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ABSTRACT

DEVELOPMENT OF A METHOD FOR DETERMINING THE
RELATIVE MANUFACTURING COMPLEXITY OF
ADVANCED ENGINEERING MATERIALS

SHARDUL Y. PANDYA, ABD.
Old Dominion University, 1997.
Director: Dr. Han P. Bao.
The immediate adaptation of newly developed materials—with unique and

highly desirable properties—is hampered by several factors, including:
e high material cost and limited availability
¢ lack of information on them, including prior experience in their design
and manufacture, immature manufacturing processes and general
uncertainty in their behavior patterns
e unique handling issues, such as excessive manual labor, high process
temperatures, toxicity, disposal problems, limited working lives, and
low damage tolerance

Therefore, in spite of their significant benefits, potential users tend to shy
away from the widespread use of new materials, instead preferring conventional
and tested materials forms.

This dissertation is on a methodology developed to compare
manufacturing complexity of new materials with that of conventional ones. It
entails development of a 5 level multi-attribute hierarchy of 18 factors and
several processes that influence the manufacturing risk of new materials. A
Manufacturing Complexity Factor (MCF) and a Delta Complexity Factor (DCF)
are developed to compare new materials with older, traditional ones. The
Analytic Hierarchy Process is used to judiciously assign weights to all factors and
sub-factors.

Materials are assigned “ranks” based on information available about their
unique properties and requirements. From the rank and attribute priorities,

values for MCF/DCF can be obtained. Since information available is often
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limited, the ranks assigned to materials are not highly accurate values. The
Monte Carlo simulation technique is used to take away some of the uncertainty
in the ranks of the newly developed materials and generate a more “robust”
MCF/DCF value.

Sensitivity of the method to varying inputs is examined. An attempt is
made to compare this practical methodology with two popular approaches, one
used for analyzing the complexity of composite materials and another that
develops manufacturing complexity factors for given input parameters. Itis
shown that the methodology in this dissertation generates results not possible by

either of the other two methods.

Co-Directors of Advisory Committee: = Derya A. Jacobs
Bllie M. Reed
Resit Unal
Sebastian Y. Bawab
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CHAPTERI|
INTRODUCTION

The demands on materials serving man in the space age are
considerably more rigorous than on those in centuries' past. These demands
have fueled research interest, corporate curiosity and private and government
money into the study of composite and other material forms as possible
substitutes for traditional steel and aluminum. Given the sophistication of
research and development today, an almost endless combination of material
forms can be created, with unique properties—often tailored to a specific

application.

The aerospace industry—which has been using conventional aluminum
alloys for its parts and structures—has traditionally taken a keen interest in new
material forms—such as plastic-matrix composite materials, metal-matrix
composite materials and other advanced metal alloys—because new materials
can offer the unique properties that aerospace parts need at lower densities
than that of conventional aluminum. Aircraft and spacecraft parts are highly
weight-sensitive structures, and so aerospace designers are enthusiastic about
the lighter alternative that the new materials present—specifically, strength-to-
weight and stiffness-to-weight ratios lower than conventional aluminum. Weight
savings can directly result in reduced launch and mission costs, reduced fuel
consumption and increased payload capacity. It is estimated that every pound
of weight reduced on a spacecraft can result in between $10,000 and $50,000

in cost savings [2, 29].

Moreover, it is possible to develop composite materials with properties
specifically tailored to requirements, something not achievable in conventional
aluminum. Therefore, composites have been used in spacecraft applications as
an enabling technology—even when cost savings or weight reductions are not

This thesis follows the model set-up by the “Production and inventory Management
Journal”.
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necessarily high [29]. Consequently, as one might expect, it has been
recognized that composite materials are indispensable in aircraft and spacecraft
applications [29, 44]. This has significantly contributed to the development of

new composite materials, in the study of their properties, and in the

development of their manufacturing processes [11].

Unfortunately, immediate adaptation of newly developed materials in

aircraft and spacecraft structures—as in other commercial applications—is
impeded by several factors. These include [1, 2, 7,9, 15, 17, 29, 44]

The new materials are expensive;

There is a very limited number of suppliers;

The newly developed materials are not always fully tested or proven
in the field;

Many of the fabricating processes are not fully developed,

In many cases, the manufacturing equipment is inhibitively expensive;
Processing and manufacturing of composites is often highly labor
intensive;

Low production volume deters automation, and therefore cost remains
high;

Some composite materials are potentially harmful to the environment,
toxic to their human handlers, and are not recyclable;

The unique environment of space—vacuum, and cycles of extremely
high followed by extremely low temperature—is liable to degrade the
integrity of a composite structure, thereby putting a space mission at
risk;

There is a serious lack of any manufacturing database easily
accessible to the users of these materials and structural designers;
Designers often use design and manufacturing practices that have

been learnt while working with conventional aluminum designs.
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Composites present new challenges and requirements that are either
not known or not realized;

e There is a great amount of uncertainty associated with new materials
which tends to make potential users shy away from using them,;

o Conventional accounting systems tack company overhead costs on to
direct labor as a percentage or multiplier factor of direct labor hours.
Since composites often require high labor to process assemble and
inspect, this further augments to their per-part costs;

and

e Conventional costing methods require heavy reliance on the
existence of process plans, with very specific material, process and
labor rates. For parts fabricated using new materials, a process plan
may not exist, or may be very rudimentary. Costing of such parts is
very inaccurate or often incorrect.

Furthermore, not too long ago, a newly developed material with better
strength-to-weight or stiffness-to-weight ratios might be considered for an
application on the basis of its performance measures alone. However, today
spacecraft development is under very close scrutiny in terms of cost
expenditure. Therefore, as with everything else, the costs associated with a
composite material are “considered more important than a number of other
selection metrics”[17]. Today, even government agencies—such as DOD and
NASA—and their contractors have to consider the cost implications of an

enabling technology before exploiting the said technology.

Therefore, there is a need to develop a unified method to evaluate a new
material for a given potential application. This need is addressed in this
research proposal, in the form of a RESEARCH QUESTION:

Suppose a program manager or designer were exploring
different materials for some proposed part or structure.

Further suppose, that while some conventional material were
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suitable for the part, a newly developed material was also a
possible candidate. Given the fact that there exists a
tremendous uncertainty related to newly developed materials,
can a unified method be developed for potential users that
would enable them to select the most appropriate material

from a given set of materials?

The concern voiced in the above question is not new. It has been known
for some time now, that the uncertainty related to new composite materials
needs to be addressed for the industry to exploit their remarkable properties.
In Chapter I, some alternatives that have been espoused to answer the
research question are presented. In Chapter llI, it is explained why, in spite of
considerable research on composite material uncertainty, there is a need for
more work. The research question is then presented as a formal research
hypothesis. It is proposed to test the hypothesis on composite as well as
conventional materials; and on specific aerospace parts, as well as in a generic

comparison.

In Chapter IV, one of the alternatives espoused to answer the primary
research question is revisited. That alternative is developed into a formal
research methodology. It is proposed to use the methodology to test the
research hypotheses. A sample material comparison is also made in Chapter
IV. In Chapter V, the methodology is used to make specific comparisons
between challenger and defender materials. Comparisons are also made
between the results of this effort and another published result. Thereby, the
proposed methodology is validated, and hence the hypothesis is accepted. In
Chapter VI, the sensitivity of the methodology to different input parameters is

examined.

In Chapter VII, specific comparisons and differences are drawn out
between the methodology developed in this research and two other approaches

that could be used to address the research question. It is shown that both of
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the other methodologies are excellent at what they are intended to accomplish.
However, their results are divergent, and not as encompassing as those of the
methodology developed in this dissertation. Hence, this work is presented as
the only all-encompassing approach to comparing the manufacturing complexity
two materials. Finally, in Chapter VIil, some concluding remarks, including

areas for future development, are presented.
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CHAPTER I
LITERATURE REVIEW

The following steps have been undertaken to study the general
applicability of newly developed materials in the industry. There are several
other works geared towards the manufacturability of specific materials.
However, these being too narrow in scope, are not accounted for in the

following review.

2.1. LCCW anD CSSD REPORTS

After extensive studies, two highly detailed reports concemning advanced
composite materials have been published. These are the LCCW program
report and the CSSD guide.

Towards the end of 1988, the McDonnell Douglas Missile Systems
Company authored a report, sponsored by the US Air Force. It was called the
“Low Cost Composite Weapons Program®, or LCCW. The program objective
was to develop a broad “technology base” on several composite materials and
their manufacturing processes. Their report is a reference handbook on
composite materials, their manufacturing processes, tooling, assembly and
quality issues. This detailed, extensive and highly comprehensive report has
been prepared in an effort to meet a “need to reduce cost of our (US) defense
systems, while maintaining high performance”. It contains lists of guidelines, in
handbook format, on the specifics of several composite materials and their

manufacturing processes [44].

Another similar report is the “Composite Spacecraft Structures Design
(CSSD) Guide”. It is prepared under the supervision of a team of industry,
university and government personnel who have had “extensive practical
experience” in the design of spacecraft structures. The list of corporate
members of this team reads like a who's-who of organizations working with the

space program. The document was developed because the existing documents

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



on design of composite structures "do not adequately cover the issues of
interest to spacecraft program managers and preliminary designers”. Like the
LCCW program report, this too is a highly extensive reference document to be
used in the development of potential composite structures. It addresses all
aspects of design, fabrication and service, with an émphasis on the space
environment. It is designed to serve as a resource document, and provides

references to more advanced design information [29].

Both the above reports are excellent resource materials for the intended
reader. They both require box files about two inches thick to hold the extensive
material they contain. They are both prepared by reputed professionals in the
field, and are expected to be highly useful to fellow professionals designing
structures composed from composite materials. They both provide extensive
information on several composite materials in descriptive, tabular and graphical
format. However, they do not present the reader with any structured basis for
selecting between two composite materials for use on a specific structure.

2.2. PRICEH

The PRICE System’s PRICE H module (Parametric Review of Information
for Costing Evaluation - Hardware) is an extremely powerful and very popular
costing program. It has been used in deriving cost estimates for several
different applications in many industries for more than 30 years. Originally
developed by RCA in the early 1960's, it is currently owned by the Lockheed-
Martin Corporation. The PRICE models are also used in the aerospace
industry for financial, cost analysis and cost estimating purposes, including the
estimation of composite parts. PRICE H is a highly conventional and traditional
costing approach, and the accuracy of its results is based on the accuracy of
the input data. Needless to say, given the uncertainty of composites, inaccurate
input data leads to inaccurate cost models [8].

The PRICE H module includes a “Manufacturing Complexity” generator.

In theory, this could be used to quantify the manufacturing complexity of new
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and existing materials, and hence evaluate newly developed ones. However,
the Manufacturing Complexity generator is limited in scope, and hence its ability
to evaluate new—or existing—materials is also limited. This limitation, and
hence the superiority of the methodology developed in this dissertation, are

further discussed in Chapter VL.
2.3. THe ACCEM MODEL

A standard method of estimating fabrication time or cost for most parts is
to use some form of a detailed process plan. Each process and sub-process
step can be estimated and parameters summed to get an estimate of the part
fabrication time or cost. An extension of this method was proposed for
composite parts in the Advanced Composites Cost Estimating Manual (ACCEM)
developed by Northrop Corp. for the US Air Force [Referenced by 7, 9, 10, 21,
30]. The ACCEM model involves estimating the time for each step in the
process plan as accurately as possible. Using a log-log paper, the time is then
plotted versus some prominent design parameter of the part—such as length or
weight. From this plot, a “power-law” relationship is developed between the
variables. This relationship, can be extended to other parts or composites.

However, accuracy of this empirical method depends heavily on the
accuracy of the input data. Naturally, given the uncertainty of process
knowledge, this method is not the best means of estimating manufacturing cost
of newly developed composites. Furthermore, models developed in the ACCEM
manual are cumbersome, and do not easily incorporate changes as processes

evolve [30].

2.4. SCALING LAwS BY GUTOWSKI

A major research effort aimed at overcoming the ACCEM's limitations
comes from a group led by a Dr. Timothy G. Gutowski of the Laboratory for
Manufacturing and Productivity, at the Massachusetts Institute of Technology.
Their framework for estimating fabrication time and manufacturing cost of

advanced composites extends the power-law relationship to “general scaling-
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laws”. This process offers “physical interpretation for the most important effects
of part size and complexity” [30]. Part costs are rank ordered for different
designs within a certain process. Size, design and complexity scaling laws are
developed to estimate fabrication time.

The scaling laws of Gutowski incorporate one important observation into
the power law models of the ACCEM method. Inthe ACCEM method, time
estimates are diligently made for all the individual steps in a manufacturing
process. However, Gutowski et al. claim that Pareto’s Law of “vital few, trivial
many” applies to composite fabrication. Based on several observations, a
pareto plot is developed [10, 30]. It clearly shows a distribution where a bulk of
the fabrication time is taken up by a very small number of operation steps. This
80/20 distribution is exploited to simplify the time estimating procedure in the

scaling laws model.

Instead of estimating each of the several process steps—often using
unavailable or unreliable data and unknown or incomplete process steps—effort
can be concentrated on a few dominating steps. These steps can be identified
based on expert opinion or manufacturing preplans. The remaining steps can
then be scaled over the dominating steps to obtain an estimate of the part
fabrication time. To a first approximation, Gutowski says, this scaling can just
be a multiplier. The system user is then free to concentrate on improving
estimates of the few vital steps. Detailed modeling, experimentation or
comparisons are suggested as the means of examining and improving on the
few vital steps. As more process knowledge is gained and existing data is more

reliable, the above method can be repeated.

Physical significance of the scaling is derived based on another
observation of composite manufacturing data. Based on review of considerable
data, Gutowski, et al. claim that manufacturing operations can be represented
as dynamic systems with first order velocity response to a step input [30]. The

manufacturing processes are then characterized by two physical constants, <
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and vo. T is the dynamic time constant, with the unit of time; and v, is the steady
state velocity, with dimension (A/time); where A is an extensive part measure
(length, area, weight etc.). Power law equations developed for the first order
velocity response using A, T and v, are directly correlated with the power law
models of the ACCEM. The physical significance of t and v is used to facilitate
the rough estimates of the vital few steps. The process parameter values of t
and v, can be found based on physical arguments and comparisons to similar
class of problems [9, 10, 21, 30].

The mathematics involved in developing the scaling law models is not
exactly elementary. For this reason, possibly, the application of the scaling
laws by a novice is not straight forward. However, it is acknowledged that this
is an important development in the cost and time assessment of composite
manufacturing. This approach does incorporate the general uncertainty
associated with composites, which is the goal of the present research program.
For this reason, in Chapter VII, the Scaling Laws approach is compared to the

methodology developed in this dissertation.

2.5. TecHNO-EcoNowmic Stupy BY FOLEY

Foley [7] has studied different manufacturing processes, composite parts
and design geometry’s with an economic/geometric perspective. He
acknowledges that several processes and techniques for manufacturing
composite parts lead to confusion in selecting the "optimum® process. Selection
of the actual process is dependent on several considerations, including cost,
the design geometry of the part, and batch size. Foley establishes some
general guidelines for selecting the optimal manufacturing process for
processing composite materials, given a certain part geometry and
manufacturing scenario. His work compares five manufacturing processes
amongst four raw materials over three different part geometry’s. The results are
specific suggestions for selecting among the process/material/part geometry

studied in his paper. General conclusions that can be inferred from the study
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are also presented. However, while Foley's study discusses specific processes,
material types and design geometry’s, this work does not extend to the general
uncertainty related to new composite materials.

2.6. AHP AND A-bC BY KARBHAR!

Dr. Vistap M. Karbhari of the Center for Composite Materials, Department
of Civil Engineering, University of Delaware has published articles related to the
cost aspect of composite materials. One of these discusses the use of Saaty’s
Analytic Hierarchy Process (AHP) in making a decision to use a composite
material for an automotive part [17). This paper is not on the economics of
composite versus conventional materials, but more on a “go-no go” decision
being reached using the AHP, and the advantages of the AHP versus other
decision methods.

Two other papers by Karbhari and Jones [17, 18] exemplify an important
cost concern when dealing with composites—the inadequacy of standard cost
methods when dealing with composite materials. Standard costing methods
treat company overheads as a multiplier to direct labor costs, thereby treating
composites unfairly. Karbhari and Jones propose Activity-based Costing (A-bC)
and Activity-based Management (A-bM) as methods of identifying and
controlling manufacturing costs. Using A-bC and A-bM, they present a tool for
understanding costs during the initial design phase, and controlling product cost
during manufacturing. A-bC recommends the use of “cost pools® to assign the
cost of different activities that contribute to final cost. This contributes to the
analysis of activities for improvement opportunities, and elimination of waste or
redundancy. It also helps in identification of activities that contribute to the

success of the composite part.

2.7. MCF/DCF FACTORS BY BAO

And last, but not least, is Dr. Han Bao's work on manufacturing risks
assessment related to composite materials for spacecraft structures [2]. Bao's
work is two-fold. First, he has generated a manufacturing database of eight
composite materials that are considered potential candidates for use in
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spacecraft structures. These eight materials are individually ranked to
represent their risk and reliability. The ranking is based on six factors: raw-
material costs, handling problems, and problems related to manufacturing
processes, tooling, labor and quality assurance. Eight manufacturing processes
are highlighted in the database. These are the ones most frequently used while
manufacturing composite structures for spacecraft applications.

Second, in order to analytically evaluate the manufacturing complexity
associated with composite materials in the database, Bao has developed a
Manufacturing Complexity Factor, or MCF. As mentioned, the database
establishes six factor-groups for addressing manufacturing complexity. Based
on the information available on these six factor-groups, the MCF generates a
rating among two or more materials vis-a-vis each other. The methodology is
based on the individual manufacturing complexities of different materials.
Theoretically, any number of materials can be compared with each other using
the MCF.

The MCF calculations assume that one of the materials being compared
is a baseline material—a defender. It is accepted that the user is familiar with
the defender—with its properties, capabilities, problems and cost. The MCF
calculations are intended to be performed when some new composite
material—a challenger—presents itself. Suppose a newly developed composite
material were available in the market that merited a closer look, but about which
only a little was known. Then, by amassing all available information on the
challenger material, its manufacturing complexity could be compared against
that of the older defender material via the MCF.

Bao's work further introduces a Delta Cost Factor, or DCF. Based on
MCF values, the DCF gives an approximate measure of how much more

expensive—or inexpensive—the challenger is over the defender.
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2.8. CONCLUSION

In this chapter, seven different methodologies are discussed. Each of
these has been espoused in order to evaluate newly developed materials for
specific applications. However, as discussed, each has its own limitations,
which hinder in it being called a truly unified methodology.
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CHAPTER llI
RESEARCH HYPOTHESIS

The research presented in this thesis is essentially developmental in
nature. It attempts to provide the structured basis for choosing between two
materials—a newly developed challenger, and a well-known and tested
defender. In Chapter 2, seven other methodologies were discussed, all of
which could possibly be used to make the same selection. However, an
underlying limitation in them all—Bao's methodology to a lesser extent—is the
lack of a structured and uncomplicated basis. While Bao attempts to do this
with his MCF and DCF values, all other work either develops a descriptive
database for specific applications, or submits complicated, sometimes
cumbersome cost and time models for fabricating composite structures.

The methodology developed in this dissertation builds upon the
groundwork laid out by Dr. Bao with his MCF and DCF calculations. The
direction of this research can be stated in terms of the following RESEARCH

HYPOTHESIS:

Accounting for the high amount of uncertainty associated
with newly developed materials, a unified methodology can be
developed for selecting the most appropriate material from a

given set of materials.

As stated above, the hypothesis does not differentiate between
composite and conventional material forms. It simply states that a methodology
can be developed which would select “a* material from a “set of materials”.
Admittedly, it is not necessary to differentiate between composite and
conventional materials in a unified methodology—it should handle both.
However, it is important to note that this research will be carried out because of
the complexity and uncertainty associated with newly developed composite
materials. Had the issue been a comparison between regular, conventional
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materials—such as steel and aluminum—there would be no need to write a
thesis. These materials have been used in their present form for several years,
and their use is well defined and documented. Therefore, although it is not
explicitly stated in the hypothesis, this research is limited to a comparison that
includes newly developed materials—composite or otherwise—which have

some uncertainty associated with them.

Secondly, the data used to test the methodology is drawn from
aerospace applications. It is acknowledged that the methodology developed
herein should be applicable to all parts and structures developed using new
materials— indeed, that is the contention. However, this research is confined to
matenials used in designing spacecraft and aircraft parts. Other applications,
such as parts of automobiles and toasters—although suitable—will not be
evaluated during the current research program. They can and should be
addressed during further development work.

Therefore, assuming that among a set of materials being evaluated:

o at least one of the materials is a new material with uncertain
properties;
and

¢ they are being evaluated for an aerospace application

a unified methodology can be developed to select the most appropriate material

from the given set. This is the hypothesis.

To ensure that the developed methodology is what it portends to be, it
has to be tested. Possibly, the best means of testing the unified method would

be to:

a) make a comparison such that it can be determined that for some part,

material B is say X% more complex to fabricate than material A;

and
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b) follow-up the comparison by actually building that part using material
B and determining whether the effort required to make that part was
indeed X% more than when the same part was being manufactured

with material A.

However, since physically manufacturing an aerospace part is beyond
the scope of this dissertation, the developed unified method will be tested by

asking it the following questions:

e [f a unified methodology were developed, couid any two or more
materials be compared with each other?
¢ Can the methodology be readily applied to two disparate materials—
composite and conventional?
¢ Are there any limitations or special considerations while comparing
composites?
As stated, the hypothesis does not differentiate between generic material
selection and selection for a specific part or structure. Therefore, the following

question would also be posed:

o [f a generic methodology is developed to compare two or more
materials, will it be specific enough for a particular part or
application?

In Chapter IV, an existing method is built-up into a unified methodology
to address the hypothesis. This methodology is tested in Chapter V.
Sensitivity issues are discussed in Chapter VI.
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CHAPTER IV
RESEARCH METHODOLOGY—THE ‘X-NFR’ METHOD

The work done in this dissertation is essentially developmental in nature.
It builds on the groundwork laid out by Bao in his MCF and DCF calculations
[2]. The following discussion details the proposed work. Section 4.1 is an
overview of the general methodology, called the Normalized Factor Rating
Method. lts specific application to evaluating composite materials—as adopted
by Bao—is discussed in Section 4.2. The limitations and recommended
modifications of that work are presented in Section 4.3. These modifications
lead to the development of a new problem structure, which is discussed in

Section 4.4 along with a sample result.

It is intended to show that the new problem structure would result in a
methodology more robust than the one developed by Bao. The proposed
methodology would be used to compare materials for a specific part, as well as

to make a general comparison. These comparisons are described in Chapter V.

4.1. THE NORMALIZED FACTOR RATING (NFR) METHOD

NOTE: In order to develop the MCF/DCF calculations, the Normalized Factor Rating
method uses a 2 level factor/sub-factor hierarchy. In the discussion here
onwards, the words “factor” and “sub-factor” are used interchangeably with the
words “attribute® and “sub-attribute” respectively.

The methodology developed for the MCF calculations is based on
methodologies often used in cost, performance evaluation and payback period
analysis [3, 13, 14, 32]. The “spirit” of the method can be traced back to a letter
written by Benjamin Franklin in 1772 [3]. Applications that closely parallel the
MCF computations of Bao can be found in a methodology for evaluating robots
[13, 32}, and an evaluation of CIM alternatives [3]. It has also been adopted in
an evaluation of alternatives for developing teaching methods within a Systems
Engineering perspective [35]. The specific developments described in this
chapter have been discussed in Pandya & Bao [34]. The methodology, and its
several variations have different names, including “muilti-objective model”,
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“evaluation method for robots®, “weighted evaluation of alteratives”, and “the
weighted evaluation of alternatives with subjective and objective factors™. Since
the weights of alternatives in all these problems are ultimately normalized
before evaluation, it can also be called the Normalized Factor Rating (NFR)
method. It has the following advantages:

e The procedure allows subjective factors to come into play while
making economic decisions. Depending on the user, the application
and the situation, respective subjective factors can be given higher or
lower importance in the final decision;

¢ The procedure provides a rating for different candidates being
considered—such as composite materials. It is hence suitable for
comparing several different alternatives. Moreover, alternatives can
be compared against a baseline alternative for tradeoff
considerations;

e The methodology is flexible enough to accommodate new data, new
perceptions, new reliability measures, new developments and new
thinking.

¢ Elements of the calculations performed are relevant to the objectives
of the trade study—such as assessment of various advanced material
applications to aircraft and spacecraft structures or the evaluation and
selection of a robot.

4.2 THE BAO METHOD OF NORMALIZED FACTOR RATING
In order to develop the MCF based on the NFR, Bao suggests six groups
of factors that can affect manufacturing complexity of materials. Five of the six
factors are further developed into several sub-factors. The six main factors and
their respective sub-factors are described in several publications [2, 29, 44].
The six groups that represent Level 1 of the NFR hierarchy are:

e Material Cost

¢ Handling
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e TOOLING required for the manufacturing processes

e LABOR required for the manufacturing processes
e QuALITY ASSURANCE required for the manufacturing processes
Five of the above factors—with the exception of material cost—are
further broken down into several sub-factors, leading to a Level 2. The

HANDLING sub-factors are:

e PoOTLIFE

e PROCESS TEMPERATURE
o DATABASE EXTENT

¢ MOISTURE RESISTANCE
e OUTGASSING

e SCRAP DiSPOSAL

SHELF LIFE
CHEMICAL/SOLVENT
RESISTANCE
DAMAGE TOLERANCE
Toxiciy

VoID PRESENCE

The sub-factors for the MANUFACTURING PROCESSES factor are the eight

processes included in Bao's database. These are:

e LAY-UP FORMING/AUTOCLAVE (LF)
e COMPRESSION MOLDING (CM)

¢ FILAMENT WINDING (FW)

o RESIN TRANSFER MOLDING (RTM)

e PULTRUSION (PUL)

e THERMOFORMING (THF)

e [NJECTION MOLDING (IM)

e DIAPHRAGM MOLDING (DM)

The other three main factors—TOOLING, LABOR and QUALITY
ASSURANCE—are quasi subjacent to the MANUFACTURING PROCESSES factor. For
example, the PULTRUSION sub-factor for TOOLING is the tooling required for the
Pultrusion process. Similarly, the PULTRUSION sub-factors for LABOR and QA are

the manual labor and QA efforts required for the Pultrusion process.

The above breakup results in a two level factor and sub-factor hierarchy.

The materials being compared are then evaluated by all the elements of the
hierarchy. This is visually shown in Figure 4-1 on the following page.
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Manufacturing complexity (MCF) calculation equations in the Normalized
Factor Rating method adopted by Dr. Bao—hereafter called the Bao method—

are as follows:
MCF=2wFE 4-1

Where i is the ith factor. w; is the factor weight, and F; is a dimensionless value of factor i.

F; is determined by the equation:

=Y severityij  rankingij
1= " .

] S :seventxes E :rankmgs
Where j is the jth sub-factor of factor i. severityi]- is the importance of sub-factor j among

i sub-factors. rankingij is the rank of a candidate material when being compared to
another material. By choice, severityij and ranking;l- are integers between 1 and 5.

These calculations are a “lower-the-better” characteristic, i.e. material
with lower MCF values is less complex and therefore preferable to one with a
higher MCF value.

Given the MCF's of two materials—MCF and MCFg—the Deita
Complexity Factor (DCF) provides a measure of the increase—or decrease—in
manufacturing complexity that can be expected by going from material A to
material B. The DCF is calculated as:

MCF, - MCFAJ
MCF,

DCF&AWB) =1 +(

The Bao method gives all six main factors an equal weight— w;j —of 1/6.

The sub-factors are also weighted. In the Bao method, the sub-factor
weightings are called “severity”. They are on a scale of 1 through 5, 1 being the
best. Based on experience, judgment and expert opinion, the system user
would assign respective severity’s to the sub-factors. Therefore, in the Bao

method, the factor and sub-factor severity’s are highly subjective.

Assignment of severity’s for the HANDLING sub-factors is reasonably
straight-forward. For example, if expert opinion is that PROCESS TEMPERATURE
and ToxIcITY are very important HANDLING sub-factors, they both could be
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assigned a severity of 1. If POT LIFE and SHELF LIFE are a little less important,
they may get severity values of 2 each. If VOID PRESENCE and OUTGASSING are

not really important, their severity values would be 5.

However, the assignment of sub-attribute severity’s for the four
manufacturing attributes is a little different. The eight processes—sub-
attributes —are ranked in one of two ways, depending on how the MCF/DCF

calculations are being performed.

1. The MCF/DCF calculations being performed for a general material

comparison: In this case, all processes are ranked equally—a mid-way rank
of 3 is assigned to all processes.
2. The MCF/DCF calculations being performed for a specific part or

application:
In this case, the processes are ranked in terms of the importance a process

has in the manufacturing of the part using that material.

Upon assigning the main factor weights and the sub-factor severity’s,
candidate materials for comparison can be evaluated. Based on the information
available on these materials, the system user would assign ranks for each of the
factors/sub-factors for them. For example, if a material is very expensive, it may
be ranked 4 or 5 for the MATERIAL CosT factor. If it needs processing at very
high temperatures, its rank for PROCESS TEMPERATURE sub-factor may also be S.
If that material is a little bit toxic, its TOXICITY rank may be 2. These values are
“best guess” or point estimates. That is, if ToOXiCITY is 2, then that rank could
actually have been a 1 or a 3, but 2 is most likely. Moreover, if actual numbers
are available, they can be substituted for the rankings, thus getting better
accuracy. That is, instead of the cost being a 57, a value of “$1500/Ib.” could

be used, if available.

Ranking of the sub-attributes for the four Manufacturing attributes—
PRoOCESS, TOOLING, LABOR and QA—is similar, accept for one small difference.

For example, if a material is readily or easily processable by a process, it may
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get a rank of 1 or 2, while if it is extremely difficult to process, the rank may be 4
or 5. However, if a material has not yet been tried or tested by a process, then,

in the Bao method, that material gets a rank of 0.

Upon assignment of weighs and ranks, the simple albeit extensive
calculations of equations 4-1 and 4-2 would result in MCF values for the
contending materials. A DCF value—the entity of interest—can be calculated
once two MCF’s are available, using equation 4-3. The DCF gives an
approximate measure of how much more—or less—complex to manufacture
one material is over the other. A specific application of the Bao method of
Normalized Factor Rating is available in the public domain [2].

It is important to note that by themselves, the MCF values do not mean
much. The DCF—the difference between the respective MCF values—is the
entity of interest to a potential user.

4.3. IMPROVEMENTS TO THE BAO METHOD

The Bao method for evaluating contending materials is conceptually
clear and easy to implement. It is based on a proven and accepted format for
comparing multi-attribute alternatives. However, as the method now stands, it
has certain limitations that could be improved upon. It is also possible to
strengthen the MCF calculations by doing some re-structuring. So long as the
fundamental calculations of NFR and the simplicity and clarity of the Bao
Method are not violated, such changes to the method should enhance its utility.

In this section the changes intended to “improve” the Bao method are
discussed. These changes result in considerable modifications to the Bao
method of Normalized Factor Rating, and substantially change the original
method. For obvious reasons, the new method is henceforth called the “X-NFR"
Method, short for ‘eXtended-Normalized Factor Rating'.

In Section 4.4, the X-NFR method is demonstrated by comparing two
composites and generating sample MCF and DCF values. The following points

are suggested as areas to change or improve in the Bao Method.
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4.3.1. LimiTeD DATABASE The ranks given to materials being
evaluated for MCF calculations are based on information available in Bao's
database. This database contains information primarily drawn from two
published sources—the LCCW guide and the CSSD guide. Admittedly, the
database fills a void in terms of providing valuable information on newly
developed composite materials. However, it is limited by the literature it covers.
There are several other published sources whig:h could be tapped for
information. Strengthening the database would directly result in more “robust”
MCF values. This is an area to be pursued during this dissertation. Itis not a
direct modification of the Bao method, but an avenue to enhance its integrity

and utility. Theoretically, this is an unending process.

4.3.2. DATABASE EXTENT IS NOT A HANDLING SUB-FACTOR In the
Bao Method, DATABASE EXTENT is treated as a sub-factor of the main factor,
Handling. This is not very accurate, since Database Extent has nothing related
with the physical “handling” of the material being considered. Database Extent

is simply the extent of information available on that material.

This is a very important factor when analyzing composite materials, since
several composites have been developed within the past few years, and not
everything is known about them. The element of risk or uncertainty when
dealing with such new materials is high. Similarly, composites and conventional
materials that have been used for the past several years have all been
thoroughly tested and analyzed. Thus, considerable information is available on
them, and developers may prefer using them simply because they are

comfortable with them.

The difference in “information availability” of prospective materials is an
important attribute while selecting between such materials. This is especially
so, when one of the materials being screened has very desirable features, but is

otherwise new and untested.
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However, as contended, DATABASE EXTENT is not related with the
physical handling of the material. Therefore, it should not be a HANDLING sub-
attribute. On the other hand, it is important enough as an attribute when
dealing with the uncertainty of newly developed materials, and should be

considered in an analysis of the same.

Consequently, it is suggested that DATABASE EXTENT be removed from its
stature as a HANDLING sub-attribute, and that it be elevated to major attribute in
dealing with MCF/DCF calculations.

4.3.3. POT/SHELF LIFE Among the handling sub-factors, PoT
LIFE and SHELF LIFE are treated as two separate entities. While they are indeed
two individual attributes, it is not strictly necessary to treat them as such. For
the most part, they both represent the same property—working life of the
composite material—under one of two situations.

Shelf Life relates to thermoplastic and thermoset resins as well as all
other material forms. It is “the length of time that a material, substance or
product can be stored under specified environmental conditions and continue to
meet all applicable specification requirements and/or remain suitable for its
intended function” [29].

On the other hand, Pot Life is applicable only to thermosets. Thermoset
resins are plastic forms which, once reacted, will not soften or flow, even under
heat or pressure. This irreversibility in their reaction allows them to be
processed one time only. Therefore, once a reaction has been initiated, the
length of time available for processing is critical. This time is known as its Pot
Life. By definition, it is “the length of time that a catalyzed thermosetting resin
system retains a viscosity low enough to be used in processing” [44].

Unlike thermosets, thermoplastic polymer resins can soften and flow
under heat and pressure. This ‘hardening-softening’ process is reversible,
which allows thermoplastics to be reprocessed. Therefore, their pot life is not

as critical as that of thermosets. Thus, depending on whether the composite
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material being considered for evaluation is thermoplastic or thermoset, one or
the other attribute will be overriding—Pot Life for thermosets, Shelf Life for

thermoplastics and other materials forms.

For simplicity, hence, they need not be considered two separate handling
sub-attributes. They could be clubbed together as one sub-attribute, POT/SHELF
LIFE. However, considering the simplicity of calculations involved, it would be
just as easy split the two—if necessary. That is, if some particular
thermosetting resin had both a limited Pot life as well as a limited Shelf life, then
they could be treated as two distinct HANDLING sub-attributes. But unless
specifically necessary, it is suggested that they be used as one single sub-
attribute: POT/SHELF LIFE.

4.3.4. MANUFACTURING ISSUES  MANUFACTURING PROCESSES is a
major attribute in the Bao method, with eight processes as its sub-attributes.
Other manufacturing issues specific to composite materials —Tooling, Labor
and Quality Assurance— are also major attributes in the hierarchy. Their sub-
attributes are the same as the MANUFACTURING PROCESSES sub-attributes.

It is hence proposed that instead of having these four as independent
major attributes, they be “lumped” together as sub-attributes under a
MANUFACTURABILITY attribute. This would add another level to the hierarchy, but
additional calculations are not overly complex. The simplistic nature of the Bao

method is also not violated. Consider figure 4-2.

As shown in figure 4-2, since PROCESSES, TOOLING, LABOR and QUALITY
ASSURANCE are all manufacturability issues, a MANUFACTURABILITY attribute can

be weighted against the other major attributes.

Additionally, this discussion draws on a combination of two events—an
assumption in the Bao Method, and, as its outcome, a drawback of the NFR
calculations. The result is an inadequacy in the MANUFACTURABILITY attribute
introduced above. The inadequacy is brought about in some cases, as

explained below.
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Consider a hypothetical situation, where some candidate material was
being ranked by the MANUFACTURING PROCESSES sub-factor. Suppose that
material was processable by processes X and Y, while it had not yet been tried
or tested on process Z. Then, the rank for X and Y would be between 1 and 5.
However, according to the Bao Method, the rank for Z would be 0. Similarly,
that material would be ranked for TOOLING, LABOR and QA sub-factors with
respect to X and Y, but it would be ranked O for process Z.

Therefore, when two materials are being compared, and only one of them
can be processed by Z, there is a discrepancy. Since the MCF caiculations are
comparative, the Manufacturability sub-factors would fairly evaluate only those
processes compatible to all the materials being evaluated. That is, process Z
would be left out. To illustrate, consider three candidate materials being

evaluated over five processes in Table 4-1.

Table 4-1 — Materials Processable by Processes

Processes Candidate Materials
mtl. A mtl. B mtl. C
Pultrusion processable un-tried/tested processable
Filament Winding processable processable un-tried/tested
RTM processable processable processable
Injection Molding un-tried/tested un-tried/tested processable
CM un-tried/tested un-tried/tested processable

In the above example, material C is processable by 4 different
processes, A by three and B by two. However, only one process—Resin
Transfer Molding —is common to all three materials. Thus, only RTM would get
a rank between 1 and 5 for all three materials. This is typical in the NFR rating
method, since the calculations compare one candidate over others. Hence,
only that attribute common to all three would be considered in the calculations.

However, this would be unfair to a material—such as material C above—

which can be processed by more processes than its peers. To counter this

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



29

*unfaimess"” the following three changes are proposed to the Bao method of
NFR.

4.3.4.1. REPLACE THE “0” RANKBY A “5” The Bao method assigns
a rank of 0 to a material that is untried or untested on a process. While
comparing two materials, if one of the two has a rank of 0, then the other is at a
disadvantage. This is because, according to equation 4-2:

FeY severityij  rankingj
t= i severities 2 rankings

a rankjj of 0 would make the F;j value 0. Considering that these are “lower-the-
better” characteristics, a rankjj of 0 would render that material more desirable

than the other contender, irrespective of the contender’s rank.

To avoid this situation, the Bao method recommends that the process not
applicable to all materials be removed from contention. Thus, materials would
be compared on only those processes applicable to all materials being

considered. In table 4-1, therefore, only RTM would be used in the MCF/DCF

calculations.

This would be unfair to materials A and C. It is hence recommended that
the default rank of O be changed to a defaulit rank of 5. That is, make the
assumption that if processing of a material is un-tried or un-tested by a certain
process, it is the same as that material being extremely difficult to process by
that process. This would render all processes useable in the MCF/DCF

calculations.

The argument for making this assumption is that if a process is as yet un-
tired or un-tested, then that is so because industrial experience has led process
developers to expect potential difficulties in trying that process on that material.
Otherwise, given the advantage of using composites in industry, it is very likely
that a material that shows any promise of being processed by a certain process
would have been tried out and the results included in journals and handbooks.
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In addition to changing the rank from default O to default 5, it is
suggested that two new factors be added to the NFR hierarchy.

4.3.4.2. VERSATILITY FACTOR This factor is recommended to
indicate how “versatile” a candidate material is in terms of its processability.
For the eight—or more—manufacturing processes selected for MCF/DCF
calculations, the manufacturability factor indicates how processable a material
is by these processes. By changing the 0 ranking to a 5, all processes are now

considered in these evaluations, including, those un-tried and un-tested.

However, a dimension of a material's versatility is lacking in the
calculations. The VERSATILITY factor is introduced to add a simple “sheer
number” measure—a measure of how many different processes can be used to
process a composite material. In this factor, issues such as how much more
compatible one process is to another, or how much more cheaper or expensive
one is to another are considered irrelevant. Such a factor would be very useful
in early material evaluations, when specifics of the part to be designed are not
yet clear. At that time, the designer may wish to closely study a material
processable by several different processes. By changing the VERSATILITY factor
weight appropriately, more or less importance can be given to this factor.

For this situation, the material-process rank is simply a “1” or “0*; 1 if the
material is processable by that process and 0 otherwise. The processes
themselves are not ranked with respect to each other. The formula adopted for
the VERSATIUTY factor was first proposed in 1972 as the Brown-Gibson model (3]
and a generalized version of it appeared as part of a procedure for evaluating
robots [13]. For a material m, its VERSATILITY FACTOR (Fpy) value is:

]

s —m— 4-4
m VFp® s
< 1
where s = ZT/;— and VFp, is the versatility of material m. . 4-5
n-] ~
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For example, of the three candidate materials considered in Table 4-1,
material A can be processed by three, B by two and C by four of the eight
processes. Thus, VF4 =3, VFg=2and VF¢c=4. Then,

s = 113+12+1/4 = 1.083
and
Fa = 1/(3*1.083) =  0.308
Fg = 1/(2*1.083) = 0462
Fc = 1/(4*1.083) = 0231
1.00
4.3.4.3. EQuiPMENT OUTLAY This factor is introduced to address two

issues that the VERSATILITY FACTOR considers irrelevant—cost of the process
and compatibility of the material with the process.

Very often, the equipment required to process composites is
considerably expensive. This cost is ignored in both the MANUFACTURABILITY
and VERSATILITY factors. For instance, in the example in Table 4-1, it was seen
that material C was processable by four processes and material B by two.
However, it is possible that both of B's processes are relatively common or
inexpensive, while one or more of C's processes is either new, or inhibitively
expensive. Then, while C has a lower Versatility weight, B's inexpensive
processes should also be acknowledged. It is intended to drawn out this
difference via the EQUIPMENT OUTLAY factor.

In order to incorporate the EQUIPMENT OUTLAY factor into the NFR
hierarchy, all the processes involved in the study must be individually assigned
severity’s on a scale of 1 to 5—1 if the process is well tested or inexpensive,
and 5 if it is very new or expensive. This information will have to come from

published literature.

Then, just as with the Manufacturability sub-factors, the materials for

contention have to be ranked against the processes. The rankings can be the
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same for both the attributes. The calculations would also be the same as

before.

4.3.4.4. LLOCATION IN THE HIERARCHY A final note on the
addition of VERSATILITY and EQUIPMENT OUTLAY factors is their location in the
NFR hierarchy. Both these factors are manufacturing concerns and both are
more suited as sub-attributes rather than major attributes. Moreover, a major
attribute proposed earlier—see figure 4-2—called *“MANUFACTURABILITY" is also
a manufacturing concem. It is therefore proposed to lump these three factors
together under a single major attribute related to manufacturing, and call it

*MANUFACTURING ISSUES".

The resulting final hierarchy is shown on the following page in figure 4-3.
As shown in figure 4-3, the NFR hierarchy would have four main attributes—
MATERIAL COST, HANDLING ISSUES, DATABASE EXTENT and MANUFACTURING
IssUES. MANUFACTURING IssUEs would have three sub-attributes, VERSATILITY,
MANUFACTURABILITY and EQUIPMENT OUTLAY. And MANUFACTURABILITY would
have four sub-sub-attributes PROCESSES, TOOLING, LABOR and QA.

4.3.5. ATTRIBUTE AND SUB-ATTRIBUTE WEIGHTS In the Bao
method, the six major attributes are all given an equal weight, of 1/6. Moreover,
the sub-attributes are subjectively ranked, based mostly on expert judgment or
opinion. There is a need to structure these rankings. It is proposed to use the
Analytic Hierarchy Process to rank the attributes and sub-attributes in the Bao

method.

There are several means of assigning severity’s to multi-attribute
decision problems. The simplest is a judgmental assignment, as used in the
Bao method. Attributes could also be ranked in order of decreasing preference.
The method of paired comparisons is one such ordering method. This pairwise
comparison method could be elaborated by quantifying the relative importance
of each attribute. Many numerical formula methods also exist for assigning
weights to attributes, including: Uniform or Equal Weights Formula; the Rank
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Sum of Weights Formula; and the Rank Reciprocal Weights Formula. Some of
the more detailed, quantitative methodologies include use of the multi-attribute
utility models; the analytic hierarchy process; goal programming; expert system
technology; and the use of fuzzy logic techniques [3, 14, 17, 39].

The various methods listed above for assigning weights to multi-attribute
decision problems are well studied and documented, and so are not elaborated
upon herein. Among them, Analytical Hierarchy Process (AHP) is uniquely
suited to the Bao method because of its hierarchical structure. The AHP works
within a functional hierarchy, with a top level, called the focus, consisting of only
one element, an overall objective. Subsequent levels may have more elements
—between 5 and S—which are compared with one another against a criterion in
the next higher level [39]. The Bao method is very similar, with the MCF/DCF
calculations as the focus. The main factors are to be compared with one
another against the MCF. Similarly, the eight handling sub-attributes are to be
compared with each other against the handling attribute.

Typical AHP approach involves decomposing a problem into high level
attributes and their respective sub-attributes. Then, a pairwise comparison is
made amongst all attributes on a given level against the related element on the
next higher level. A matrix of comparisons is constructed for each level in the
hierarchy. Working through matrix calculations developed by Saaty, a priority
can be developed for attributes at each level of the hierarchy. As a result,
elements at each level are assigned normalized weights. A consistency ratio
(CR) is used to check the consistency of the weights assigned to the attributes.
The alternatives to be compared are evaluated against all elements at the
lowest level of the problem hierarchy. Finally, the weights for each alternative

are evaluated against the focus to get a difference between them.

The AHP methodology is well developed, clearly documented, and widely
used in several different situations [3, 4, 17, 33, 38, 39]. Once again, for
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brevity, the actual technique for assigning weights via matrix calculations will
not be explained herein.

It should be noted, though, that this research merely adopts a part of the
AHP process. Hierarchical calculations of the AHP method are used to assign
factor weights to the attributes and sub-attributes in the NFR method. However,
unlike the traditional AHP literature, the caiculations are not carried through to
make the final selection between contending materials. Instead, after the
factors have been assigned weights as appropriate, the calculations developed
in the Bao method are used to generate MCF/DCF values.

4.3.6. EXTRAPOLATING POINT ESTIMATES It was mentioned in
the last section that ranks assigned to the materials are point estimates. For
example, if a material is a fair bit toxic, it may be assigned a rank of 4 and a
slightly damage tolerant material may be assigned a rank of 2. Considering the
uncertainty associated with composite materials, these “best guess” values may
be the only available means of analyzing composites. In this section, an
improvement to these best guess values is proposed using a simulation method.

A material assigned a “4” for Toxicity implies that it is a fair bit toxic. That
is, some probability does exists that the rank could have been a 3, or a 5, but 4
is most likely. However, the probability that the rank is 2 or 1 is almost zero.

Similarly, suppose that the rank assigned for some other attribute is a 1.
A probability exists that the rank could be a 2, or even a 3, but it is most likely a
1. Moreover, the probability that that rank be a 4 or a 5 is almost nil.

Somehow, if the above probabilities were accounted for in the MCF
calculations, the resulting MCF values would be more “robust® than the point
values presently used. Therefore, as an attempt at quantifying these

uncertainties, the following rule is suggested:

If x; is the rank assigned to a material, then the rule for assigning probabilities is:
Fori=1,2,3,40r5, P (rank=x;) = 0.50
Forl=2,30r4, P (rank=x;_1) = P (rank=x;+4) = 0.25
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Forl=1, P (rank=X;4+1) = 0.30 and P (rank=x;+2) = 0.20
Forl =5, P (rank=x;.¢) = 0.30 and P (rank=x;.2) =020 | 4-6

For example, if the assigned rank is a 4, then P(rank=4) = 0.5, and
P(rank=3) = P(rank=5) = 0.25. Similarly, if the assigned rank is a 5, then
P(rank=5) = 0.5, P(rank=4) = 0.3 and P(rank=3) = 0.2.

In general, it is assumed that the probability of the rank being more than
one digit away on either side—if the assigned rank is a 2, 3, or 4—and more
than two digits away—if the assigned rank is a 1 or 5—is zero. It is also

assumed that the rankings are discrete integers, and not decimal values.

While probability assignments by the above rule are likely for most
attribute rankings, they could be inappropriate in particular situations. For
example, in some cases, the ranks may be assigned with a little bit more
precision than “highly toxic® or “slightly damage tolerant.” Suppose the material
cost is "about 100 dollars per pound”. Then, the probabilities could be assigned
accordingly, say by assigning a 90% probability to the cost being exactly
$100/Ib., and a 5% probability of the material costing more or less than $100/Ib.

Another situation where the general rule of equation 4-3 will change
stems from an assumption proposed in an earlier section. It was proposed that
if a process is un-tried or un-tested on a material, it be assumed than this is the
same as that material being extremely difficult to process by that process. In
such a situation, it was suggested that a default rank of § be given to the

concemed material.

If this is the case—a process has not yet been tried or tested on a
material—and the rank given is a 5, then it is not reasonable to assume that the
probability of the rank being 5 is 0.5. The rank of 5 in this case is different from
a regular rank of 5, where 5 was assigned knowing fully well that the material is

indeed difficult to process by that process.

Thus, the proposed rule of assigning probabilities need not apply to this

particular case. Then, it needs to be decided, which—if any—rule will apply
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when a rank of 5 is forced on an un-tired process. One could decide to leave
the point estimate of 5 as is, i.e. assume that the probability of it being 5 is
100%. Or, one could assume that it is equally likely that the rank will be any
one number between 1 and 5—a probability of 0.20 each. Or, the rank could be
either 1 or 5, with equal probabilities of 0.50 each. Or, assume it could be a 1,
3 or 5, all with probabilities of 0.333 each. Given the uncertainty of the
situation, any, all, or none of the above alternatives could be acceptable.

In order to make a decision in this situation, the following is proposed.
The rank of 5 for the un-tried process was initially given based on the
assumption that an un-tired process equals a difficult process. Given this
assumption, it can be further argued that if a 5 is incorrectly assigned, its true
rank assignment is much more likely to be near 5 than near 1. Thatis, ifSis

incorrect, its correct rank is more likely to be 4 or 3 than 1 or 2.

The above assumption is based on the following argument. The rank of
5 was given for an un-tried or un-tested process. One reason that a process is
un-tried or un-tested on a newly developed composite material could be that
that process is indeed difficult. Given the research and manufacturing interest
in composite materials, it seems reasonable to assume that processing of any
newly developed composite would have been attempted on all those processes
that lend themselves to the new material. Therefore, if a process is un-tried or
un-tested on a material, this is more so because the industry—with their
knowledge and hands-on experience—have an inkling of that process not

working for that material. Otherwise, it probably would have been tried out.

Resultingly, if a rank has to be forced on a process in such a case, 5 is
more likely than 1. Similarly, if a probability is to be assigned to the 5, thenitis
reasonable to assume that the true rankings be clustered closely around 5
rather than lower down the scale. Given this reasoning, the following rule is
proposed for assigning probabilities when the material is un-tried or un-tested

on a process.
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For a material un-tried/tested by a process, its rank x; is assigned by the following rule:

Fori=$5, P(x) =085 P(x.¢)=010andP (x;2) =005 ... 4-7

Having set the ranks up in this fashion, it is easy to simulate the values
using a random number generator—a procedure routinely applied, and
commonly known as the Monte Carlo simulation technique. This technique, also
known as the method of statistical trials, evolved during World War II, when
solutions to problems in the development of the atomic bomb were attempted
using the Monte Carlo simulation [22]. It uses random numbers for solving
deterministic, static problems, and is not suitable for dynamic systems. This
technique is used to improve on the “best guess” point estimates originally used
in the Bao method. To better explain the simulation method, the probability
distribution for two sample rank values is shown in figure 4-4 [3].

Using any random number table, or a suitable software, random numbers
between 0 and 1 can be generated. These correspond to the ordinate scale in
figure 4-4. For each random number, a horizontal line can be drawn until it
meets the probability distribution curve. Then a vertical line dropped to the
abscissa determines the corresponding outcome. The dashed line in figure 4-4
illustrates the generation of a sample rank outcome for a number between 0.25
and 0.50 [3].

This method can be repeated several hundred or thousand times, and
rank values generated for each alternative material being analyzed. For each
iteration, new MCF/DCF values can be calculated. The resuiting mean and
variance of numerous MCF/DCF values will be more accurate than a single

point estimate currently obtained by the Bao Method.

4.3.7 COMPARISON WITH OTHER METHODS The Bao method is but
one effort undertaken to assess the uncertainty associated with the use of
composite materials. It is based on a proven technique, the Normalized Factor
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Figgre 4-4 — The Random Number Generation Process

Rating method. Moreover, the Bao method was demonstrated in an existing
situation, the selection between conventional Aluminum and a lighter material,
Aluminum-Lithium [2]. The results of the method were comparable with actual

industry experience, thus establishing the validity of the Bao method.

However, prior work on this method has not included any comparison
with the two other prominent methods of analyzing manufacturing complexity of
composite materials—the Scaling Law models, developed by Gutowski's team
from MIT, and the Manufacturing Complexity Generator in PRICE H. Itis
important to show an association—if any—between the X-NFR and either of
these two methods. This effort would enhance the validity of the methodology
developed by Han Bao.

This final point—like the first one—is not a modification of the Bao
method, but draws out a need for further work. The comparison between the
two methods is elaborated upon in Chapter VII.

4.4. THE ‘X-NFR’ METHOD

Incorporating the discussions above results in a Normalized Factor
Rating Methodology that is considerably different from the original method used
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by Bao [2]. The new method is hereafter called the eXtended-Normalized
Factor Rating, or ‘X-NFR' method.

MCF calculations are performed under the new hierarchy shown in figure
4-3. Weights for each of the four major attributes, and the various sub-
attributes —with the exception of the processes—are derived from the AHP.
Weights for the processes are not inciuded in the AHP. Instead, they are

assigned ranks as intended in the original Bao Method.

The MS Excel™ spreadsheet software is used for the actual AHP
calculations. In the spreadsheet, the user must compare the attributes with
each other and give ranks for each comparison. The matrix calculations
needed to convert numerical preferences into normalized weights were adapted
from Canada and Sullivan [3], and are not explained herein. A Consistency
Ratio (CR) is included with each AHP structure to verify the values of that

structure.

The Consistency Ratio (CR) was developed by Saaty to validate the
consistency of the assigned weights at every level. A high CR value indicates
high inconsistency in the rankings. It is necessary to check for consistency,
because, while comparing between alternatives in the AHP, human nature may
lead the users away from a truly consistent judgment. For example, while
comparing attributes A, B and C, suppose attribute A were considered more
important than attribute B, which was considered more important than attribute
C (i.e. A>B>C). Then, while comparing attribute C with attribute A, the user
must remember that C should be considered less important than A, and not vise
versa. [t is easy to get carried away during the comparison of several attributes,
and loose consistency in judgment. Giving C an equal or higher weight than A
in the above situation would be considered an inconsistency. Since absolute
consistency may be realistically impossible to achieve, Saaty suggests that a
CR less than 0.10 (10% inconsistency) is acceptable for pragmatic purposes.

The AHP structure for all the attributes and sub-attributes in a typical
scenario is shown in Appendix A. Any user of the X-NFR method wishing to
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change priorities assigned to the attributes and sub-attributes can easily do so
within the MS Excel™ spreadsheet. A brief explanation for using the
spreadsheet is included in it, and printed in Appendix A. Appendix A has three
pages, for comparisons of all the attributes and sub-attributes in figure 4-3. For
example, the first page is a comparison of the four main attributes. That is,
MATERIAL COST, HANDLING, DATABASE EXTENT and MANUFACTURING ISSUES are
weighted against each other with respect to their contribution to minimal
manufacturing complexity. The principal diagonal is a “1", because each
attribute is as important as itself. For consistency and convenience in matrix
calculations, the user is required to compare rows with columns and enter

values in the cells above the principal diagonal.

So, a “0.25" in the MATERIAL COST — HANDLING ISSUES cell is actually a
*1/4", which implies that handling issues are between weakly and strongly
preferred over material cost. Similarly, a “3” in the MATERIAL CosT — DATABASE
EXTENT cell implies that Material Cost is weakly more important than Database
Extent. Based on the matrix calculations developed by Saaty, the user's
preferences are converted into normalized “priority weights”. The priority

weights are used in the X-NFR calculations.

The value in the CR box is a consistency check for the user. That value
should be less than 0.1 for the preferences to be acceptable. Currently, that
value is 0.06, meaning that the user is consistent in the ranking of attributes.
However, if for example, the 0.25 for the MATERIAL COST — HANDLING Issues cell
were changed to a “7" then the CR value would change to “0.65, meaning an

inconsistency in the rankings had occurred.

As a sample of the actual X-NFR calculations, a straight comparison
between two composite materials, Gr-Epoxy and PEEK is shown in Appendix B.
This too is an Excel print-out. Ranks of the two materials are adopted from the
Bao Database. Appendix B is a ‘straight’ comparison, i.e. without the Monte-

Carlo simulation.
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The attribute and sub-attribute weights in Appendix B are the respective
priority weights from Appendix A. However, individual processes are not ranked
via the AHP. They are all given straight ranks on a scale of 1-5, and
normalized. Since appendix B is a generic case—i.e. the comparison is not for
a particular part or structure—all processes in the "Manufacturability Issues”
sub-factor are given equal ranks. However, they are given appropriate ranks in
the "EQUIPMENT OUTLAY" sub-factors depending on the expense/complexity of
the manufacturing processes.

The first two rows in Appendix B are the MCF and DCF values. The
MCF for Gr-EPOXY is 0.406 and that for PEEK is 0.594. That is, PEEK is 46%
more complex to manufacture than Gr-EPOXY, as seen by the DCF value
(1.4629). The remaining rows in Appendix B are the various attributes, and
sub-attributes of the NFR hierarchy, going down four levels. A break-up for the
four main attributes as got from Appendix B is shown in Table 4-2.

Table 4-2 — Break-up for four main attributes

Attribute Attribute-Weight Defender Challenger
Gr-EPOXY PEEK
Material Cost 0.106 0.0177 0.0883
Handling 0.376 0.1800 0.1361
Database Extent 0.078 0.0185 0.0584
Manufacturing Issues 0.440 0.1908 0.2495
Manufacturing Complexity Factor 0.406 0.594

The graph in Figure 4-5 allows the break-up to be compared visually. As
can be seen both in table 4-2 and figure 4-5, the challenger (PEEK) is more
complex than the defender (Gr-Epoxy) with respect to all four main attributes.
4.5 CONCLUSION

In this chapter, a unified methodology is developed for comparing two
materials. It is intended that someone wishing to evaluate different materials

and employ one for some intended application would be able to use this
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methodology in reaching a decision. The methodology is called the X-NFR
method—an abbreviation of “The eXtended Normalized Factor Rating Method".
it is developed from a rudimentary procedure advanced and demonstrated by
Prof. Han Bao of Old Dominion University. The X-NFR methodology builds
upon Bao's method by:
¢ expanding the original hierarchy and adding more elements for
evaluation;
¢ making changes in the way materials not processable by certain
processes are handled;
¢ adding one new calculation to evaluate a conflicting element
(VERSATILITY);

e Systematizing weight assignments by incorporating the AHP;
and
¢ Relying on the Monte Carlo simulation technique to decrease the

ambiguity associated with the uncertainty of new materials.
No part of the X-NFR method is fundamentally new, untried or untested.
The equations, the Analytic Hierarchy Process and the Monte Carlo simulation
technique have all been individually developed and used by researchers in the
past. However, this application stands out in that the three approaches are
used in tandem. The result is a unified methodology for comparing materials

under a high level of uncertainty. In Chapter V, the X-NFR methodology is used
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to make comparisons between different materials. By making comparisons
between the X-NFR results and those published by actual users of two of the
materials, the X-NFR method is validated. The sensitivity of the X-NFR to
different inputs is discussed in Chapter VI.
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CHAPTER V
X-NFR RESULTS

In this chapter, results of six X-NFR comparisons are presented. Section

5.1 introduces two specific X-NFR based comparisons, and their importance to

this dissertation. Section 5.2 is a discussion on another paper where the same

two comparisons are presented. A similarity between the X-NFR results and

those published in the other paper would make a basis for the validity of the X-

NFR results. The two X-NFR comparisons are then presented in Sections 5.3

and 5.4 respectively. Other X-NFR comparisons are presented in Section 5.5.

The conclusions are in Section 5.6.

5.1 COMPARISON BETWEEN AL AND AL-LI
The bulk of this chapter is dedicated to comparisons between a

conventional Aluminum alloy (Al 2024) and an Aluminum-Lithium alloy (Al-Li

2090) for two specific aerospace structures: a Sheet & Stringer (s/s) payload

adapter for an Atlas commercial launch vehicle; and a Liquid-OXygen (LOX)

cryogenic tank for a Delta launch vehicle. The results of these two comparisons
are particularly important to the X-NFR method for two reasons:

(a) the fabrication of both these structures using an Aluminum-Lithium alloy
instead of the conventional Aluminum alloy has been specifically
addressed in two publications (20, 42). The papers also discuss—as
appropriate—comparative behavior of Aluminum-Lithium as opposed to
the conventional Aluminum that was used to fabricate the two parts prior
to using Aluminum-Lithium. Therefore, these two papers form a basis for
the ranks assigned to the two materials in the X-NFR method.

And more importantly,

(b) the expected increase in complexity incurred by substituting Aluminum-
Lithium over Aluminum for these very two structures is available in
another related paper, by Kaminski, Willner, Kerr and Taketani [16]. This

paper by Kaminski et al. is a general discussion on the use of Aluminum-
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Lithium alloys in space applications, including: comparisons of some
properties of different alloys of Aluminum and Aluminum-Lithium; a cost
comparison of the two alloys over four different metrics; and a description
of some aerospace industry programs replacing conventional Aluminum
with Aluminum-Lithium alioys.

The X-NFR results specifically address the relative increase in
processing complexity that manufacturers would experience when substituting
an Aluminum-Lithium alloy for the conventional Aluminum alloy in the
manufacture of the two structures in question—the s/s adapter and the LOX
tank. Therefore, the results generated by comparing the two alloys via the X-
NFR can be measured-up against the results published by Kaminski, et al.
Hence, the Kaminski paper could serve as a basis for validity of the results of
the X-NFR method. This basis becomes particularly important considering that
specific manufacturing complexity numbers between two materials/composites
are available only from the Kaminski, et al. paper. Other publications, when
discussing composites and special alloys discuss alloy benefits in general, and
are more attentive to weight savings rather than in increased cost or complexity.
Consider for example, three papers selected at random:

e A detailed paper describing the extrusion, weldability and other
characteristics of Aluminum-Lithium alloys in space-shuttle structures, says
“...... Lockheed and NASA ...... determined that direct substitution of
aluminum-lithium for conventional aluminum alloys could cut aircraft weight
by 7.8% to 10.6%"[26].

e Or, an article discussing substitution of an aluminum helicopter blade for a s-
glass/Epoxy helicopter blade, says: the “epoxy blade ...... decreases the
amount of fuel consumed by 5% and cost justifies the conversion from
aluminum on a life-cycle basis” [27].

o Similarly, another paper on the use of newly developed alloys in aerospace
applications says: “Using aluminum-lithiurmn alloys to replace conventional
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high-strength alloys in existing aircraft could save 8-10% of the aluminum
structural weight” [23].

The almost universal interest in weight savings—as exemplified in the
three random examples above—is understandable knowing that weight savings
drive aerospace designers to substitute the conventional metals and alloys with
composites and Aluminum-Lithium alloys. Since weight savings are a desirable
feature, people are probably eager to publish such numbers. However,
increased manufacturing complexity—usually an inevitable result of
experimenting with new alloys and composites—is an undesirable feature.
Possibly, this is why authors are not eager to publish figures related to
increased complexity. With the result that there is an apparent lack of any
explicit cost or complexity factor available in the public domain. Therefore, the
validity established by two comparisons—the s/s adapter and the LOX tank—
must serve as a sufficient condition for the acceptance of numbers generated by
the X-NFR method. One can only hope that in the future other researchers will
publish results similar to those published by this study and that the comparisons
will be corroborative.

5.2. KAMINSKI, ET AL.’S RESULTS V/S THE X-NFR RESULTS

Kaminski et al. have considered four factors in their cost comparisons.
Table 5-1 below—as published in the Kaminski, et al. paper—has values for the
s/s adapter and the LOX tank respectively for these four factors.

Table 5.1 — Cost v/s Conventional Alloys.

Structure Buy-to-fly Location Material Processing Total
factor
sheet & stringer 1.5x 1x 4x 1.2x 7.2x
~ payload adapter
LOX tank 5x 5x 4x 1.5x 150x

(As published in Kaminski, et al.[16])

These values represent “typical cost scenarios” that the authors have
published, presumably based on general experience with conventional
aluminum alloys and aluminum-lithium alloys, as well as experience in

fabricating aerospace structures using them.
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Directly comparing results of the X-NFR method with those published by
Kaminski et al. is not accurate. Their values—7.2x and 150x—are based on
four main factors—buy-to-fly ratio, location factor, material and processing—and
no sub-factors. Moreover, these four factors are all given an equal importance,
and their respective values are simply multiplied to come up with the final
outcome. This is not an entirely accurate scenario, since the stand alone
importance of individual factors would not always be equal in the final outcome.
The results would be more realistic if the factors were weighted against each
other.

Secondly, the material cost factor—4x—is apparently an upper-bound
value. In the paper, the authors say: “The cost of Aluminum-lithium is 3 to 4
times conventional alloys.” If so, would 3.5x not be a more appropriate value to
use than 4x?

Third, the interpretation of "Location Factor” in their cost scenario is
confusing. From the brief explanation in the Kaminski, et al. paper, Location
Factor can be understood as follows. Since aluminum-lithium is a lighter metal,
the weight saved by replacing aluminum can allow designers to increase the
weight of the spacecraft’s payload. From their explanations, it is clear that the
physical location of the structure fabricated using aluminum-lithium has a direct
impact on the increased payload weight. For example, if a structure in the
payload module was built out of aluminum-lithium—as is in the case of the s/s
payload adapter—1 kilogram weight saved on the structure directly results in an
increase in 1 kilogram of the payload. Hence the 1x value for Location Factor in
the table above. Similarly, “..... it would take between four to ten kilograms
saved in the first stage” to realize a 1 kilogram increase at the payload. Hence,
one might interpret, the 5x value for location factor in the LOX tank row.

If the above explanation is indeed the intended significance of “Location
Factor,” then it is not clear why it would act as a direct cost multiplier. In one
case, one pound of material replaced results in one pound of increased

payload, and that does not contribute to the cost. In another case, up to five
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pounds of material has to be replaced to yield one pound of increased payload,
and so the cost of replacement increases 5 times! Now suppose an existing
aluminum payload is replaced with an aluminum-lithium payload. Say an
experiment weighing 1Ib. contained 100 aluminum balls. Now, by using
aluminum-lithium, suppose 100 balls weigh about 0.7 Ib. Therefore, a 1 Ib.
payload can now carry 140 balls instead of the original 100. If this results in an
improved experiment, is the location factor less than 1x ? Would the cost of an
aluminum-lithium payload actually go down because of an improved
experiment? Such nuances of the Location Factor are not clear from
descriptions in the Kaminski, et al. paper.

So, buy-to-fly ratios, material costs and processing costs are legitimate
concems for an increase in cost using aluminum-lithium. Location factor—as a
cost measure—is slightly ambiguous. Therefore, the 7.2x and 150x figures in
the Kaminski, et al. paper are deceptive.

Finally, the 1.2x and 1.5x values in the Processing column of the above
table are not clearly developed in the paper. The only explanation available is
“Manufacturers should only experience a slight increase in production costs by
using Aluminum-Lithium alloys. This occurs as a result of reduced scrap value,
increased handling costs and increased tool wear.” Obviously the numbers are
based on first hand experience, and therefore cannot be doubted. Moreover,
the cost table is by no means the primary focus of the Kaminski, et al. paper.
However, a reader interested in the manufacturability and cost aspects of
Aluminum-Lithium would be interested in knowing more about the basis of the
1.2x and 1.5x processing values, which are not elaborated in that paper.

On the other hand, results of the X-NFR method give an overall increase
in manufacturing complexity of a challenger—an aluminum-lithium alloy—over a
defender—a conventional aluminum alloy—based on several factors and sub-
factors. Calculations for the X-NFR method are a fair bit more involved than
those in the Kaminski, et al. paper, involving factor weightings and value
normalization’s. The basic construction of the X-NFR—a four level factor and
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sub-factor hierarchy—is considerably more complex and structured than the
basis of Kaminski's 7.2x and 150x values. Two factors—buy-to-fly ratio, and
location factor—included in Kaminski, et al. are not considered in the X-NFR
method. On the other hand, several other factors are considered in the X-NFR
method, and only some of which are implicit within Kaminski, et al.’s values.

Therefore, the total values—7.2x or 150x—of the Kaminski, et al. paper
cannot be directly compared with the overall complexity result obtained by the
X-NFR method. Nevertheless, in isolation, the Processing factor in the
Kaminski et al. paper could be compared with the X-NFR results. This is so,
because the factors and sub-factors in the X-NFR hierarchy are all oriented
towards the processing—manufacturing—of the structure in question. However,
a direct comparison between Kaminski et al's Processing factor and the X-NFR
results would be somewhat incorrect.

In the Kaminski et al. paper, the cost of the material is considered as an
independent entity at the same level as processing. This is not so in the X-NFR
hierarchy, where material cost is a part of the hierarchy and therefore included
in calculating the overall manufacturing complexity of the alloy or composite.
So, if the overall manufacturing complexity of the alloy or composite in X-NFR is
compared with the process factor in Kaminski, et al., then a more accurate
figure that could be drawn from Kaminski, et al. is possibly:

(4x for material cost ) « (1.2x for processing) = 4.8x for the s/s adapter,

and (4x for material cost) « (1.5x for processing) = 6.0x for the LOX tank.

Or, the above two values could somehow be weighted against each
other, as in the X-NFR. Or, the X-NFR values could be considered without the
Material Cost factor. Or, considering that “Manufacturing Issues” is a factor and
“Manufacturing Process” is a sub-factor of the X-NFR hierarchy, either of those
values could be directly compared with the 1.2x or 1.5x in Kaminski, et al.
Excepting that, in which case, the handling issues or database extent would not
be accounted for in the X-NFR, while Kaminski, et al have probably accounted

for them in their Process factor.
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Before establishing which of the above several scenarios is the most
appropriate, attention is diverted on the X-NFR results. The next two sections
develop ranks used in the X-NFR hierarchy and give the results of comparing
the two alloys—aluminum and aluminum-lithium—for the s/s adapter and the
LOX tank respectively. Comparison with Kaminski et al.’s results are also
presented simultaneously.

5.3. THE SKIN & STRINGER PAYLOAD ADAPTER FOR AN ATLAS

COMMERCIAL LAUNCH VEHICLE [16, 20]

General Dynamics Space Systems (GDSS) in San Diego, CA., have
been evaluating aluminume-lithium alloys for several years. Alcoa’'s 2090 Al-LI
alloy was specifically studied to assess the feasibility of substituting it for
conventional aluminum alloys on the various skin/stringer structures of the Atlas
and Centaur launch vehicles. A project was undertaken to take advantage of a
lighter structure fabricated using the less dense aluminum-lithium by direct
substitution of the materials, with no change in design. Effort was concentrated
on verifying “that the numerous manufacturing operations associated with
fabrication of the aerospace structure could be satisfactorly accomplished with
aluminum-lithium” [20]. The operations that the two alloys (2090 AL-LI and
2024 AL) were subjected to were: sheet forming, heat treating, chemical milling,
machining, fastening, inspecting, cleaning and finishing. That effort
demonstrated that aluminum-lithium could replace aluminum with a high degree
of confidence.

Based on information available in several different sources [including 2,
16 and 20] respective ranks were entered in the X-NFR hierarchy (Figure 4-3).
These ranks are individually detailed next:

a) Material Cost ranks assigned were 1 and 4 for aluminum and aluminum-

lithium respectively. However, the formula used in the Monte Carlo
simulation was slightly different from the one developed in equation 4-5. For
a rank of *4", the original distribution suggested in equation 4-5 was: if the

random number () was less than 0.25, the rank assigned would be a *3°, m
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over 0.25 and less than 0.75 would imply a rank of “4", and m over 0.75, a
rank of *5°. These distributions were not used because of several different
cost scenarios available for aluminum and aluminum-lithium. For example,
while Kaminski et al. say that aluminum-lithium is approximately 3-4 times
more expensive than conventional aluminum, the value in the cost
comparison table of their paper is 4x, not 3.5x. [16]. In another publication,
“aluminum-lithium alloys are expected to be modestly more expensive than
contemporary aircraft alloys” [6]. In an article in Modern Metals and Alloys
[26] the cost of aluminum-lithium alloys is “up to three times that of
conventional alloys.” Finally, as one might expect, the actual cost of
procured material will vary depending on the quantity, lead times, material
specifications and contracts and negotiations on orders [29].

Given such uncertainty in the information available, running the Monte
Carlo simulation is desirable on these numbers—as it is in almost all other
numbers used in this analysis. Hence, the simulation formula for this
situation was appropriately spread out to: m less than 0.15, the rank would
be a “2", m over 0.15 but less than 0.45, the rank would be a “3”, rn over
0.45 but less than 0.85, a “4’, and rm over 0.85, a “5”.

b) Handling factors considered in the study were: Ductility, Shear & Bending
Strength, Extra Handling required for aluminum-lithium, Ingot quality, and
Scrap disposal. These have been discussed in different papers [including
23 and 24]. DucTILITY studies compared Al-Li 2090-T8 with Al 7075-T6, and
it was shown that the ductility of 2090-T8 is a little lower than that of 7075-
T6. Since specific comparison studies were not made using the Al 2024
plate—which was the control alloy in the s/s adapter study—general
properties of aluminum alloys had to be referred to so that the behavior of
70XX and 20XX aluminum alloys could be compared. Ductility of 7075-T6 is
higher than that of 2024-T4 [15]. Therefore, for the ductility sub-factor in the
X-NFR analysis, Al 2024 was given a rank of 2 and Al-Li 2090 a rank of 3.
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The Monte Carlo simulation has to be relied upon to make such
comparisons between 2024 and 2090 stronger.

c) Shear & bending strengths of 2080 are comparable to those of 7075 [24].
However, 2090 is better than 2024 with the bend axis parallel to the rolling
direction [20]. This information was accounted for and exploited while
fabricating the s/s adapter. So, 2090 got a rank of 2 while 2024 had a rank
of 3.

d) In general, aluminum-lithium requires some extra handling. For example,
unlike the bending of 2024, 2090 had to be bent with the bend axis parallel
to the rolling direction while fabricating the s/s adapter. Furthermore, 2090

alloys “containing copper and/or magnesium require stretching prior to aging
to obtain optimum strength and fracture toughness combinations.” [24].
Hence the ranks assigned were 1 to 3 for aluminum and aluminum-lithium
respectively.

e) Maintaining good ingot quality is an essential requirement for aluminum-
lithium alloys. For example, Lithium is a reactive metal, with an affinity for
O2 and Na. So, close tolerances need to be maintained during the casting

process to avoid introduction of impurities into the ingot, which would
adversely affect its processability [6]. Also, superior ingot quality will directly
result in improved compositional consistency, minimized strength and
toughness variations and a reduction in scrap rate of the aluminum-lithium
alloys [23, 24]. Since aluminum has not been similarly chastised, the ranks
assigned were 1 and 3 respectively.

f) Scrap is a major factor while machining aluminum-lithium alloys because of
the reactive nature of Lithium. For example, scrap containing Lithium in
excess of 1.5% by weight, if melted, can violently explode in contact with
water. Hence, aluminum-lithium scrap requires segregation to prevent
contamination of non-lithium aluminum alloys. “Scrap segregation will
become increasingly important as the Al-Li alloys come into widespread use”
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[6]. Therefore, the ranks assigned for the scrap sub-factor are 1 and 4 for
aluminum and aluminum-lithium respectively.

g) Database Extent is the extent of general manufacturing information available
on a material. Research on aluminum-lithium alloys has been conducted
since the 1950's and aerospace manufacturers—such as General Dynamics
Space Systems, Lockheed Martin and McDonnell Douglas Space Systems
Company—are confident enough to undertake projects replacing
conventional aluminum for aluminum-lithium alloys. In fact, replacing the s/s
adapter was undertaken because of a “firm database” available on
aluminum-lithium. Moreover, “Al-Lj alloys have evolved to a level of maturity
where well-defined databases on properties, manufacturability and prefacing
are available” [36]). However, in the s/s adapter study, mechanical and
physical property tests were carried out because of “gaps in the GDSS Al-Li
database.” Such conflicting reports led to the ranks assigned to aluminum
and aluminum-lithium being 1 and 2 respectively.

h) All the Versatility sub-factors were given ranks of 1 for both materiais
because Kerr, et al. say that all manufacturing operations could be
satisfactorily accomplished with aluminum-lithium with a high degree of
confidence.

i) The weight for the Equipment Outlay sub-factor was 0—it was not
considered in the analysis. This is because the s/s adapter study required a
“direct substitution” of aluminum for aluminum-lithium, and was undertaken
to confirm whether the manufacturing processes used in fabricating
conventional aluminum alloys were also useable on aluminum-lithium alloys.
Since no new equipment were to be considered, Equipment Outlay could not
be a factor in this study.

j) Manufacturability Issues sub-factor has four sub-sub-factors, viz. Process,
Tooling, Labor and QA. The sub-factors for these four are the processes

required in the fabrication of the part or structure in question. In the case of

the s/s payload adapter, the process steps were: sheet forming, machining,
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heat treating, chemical milling, fastening, cleaning/finishing and inspection.

Stretch formed 2090 Al-Li plates met the mechanical property design
requirements of the s/s adapters. Metallographic examination of the parts
further conformed their high quality. However, process specifications had to
be altered to require a 1.5 to 3% permanent set during stress relieving

operation. Therefore, for the stretch forming process, aluminum-lithium was

given a rank of 2, and aluminum a 1. Since stretch forming requires press
brakes, tooling and labor involvement is generally high. Moreover, the
aluminum-lithium alloy had the extra permanent set required. So the tooling
and labor values assigned were 2 for aluminum and 3 for aluminum-lithium.
Finally, QA values for stretch forming were 2 for both metals, because both
underwent the same quality tests.

k) Machining of aluminum alloys is a “B” on a scale of A-D by Kalpakjian [15].
Moreover, in the s/s adapter study, both metals performed equally well with
relation to machining. Thus, for machining, process, labor and QA factors
were given ranks of 2 for both metals. For tooling, however, aluminum-
lithium needed a milling machine to give a superior finish. For that reason,
and the fact that aluminum-lithium got a machining/tooling rank of 4 in the
Bao database [2], the aluminum-lithium value was a 4, while aluminum
retained its value of 2.

I) Heat Treatment response of aluminum-lithium was comparable with that of
aluminum. However, Sutherland [41] reports that tight process control is
required in the production of aluminum-lithium alloys. Sutherland’s
comments, values in Bao's report [2], a brief description of the heat
treatment process and its results in Kerr, et al., [20] and a description of the
heat treatment behavior of conventional aluminum alloys by Kalpakjian [15]
led to values of 1-2, 1-1, 3-3 and 34 being assigned to aluminum and
aluminum-lithium for the four factors, Process, Tooling, Labor and QA

respectively. The reasoning for aluminum values is that the process itself is
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not complex, but the equipment is sophisticated and needs monitoring and
quality evaluations.

m) Chemical Milling of the 2090 alloy gave excellent results. Once again, ranks
were assigned based on the data in Kalpakjian, Bao's ASEE report and Kerr,
et al. As before, the reasoning for aluminum values is similar to that for the

heat treatment values. Chemical milling, especially for an aerospace
application, requires close tolerances; it is a labor intensive process
because the surface has to be carefully prepared; and close monitoring is
required during the milling process. Therefore, the ranks assigned were 1-1,
3-3, 3-3 and 3-3 for aluminum and aluminum-lithium for the four factors of
Process, Tooling, Labor and QA respectively.

n) Fastening tests on both Al-Li 2090 and Al 2024 sheets proved that standard

riveting and installation procedures were equally acceptable for both sheets.

With the same reasoning as for chemical milling, the assigned ranks were 1-
1, 2-2, 3-3 and 2-2 respectively.
o) Cleaning and Finishing was the final step in the s/s adapter evaluation

study. This step evaluated the various surface finish treatments on Al-Li
2090 alloy and the control Al 2024 alloy. The results indicated that while the
two alloys fared equally well on all tests, 2090 was superior to 2024 in
corrosion resistance properties. Therefore, while Process, Tooling and QA

sub-factors were ranked equally, chemical cleaning and finishing is a Labor
intensive process, and so that sub-factor was ranked appropriately higher.
The ranks assigned were 1-1, 1-1, 4-4 and 1-1 for aluminum and aluminum-
lithium respectively.

p) Inspection is included as a separate process step in spite of a QA sub-factor
for each of the other manufacturing steps. This is because, in the s/s
adapter study—as in the manufacture of almost all other aerospace parts—
there would be at least two separate QA steps. First, each individual
operation or manufacturing process step would undergo a QA evaluation.

Then, the entire part would undergo a terminal inspection prior to use.
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Likewise, in the Kerr et al. paper, the description of each manufacturing step
includes a quality evaluation of that step, AND inspection is listed as a
separate manufacturing step in the paper. Terminal inspection was carried
out on the 2090 Al-Li alloy to verify whether standard inspection methods—
in this case, visible and fluorescent die penetrant methods—were applicable
to 2090 Al-Li, and that no adverse reactions occurred between the die and
the material. The results were favorable. The ranks assigned to the four
sub-factors were 1-1, 2-2, 2-2 and 2-2 for aluminum and aluminum-lithium
for factors Process, Tooling, Labor and QA respectively.
Having thus entered values in the X-NFR hierarchy and set-up the
probabilities, a 3000 iteration Monte Carlo simulation run was carried out. The
AHP derived weights for the factors and sub-factors, and ranks generated on

the last iteration along with the initial ranks are all shown in Appendix C.1. The
mean values for the overall DCF and the various factors and sub-factors for the
skin/stringer payload adapter for an Atlas Commercial Launch Vehicle are

shown in Table 5-2 (more statistics on these results are also printed in

Appendix C-1).
Table 5-2 — Values for skin & stringer payload adapter
MCF DCF
Al Al-Li
Overall Mean 0.4220 0.5780 1.3695
Material Cost 0.0277 0.0783 2.8308
Handling 0.1538 0.2221 1.4435
Database Extent 0.0300 0.0478 1.5937
Manufact. Issues 0.2105 0.2298 1.0915
Versatility 0.0898 0.0898 1.0
Equip. Outlay 0.0 0.0 n/a
Mfg.ability 0.3884 0.4322 1.1126
Process 0.2480 0.2732 1.1341
Tooling 0.0604 0.0710 1.1751
Labor 0.1274 0.1358 1.0658
QA 0.0448 0.0469 1.0457

As can be seen, according to the X-NFR results, aluminum-lithium would
be about 37% more complex to manufacture than conventional aluminum.

Compared to Kaminski, et al's resulits, this 1.37 value of DCF is much higher
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than their 1.2x. However, as discussed earlier, considering that the 1.37 factor
includes material cost, perhaps a more accurate value gleaned from Kaminski,

et al. should be:
(4x for material cost) = (1.2x for processing) = 4.8

In which case, the 1.37 complexity is way too low!

Except that, of itself, the 4.8x figure is inaccurate considering that
material cost and processing are given equal weights in the Kaminski, et al.
paper. Supposing the weights used in the X-NFR method were also applied to
the two Kaminski et al. values, the comparison might be more accurate. Based
on the AHP outcome, Material Cost factor was given a weight of 0.106 in the X-
NFR derivation. The weight of 0.894 (1 - 0.106) was distributed among the
three other sub-factors, Handling, Database Extent and Manufacturing issues.
So, incorporating the two sub-factor weights, Kaminski, et al.’s values would be:

4+0.106 +1.2+0.894 = 1.496

This value is considerably closer to the 1.37
But, material cost is still @ matter of contention. According to written
descriptions in the Kaminski, et al. paper, cost of aluminum-lithium is between
“3 to 4 times conventional alloys”. So, assuming that Kaminski, et al. had used
a value of 3.5x instead of 4x in their table—as discussed in the text of their
paper —the comparable total for material cost and process would be:
3.5+0.106 + 1.2+0.894 = 1.444

a value still closer to the 1.37

Finally, taking the above argument a step further, let us consider the
published divergent information on the cost of aluminum-lithium. Paragraph (a)
earlier in this section is a discussion on the divergent information on Material
Cost, and the resulting ranks and respective probabilities that were assigned to
the contending materials for the MATERIAL COST factor. Suppose that, in
submission to divergent cost data, the material cost value in Kaminski, et al.’s
cost table were subjected to the Monte Carlo simulation of the X-NFR method.
Now, the delta value for the Material Cost factor in Table 5-2 is 2.831 This
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value is obtained as a result of generating three thousand random numbers
using a distribution explained in paragraph (a) earlier in this section. Using
2.831x instead of 4x or 3.5x in Kaminski et al.’s cost values, the comparable
total for material cost and process would be:

2.831+0.106 +1.2+0.894 = 1.373

This result measures up to the value generated by X-NFR.

Although the above exercise is not of any practical significance or value,
it demonstrates the importance of Material Cost in the comparison of results
published by Kaminski, et al. and those obtained by the X-NFR method. In
order to investigate whether Material Cost did indeed pose a major significance
in the comparative results, it was decided to re-work the AHP based weight
distributions, re-work the X-NFR calculations and re-do the Monte Carlo
simulation. This time, in the AHP, the Material Cost factor was given a weight of
0, and only three main factors were considered in the analysis. Appendix C-2
shows the new weights and ranks. The mean values for the overall DCF for the
skin/stringer payload adapter when material cost is not considered are given in
Table 5-3 (more statistics on these results are also printed in Appendix C-2).

Table 5-3 — Values for skin & stringer payload adapter when
Material Cost is NOT considered

MCF DCF
Al 2024 Al-Li 2090
Overall Mean 0.4532 0.5470 1.2070
Material Cost 0.0 0.0 n/a
Handling 0.1169 0.1659 1.4194
Database Extent 0.0287 0.0450 1.6673
Manufact. Issues 0.3075 0.3360 1.0926

Thus, discounting material cost, the overall complexity of Al-Li is about
20% more than that of conventional Al, a figure validated by Kaminski, et al.
[16].
5.4. Machined, Integrally Stiffened Liquid-OXygen (LOX) Tank
This section is based on a fabrication project undertaken by the
McDonnell Douglas Space Systems Co. [16, 42). The project was taken up to
meet future aerospace requirements of increased payload capacity at reduced

Reproduced with permission of the copyright owner. Further reproduction prohibited without permi<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>