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ABSTRACT
Since United States of America federal
legislation has required ozone depleting chemicals
(class I & II) to be banned from production, The
National Aeronautics and Space Administration
(NASA) and industry have been required to fred other
chemicals and methods to replace these target
chemicals. This project was initiated as a
development of a prioritization methodology suitable
for assessing and ranking existing processes for
replacement "'urgency."
The methodology was produced in the form
of a workbook (NASA Technical Paper 3421). The
final workbook contains two tools, one for evaluation
and one for prioritization. The two tools are
interconnected in that they were developed from one
central theme - chemical replacement due to imposed
laws and regulations. This workbook provides
malrices, detailed explanations of how to use them,
and a detailed methodology for prioritization of
replacement technology. The main objective is to
provide a GUIDELINE to help direct the research for
replacement technology.
The approach for prioritizafion called for a.
system which would result in a numerical rating for
the chemicals and processes being assessed. A
Quality Function Deployment (QFD) technique was
used in order to determine numerical values which
would correspond to the concerns raised and their
respective importance to the process. This workbook
defines the approach and the application of the QFD
matrix.

This technique:
1. provides a standard database for
technology that can be easily review.ed,
2. provides a standard format for information
when requesting resources for further research for
chemical replacement technology.
Originally, this workbook was to be used for
Class I and Class II chemicals, but it was specifically
designed to be flexible enough to be used for any
chemical used in a process (if the chemical and/or
process needs to be replaced).

The methodology consists of comparison
matrices (and the smaller comparison components)
which allow replacement technology to be
quantitatively compared in several categories, and a
QFD matrix which allows process]chemical pairs to
be rated against one another for importauee (using
consistent categories). Depending on the need for
application, one can choose the part(s) needed or have
the methodology completed in its entirety. For
example, if a program needs to show the risk of
changing a process/chemical one may choose to use
part of Matrix A and Matrix C. If a chemical is
being used, and the process must be changed; one
might use the Process Concerns part of Matrix D for
the existing process and all possible replacement
processes. If an overall analysis'of a program is
needed, one may request the QFD to be completed.

INTRODUCTION
This methodology serves to def'me a system
for effective prioritization of efforts required to
develop replacement technologies mandated by
imposed and forecast legislation. The methodology
used is a semi-quantitative approach derived from
q.tmlity function deployment techniques (QFD
Matrix). QFD is a conceptual map that provides a
method of transforming customer wants and needs
into quantitative engineering terms. This
methodology aims to weight the full environmental,
cost, safety, reliability, and programmatic
implications of replacement technology development
to allow appropriate identification of viable candidates
and programmatic alternatives.
EXPLANATION
Matrix

OF

MATRICES

A
Matrix A is a "chemical and use" matrix.
The objective of this malxix is to define the target
chemicals by the part and process in which they are
used (the how and where the targeted chemicals are
used). This matrix has some "bookkeeping" areas to
help in tracking the particular chemical/part/process
combination in other matrices. Parts of Matrix A
will be used in all matrices. Each component of

Matrix A may not need to be t'filed out. The
following is an explanation of the requested
information for this matrix.

After the l_t has been defined, a staface on
the part may need to be specif_d to better define the
process and requirements.

• the target chemical
The Class I or Class II chemical which has
to be efiminated due to regulation should be put in
this column. Any other chemical which needs
evaluation for replacement could also be put in this
column. It should be noted that some materials may
contain several "target"chemicals. Those materials
which have several chemicals should be grouped for
identification purposes. This information will be
necessary for subsequent matrices.

•process # (Reference)
This is the bookkeeping number for the
process. It should be defined by the chemical,
the
material, the part (or group of parts), and the surface.
The process (reference) # should be defined such that
there will be no confusion between processes. Again
this reference will be used in the other matrices for
tracking purposes.

• a chemical registry #
This is the standard number ( as might be
found on a Material Safety Data Sheet (MSDS)) for
the chemical. This is requested so that actual values
necessary for evaluation can be found.
• a chemical reference #
This a bookkeeping number. It is assigned
by the person f'dling out the chart. It is recommended
that for every chemical the number is consistent (i.e.
for all uses of TCA the number is 1, for all uses of
CFCll3 the number is 2, etc.). This number will be
used throughout the rest of the matrices in the "chem
#" column.
• mater/a/
This is the material that the chemical is in,
identified for the specific process. This is a reference
to assist def'ming the processes and parts. Generally
this will be the manufacturing or common name.
• the process in which the chemical is used
This is the current process for which the
chemicalisl_ing
fis&l. =His process is dependent on
the part, surface, etc. that will be affected. The
process will be necessary for subsequent matrices.
• a description of the part/coml_nent/subsystem
which is being processed
The part/component/subsystem
that will be
processed will be completed in this part of the matrix.

• the surface beingconsidered
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• a manufacturing process number
This is another reference point for the
matrix. The manufacturing process number allows a
check on the stage of manufacturing in which this
particular process is being done. Again this is an
optional part of the matrix. It would be defined as a
number (i.e. if it is the second process - it is 2).
• the number of man_acturing processes
This is the total number of processes a part
goes through as def'med by the part specifications (for
a refurbished part and for a non-renewable paR)
• the poundsofc_mical
used in the process (for the
spec6qed part) per year
This category
isstrictly for informational
purposes. It provides a prospective of the amoant of
the_eted
chemicals used.
A blank Matrix A is included in Appendix A.
Matrix

•a reference numberforthe specified
partlcomponcntlsubsystem
This is a number assigned to the
part/component/subsystem
that will be laXXTess_.
This number can be manufacturer specific as long as
it can be referenced to the FMEA (NASA specific risk
assessmen 0. This number will be used in Matrix C Risk Assessment and possibly in Matrix D for
sl_ifications of surface requirements.

A

B
The technical maturity of the chemicals and
processes are evaluated in Matrix B. The existing
chemical/process from Matrix A and the
developmental chemi_
are evaluated
according to the number of parts to be processed (in
the program life) and the testing
which has been
performed on the chemical, process, and proc_
parts. This matrix might be sent to the
:::
environmental, research and development, or
manufacturing group for completion. This matrix
was designed to accommodate the existing process and

the possible replacement processes, but it can also be
used specifically for comparison and evaluation of
possible replacement chemicals. The matrix is
broken into sections which ask for the identification
of the chemical and process along with the
conesponding reference numbers for each.
The reference numbers for the existing
chemical/process were defined in Matrix A; these
same numbers should be used for the
chemical/process in Matrix B. For each existing
chemical/process there should be a chemical/process
replacement. For each "replacement" chemical a
number should be assigned to correspond with the
chemical it is replacing.
A space is provided to identify the existing
(old) technology and the possible replacement
technology (new).
The next item to be completed is "Years of
Existence." This is the number of years the
chemical/process has been available for commercial
purchase.
Subsequent items deal with chemical,
material, and process testing. In an effort to provide
for every type of test, the "type tests" are very general
in scope. This matrix is not necessarily complete for
full analysis; it is provided to quantify the extent of
testing for each chemical/material/process.
Some
materials and/ox processes may not need a particular
type (general) of lest. For those areas where the test
information requested is not applicable, note in the
space that it was considered not necessary by placing
a check in the corresponding box.
The following items are requested:
• Toxicity Testing
New chemicals must pass a series of toxicity
tests before they are allowed to be used. By
identifying the toxicity testing which has been
completed, the new technology can be identified as a
cost or scheduling conflict before completing the rest
of the matrices.
• Environmental Testing
Environmental testing can be used to
determine if the chemical/process is "environmentally
safe." By identifying if the chemical/process has been
tested, one can foresee the possibility of future
environmental regulations.

that might possibility he needed before the chemical
can be qualified for use.
• Age Sensitivity Testing
This category includes such areas as shelflife, extensions of shelf life, viscosity changes over
time, age sensitivity of the chemical while on the
part, handling, etc. The information requested in this
category is not restrictive in the nature of type of age
testing; but when considering the extent of age
testing for an existing chemical, the same type
testing should be evaluated for the considered existing
technology.
• Misc. Testing
This category includes any other type testing
required for this chemical/process that cannot be
included in one of the other categories. Again, the
same consideration should be taken for testing with
the existing technology and the replacement
technology.
• Parts to be Processed (Program Life)
The program design life for the part and the
number of expected parts to be produced during that
time should be entered in this space. This allows for
judgment of the necessity of finding a replacement
technology.
A blank Matrix B is included in Appendix A
of this report.
Matrix

C
Matrix C is a risk assessment matrix which
provides a valuable tool for determination of the
critical safety and reliability parts and processes. This
matrix is designed to allow the risk of failure of the
hardware to perform its function, due to the process
change, to be calculated numerically.
The existing targeted chemicals, process, and
drawing numbers (from Matrix A) and the possible
replacement chemicals and processes with appropriate
drawing numbers should be filled in first. A space is
provided to check which is "existing" technology and
which is "new" technology.
The FMEA # is requested fox reference
purposes. The FMEA provides a ranking of
criticality of the part and process which is given a
"weight" or numerical value. This number will be
assigned a 1, 3, or 9 for Crit 3, 2, and 1 respectively.

• Chemical Reactivity Testing
By identifying the amount of chemical
reactivity testing that has been done, one canseethe
amount of future necessary chemical reactivity testing
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The probability of failure value is determined
by weighting the factor of safety and the type
inspection(s) performed. The scoring of 6-1 will be
given to the Inspections in the order listed in the
legend below the evaluation matrix (6 being Visual
and ! being Plug or other hardware specific,
destructive lest). The Safety Factor should be
inverted and multiplied by the Inspection value to get
the Probability Value. (See Figure 3.)

Chemical

specified by three letters (suchasNMH) which are
defined in the legend below the evaluation matrix
(None, Minimal, High). The highest score is a 9
which in this case corresponds to "'None". The
lowest is 1 which corresponds to "High". If the
question is not applicable then place a check mark in
that box noting it was recognized as unnecessary. If
the criteria described in the explanation can be
rewritten to better evaluate the process, then make a
note of the change in the explanation and use the
updated criteria for ALL of the chemical/proeess pairs
that are to be evaluated.
Each new process and chemical will be
"scored" for each concern listed in Matrices D through
J. Each "score" will be shown as most positive,
neutral, or negative (or blank for no relation).
Matrices D through J will alSO allow the corlccrns to
be weighted for importance. These weighted factors
will need to be considered in the f'mal prioritization
calculations. Additional information such as risk
factors for part failure and technical maturity of the
chemical and process will be used when trade-offs
become necessary. These data will be evaluated using
QFD methodology.

Process
Appendix A includes example Matrices for
use as guides in completing the prioritization process.

Figure

Matrix

3

The risk evaluation (weight) is determined
by multiplying the probability value by the severity
value. This matrix might be sent to a risk
assessment group.

D
Matrix D addresses the chemical concerns for
the existing and replacement technologies. Again
this can be used alone or as a part of the QFD matrix.
This matrix should give the user a f'mn understanding
of how the chemical acts or reacts during its shelf life
or use. An environmental engineering group and/or
manufacturing
should complete this matrix.
Matrix

Chemical

Process

E
The process concerns deal with the way that
a chemical acts or reacts during a process application.
An environmental engineering group and/or
manufacturing should complete this matrix,
Matrix

Figure

4

Again, a blank Matrix C is included in Appendix A.
Concerns
The following categories arc the concern
categories which are listed separately in the QFD
matrix. Each concern category is given a separate
malrix for simplification and facilitates the use of
particular parts of the entire worklx_
The format
in specifying the chemical/process pairs is the same
as Matrix B. The code following
eachconcernis
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Matrix F conside_ the regulatory impacts on
a chemical/process. When completing this part of the
matrix, one should consider the known dangers (i.e.
known phase-ont and reduction plans) when rating a
chemical/process on meeting the laws. The
regulatory concerns consider how OSHA
requirements, federal, slate, local environmental laws
and regulations affect chemicals and processes.
Sections of this matrix might be completed by safety,
legal, and environmental management personnel.

Matrix

G
The safety concerns are worker exposure,
spill response, t'u-e response, and explosion response.
Sections of this matrix might be completed by safety,
legal, and environmental
management personnel.

Matrix

H
The environmental

concexns consider

how

each chemical/process
is then rated on a scale of 1 weak, 3 - medium, and 9 - strong. Next, a weighting
factor is given to each concern. That is, on a scale of
1 to 20 in this case, assign a number rating the
importance of each concern.
To get the overall rating
of each chemical/process,
multiply the weighting
factor times the relationship
rating for each process to
concern and sum the total down the page.

chemicals impact the program environmentally.
Sections of this matrix might be completed by safety,
legal, and environmental
management
personnel.
Matrix

I
The cost concerns evaluate how cost will
deviate with the replacement of current technologies.
This matrix might be completed by the project or
program off'tee (or their suptx_ personnel).

Concern 1
Concern 2
Concern 3
Overall Rating

Matrix

J
The scheduling concerns delineate how
scheduling requirements will be met with respect to
Environmental Regulations and NASA program
schedules.
This matrix might be completed by the
project or program office (or their suplx)rt personnel).
QFD

APPLICATION

The QFD matrix will be completed by the
project office or program manager. The basic QFD
format is shown in Figure 5.

QFD Format

process/Chemical
lb

Concerns
Regulatory

2O

Safety

14
12

Process

125 67
78 101
55 40
Concern/processes
Relationships

lade Oil's
Risk
Technical Maturity
Impotl_nce

Rating

456 300

Figure 5
The QF'D Matrix is quite easy to understand
if it is approached
one step at a time. In the case of
the chemical replacement,
fast list the customer
(NASA or Contractor) concerns vertically on the left.
Then list each chemical/process,
old and new,
horizontally.
The relationship
of each concern to

Figure
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9

237

163

6

Example:
Chemical/process
#1 would have an
overall rating of (10 * 3) + (15" 1) + (12"9) = 30 +
15 + 108 = 153. Chemical/Im3cess
#2 would be (10
• 9) + (15 * 9) + (12 * 1) = 90 + 135 + 12 = 237.
Chemical/process
#3 would be (10 * 1) + (15 * 3) +
(12 * 9) = 10 + 45 + 108 = 163. This methodology
would rank #2 as the "better" alternative of the three.
The "roof" at the top of the malrix simply
shows how strong the chemicals/im3cesses
relate to
each other. This knowledge can applied when tradeoffs become necessary.
In fact, the QFD Matrix can
include several different entries that could be included
in trade-off studies. The Chemical Replacement
Prioritization
Methodology
applies only a limited use
"of the QFD capabilities.
Since this methodology
is used as a
guideline for comparison for replacement technology,
it should be noted that there are times when a full
QFD evaluation should not be performed.
The times
that the QFD evaluation is not recommended
are:
• when another tool or system is more
applicable,
such as when decision, risk analysis, or
analytical process models are all that are needed
• there is not enough time or resources to do
it RIGHT
• critical elements of the process are missing
(i.e. customer feedback).
In these cases, one should consider using the most
relevant matrices to assist in making judgment on
replacement technology.
WEIGHTING
For each type of process, the weighting
factors will vary (i.e. the weights for precision
cleaning may differ from those in foam blowing).
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Therefore a QFD weighting application is enclosed as
Malrix K. This weighting box allows the concerns
to be weighted against each other. The number in the
box represents the score of that eon_rn versus each of
the other concerns. The more important concerns
should be represented by higher numbers. The matrix
can be expanded to weight any category or all of the
concerns together. For each category, the weights
should be normalized by dividing the weight by the #
of concerns. A blank weighting worksheet (Matrix
K) is included in Appendix A.
SCORING
Depending on the type of appfication, the
scoring will be slightly different. If only part of the
matrix packet is used then the weights should be
multiplied by the number corresponding to that code.
The total of these numbers is the "score" for that
process. If the entire matrix packet is to be used as a
QFD exercise, then for each of the concern matrices
(D-J) the "score" should be determined as before by
multiplying the weight by the number corresponding
to the code then each concern category should be
normalized by dividing by the total number of
concerns in that category.
• Matrix A carries no numerical weight.
• Matrix C "scores" should be multiplied by
100 and added to the total from the concerns if using
the QFD malrix as a prioritization tool or subtracted
from the total if it is used as a replacement
technology comparison tool.
• If the matrix packet is to be used as a
comparison between alternate replacement
chemicals/processes, then the percentage of testing
completed as compared to the current technology
(from Matrix B) should be determined for each
category of tests. The total of these numbers should
be added to the accumulated numbers. If the matrix
packet is to be used to determine the ranking of
"urgency" then this chart could be used as a reference
to show the technical maturity of the existing
technology. This chart does not _ly
need to
be completed if it is to be used for this type of
application.

CONCLUSION
Prioritization
and Determination
Selection

Several agencies have requested copies of
this prioritization methodology workbook in its
entirety; this includes several NASA offices, NASA
contractors, Department of the Navy, Army
representatives, university representatives, private
consultants, and the US Environmental Protection
Agency. At this point the feed hack has been very
positive from those that have reviewed the document.
NASA contractors have actively used parts/variations
of this methodology. Thiokol has used this method
to determine the type of cleaner and process to be used
for cleaning solid rocket motor parts. They also used
parts of Mawix A and C to rank the importance
(according to risk) of each use of the current cleaner.
Martin Marietta has used parts of this methodology
for work done in the TPS Materials Research
Laboratory at Marshall Space Flight Center. Other
feedback has been less specific, however, this
publication has been recommended by the
Commonwealth of Virginia Department of
Environmental Quality and has been made available
through the technical assistance library in that area.
MAPTIS (Materials and Processes Technical
Information System) is a Marshall information
system containing a working prioritization data base.
The data base can be found within the NEIS (NASA
Environmental Information System), which is a part
of MAPTIS. The data base was designed to be "user
friendly." It allows the users to select from the
concerns listed in matrices D through J, or input
another category and the concerns associated with that
category. The data base, when told to process, will
automatically normalize the weights and do all other
necessary math calculations to get the overall score
for each chemical/process pair. The data base will
also allow the user to printout (on screen or hard
copy) the individual scores, the category scores, or the
overall scores for each chemical/process. The only
matrices not included on this data base are the
technical maturity and the risk assessment which are
generally used for trade-off comparison and usually
need to be done separately for other reasons.

for

The objective of this work was the
development of a quantitative procedure for
determination and ranking of replacement
technologies and associated issues. The QFD
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mauices are designed to produce a nunmical
"importance" value. If the QFD matrix is completed,
the final total will be the importance value. The
higher number conesIxmds to the "higher priority" or
"betterselection" chemical/process - depending on
the application.

For questions concerning the Prioritization
Methodology or to receive a complete copy of this
publication, contact:
Dr. Ben Goldberg (205) 544 - 2683
Wendy Cruit (205) 544 - 1130
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Appendix A
K -- Weighting

Matrix

Worksheet

r_

r,.)
Concerns

Total

1 = Less Important
20 = More Important
NOET - Prioritization

7

for Chemical Replacement
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