only finding a process that consistently performs as required, but also
one that meets ever increasing environmental regulations and requirements (“High precision
cleaning,” 2000).

In this chapter the three distinct factors that are involved in a cleanliness issue are
discussed. The factors are material involved, cleaning method used, and method of verification
of cleanliness. The first factor that is examined is the material used. It is focused on the casting
of iron, the machining of the iron casting, and the removing of burrs from the final product. The
second factor that is examined is the washing method of cleaning. This section will confer
information regarding washing methods, ultrasonic cleaning used in washing methods, and
chemistry used in washing methods. In the final section a common method of verification of
cleanliness will be explained. It will detail gravimetric cleanliness testing and then be followed
by a discussion of the pros and cons of using this method of verification.

Machined Iron Castings

It is important to understand the processing of a machined iron casting from start to finish
as each process step performed can contribute to the overall cleanliness of the finished product.
Machined iron castings are created using three basic steps. The first step is to cast the metal into
the near final physical shape. Once the metal is cast and cleaned, the raw casting is machined.
The machining focuses on removing material from the as cast condition geometries that either
have tight tolerances or that have surface finish requirements that are better than the as cast state
can produce. The final step is to remove the burrs that are created when machined surfaces
intersect with as cast surfaces.

Casting iron. The most traditional casting method according to Kalpakjian (1995) is

sand casting. Sand casting is used to cast metals by means of pouring the molten metal into a
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cavity that has been formed within the sand and then allowing that metal to cool and solidify.
The cavity within the sand is formed with the use of a pattern resembling the final shape of the
product. If cavities or passages are required within the casting, sand can be formed into cores
that are placed within the open cavity. Heine, Loper, and Rosenthal (1967) notes that these cores
allow complex internal shapes that would be extremely difficult or impossible to machine into
the metal. Once the metal has solidified, the sand mold and cores are broken apart and the sand
removed from the exterior and interior surfaces of the casting.

There are many kinds of sand and sand mixtures that are used for creating the molds.
Heine et al. (1967) and Kalpakjian (1995) both state that green sand is used most prevalently due
to the low economic investment required. Green sand is simply a combination of sand, a binder
which is usually clay, and water. This method is cost effective as the mold can be easily
separated from the cast metal and the mold sand can be recycled and reused.

The final step to the casting process is cleaning the casting. According to Heine et al.
(1967) this cleaning process includes the removal of all casting sand and any metal not part of
the desired final product geometry. The casting gates are ground off along with any excessive
flash on the external surfaces of the casting. The casting is then subjected to a vibratory process
to shake loose and remove any casting sand that is still present. Finally, a washing operation
may be used to further remove any sand particles that remain.

Machining iron castings. One of the characteristics of ductile iron castings is that it is
easily machined according to the Gray and Ductile Iron Founders’ Society Inc (1971). Rio Tinto
Iron & Titanium, Inc. (1990) also states that ductile iron castings provide both a cost effective

method to producing complex geometries along with machining benefits versus alternate
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material options. This means that a product with a complex geometry can be cast and then
simply machined to final dimensional and surface finish requirements.

Ductile iron castings can be milled, turned, drilled, tapped, and much more. All of these
processing methods take the as cast surface and modify it to finished dimensional specifications.
Ductile iron castings actually exhibit improved machinability when compared to steel according
to Rio Tinto Iron & Titanium, Inc. (1990). This is quantified by increased useful tool life and
reduced machining times. In practical terms, these benefits equate to cost savings versus
standard machining of steel.

This machining of the iron casting generates chips, slivers, burrs, and finer particles of
metal. Additionally, machining operations typically require the use of coolants and lubricants.
The coolants and lubricants can cause the removed metal to adhere to the casting and must be
removed in subsequent cleaning operations.

Removing burrs on machined castings. While ductile iron castings with complex
geometries are easily cast and machined, they do have one characteristic that can be difficult to
manage. That characteristic is the creation of burrs in the locations that machined surfaces and
as cast geometries intersect. These burrs are created because the iron is designed to be less
brittle than other comparable materials and the rolled up material doesn't break off during
machining. If these intersecting features and resulting burrs are external to the product there are
numerous methods to remove any burrs that are generated. Some of the processes that may be
used are: tumbling, grinding, blasting, brushing, and manual deburring.

Burrs generated internal to the product due to these intersecting features are much more
difficult to manage and remove. Constraints such as physical internal space, internal passage

geometries, and deburring tool size make many internal burrs difficult to access with
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conventional low-cost deburring methods such as hand held blades or rotary grinding bits.
Consequently, manual deburring is widely used to remove internal burrs. This is because manual
deburring is flexible, uses simple tools, and is cost effective (Gillespie, 1999).

Gillespie (1999) also says the major drawbacks to using manual deburring are that it
requires excessive labor and does not provide consistency. In many applications these
shortcomings may be acceptable, but consistent burr removal is a key to maintaining cleanliness
of products. Burrs must be consistently removed so that they do not break free when a product is
in use and create a solid contaminant within the product.

There are alternatives to internal manual deburring which include: abrasive flow
machining, thermal deburring, water-jet deburring, laser deburring, and deburring with the use of
a robot. Multiple methods may work with a particular application, but cost is typically used to
decide what deburring method is utilized. All of these options require a substantial capital
investment in equipment and fixturing to implement. This investment is usually the deciding
factor for choosing to use manual deburring methods.

Washing Type Cleaning Processes

The next factor involved in managing the cleanliness of a product is the cleaning method
used and there are many cleaning processes commercially available in the manufacturing market.
While Wilson (2005) reports that cleaning techniques are basically categorized into physical and
chemical procedures, these definitive lines have grayed with advances in technology. This basic
classification is still valid, but most cleaning processes incorporate a combination of both
physical and chemical procedures.

According to the American Society for Metals [ASM] (1982), there are numerous things

to be considered including the material being cleaned and the contaminant that is being cleaned
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from the material surface. The primary contaminants found on machined iron castings are chips,
scale, and cutting fluids. The cutting fluids may be either oil or water based and are primarily
used as coolants and lubricants during the machining process.

Physical washing methods. Physical processes may include wiping, spraying, vapor
degreasing, immersion, hydro jet, or flushing. Immersion cleaning also may incorporate
additional physical actions in an attempt to improve cleaning results. Product may be moved up
and down or side to side to aid in inciting solution movement through and/or past the item. Air
or solution may be pushed through and/or past the product with the use of a pump and nozzle
arrangement. Rotation can also be used along with these processes to increase their cleaning
capabilities. Physical processes tend to be the first option explored to clean products and can be
used in combination with chemicals.

Most of these physical processes are incorporated into automated or semi-automated
equipment. Alkaline, acidic, or solvent chemicals are exposed to the product by aqueous or
vapor means during this physical washing (Sparks, n.d.). Some washing equipment actually
utilizes a combination of, or multiple subsequent, physical processes. Each of these subsequent
processes may process the product once or the cycle may be repeated to improve cleanliness.

Processing time becomes an important aspect with these physical processes. If the time
that is invested in cleaning products is too short the result may be failure to meet cleanliness
specifications. The opposite scenario of investing too much time may result in excessive costs
and decreased throughput.

According to Sparks (n.d.), another critical aspect of these washing systems is rinsing of
the product after it has been exposed to any chemicals. Once the cutting fluids have been

cleaned from the product and the majority of the contaminants flushed away, it is important to
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remove the residual chemicals from the surfaces of the product to ensure that they do not affect
any further processing that may be required such as painting or plating. ASM (1982) states that
these rinses can be either hot or cold, but they should contain a rust inhibitor if the product being
cleaned is a ferrous metal. This is to eliminate or reduce the possibility of the product rusting
prior to further processing. Drying of the product may also be required as a final step so that the
product is ready for further handling and processing.

Chemicals used in washing methods. A manufacturer must be very cautious of the
environmental consequences of using particular chemicals. The Minnesota Pollution Control
Agency (2003) sets forth a comprehensive procedure for evaluating, handling, and disposing of
generated chemical waste. Extremely basic or acidic chemicals may require the use of
sophisticated waste treatment procedures to dispose of the spent chemicals. This requirement
would then classify a manufacturer as a “hazardous waste” producer. This can equate to high
disposal costs or implementation of expensive systems to safely process the chemical waste.

The ASM (1982) specifically suggests the use of solvents and acids to remove chips and
cutting fluids. With these chemicals being acidic they generate corrosive waste when used in a
cleaning application. The definition of a corrosive waste is a liquid that is capable of rapidly
corroding metal and the Minnesota Pollution Control Agency (2003) states that corrosive wastes
are “hazardous” because of this characteristic.

Another highly recommended chemistry to remove oils and cutting fluids is alkaline, or
basic, cleaners (ASM, 1982). Sparks (n.d.) also states that the use of an alkaline chemical is
preferable when utilized with an automated cleaning method. This is because alkaline cleaning

methods are typically less expensive than solvent or acid based cleaning methods. The waste
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that they generate is also considered corrosive and hazardous and the same considerations for
disposal of spent chemicals must be employed.

The concentration of the chemicals that make up a solution must be considered with both
solvent or acid based cleaning methods and alkaline cleaning methods. Not enough chemical
used in a solution may result in inadequate cleaning results. Excessive chemical used in a
solution may affect the overall reactivity of the solution and increase the amount of hazardous
waste that is produced.

Alkaline and solvent based chemicals are safer to use in aqueous and vapor processes and
thus generally preferred over acids. If solvents are used in an aqueous solution it is called an
emulsion cleaning process (Sparks, n.d.). According to ASM (1982), solvents are good at
removing some cutting fluids, but not all variations that are used in processing metals. Alkaline
chemicals in aqueous solution are good at removing most varieties of cutting fluids so they are
the preferred chemistry.

When products are exposed to aqueous alkaline processes, the cutting fluids are displaced
from the surfaces and then either dissolved into the solution or emulsified (ASM, 1982; Sparks,
n.d.). Any emulsified or dispersed cutting fluids must be removed from the solution with the use
of oil skimmers. The use of heat can reduce oil viscosities and greatly increase the reactivity and
effectiveness of aqueous alkaline washing processes.

Ultrasonic cleaning. ASM (1982) and Osborn (2005) both report that when standard
physical washing methods are not enough, ultrasonic cleaning is another option that can be
combined into the overall process to remove the smallest particles that are adhered to the
product. This ultrasonic cleaning process is generally used in combination with one or more

mechanical washing methods, but may be used alone in some instances. The amount of time that
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a product is exposed to the ultrasonic cleaning process may affect the cleanliness results
achieved. Enough time in this process must be given to allow all of the particles to come free
from the surfaces of the product. Too much time in this process may result in increased
processing costs and reduced throughput. This process typically requires the use of a chemical
solution that will dissolve the binding agent that may be holding a particle to the surface.

Ultrasonic cleaning systems have a panel in the bottom or on the sides that produces a
sound wave within a fluid solution (Busnaina & Gale, 1995). These sound waves generate
pressure which form physical waves in the fluid. According to both Busnaina & Gale (1995) and
Branson Electronics Corporation (1998) the intensity of these rapid waves creates cavitation.
Cavitation is the creation and subsequent implosion of tiny gas bubbles within the fluid and on
the surfaces of the product being cleaned.

According to the Cleaning Technologies Group (2009a), different ultrasonic frequencies
are better at removing varying particle sizes. Lower frequencies are better at removing larger
particles and high frequencies are preferred for removing smaller particles (Branson Electronics
Corporation, 1998). Another technique that can be used is sweeping or changing frequencies
during a cleaning cycle (Cleaning Technologies Group, 2009b). The changing of frequencies
during a cleaning cycle allows the targeting and removal of different sized particles.

Testing the Cleanliness of Products

The last factor involved in a cleanliness issue is the method of verification of cleanliness.
This final step to the process is verification that the product has been cleaned to meet
specifications. This verification is very important in monitoring the cleaning process and
providing proof to the customer that the product meets their requirements. Without this

verification step there is no way to know if the product was cleaned adequately. This testing
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process, if performed at regular intervals, can also monitor and signal changes in the cleaning
process that need to be investigated and corrected.

Gravimetric testing procedures. A common testing procedure to gage the cleanliness
of a product is Millipore or gravimetric testing. This procedure is a means to quantitatively
verify that the cleaning process is performing as intended. This testing provides clear exact
figures that can be directly compared to specifications or limits. Additionally, gravimetric
testing is an easy way to obtain accurate data that is capable of indicating whether a part is clean
(Reckhow, 2006; Knapp, 2008).

In order to perform this testing, a previously cleaned product is rigorously re-cleaned and
a cleanliness sample is obtained. This sample is a collection of solid particle contaminants that
have been removed from the surfaces of the product. The cleanliness sample is then analyzed to
determine the total weight of the contaminants, the maximum particle size that was found, and
sometimes the total count of particles observed. The results of the analyzed cleanliness sample
are then compared against desired limits to determine whether the part is clean enough.

Osborn (2005) discusses the two most common methods of obtaining this cleanliness
sample. The first method is by spraying the surfaces of the product with a pressurized solvent
and then collecting the solvent to be analyzed. The second method is similar, but instead of
using a pressurized spray the product is placed into a bath of the solvent and then subjected to
ultrasonic vibrations.

Kenkel (2003) and Knapp (2008) both detail the procedure of separating the solid
particulates from the solvent by means of passing the effluent through a filter. This process of
removing the particulates from the effluent is done by using a vacuum system to draw the solvent

through the filter. Typically, the container that held the solution is rinsed with the same solvent
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and the wash solvent is also passed through the filter by means of the vacuum system. This is to
ensure that all particles of contaminant are accounted for and that none are left within the solvent
collection container.

The filters that are used are weighed immediately prior to the testing to record their initial
weight. Then after being used, the filters are dried and weighed again to determine the total
amount of contamination that was removed from the cleaned product by the solvent. To more
accurately analyze the captured particles they can be inspected for composition, counted, and
measured for overall size. This portion of the testing is usually performed with a microscope and
the images are captured with cameras that have been built in or attached to this testing
equipment.

Pros and cons of gravimetric testing. When using any analytical test it is very
important to understand the strengths and weaknesses of the procedure. Gravimetric testing has
a number of strengths which make it an appropriate choice for verifying cleanliness of a product.
As previously mentioned, both Reckhow (2006) and Knapp (2008) refer to gravimetric testing as
an accurate analytical method to test for cleanliness of a part. Additionally, gravimetric testing is
a relatively easy procedure that is not as costly as other testing methods (Knapp, 2008). Costello
(2006) describes gravimetric testing as cost effective in three different ways. The first is in
capital investment costs, the second is in sample preparation costs, and finally it is a fairly fast
procedure.

There are no glaring weaknesses with gravimetric testing, but there are a couple of
considerations that must be mentioned. The first concern is with the method of using a
pressurized spray of solution to collect the cleanliness sample. Proper containment and safety

equipment must be utilized to protect personnel performing the testing.
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Another concern is that to meet some cleanliness testing requirements the gravimetric
testing must be performed in a controlled environment such a clean room. This would be in
instances where the allowed contaminant is minute and the particles that might be in the air could
become part of the collected sample and skew the results.

Finally, extremely small particles could pass through the filter being used to collect the
contaminant sample. Careful consideration has to be given to the micron size of the filter that is
used for gravimetric testing to ensure that particles are accurately collected. If the collected
cleanliness sample contains a lot of small particles that are not collected, the results of the testing
will not be accurate.

Summary

There is a requirement for improved cleanliness for manufactured components and
assemblies due to increases in precision. Cleanliness is especially important in high precision
fluid couplings as excessively sized particles can get caught between mating components causing
binding or wear. Oversized particles can also reduce or block fluid flow through orifices. When
looking at cleanliness, there are three main factors that affect cleanliness issues which are:
material and processing involved, cleaning method used, and method of verification.

Machined iron castings are created using a series of processing steps. The first step is to
cast the metal into the basic physical shape and to clean the casting to remove excess metal
and/or casting contaminants. The most traditional casting method is sand casting with green
sand.

Once the metal is cast and cleaned, the raw casting is machined. One of the

characteristics of ductile cast iron castings is that it is easily machined. This means that a
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product with a complex geometry can be cast and then simply machined to final dimensional and
surface finish requirements. Ductile iron castings exhibit better machinability than steel.

While ductile iron castings with complex geometries are easily cast and machined, they
do have one characteristic that can be difficult to manage. That characteristic is the creation of
burrs in the locations that machined surfaces and as cast geometries intersect. Consequently, the
final step to machining an iron casting is removing the burrs that are created where surfaces
intersect. Manual deburring is widely used to remove internal burrs because it is flexible, uses
simple tools, and is cost effective when compared to alternative methods. Even with the benefits
manual deburring provides, there are major drawbacks which are that it requires more direct
labor than other processes and does not provide consistency.

Machined iron castings often require a cleaning operation to meet final cleanliness
specifications. There are numerous things to be considered when choosing a cleaning process
which include the material being cleaned and the contaminant that is being removed from the
material surface. Most cleaning processes incorporate a physical procedure with a solvent, acid,
or alkaline cleaner.

Most cleaning processes are incorporated into automated or semi-automated equipment.
Some washing equipment actually utilizes a combination of, or multiple subsequent, physical
processes. The chemistry to use in these washing processes, due to safety concerns, is an
alkaline based cleaner in an aqueous solution. Alkaline solutions are highly recommended for
removing oils and cutting fluids. Any product that is processed through this washing method
must be thoroughly rinsed to remove residual chemicals. This rinse should contain a rust

inhibitor to reduce the possibility of rusting when the product is a ferrous metal.
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If standard physical washing methods are not enough, ultrasonic cleaning is another
option that can be combined into the overall process to remove the smaller particles that are
adhered to the product. Different ultrasonic frequencies are can be used as each frequency is
better at removing particular particle sizes.

The final step to this entire process is verification that the product has been cleaned to
meet specifications. A common testing procedure to gage the cleanliness of a product is
gravimetric testing which is an accurate analytical method that is relatively fast, easy, and cost
effective. To perform gravimetric testing, products are rigorously re-cleaned and the effluent is
collected. The effluent is passed through a dry and weighed filter that removes the particulates
from the solvent used to clean the product. The filters are then dried and weighed again to

determine the total amount of contaminants that was collected from the testing sample.
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Chapter I11: Methodology

The requirements for cleanliness of a machined iron casting were not being consistently
met due to the current cleaning method not being repeatable. The purpose of this study was to
improve cleanliness of the castings by modifying processing methods for this product.

In this chapter the data and collection methods are discussed. This chapter also contains
a review of the equipment used for cleaning the castings, the methods of data analysis that were
used, and the limitations of this methodology.
Equipment and Chemistry

The cleaning of the casting was performed on a four stage aqueous parts washer built by
Ramco Equipment Corporation (See Figure 1). This is the same model MK-16T which is used
for production cleaning of the machined iron casting. There is a roller conveyor on the left hand
side of the washer that is used as the station to load the castings into a washing basket. The
washer is made up of the following internal stations: stage one turbo agitated wash with
ultrasonics, stage two turbo agitated rinse, stage three rinse, and stage four hot air drying.
Finally, there is a roller conveyor on the right hand side of the washer that is used as the station
to unload the castings from the washing basket. Appendix A provides additional photographs of

the parts washer.
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Figure 1: Ramco Four Stage Aqueous Production Parts Washer

The chemicals used for the experimentation in this report were the same that are used
during production operation of this equipment. The stage one wash tank contained a mixture of
water and an alkaline cleaner called BB-1818 produced by Ransohoff. The stage two and stage
three rinse tanks contained a mixture of water and a rust preventative called Perkote 10-385
produced by Perkins Products Inc. Refer to Appendix B for detailed material safety data sheets
for both chemicals used.

The washing baskets used were open wire framed and held ten parts per basket. These
baskets were 19” long, 15 wide, and 3 deep. The parts were loaded into the baskets with
socket ends down and the side ports to the right (See Figure 2). This was done in an attempt to
provide adequate flow of fluid through the castings to remove any contaminants. See Appendix

A for additional photos of the washing basket geometry and part loading.
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Figure 2: Washing Basket Loaded with Castings

Sample Size

A statistically designed experiment (DOE) was developed based upon the variables that
could be adjusted on the Ramco four stage parts washer that was being used. The DOE was
randomized and set up using the statistical software Minitab version 16 (Minitab Inc, 2010).
Each trial run that was performed consisted of one basket containing ten castings. The objective
of this DOE was to determine which of the variables had a significant effect on cleanliness.

There were seven variables, or factors, selected pertaining to the stage one wash that were
studied in experiment I. The factors selected were: concentrations of BB-1818, wash fluid
temperature, wash turbo on or off, time of wash agitation cycle, time of wash ultrasonic cycle,

agitation stroke length, and number of cycles performed.
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One of the important aspects in the stage one wash is the chemistry that is used to clean
the castings. The factor of concentration of BB-1818 refers to the percentage of alkaline liquid
cleaner mixed with water in the wash tank. The chemical vendor suggested using this chemical
at an elevated temperature so the wash fluid temperature factor is the operating temperature of
the mixed solution in the stage one wash.

There are four manifolds in the bottom of the stage one wash that can be turned on during
the wash agitation cycle. These manifolds have nozzles on them that pump out pressurized wash
solution to aid in forcing fluid up and through the castings. The factor related to this feature is
the wash turbo on or off.

The factor of agitation stroke length is the distance that the baskets full of parts move up
and down within the wash solution. The short stroke length is two to four inches of travel and
the long stroke length is five to nine inches. The time of wash agitation cycle is the factor which
defines the length of time that the parts are moving up in down in the wash solution with the
ultrasonics turned off.

The time of ultrasonic cycle factor defines the length of time that the parts are moving up
in down in the wash solution with the ultrasonics turned on. During this time the turbos are
always turned off, but the parts are still moving up and down as dictated by the agitation stroke
length. Finally, the factor of number of cycles performed is the count of how many times the
alternation between wash agitation and ultrasonic cleaning is ran.

Previous testing that had been performed during initial installation of the cleaning system
had showed that there was no statistical difference in the cleanliness between any of the ten parts
that were in a basket when processed. This information, along with reduced cost, supported a

decision to randomly choose two samples from each trial run of ten parts that had been washed
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for cleanliness verification. Hence, the baskets were fully loaded with ten castings to replicate
the conditions of fluid flow and movement that would be present during day to day production
processing.

The machined cast iron couplings are produced in three variations that are designated
“017, “02”, and “03”. All three variations have the same socket and side port geometries. The
difference is in the orientation of the mounting flange and the complexity of the internal passages
from the socket to the mounting flange. All variations are approximately 13 pounds and are
seven inches long, five and a half inches wide, and three inches thick. This testing was
performed using the “01” style castings (See Figure 3). This is believed to be the most difficult
cleaning application as the chosen castings contain the most complex internal passages. See

Appendix C for additional information on casting geometries.

Figure 3: “01” Casting Configuration Model

Experiment [ was performed with a one-fourth fractional 2" factorial design. There were
32 runs performed on the two samples that were randomly chosen from each basket of ten
castings. This resulted in 64 castings being sampled for cleanliness verification testing. Table 1

shows each of the runs, the factors examined, and the settings for each factor per run.
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Table 1

Factor Settings for Experiment |

Run BB-1818 Temperature Turbos  Agitation Ultrasonic ~ Agitation =~ Number
Number Concentration (°F) On/Off Time (Min) Time (Min)  Stroke  of Cycles
1 10% 180 On 1 1 Short 10
2 10% 180 Off 1 1 Short 5
3 10% 180 On 1 5 Long 10
4 10% 180 Off 5 5 Short 10
5 10% 180 Off 5 1 Long 10
6 10% 180 On 5 5 Short 5
7 10% 180 On 5 1 Long 5
8 10% 180 Off 1 5 Long 5
9 20% 100 On 5 5 Long 5
10 20% 100 On 1 1 Long 10
11 20% 100 On 5 1 Short 5
12 20% 100 Off 1 1 Long 5
13 20% 100 Off 5 5 Long 10
14 20% 100 On 1 5 Short 10
15 20% 100 Off 1 5 Short 5
16 20% 100 Off 5 1 Short 10
17 20% 180 On 5 1 Short 10
18 20% 180 On 1 5 Short 5
19 20% 180 On 5 5 Long 10
20 20% 180 On 1 1 Long 5
21 20% 180 Off 5 5 Long 5
22 20% 180 Off 5 1 Short 5
23 20% 180 Off 1 1 Long 10
24 20% 180 Off 1 5 Short 10
25 10% 100 Off 5 1 Long 5
26 10% 100 On 1 5 Long 5
27 10% 100 Off 1 1 Short 10
28 10% 100 On 1 1 Short 5
29 10% 100 Off 5 5 Short 5
30 10% 100 On 5 5 Short 10
31 10% 100 Off 1 5 Long 10
32 10% 100 On 5 1 Long 10
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Upon analysis of the results of experiment I, an experiment II was developed based upon
the significant factors that could be adjusted on the current parts washer. The objective of this
second DOE was to determine the settings that should be used for production.

Experiment II was performed with a full 2* factorial design. There were 8 runs
performed with two replicates and four samples randomly chosen from each basket of ten
castings. The decision to test four samples from each trial run was made in order to have
sufficient data for analysis.

There were three variables selected pertaining to the stage one wash that were studied in
experiment II. The variables selected were: concentrations of BB-1818, time of wash ultrasonic
cycle, and number of cycles performed. Table 2 shows each of the runs with the replication, the
factors examined, and the settings for each factor per run.

Table 2

Factor Settings for Experiment Il

Number

Run Number BB-1818 Concentration Ultrasonic Time (Min) of Cycles
1 20% 10 5
2 20% 5 5
3 20% 5 2
4 20% 10 2
5 40% 10 2
6 40% 10 5
7 40% 5 2
8 40% 5 5
9 40% 5 5
10 40% 10 5
11 40% 10 2
12 40% 5 2
13 20% 10 5
14 20% 5 2
15 20% 5 5
16 20% 10 2
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The experiments were both performed with the runs in a randomized order. This was to
ensure that the experimental data was not skewed or biased.
Data Gathered

The current production processing method was used as a baseline to measure incremental
improvements in casting cleanliness due to process modification. An initial study had been
performed to document the current cleanliness capability of the process. The data that was
measured and studied included the amount of contaminant per each square meter of surface area
of the casting (response A) and the largest particle size found (response B). This data was
required for comparison to the data generated by experiments I and II.

The cleanliness verification data of experiments I and II were obtained from a certified
independent lab on castings washed in the current parts washer. When the developed DOE
experiments were performed and the castings shipped to the lab for testing, they were
individually bagged and labeled. The parts were carefully handled and separately bagged to
keep contaminants from being deposited on the castings while they were in transit to the lab.
They were labeled so that the lab could properly correlate results with the correct run number.
Data Analysis

The cleanliness verification data was produced through gravimetric testing of previously
“cleaned” product samples. The gravimetric testing procedure included spraying the surfaces of
the product with a pressurized solvent and then collecting the solvent and any remaining
contaminant to be analyzed. The solvent was sprayed on all external and internal surfaces of the
casting and was pressurized to 30 pounds per square inch (PSI).

The cleanliness verification data that was recorded from each casting included the largest

particle size of abrasive particles, the largest particle size of non-abrasive particles, and the total
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amount of all contaminants flushed from the washed casting. As previously defined, abrasive
particles are metallic or mineral based and non-abrasive particles are any solids that are not
abrasive. Additionally, each casting was flushed and tested a second time to ensure that the first
test was performed correctly. If the second test resulted in a total amount equal to or greater than
ten percent of the first test, that data was added to the results of the first test for an accumulative
total.

The data analysis was performed using only the largest particle size observed regardless
of whether that particle was abrasive or non-abrasive because exceeding the specification in
either or both of these categories was a failure to meet requirements. Distinctive raw data
between the two particles was recorded so that further analysis, outside the scope of this study,
might help identify the source of the contaminant.

The lab results were then input into Minitab version 16 for analysis. This is a statistical
software program that is used to set up and analyze DOE data. It was used in this study to
analyze the effect that the factors and factor interactions had on the responses. It was also used
to generate graphical representations of the analysis.

The analysis of experiment [ was to determine any significant factors or factor
interactions and the settings to use on the system studied. Experiment II was developed based
upon the results from experiment I and was focused on factor settings that were not clearly
defined. Experiment II was performed and the samples were tested in the same manner. The
results of the second DOE were analyzed with the Minitab version 16 software and the improved

setting for each factor was determined.
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Limitations

The first limitation of this methodology was that it was performed using only "01" style
castings. There was no testing performed to qualify the cleaning process with the other two
casting configurations. Even though the castings are similar, there is no guarantee that all three
variations will be cleaned equally in the current cleaning process.

Another limitation is that the seven factors that were studied were not tested with full
ranges of the variables. The ranges investigated were limited and further experimentation might
improve the process.

The other limitation of this methodology was that it was performed with a limited sample
size and was not performed over a period of time. These experimental results showed the
improved machine settings, but did not determine the process capability with respect to time and

number of castings processed.
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Chapter 1V: Results

In this chapter the results of experiment I and experiment II are discussed and analyzed.
Table 3 can be found at the end of this chapter and summarizes the factor settings that were
indicated by each of the experiments. This summary is with regards to both the response of
amount of contaminant mass and maximum particle size allowed. The product cleanliness
requirements were that the largest particle allowed was 0.80 mm as measured in any direction
and the maximum total amount of contaminant allowed was 44 mg per each square meter of
surface area of the casting.

The same analytical logic was used for both experiments I and II. All factors require a
decision as to what level to be set at for use in production processing of the castings. Therefore,
even factors that are not shown to be significant were reviewed. The first factors that were
investigated were those that were found to be significant factors according to the normal plots of
the standardized effects. Second, the factors involved in significant interactions according to the
same plot were analyzed. Then the factors with the largest variation in data means as
represented on the plot of main effects were examined. Finally, the interaction plots of factors
were reviewed to support or modify previous factor setting determinations.

After the first analysis was completed, all subsequent analysis reflected upon previous
analysis factor setting decisions. The analytical logic remained the same except that this
consideration of previously determined settings took place directly after interpretations of
significant factor interactions.

Experiment | Analysis
Experiment I was a one-fourth fractional 2’ factorial design in which 32 runs were

performed. Two samples were randomly chosen from each basket of ten castings and the 64
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castings were sent out for cleanliness verification testing. The raw data results can be found in
Appendix D.

Contaminant Amount Analysis. The data gathered was input into the Minitab version
16 software and analyzed for response A which was amount of contaminant per each square
meter of surface area of the casting. Significance references in this section pertaining to analysis
of Figure 4 through Figure 9 are at a = .05. A plot of the standardized effects on total amount of
contaminant per each square meter of surface area is shown in Figure 4. This plot has a ninety-
five percent confidence interval and is used to indicate if the collected data is random and
normally distributed.

The confidence interval refers to the accuracy of the plotted data. This means that if this
experiment was repeated, similar results could be expected ninety-five percent of the time. Only,
five percent of the time would the calculated results and plots be statistically different. Also, the
plotted points closely resemble a straight line, which indicate that the collected data is normally
distributed.

Significant factors or factor interactions are those that have large effects on responses
based upon factor settings. Any points that are falling far away from the line, or are located in
the upper right or lower left corners, indicate effects that may be significant. This plot showed
that the following factors and factor interactions were significant: ultrasonic time, BB-1818
concentration * temperature, temperature * ultrasonic time, agitation time * number of cycles,

and turbos on/off * number of cycles.



40

Normal Plot of the Standardized Effects
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Figure 4: Exp. I Plot of Significant Factors of Contaminant Amount
A plot of the main effects for contaminant amount is shown in Figure 5. This is a plot of
means at each level of each factor compared to the overall mean. The points that have the lower
mean value had less contaminant amount and would be preferred. This plot showed that
ultrasonic time and temperature had the greatest affect due to larger differences between factor
levels. From the information in this plot each factor should be set as follows: BB-1818
concentration at 20%, temperature at 180°F, agitation time at five minutes, ultrasonic time at five

minutes, turbos on, agitation stroke short, and number of cycles at five.
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Main Effects Plot for Contaminant Amount Per Surface Area (mg/m2)
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Figure 5: Exp. I Plot of Main Effects of Contaminant Amount

However, Figure 6 shows an interaction plot of the factors and illustrates the mean effects
of factors that are not independent. Again, the points that have the lower mean value had less
contaminant amount and are preferred. The first data to look at is the factor settings from Figure
5 that had the largest slopes. The plots of temperature with other factors show that temperature
should be set at 180°F to yield lower mean values in five of the interaction plots. The only plot
that doesn't show this correlation is temperature with BB-1818 concentration when the
concentration level is set at 20%. The plots of ultrasonic time with the other factors consistently
show that ultrasonic time should be set at five minutes to yield lower mean values.

This plot also shows that based on the setting choices from Figure 5 for BB-1818
concentration, ultrasonic time, and number of cycles the better factor setting for agitation time
would be one minute. This decision is based on looking at the lower point on the vertical axis of

the chart for each of the interaction plots. As an example, when looking at the plot of BB-1818
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concentration and agitation time the lighter line with square points represents a BB-1818
concentration of 20% and the lower of the two points on this line represents an agitation time of
one minute. This same interpretation is applicable to the plots of agitation time with ultrasonic
time and number of cycles. There is little difference in means between the high and low factor
settings for agitation stroke and turbos on or off.

The interaction plots show that number of cycles should be set at five when agitation time
is set at one minute, ultrasonic time is set at five minutes, and temperature is set at 180°F. This
same correlation is evident with the setting choices from Figure 5 for agitation stroke and turbos
on/off. The only plot that doesn't back this correlation is number of cycles with BB-1818
concentration. Also, the interaction plots show that turbos on/off should be set on when agitation
time is set at one minute and ultrasonic time is set at five minutes. This correlation holds with
the setting choices from Figure 5 for agitation stroke and number of cycles. The plots for turbos
on/off with temperature and BB-1818 concentration both show little difference in means with
factor settings from Figure 5.

These same interaction plots illustrate that agitation stroke should be set at short with the
setting choices from Figure 5 for turbos on/off, number of cycles, ultrasonic time, and BB-1818
concentration. The plots for agitation stroke with agitation time set at one minute and
temperature set at 180°F show only a small difference in means. Finally, the interaction plots
show that BB-1818 concentration should be set at 20% with agitation time set at one minute and
agitation stroke set at short. There is little difference in the means with factors number of cycles,
ultrasonic time, and turbos on/off. The plot for BB-1818 concentration with temperature does
show the opposite setting choice of 10% should be made when the Figure 5 setting of 180°F is

used for temperature.
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Figure 6: Exp. I Interaction Plot of Factors of Contaminant Amount

Maximum Particle Size Analysis. The data was then analyzed in regards to response B

agitation time * number of cycles, and turbos on/off * agitation stroke.

which was the maximum particle size. A plot of the standardized effects on maximum particle
size, as shown in Figure 7, showed that the following factor interactions were significant: BB-

1818 concentration * temperature, temperature * turbos on/off, temperature * agitation stroke,
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Figure 7: Exp. I Plot of Significant Factors of Max Particle Size
A plot of the main effects for maximum particle size, Figure 8, showed that temperature
and number of cycles had the greatest affect. It is desirable to adjust the cleaning process so as
to produce the smallest response B. From the information in this plot each factor should be set
as follows: BB-1818 concentration at 10%, temperature at 100°F, agitation time at five minutes,
ultrasonic time at five minutes, turbos off, agitation stroke is undetermined, and number of
cycles at five. Figure 8 also shows that agitation stroke could be set at short as it had no drastic

effect on response B. The decision to set it at short was made to benefit response A.
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Main Effects Plot for Max Particle (mm)
Data Means
BB-1818 C oncentration (%) Temperature (°F) Aqgitation Time (Min)
2.1 /'
2.0 ° —9 %—
1.9 /
T T T T T T
10 20 100 180 1 5
Ultrasonic Time (Min) Turbos O n/O ff Aqgitation Stroke
c 2.17
@
Q 2.0 o~ — . °
S \. —
1.9
T T T T T T
1 5 Off On Short Long
Cycles
2.1
2.0
1.9 /
T
5 10

Figure 8: Exp. I Plot of Main Effects of Max Particle Size

Figure 9 shows an interaction plot of the factors and again illustrates the mean

effects of factors that are not independent. The plots for temperature show that the setting from

Figure 8 of 100°F is appropriate with factor settings of agitation time at one minute, ultrasonic

time at five minutes, turbos on/off set at on, and number of cycles at five. The plot for

temperature with agitation stroke set at short shows the opposite temperature setting and the plot

with BB-1818 concentration is dependent upon the choice that is made for the concentration

level. These same interaction plots illustrate that turbos on/off should be set at on with agitation

stroke set at short and temperature set at 100°F. They also show the opposite setting should be

used with number of cycles set at five and ultrasonic time set at five minutes. There is little

difference in the means with factors BB-1818 concentration and with agitation time set at one

minute.
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The next data to look at is the factor settings from Figure 8 that had the same suggested
settings as was determined from the analysis pertaining to contaminant amount. The plots of
number of cycles with other factors show that number of cycles should be set at five to yield the
lower mean values in five of the interaction plots. The only plot that doesn't show this exact
correlation is number of cycles with agitation time. The plots of agitation stroke with the other
factors show that agitation stroke should be set at short to yield lower mean values with number
of cycles set at five and ultrasonic time set at five minutes. The plots also show that agitation
stroke can go either long or short as the means are fairly equal depending on factor settings
chosen for BB-1818 concentration, turbos on/off, and agitation time. The plot for agitation
stroke with temperature is very dependent upon the factor setting selected for temperature.

The interaction plots show that agitation time should be set at one minute when number
of cycles are set at five, agitation stroke is set at short, temperature is set at 100°F, and ultrasonic
time is set at five minutes. The plots for agitation time with BB-1818 concentration and with
turbos on/off are close to equal depending on which factor settings are chosen for BB-1818
concentration and turbos on/off. Also the interaction plots show that ultrasonic time should be
set at five minutes when temperature is set at 100°F, agitation time is set at one minute, and
agitation stroke is set at short. The plot for ultrasonic time with number of cycles shows that
ultrasonic time set at one minute yielded a slightly better result when number of cycles was set at
five. The factor setting for ultrasonic time is not clear in the remaining two plots and is
dependent upon the factor selections for BB-1818 concentration and turbos on/off.

Figure 9 also shows that the factor setting for BB-1818 concentration is very close with
five of the interactions with other factors. There is a slight benefit to a choice of 20% with

agitation time set at one minute, ultrasonic time set at five minutes, and agitation stroke set at
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short. The opposite is true with turbos on/off set at on and number of cycles set at five. The
interaction plot for BB-1818 concentration with temperature shows a more drastic difference in

means and with temperature set at 100°F the BB-1818 concentration factor should be set at 20%.
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Figure 9: Exp. I Interaction Plot of Factors of Max Particle Size

Further investigation was performed when looking at which factors and factor
interactions were significant in experiment I. Significance references in this section pertaining to
analysis of Figure 10 and Figure 11 are at a =.15. Another plot of the standardized effects on
total amount of contaminant is shown in Figure 10. This plot has an eighty-five percent
confidence interval and shows an addition significant factor which is temperature. There are also
additional significant factor interactions of BB-1818 concentration * agitation stroke and BB-
1818 concentration * number of cycles. Additionally, a second plot of the standardized effects

on max particle is shown in Figure 11. This plot also has an eighty-five percent confidence
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interval and shows an addition significant factor of number of cycles and factor interaction of
ultrasonic time * number of cycles.

Looking at this additional data, it becomes evident that temperature is very important as it
is a significant factor in amount of contaminant and is part of a significant interaction five places
between responses A and B. The number of cycles is also important as it is a significant factor in
max particle and is part of a significant interaction five places between responses A and B.
Ultrasonic time is important because it is a significant factor in amount of contaminant. Lastly,
BB-1818 concentration is crucial as it is part of a significant interaction four places between

responses A and B.

Normal Plot of the Standardized Effects
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Figure 10: Exp. I Significant Factors of Contaminant Amount — 85% Confidence Interval
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Normal Plot of the Standardized Effects
(response is Max Particle (mm), Alpha = 0.15)
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Figure 11: Exp. I Significant Factors of Max Particle — 85% Confidence Interval

Finally, due to the results of the first DOE, the factor of temperature was chosen to be
150°F so to not have a drastic negative effect on contaminant amount or maximum particle size.
This was because both responses were divided on which factor setting was best. The factor was
skewed to the high side due to the vendor recommended temperature range of 130°F-175°F and
the previous setting for this factor having been 150°F. For raw data and graphs pertaining to
Experiment I refer to Appendix D.

In summary, this experiment showed that the agitation stroke should be short, the number
of cycles should be five, the ultrasonic time should be five minutes, and the agitation time should
be one minute. These were all chosen due to effects on both response A and response B. The
factor of temperature was chosen to be 150°F to balance between the requirements of response A
and response B. The factor setting for turbos on/off should be set at on to benefit response A and

because the setting choice with respect to response B was mixed depending on the factor
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interaction. The factor setting of BB-1818 concentration was not clear and needed more
investigation. The factors of ultrasonic time and number of cycles would also be defined better
by a second experiment as they both had some inconsistencies. Ultrasonic time showed to be set
at five minutes with respect to response A, but it did have a large effect on this response
depending on the setting choice. This factor setting also was not heavily favored with respect to
response B and the interaction of ultrasonic time with BB-1818 concentration was found to be
significant. Finally, the factor of number of cycles showed not to have a discernable main effect
on response A, yet had a large main effect on response B.

Experiment 11 Analysis

The purpose of experiment II was to better define three factors that were not clearly
defined by the analyzed data gathered in Experiment I. Experiment II was performed with a full
2% factorial design in which 8 runs were performed with two replicates and four samples
randomly chosen from each basket of ten castings. The 64 castings sampled from this
experiment were sent out for cleanliness testing and the raw data results can be found in
Appendix E.

The high and low values chosen for BB-1818 concentration were moved higher than
experiment I. This was because there were more interactions for response A and B that favored
the higher concentration in experiment I. The low value was kept the same as the high value in
experiment . The values chosen for ultrasonic time were moved higher then experiment because
both responses A and B showed more favorable results with the larger time in experiment I. The
low value was also kept the same as the high value in experiment I. Finally, the values chosen

for number of cycles were moved lower than experiment I. This was due to the large effect that
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the lower number of cycles had on response B. The high value was kept the same as the low
value in experiment .

Contaminant Amount Analysis. The data gathered was input into the Minitab version
16 software and analyzed. Significance references in this section pertaining to analysis of Figure
12 through Figure 17 are at a = .05. A plot of the standardized effects on total amount of
contaminant per each square meter of surface area, as shown in Figure 12, showed that the factor

interactions of BB-1818 concentration * ultrasonic time was significant.

Normal Plot of the Standardized Effects
(response is Contaminant Amount Per Surface Area (mg/m2), Alpha = 0.05)
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Figure 12: Exp. II Plot of Significant Factors of Contaminant Amount
A plot of the main effects for contaminant amount, Figure 13, showed that each factor
should be set as follows: BB-1818 concentration at 20%, ultrasonic time at ten minutes, and
number of cycles at five. The points that have the lower mean value had less contaminant

amount and would be preferred.
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Figure 14 shows an interaction plot of the factors and the same conclusions. The
interaction plot for BB-1818 concentration with ultrasonic time shows that one mean data point
is significantly lower than the other three. That point is when BB-1818 concentration is set at
20% and ultrasonic time at ten minutes. The interaction plot for BB-1818 concentration and
number of cycles also shows one mean data point considerably below the others. That point is
when BB-1818 concentration is at 20% and the number of cycles is set at five. The interaction
plot for ultrasonic time and number of cycles illustrates that two points are approximately equal
and lower than the other two. The mean data point that is slightly below the other is when

ultrasonic time is set at ten minutes and the number of cycles is at five.

Main Effects Plot for Contaminant Amount Per Surface Area (mg/m2)
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Figure 13: Exp II Plot of Main Effects of Contaminant Amount
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Interaction Plot for Contaminant Amount Per Surface Area (mg/m?2)
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Figure 14: Exp II Interaction Plot of Factors of Contaminant Amount
Maximum Particle Size Analysis. The data was then analyzed in regards to response B
which was the maximum particle size. A plot of the standardized effects on maximum particle

size, as shown in Figure 15, showed that no factors or factor interactions were significant.
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Normal Plot of the Standardized Effects
(response is Max Particle (mm), Alpha = 0.05)
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Figure 15: Exp. II Plot of Significant Factors of Max Particle Size

A plot of the main effects for maximum particle size, Figure 16, showed that number of
cycles had the greatest affect. From the information in this plot each factor should be set as
follows: BB-1818 concentration at 40%, ultrasonic time at five minutes, and number of cycles at
two. This information was the exact opposite of the settings required for a positive effect on
response A. Figure 17 shows an interaction plot of the factors with each other and again
illustrates the strong correlation between BB-1818 concentration and ultrasonic time. A strong
interaction between BB-1818 concentration and number of cycles is also indicated.

The interaction plot for BB-1818 concentration with ultrasonic time shows that one mean
data point is considerably below the other three. That point is when BB-1818 concentration is
set at 40% and ultrasonic time at five minutes. The interaction plot for BB-1818 concentration
and number of cycles also shows one mean data point is lower than the others. That point is

when BB-1818 concentration is at 20% and the number of cycles is set at two. The interaction
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plot for ultrasonic time and number of cycles illustrates that one mean data point is lower than
the others. The mean data point that is slightly below the others is when ultrasonic time is set at

five minutes and the number of cycles is at two.
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Figure 16: Exp. II Plot of Main Effects of Max Particle Size
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Interaction Plot for Max Particle (mm)
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Figure 17: Exp. II Interaction Plot of Factors of Max Particle Size

Additional investigation was also performed when looking at which factors and factor

interactions were significant in experiment II. Significance references in this section pertaining

to analysis of Figure 18 and Figure 19 are at a = .15. A plot of the standardized effects on total

amount of contaminant is shown in Figure 18. This plot has an eighty-five percent confidence

interval and shows an addition significant factor which is BB-1818 concentration. There is also

an additional significant factor interaction of BB-1818 concentration * ultrasonic time. A second

plot of the standardized effects on max particle is shown in Figure 19. This plot also has an

eighty-five percent confidence interval and shows an addition significant factor of number of

cycles and factor interaction of BB-1818 concentration * ultrasonic time * number of cycles.
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Figure 18: Exp. II Significant Factors of Contaminant Amount — 85% Confidence Interval
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This data shows that BB-1818 concentration is important as it is a significant factor in

amount of contaminant and is part of a significant interaction two places between responses A

and B. The number of cycles is a significant factor in max particle and is part of a significant

interaction for responses B. Ultrasonic time is part of an interaction for both responses A and B.

A summary of the factor settings indicated by experiments I and II is shown in Table 3.

This table shows the factor settings in regards to responses A and B as suggested by experiment

I. It also shows the settings chosen from the analysis of experiment I. Finally, the table shows

the choices for these same factors in regards to both responses as dictated by experiment II.

Table 3

Experiment Indicated Factor Settings

Experiment I Analysis

Experiment II Analysis

Amount Max After Amount Max
Factor of Mass  Particle Size Experiment I of Mass Particle Size
BB-1818
Concentration 20% 20% ** 20% ** 20% ° 40% °
Wash Fluid
Temperature 180°F * 100°F * 150°F 150°F 150°F
Wash Turbos On On ** On On On
Wash Agitation
Time 1 Minute 1 Minute 1 Minute 1 Minute 1 Minute
Wash Ultrasonic
Time 5 Minutes 5 Minutes 5Minutes 10 Minutes *° 5 Minutes °
Agitation Stroke
Length Short Short Short Short Short
Number Of
Cycles 5 5 5 5° 2°

** = Inconclusive

® = Conflicting
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Chapter V: Discussion

The current cleaning method for machined cast iron couplings was not reliable and the
requirements for cleanliness of the casting were not being consistently met. The purpose of this
study was to improve cleanliness of the castings to meet requirements by modifying processing
methods for this product.

The literature review discussed the three distinct factors that are involved in a cleanliness
issue. The factors are material involved, cleaning method used, and method of verification of
cleanliness. This review focused on the specific material, cleaning method, and method of
verification of cleanliness that this study utilized.

The first factor of material used focused on the casting of iron including the machining of
the iron casting, and the removing of burrs from the final product. The second factor that was
examined was the cleaning method used and focused on washing methods, ultrasonic cleaning
used in washing methods, and chemistry used in washing methods. Finally, the methods of
gravimetric verification of cleanliness were explained. The focus was on the details of
gravimetric cleanliness testing and then the pros and cons of using this method of verification.

The methodology used for this study was discussed in depth and then the results of both
experiment [ and II were outlined. In this chapter the conclusions based on the analysis of the
data gathered in both experiments are discussed. This chapter also contains recommendations
for further study.

Limitations
The study was limited to testing and analysis of machined cast iron coupling assemblies

and did not extend to any other product variations. The study was focused on the current
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processing method of cleaning castings in the newly purchased parts washer from Ramco
Equipment Corporation. This parts washer was a four stage model MK-16T.

This study was also limited to the washing method used and did not investigate alternate,
or secondary, inspection and deburring methods to improve cleanliness. Two of the seven
factors that were studied have not been completely defined and/or full ranges of these variables
were not investigated. The ranges investigated were limited and some additional
experimentation might be of benefit. The factor of BB-1818 concentration was only tested at
settings of 10%, 20%, and 40%. With the study suggesting a final concentration setting of 20%,
additional testing at 15% and 25% might further adjust the performance of the cleaning system.
The factor of ultrasonic time was only tested up to a setting of ten minutes. With the final study
conclusion of setting the time at ten minutes, additional testing at 15 minutes and 20 minutes
may also further define the cleaning system parameters.

Additionally, this study utilized gravimetric testing procedures with pressurized solvent
cleansing. Only one solvent was used for this study and no investigation was performed to
gauge the effect that other solvents might have on testing results. Also, the possibility of
deburring the casting while performing the gravimetric testing was not thoroughly investigated.

There were also limitations to the methodology used for this study. The first limitation
was that it was performed using only "01" style castings. There was no testing performed to
qualify the cleaning process with the other two casting configurations. Even though the castings
are similar, there is no guarantee that all three variations will be cleaned equally in the current
cleaning process.

The final limitation of this methodology was that it was performed with a limited sample

size and was not performed over a period of time. These experimental results showed the
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improved machine settings, but did not determine the process capability with respect to time and
number of castings processed.
Conclusions

Experiment I showed that the turbos should be on and the agitation stroke should be short
to benefit the amount of contaminant. Additionally, due to the results of experiment I, the factor
of temperature was chosen to be 150°F so to not have a drastic negative effect on the amount of
contaminant or maximum particle size. Temperature was a significant factor (a2 = .15) in the
amount of contaminant and was part of a significant interaction (a = .05) five places with respect
to response A and response B. The factor setting was chosen due to the vendor recommended
temperature range and the previous setting had been the same.

This first experiment also demonstrated that the factor of agitation time should be one
minute due to the effect on the amount of contaminant. The factor of BB-1818 concentration
was not clearly defined from experiment I and would be defined better by a second experiment.
BB-1818 concentration was a part of a significant interaction (o = .15) four places with respect to
responses A and B. Also the factors of ultrasonic time and number of cycles showed
inconsistencies and would be investigated further in a second experiment. Both of these factors
were also important as they affected both responses A and B. The number of cycles was a
significant factor (o = .15) affecting max particle and was part of a significant interaction (o =
.15) five times with respect to response A and response B. Ultrasonic time was a significant
factor (a0 = .05) affecting the amount of contaminant.

The results of experiment II showed that the three factors studied were significant in
responses A and B. The factor of BB-1818 concentration was a significant factor (a = .15)

affecting the amount of contaminant and part of a significant interaction (a = .15) for both
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responses A and B. The number of cycles was a significant factor (a = .15) affecting max
particle and also part of a significant interaction (o = .15) for response B. Ultrasonic time was
part of significant interactions (o = .15) affecting both responses A and B.

Experiment II showed that when investigating the amount of contaminant each factor
should be set as follows: BB-1818 concentration at 20%, ultrasonic time at ten minutes, and
number of cycles at five. However, when investigating maximum particle size the opposite
settings should be used for each factor. Due to this discrepancy, these results required additional
scrutiny of the raw cleanliness testing data from experiment II.

When the raw data was examined, it was found that 75% of the castings passed the
specifications for maximum amount of contaminant allowed while less than 8% of the castings
passed the specifications for maximum particle size. This would suggest that the current
cleaning process may be capable of meeting the amount of contaminant specification, but it is
not effective at achieving the particle size requirement. This data from the second experiment
showed that the current system should focus on meeting the amount of contaminant
specification. The factor of BB-1818 concentration should be set at 20% and the ultrasonic time
should be at 10 minutes.

Finally, the factor of number of cycles was chosen to be set at two. When examining the
raw data it was found that all 16 castings, utilizing the other two factor chosen settings, met the
maximum amount of contaminant allowed. Due to the difference in processing time of 55
minutes at five cycles and 22 minutes at two cycles, the decision on the number of cycles was
determined by minimizing processing costs and maximizing product throughput. Table 4

provides a summary of the factor setting changes.
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Table 4

Factor Settings Before and After

Settings Before Settings After
Factor Study Study
BB-1818 Concentration 10% 20%
Wash Fluid Temperature 150°F 150°F
Wash Turbos On On
Wash Agitation Time 1 Minute 1 Minute
Wash Ultrasonic Time 1 Minute 10 Minutes
Agitation Stroke Length Short Short
Number Of Cycles 5 2

Since the modification to the process parameters there have been no rejections of the
cleaned castings due to exceeding the amount of contaminant specification. The maximum
particle testing results have improved, but regularly exceed the specification. The cleanliness
testing procedures have been changed and standardized since these experiments were run. The
testing requirements followed during this study specified collecting a cleanliness sample by
thoroughly rewashing the entire casting both inside and outside. Discussions with the customer
resulted in this requirement being changed to only rewash the inside of the casting.

The cleanliness specification is required to keep contaminants from being washed into the
hydraulic circuit of the equipment. The change in testing procedures was because the passages
inside are the only areas that are in direct contact with the hydraulic fluid that is passed through
this casting. Therefore, no data can be supplied regarding production results, which are a direct
comparison to the results obtained in this study.

Recommendations

The limitations of this study point out three recommendations for additional

investigation. The first recommendation would be to investigate and develop repeatable and

reliable deburring methods for these castings. The current processing methods are not repeatable
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and may not be adequate for this product. Appropriate deburring methods may help the castings
pass the maximum particle size specifications.

The next recommendation would be to perform a DOE on “02” and “03” castings to
verify that the developed factor settings will perform the same with these configurations.
Finally, variable ultrasonics should be studied and tested. Research suggested that different
ultrasonic frequencies targeted the removal of varying particle sizes. If this could be shown
effective on the subject castings, modifications to the current washing equipment could be made
to vary the ultrasonic frequencies and possibly meet the maximum particle size requirements.
Summary

The seven factors studied in these experiments were all found to affect both responses of
the amount of contaminant and the max particle size. The factors of wash fluid temperature,
wash turbos on/off, wash agitation time, and agitation stroke length were not modified due to the
results of this testing. The factors of BB-1818 concentration, wash ultrasonic time, and the
number of cycles were changed due to the results of the experiments. The final settings to be
used for processing the castings in this automated cleaning process are: BB-1818 concentration
at 20%, wash fluid temperature at 150°F, wash turbos on, wash agitation time at one minute,
wash ultrasonic time at ten minutes, agitation stroke length short, and the number of cycles at

two.
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Appendix A: Equipment

T~

Parts Washer with Lids Open and Parts Basket in Stage 1 Wash

Main Control Panel Timers and Controllers



Loaded Washing Basket Side View
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Appendix B: Chemistry

MATERIAL SAFETY DATA SHEET
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[ POTENTIAL AEALTH EFTEC TS
[ TRAALATION. Dresthing concenrated Yapors May CaUse =60 of espirsiony DL

| GFIN: Prolonged cOnsct may Galse ImeSton.

EYES: Product is classified as an eye imant Contact with eyes will cause imitation.

| TRGES TN May Calse qasne Oismess, vOmng and oEmnes.

CARCMOGENICITY NTE? Mo WAC WOMOCRAPHET Mo OfSHARECULATER? Mo
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MATERIAL SAFETY DATA SHEET
I ThoDUC T TAME. BR oI
Movember 28, 2007 ¥ane 200

SECTJD:‘J 4 - H"RST AlD MEﬁS{JﬁES

SKIN: Wash contacted area with soap and water, DO NOT attempt to neutralize with chemical agents: if imtation persists, seek medical
attention.

EYES: Lheck for and remove contact lenses. Immediately fiush eyes for 13 minutes in chear running water while holding evelids open; seek

INGESTION: Ehmtlm'gequaﬂjﬁsnfmurmi: DO MOT imduce vomiting; never give amything by mouth o an unconscious person; seek
medical sttention immediately.

SECTION & - FIRE FIGHTING MEASURES
FLASH POINT [METHOD USED) FLAMMABLE LIMITS LEL. Mot apphcable UEL:_ Mot spglicable
Non-flammable AUTOIGNITION TEMPERATURE: Mol desermined | NFPACLASS:  Mane

GEMERAL HAZARDS: Product is alkaline. Products of combustion include compounds of carbon, ydrogen and omypgen, including carbon
moncoade.

EXTINGLASHING MEDIA
Carbon dicwade, water, water fog, dry chemical, chemical fioam.

FIRE FIGHTING PROCEDURES
Keep containers cool with waier spray to prevent con@iner rupiure due to steam builldup; ficor will become shppery if matenial is released.
Matenial is akaline and will imitate the eyes if product is allowed to diFecty contact the eyes.

UNUSUAL FIRE AND EXPLOSION HAZARDS
TNore

[ FAANDOUS COMEIS TTON PHODUC TS
Smoke, fumes or vapors. cxides of carbon.

SECTION 6-ACCIDENTAL RELEASE MEASURES

STEPS TO BE TAKEN IN CASE MATERIAL 15 REL EASED OR SPILLED: Material is alkaline and will iritate the eyes i product is allowed to
directly contact the eyes.  Wash small spills to sanitary sewer. Lange spills - confine spill, soak up with approved absorbant, showel product
it approved contamer fior disposal.

SECTION 7- HANDLING AND STORAGE

PRECALUTICONS TO BE TAKEM IN HANDLING AMD STORAGE: Heep container closed when not in use; protect containers from abuss;
protect from extreme tempeaires. Keep this and other chemicals out of reach of children.

SECTION 8- EXPOSURE CONTROLS /PERSONAL PROTECTION
[ ENGINEEFING CONT oL
The use of local exhawst ventilation is recommended. Use comosion-resistant ventlation equipment.

h'nrls. HIDSH wmedresplmmlﬂbem Ha‘ethBCFH IE1IZ|134ur Emupamﬁl:a'uhrd ENHwamrmﬁeEreg.lhums.

PROTECTIVE GLOVES: Meoprene, butyl or nitrile rubber glioves with cuffs.

EYE PROTECTION: Chemical splash goggles. Hefer to 25 CFR 1910.133 or European Standard EN1EE.

OTHER PROTECTIVE CLOTHING OR EQUIPMENT: Coveralls, apron, or other equipment should be womn to minimize skin contact, safety
eyewash station neartey.

WORK | HYGIENIC PRACTICES: Practice safe workplace habits. Minimize body contact with this, as well as all chemacals in geneml
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MATERIAL SAFETY DATA SHEET

| PROGUCT NAME: B8 1818
| Novernber 28, 2007 it
SECTION 8- PHYSICAL AND CHEMICAL PROFPERTIES
VAPOR PRESSURE VAPDR DENSITY (AR =1)
17 mm 2 C *1
SPECIFIC GRAMTY (WATER=1) EVAPORATION RATE (Water= 1)
1155 <1
SOLUBILITY IN WATER FREEZING POINT
Comgpiets <I>FF {=0"
P (84 ]]
133 Blue alkaline higuid, charactenstic shightly sweet odor.
BOILING POINT PHYSICAL STATE
| 2N2F {(>100° C) Liguid
VISCOSITY VOLATILE ORGANIC COMPOUNDS (Total VOC's)
Mot specified MNone
SECTION 10-STABILITY AND REACTIVITY
STABILITY UNSTAR E- COMDITIONS TO AVOID: Extrems lemporatures.

]t ] : oston will not oceur it handled and stored properdy. In case of a fire, codes
nfu:'ahc-n hg,.d'acartlm‘ls ﬁmwms,a‘-:lsrmﬁc&maybep‘ndlmad

HAZARDOUS POLYMERIZATION MY OOCUR: COMDITIONS TO AVDID: None
WILL MOT OCCUR: X

SECTION 17 - TOXICOLOGICAL INFORMATION

= LU of Ingradien LLn0 o Ingredient
Hazardous Ingredients case | ENECSE | o o e ) kb
Pmoprietary suiizctants & wetting agents Mot specified
Sodium messilicates, penshydrate (3} 10213793 | Mot found e R i

SECTION 12 - ECOLOGICAL INFORMATION

Nodata are available on the adverse effects of this material on the ervironment. Neither COD nor BOD data are available. Based on the
chemical composkion of this product it is assumed that the mixture can be treated in an acciimatized biclogical waste treatrment plant system

in this mixture are classified as a Marnne Polluant

in limited quantities. Howewer, such treatment should be evaluated and approved for each specific biological system. Mone of the ingredients

SECTION 13- DISPOSAL CONSIDERATIONS

WASTE DISPOSAL METHOL: Dispose of in accondance with local, state. and federal requistions. Refer o 40 CFR 260 - 253 for complete
wiaste disposal requiations for alkaline materals. Consult your local, state, or feders| agency before disposing of any chemicals.

SECTION 14 - TRANSPORT INFORMATION

PROPER SHIPPING MAME: Non - Hazardous for Transport

DOT HAZARD CLASS / Pack Group: Mot regulaied IATA HAZARD CLASS | Pack Groug: Mot regulsied
REFERENCE: Mat Applicable IMDG HAZARD CLASS: Not requlated
UN / NA IDENTIFICATION NUMBER: None RICVADR Dangersus Goods Code: Mot requlated
LABEL- MNone Required UN TDG Class / Pack Group: Not regulated

HAFARD SYMBOLS: None Hazard Idsnifoation Number (HIN): Nnne

mumsme md'l'ﬂ-ih'lls ﬁCanada]TEGrrfmmnwnEﬂshdeﬁed mgdmaﬂmmmmmﬁcmm
p=ckaging materials and methods of shipping.
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MATERIAL SAFETY DATA SHEET

I ThoDUC T TAME. BR oI
Movember 28, 2007 e
SECTION 15 - REGULATORY INFORMATION
TSCA (Towic Substance Control Act)

Al components of this product ame lsted on the ULS. Toxic Substances Control Act Chemical inventory (TSCA Inventory) or ane exempted
from listing because a Low Violume Exemption has been granted in accordance wath 40 CFR 723.50.
SARA TITLE Il {Sasperfund Amendments and Reauthorization Act)

311/312 Hazard Categories
Immediats health

313 Reportable Ingredients:
None

Califomia Prop 65, Saffe Drinking Water and Toie Enforcement Act of 1386
There are no reporable chemicals present known to the state of Califomia fo cause cancer or reproduciive tomicity.
CPR (Canadian Controlled Products Regulations)
This product has been dassified in accordance with the hazand criteria of the Controlled Products Regulations and the MSDS contains all
the information requined by the Controlled Products Regulations. WHMIS Classification: Mot controlled
DL {Canadian Ingredient Disclosure List)
Components of this product identified by CAS number and listed on the Canadian Ingredient Disclosure List are shown in Section 2.
DSL / NDSL [Canadian Domestic Substances List | Non-Domestic Substances List)
Components of this product identified by CAS number are listed on the DSL or NDSL. or are otherwise in compliance with the New
Substances Motification (MSM) requiations. Only ingredients classified as "harardows™ are listed in Saction 2 unless otherwise indicated.

EINECS (Euncpean Inventory of Existing Commencial Chemical Substances)
Components of this product identified by CAS numbers are on the European Imventony of Exasting Commercial Chemical Substances.

B Fisk Phrases ETMBOL S FEGUNED | EC Satety Phrases
R3I&3E Imitating to eyes and skin. FOR LABEL 52 Keep out of the reach of children.
52425 Anoid contact with skin and eyes.
Irvitant 528 After contact with skin, wash immediately with

. plenty of soap and wates.

SECTION 18- OTHER INFORMATION

Specific toxicity tests hawe not been conducted on this prodwct. Ouwr hazard evaluation is based on Information from similar products., the

HMIS HAZARD RATIMNGS HEALTH 1 * = Chroric Hanlth Hazard 2 =MODERATE
FLAMMABRILITY i 0 = INSIGNIFICANT A = HIGH
PHYSICAL HAZARD 0 1=SUGHT 4 =EXTREME
PERSONAL PROTECTIVE EQLIPMENT c Safety Glasses, Gloves, Apron
REVISION SUMMARY":
This M3DS has been revised in the following sections: Mo changes noted

MS0S Prepared by:  Comprehensive Data Base, Inc.
P.O. Bax 395
Imtencession City, FL 33848 LISA
(B63) 644 - 3238  www compdatabase com of wesw.msds oo

Tha informatios contsised heesin Is bedeved 0 bo occurmie Dut i mot wesmaniad 1o be so. Das ond cokulaSions am besed on infommation femished by thae
of e prodect sad messiocters  0f e componesis of the product.  Lsars e oovised i0 conlimm in adwance of meed thet informelion is ourment,
ol sulbed o the chremsiasces of use. Vondor assumes no FespomsiblEy for lejury o wendes oF Sird porsoRs prodmately ausad by Swe matecisl ]
salpty precpderes ame mot adheend 0o o8 stpeisied in the dste sheet. Furthemmom, vendor Sssumes: mo responsib@ly for injery cowsad by
-mhmﬂ:lmmm-m”mwummhmih

Eié

E
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|HATERIAL FAEETTY DAETA S HEET |

| SECTION 1 — CHEMICAL FPRODUCT AND COMPANY TDENTIFICATION

HE)

PRODUCT HRME : FEBROTE 10-385
IDENTIFICATICON NUMBER: 42370 DATE PRINTED: 12/07/07
PRODUCT T3E/CLA33 z Bu=t Preventiire
SUPPLIER: MANUFACTURER -
FERETNS FRODUCTS INC. FPERETHS FRODUCTS INC.
T025 WHE3T €66TH PLACE T025 WHE3T €66TH PLACE
BEDFORD PRRE, IL E0638 BEDFORD PRRE, IL E0638
EMERGENCY TELEPHONE: 800-224-5300 EMERGENCY TELEPHONE: 800-424-9300
Chemtrec———24 Hoars Chemtrec———24 Hoars
PREPABER: David Zimmerman, PHONE: T08-453-2000, PREPARE DATE: 05,/01/07
SECTION 2 — COMPOSITION/INFOBMATION ON INGREDIENTS
WTIHT & AOGTH oA

— CHRMOOL. BAME ———————  CA§ MBEER - [ESS THME  TIW-THA TLV-STIL FEL-THR PEL-CRILISG S
Tibanin scids mrruce [5.0 & M. HE. HoE- H.E WO
Menoattanalasra OO0~ 432 150 % 3 ppm & e 3 ppn H.E [
Tristhanalszlne MOI0103-T1-6 100 % 3 mgied H.E. 3 mgind HE W
saric scid T, T 5.0 4 10 mgyml H.E- 5 mEiEd WE !
l-Fydrorysttans-1, 1-diphospharls scld  DODZEIR-ZI-1 0w WE, N,E. W_E. HE YRS

SECTION 3 — HAZRRDI IDERTIFICATION

wvd EMERGENCY OVEBVIEW ***: Causes eye irritatiom.

EFFECT3 OF OVEBEXPO3URE — EYE CONTACT: Exposure to liguid or vapor may

cause mild irritation. Symptoms may include tearing, reddening and =swelling
accompanied by a stinging sensation andfor a feeling like that of fine dus=t

in the eyes.

EFEFECTS OF OVEBEXPOSURE — 3EKIN CONTRCT: Hot expected to be a skin

irritant, however it may cauoss irritation or dermatitis in some individoals

{(Continued om Page 2}
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Produoct: 42370 Preparation Date: 05/01/07 Page 2

| ZECTICH 3 - HAZRRNZ IDENTIFICATION |

wpon. prolonged comtact.

EFFECT3 OF OVEREXPOSUBE — INMHALATION: HNo hazard in mormal indostrial ose.
EFFECTZ2 OF OVEBEXPOZIUBRE - INGESTION: HNHo hazard im normal industrial use.
EFFECT2 OF OVEBEXPOZUBE - CHRONIC HRZRBNI: Ho known chromic effects.

DEIMARY BOUTE (3) OF ENTRY: EYE CONTRCT

ZECTION 4 — FIRST AID MERSUBES

FIR3ST ATD — EYE CONTACT: Immediately flush eyes with plenty of water for
at lea=t 15 minotes. Get medical attention, if irritatiom persists.

FIR3T AID — 3SFKIN CONTACT: Wash with scap and water. Get medical attention
if irritation develops or peErsists.

FIR3T RID - INHALATION: Remove to fresh air.
FIR3T AID — IRGESTION: I£f swallowed, induce vomiting immediately as

directed by medical persommel. HNHever give anything by mouth to an
mnconscious persom. Get medical attention immediately.

ZECTION 5 — FIRE TIGHTING MEARSURES

FLASH POINT: H.L. LOWER EXPLOSIVE LIMIT: H.A.
UPPER EXPLOZIVE LIMIT: H.A.

ADTOIGHNITION TEMPERATURE: H/Z
EXTINGUIZHING MEDIR: COZ DRY CHEMICRT FPOAM

UNUSUAL FIRE RRD EXFPLOSION HARZRRDNS: "Empty" containers retain produoct
residoe (liguid and/or wapor) and can be dangerous. 00 HOT PREIIURIZE,
CO0T, WELD, BRAEE, 3S0LIDER, DRILL, GRIND, OR EXFPOSE 30UCH CONTATHRER3 TO HEAT,
FLRME, ZPABE3, STATIC ELECTRICITY, 0OR OTHER S0QURCEZ OF IGHNITIOH; THEY MAY
EXPLODE RND CRUSE INJURY OR DEATH. Empty drums should be completely
drained, properly bunged and promptly returned to a drom reconditioner, or
properly disposed of.

SPECIATL. FIREFIGHTING PROCEDURES: &A= in any fire, wear self-contained

{Continned om Page 3}
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WCINES

Product: 42370 FPreparation Date: os/o1/ao7 Page 3

| ZECTIOCN 5 - FIBE FIGHTING MEAITURES

breathing apparatus pressure—demand (M3HA/NIOSH approved or eguivalent) and
full protective gear.

ZECTION € — ACCIDENTRL BELERSE MEARIURES

3TEP3 TO BE TAREN TN CASE MATERTAL I3 RELER3IED OB 3PILLED: RAbsork =pill
with imert material f(e.g. dry sand or earth), then place in a chemical
waste container.

SECTION 7 — HRRDLING AND 3TORRGE

HENDLING: Contains alkancolamines, do mot mix with nitrite—comtaining
materials du= to the possible formation of nitrosamines which hawre been
fpund to cause cancer in laboratory animals.

STORAGE:  Keep from freesing.

SECTION @ — EXPOSUBE CONTROL3,/PERSCHAL FPROTECTION

EHGINEERTNG CONTROLS: Good general ventilation should be sufficient to
control airborne lewsls.

RE3PTRATORY PROTECTICHN: A respiratory protection program that mests O3HRL
1510.134 and RNSI Z48.2 reguirements mast be followed whenever workplace

conditions warrant a respirator's uose._

SEIN FROTECTION: Where contact is likely, chemical resistant gloves and
apron may be us=d to protect soms sensitiwve individaeals.

EYE PROTECTICH: Wear safety glas=es with side shields {(or goggles) amd a
face shield.

OTHER PROTECTIVE EQUIPMENT: Hot applicable.

HYGIENIC FRACTICE3: Wash hands before= s=ating.

{Contimmed omn Page 4]
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Product: 42370 FPreparation Date: os/o1/ao7 Page 4

| 3ECTION & — PHYSICRL RND CHEMICAI PROTERTIEZ |

BOILING RANGE T B2l = EIEE VAPOR DEH3ITY : Is heavier than air
ODOR : Mild ODOR THRE3HOLD - N/A

APPERBANCE = ¥ellow Fluid EVAPORATION RATE: Ta slower than Batyl
SOLUBILITY IN HIZIO : Complete Ecetate

FREEZE POINT =22 F SPECIFIC GRAVITY: 1.0377

VAFPOR FRESZURE z < 0.1 mm Hg pH @ 5.0 & - ]

PHY3IICAL STATE z Ligaid VI3CO3ITY = < 50 303

COEFFICIENT OF WATER/OIL DISTRIEUTION: 100% Water

{3=e Jmction 16 for abbreviation legend)

ZECTION 10 - 3TRBILITY AND BERCTIVITY

CONDITIONS TO AVOID: Awoid strong oxidising and reducing agents, strong
alkali and nitrites.

IHCOMPATIEBILITY: Avoid strong oxidizing and reducing agemts, stromg alkali
and nitrites.

HAZARDOUS DECOMPOSITION PRODUCTS: Carbon momoxide and onidentified organic
compounds may be formed doring combustion.

HEZARNCOOS POLYMERTZATION: Will mot occuor under normal conditioms.

STABILITY: This product is stable under mormal storage conditions.

ZECTION 11 - TOXKICOLOGICRL PROPERTIES

Ho product or component toxicological information is awvailable.

TOXICOLOGICRAL INTOBMATION: HNeo Information.

SECTION 12 - ECOLOGICAL INFOBMATIOHN

ECOLOGICAL INFOBMATIOH: Hone known.

{Contimmed omn Page 5}

76

.
B
ALY



77

o At

B®

Produoct: 42370 Preparation Date: 05/01/07 Page 5

| 3ECTION 13 - DISPOSAL CONSIDERATIONZ |

DISPOSAL METHOD: Dispose of product in accordance with local, county,
state, amd federal reguolations._

SECTION 14 - TBANSPOBRTATION INPOBMRTION

DOT PROPER SHIPPING HAME:

DOT TECHENICAL HREME:

DOT HRZRRD CLAZS: HAZRRD JUBCLASZ:

DOT UN/HER HNUMEER: PACEING GRODE: BE3P. GUIDE PAGE:

ZECTION 15 - BREGULATORY INPOBMATION

U.3. FEDERAL BEGULATIONS: AS FOLLOWS —

03HA: Hamardous by definition of Hazard Commumication Standard (25 CFR
1510.1200)

CERCLA — SARA HAZARD CATEGORY:

Thi=s product has besn reviewed according to the EPA "Hamard Categories"
promalgated onder S3ections 311l and 312 of the Superfund Amendment and
Beacthorization Act of 1%8E€ (SARA Title 111} and i= considered, under
applicable definitions, to meet the following categories:

IMMEDIRTE HERLTH HAZRRD

SARE SECTICHN 313:

This product contains the following substances subje=ct to the reporting
reguirements of Sectiom 213 of Title III of the Superfund PAmendments and
Beaguthorization Act of 1586 and 40 CFR Part 372:

——————————— CHEMICAL HAME —————————— CAS NUMEER WT/WT % I3 LE33 THREN
Ho 3ARR Zection 313 component= exist in thias product.

TOXIC SUB3TANCES CONTROL ACT:
This product contains the following chemical substances subject to the
reporting requiremsnts of T3CR 12 (B) if exported from the United States:

——————————— CHEMTCAL, HAME ——————————— CAS NUMBER
Ho informatiom is awrailable.

{Continned on Page £]
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Produoct: 42370 Preparation Date: 05/01/07 Page €

| 3ECTION 15 - REGULATORY THPORMATION |

INTERHATIOHAL BEGULATIONI: A3 FOLLOW3 -

CAMADTAN WHMIS: This M3D3 has been prepared in compliance with Controlled
Product Begulatiomns except for use of the 16 headings.

CANMADIAN WHMIS CLAS3: Ho informatiomn available.

SECTION 16 — OTHER INFOBMATION

HMIZ BATINGSE — HEALTH: 1 FLAMMREILITY: O BEACTIVITY:
PEEVIOUS M3D3 REVISION DATE: 03/30/06
TOLATILE ORGANIC COMPOUNDS (VOCS): 0.00 lbs/gal, G grams/ltz

LEGEND: HNH.A. — Hot Applicable, H.E. — Hot Established,
H_DO. — Hot Determined

The information contained on this M3D3 has been checked and should be
accurate. However, it is the responsibility of the oser to comply with all
Federal, State, and Local laws and regulations.

<END OF M3D3>
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Appendix C: Part Geometry

“02” Casting Configuration Model

“03” Casting Configuration Model



Casting Cartridge Socket Bores
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Appendix D: Experiment | Test Data

Experiment | Cleanliness Testing Raw Data

Abrasives Non-Abrasives
Contaminant SizeinX SizeinY SizeinX SizeinY Max Particle
Run Sample Amount (mg/mz) (mm) (mm) (mm) (mm) (mm)
1 1 139.98 1.7526 1.0668 0.3048 0.2032 1.7526
1 2 482.50 1.8034 0.2794 0.6604 0.2794 1.8034
2 1 44.07 1.2446 0.5334 0.4318 0.3048 1.2446
2 2 504.33 1.6256 0.4572 0.5588 0.3048 1.6256
3 1 485.28 2.1336 1.8288 3.0226 0.3302 3.0226
3 2 107.85 1.3208 0.2794 4.3434 2.7432 4.3434
4 1 24.04 1.0922 0.6858 0.9906 0.8636 1.0922
4 2 110.87 1.9812 1.0668 0.3048 0.1270 1.9812
5 1 63.78 2.1844 0.5334 0.3048 0.3048 2.1844
5 2 60.10 1.3208 0.4572 0.1524 0.1016 1.3208
6 1 64.10 2.8956 0.5842 0.4064 0.2032 2.8956
6 2 19.46 1.2446 0.4572 0.3048 0.2032 1.2446
7 1 16.68 1.8288 0.3048 1.4224 0.3302 1.8288
7 2 40.47 1.6002 0.3302 0.6350 0.3048 1.6002
8 1 23.71 1.8288 0.3048 0.4064 0.3048 1.8288
8 2 13.82 0.8382 0.6096 0.5080 0.1016 0.8382
9 1 190.35 1.7272 0.7112 0.6604 0.4572 1.7272
9 2 179.89 1.5240 0.4572 0.7620 0.5588 1.5240
10 1 210.79 1.5748 0.3048 0.4572 0.3556 1.5748
10 2 656.58 2.3622 0.9652 0.4572 0.3556 2.3622
11 1 214.88 1.6256 1.0414 0.7874 0.2286 1.6256
11 2 257.15 1.9812 0.7874 0.5334 0.2540 1.9812
12 1 741.62 0.9652 0.4572 0.3810 0.1778 0.9652
12 2 212.67 0.4318 0.2794 0.5334 0.2540 0.5334
13 1 41.21 1.0414 0.5080 0.3048 0.2540 1.0414
13 2 33.36 1.1684 0.5842 0.8636 0.7112 1.1684
14 1 33.12 0.9398 0.5334 1.5494 1.0922 1.5494
14 2 67.87 1.7272 1.6002 0.5842 0.5334 1.7272
15 1 73.10 1.7780 0.9906 0.3810 0.1016 1.7780
15 2 10.47 0.7874 0.7112 0.6604 0.5334 0.7874
16 1 73.02 2.8956 0.6096 0.3048 0.0762 2.8956
16 2 61.82 3.3020 1.0414 0.7112 0.1524 3.3020
17 1 444 .81 1.6256 0.3302 3.0988 2.1082 3.0988
17 2 102.04 1.3462 0.5588 0.4318 0.5080 1.3462
18 1 33.03 2.1336 0.6096 0.2540 0.2540 2.1336
18 2 101.39 1.5748 0.7112 0.3810 0.2032 1.5748
19 1 524.78 2.8448 1.0668 0.8128 0.5588 2.8448
19 2 52.49 1.8034 0.5588 0.3556 0.1524 1.8034
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Experiment | Cleanliness Testing Raw Data Continued

Abrasives Non-Abrasives
Contaminant SizeinX SizeinY SizeinX SizeinY Max Particle
Run Sample Amount (mg/mz) (mm) (mm) (mm) (mm) (mm)
20 1 82.01 3.4036 0.7874 0.1016 0.1016 3.4036
20 2 429.84 2.9718 0.7366 0.5842 0.3048 2.9718
21 1 439.00 3.5052 1.2954 0.8128 0.7112 3.5052
21 2 484.55 2.0574 0.3048 0.7874 0.3048 2.0574
22 1 381.93 1.0668 0.3048 0.2794 0.2794 1.0668
22 2 227.06 2.1082 0.9906 0.3302 0.2794 2.1082
23 1 46.20 3.6322 0.4572 0.5842 0.3048 3.6322
23 2 43.42 1.8542 0.3048 0.7366 0.0762 1.8542
24 1 110.47 1.8034 0.9144 0.3048 0.2286 1.8034
24 2 502.04 2.1082 0.7366 0.4064 0.2286 2.1082
25 1 176.37 2.0828 0.5588 0.7620 0.4572 2.0828
25 2 781.36 1.9558 0.5842 0.5334 0.2540 1.9558
26 1 235.81 1.7526 0.6096 0.3810 0.1778 1.7526
26 2 201.31 1.6256 0.8382 0.8382 0.7874 1.6256
27 1 799.51 4.1148 0.3048 0.7874 0.2286 4.1148
27 2 742.35 3.2004 1.0668 1.0414 0.7112 3.2004
28 1 184.22 2.2352 0.5334 0.5588 0.4572 2.2352
28 2 257.40 0.6858 0.2540 0.6096 0.4521 0.6858
29 1 122.57 2.4892 0.8636 4.5974 0.6604 4.5974
29 2 651.19 1.0160 0.4572 0.6096 0.4521 1.0160
30 1 176.37 1.9304 0.4318 0.5588 0.4572 1.9304
30 2 80.21 1.4224 0.3302 0.4064 0.2540 1.4224
31 1 254.95 1.4478 0.6604 1.0414 0.7112 1.4478
31 2 340.88 1.9304 0.7112 1.0414 0.7112 1.9304
32 1 276.53 1.7272 0.8128 0.5588 0.4572 1.7272
32 2 390.84 1.2192 0.8128 0.6096 0.4521 1.2192
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Normal Plot of the Standardized Effects
(response is Contaminant Amount (mg/m, Alpha = 0.10)

99
Effect Type
WAH @ Not Significant
954 B Significant
90 1 Factor Name
A BB-1818 C oncentration (%)
80 B Temperature (°F)
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Standardized Effect
Exp. I Significant Factors of Contaminant Amount — 90% Confidence Interval
Normal Plot of the Standardized Effects
(response is Max Particle (mm), Alpha = 0.10)
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Residual Plots for Contaminant Amount Per Surface Area (mg/m2)
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Appendix E: Experiment Il Test Data

Experiment 11 Cleanliness Testing Raw Data

Abrasives Non-Abrasives
Contaminant SizeinX SizeinY SizeinX SizeinY Max Particle
Run Sample Amount (mg/mz) (mm) (mm) (mm) (mm) (mm)
1 1 22.98 2.9972 2.4892 0.7874 0.1524 2.9972
1 2 20.52 2.5146 2.1336 1.0668 0.5334 2.5146
1 3 11.37 0.7112 0.4064 0.2540 0.2286 0.7112
1 4 24.53 1.2954 0.8636 0.5334 0.1524 1.2954
2 1 20.44 1.9304 0.5588 0.8128 0.2032 1.9304
2 2 27.47 1.2192 0.3556 0.1778 0.1524 1.2192
2 3 100.16 1.4732 0.4064 1.4986 0.1524 1.4986
2 4 31.73 0.9144 0.3810 0.4318 0.1270 0.9144
3 1 10.87 1.5748 0.5588 0.4064 0.2540 1.5748
3 2 38.35 0.9144 0.9652 0.4572 0.2286 0.9652
3 3 20.36 0.7112 0.5334 0.4064 0.1524 0.7112
3 4 27.23 1.9304 0.4572 0.5334 0.5080 1.9304
4 1 39.17 0.7874 0.6858 1.0414 0.1778 1.0414
4 2 40.88 0.9652 0.3048 0.4572 0.2032 0.9652
4 3 25.27 1.4224 0.4826 0.2794 0.2540 1.4224
4 4 14.64 1.0922 0.3048 0.3810 0.1016 1.0922
5 1 37.04 1.6002 0.4826 0.3048 0.2540 1.6002
5 2 29.35 1.3208 0.5588 0.6604 0.1778 1.3208
5 3 78.74 1.6256 0.6604 0.3556 0.1524 1.6256
5 4 21.50 1.0922 0.3556 0.6096 0.2286 1.0922
6 1 189.45 1.2954 0.3048 0.3810 0.3810 1.2954
6 2 26.66 0.9144 0.5334 2.9972 1.9304 2.9972
6 3 37.61 1.3208 0.5334 0.3048 0.3048 1.3208
6 4 28.37 1.0668 0.4572 0.4318 0.1270 1.0668
7 1 26.74 0.8382 0.3048 0.7112 0.0762 0.8382
7 2 77.02 1.0668 0.5588 0.3302 0.2286 1.0668
7 3 26.57 1.2446 0.2794 0.2032 0.1524 1.2446
7 4 17.50 0.8382 0.6604 0.2286 0.2032 0.8382
8 1 86.92 0.9398 0.4572 0.5588 0.3048 0.9398
8 2 27.80 0.8128 0.2794 0.5334 0.4572 0.8128
8 3 27.23 0.5588 0.4318 0.2794 0.2032 0.5588
8 4 19.71 1.4732 1.0668 0.5334 0.0762 1.4732
9 1 18.48 0.9398 0.4318 0.5588 0.2794 0.9398
9 2 44 .24 1.6002 0.5080 0.2286 0.1778 1.6002
9 3 48.73 1.4478 0.5334 1.0922 0.2794 1.4478
9 4 27.06 0.5334 0.5080 0.2032 0.1778 0.5334
10 1 88.14 2.9464 1.3208 0.7366 0.1524 2.9464
10 2 43.83 1.4478 0.5588 0.3048 0.3048 1.4478
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Experiment 11 Cleanliness Testing Raw Data Continued

Abrasives Non-Abrasives
Contaminant SizeinX SizeinY SizeinX SizeinY  Max Particle
Run Sample Amount (mg/mz) (mm) (mm) (mm) (mm) (mm)
10 3 35.24 0.7112 0.5842 1.5748 0.7620 1.5748
10 4 36.96 1.1684 0.3048 1.8034 0.2794 1.8034
11 1 111.37 0.9144 0.3556 1.7526 0.1016 1.7526
11 2 19.95 0.8128 0.5588 0.6858 0.3302 0.8128
11 3 114.23 1.1176 0.3556 0.4572 0.3048 1.1176
11 4 144.64 1.9304 0.3048 1.2700 0.1524 1.9304
12 1 37.12 2.4384 0.8128 0.4572 0.3048 2.4384
12 2 28.95 2.0066 0.4826 0.4826 0.2540 2.0066
12 3 119.30 0.7112 0.4318 0.2032 0.1524 0.7112
12 4 29.93 1.6256 0.4064 0.2540 0.2032 1.6256
13 1 20.20 1.2954 0.4572 0.3556 0.2286 1.2954
13 2 19.30 0.9652 0.4572 0.4064 0.2540 0.9652
13 3 12.59 1.3462 0.3556 0.2540 0.2032 1.3462
13 4 15.37 2.3876 1.7272 1.2192 0.3048 2.3876
14 1 79.07 0.9373 0.4064 0.2032 0.0762 0.9373
14 2 33.12 1.2192 0.4064 0.6604 0.2794 1.2192
14 3 244.40 1.1684 0.6096 1.1430 0.5080 1.1684
14 4 44.40 1.5240 0.5588 0.3556 0.2032 1.5240
15 1 36.06 1.1684 0.3810 0.2032 0.1270 1.1684
15 2 58.54 0.9398 0.4826 7.5184 1.6002 7.5184
15 3 26.74 1.1684 0.7874 2.8448 0.7874 2.8448
15 4 39.00 0.9906 0.3302 1.0668 1.1684 1.1684
16 1 20.44 0.9906 0.3048 0.4572 0.4064 0.9906
16 2 22.89 1.4224 0.3556 0.2286 0.1016 1.4224
16 3 25.92 1.3462 0.4826 2.1082 1.6256 2.1082
16 4 25.51 1.5748 0.9144 1.7780 1.3462 1.7780




87

Percent

Normal Plot of the Standardized Effects
(response is Contaminant Amount (mg/mz2), Alpha = 0.10)
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Normal Plot of the Standardized Effects
(response is Max Particle (mm), Alpha = 0.10)
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Residual Plots for Contaminant Amount Per Surface Area (mg/m2)
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