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Abstract: An appropriate material for a particular product determines the range of function, durability, cost,
user’s feedback and experience about the product. Failure arising from improper material selection may
often lead to loss of both revenue and reputation of the concerned manufacturing organization. Hence,
selection of a proper material for a product is very important from engineering design perspective. In the
field of manufacturing engineering, selection of material is a tedious task because there are numerous
factors to be carefully evaluated before making the final decision. The main requirements may be different
for varying applications, but depending on the working environment, several other interrelated factors may
also need to be considered, thus making the selection process more complex and time consuming. The past
researchers have already developed different expert systems for solving material selection problems. Those
expert systems were often problem specific, used to estimate criteria weights using subjective perception of
the designers and fail to incorporate customers’ requirements into the final products. This paper presents a
quality function deployment-based methodology for materials selection that can provide due importance to
the voice of customers. An expert system in Visual BASIC 6.0 is also developed to automate the entire
material selection procedure. The applicability of the developed expert system is demonstrated while
selecting materials for an end milling cutter and a centrifugal compressor impeller.

Key words: Centrifugal compressor impeller, expert system, material selection, milling cutter, quality
function deployment.

1. Introduction

In this global competitive environment, every manufacturing organization must improvise and be
innovative in its production processes in order to maintain and enhance its market share. This is also
important for its long term sustainability in the market. Engineering design is an effective tool with which
the issue of continuous improvement can be tackled proficiently while implementing innovation in the
manufacturing organizations through new and improved designs. Design of engineering components is
limited by the availability of suitable materials and therefore, selection of proper materials plays a pivotal
role in engineering design. Newer designs for a specific component can only be formulated and realized
when various mechanical and physical properties of the available material alternatives are known to the
designers to assist them in analyzing each material’s capability to meet the functionality of the designed
component. Material selection is still being done manually with the help of handbooks, thumb-rules and
heuristics [1]. There are thousands of materials existing in this world and the designers require information
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about all of them to optimize their choice. Thus, in order to assist the designers to select the best material
alternative from an assortment of existing choices, there is a need for development of a methodical and
rational approach. Expert systems that run in computers aid in systematizing and restoring information
with a view to accomplish the desired goals of a manufacturing enterprise with better exactness within the
restricted available budget and time while exterminating the enormous calculations involved. They help the
designers in the manufacturing organizations with their decision making procedure, characteristically
resulting in ranking, categorizing or selecting from the existing alternatives. Hence, an expert system
integrating quality function deployment (QFD) technique is presented in this paper to facilitate selection of
materials for an end milling cutter and a centrifugal compressor impeller. The QFD technique is adopted
here to take into account the voice of customers for the considered products along with their desired
technical requirements and derive the priority weights for those technical requirements. This expert system
is supported by a database where the data pertaining to various material properties are stored to make
material selection easier. The development of this expert system would automate the process of material
selection while eliminating the use of handbooks and tedious mathematical calculations.

2. Literature Review

Kumar and Singh [2] presented an intelligent system for selection of materials for progressive die
components. Ho et al. [3] employed case-based reasoning, rule-based reasoning and k-means clustering
methods to generate a hierarchical hybrid recommendation list for cross validation, which would assist in
formulation of a web-based expert system for steel welding material selection. Lan et al. [4] presented a
web-based computer-aided material selection system for aircraft design and demonstrated its effectiveness
with two aircraft design material selection problems. Sapuan et al. [5] developed a prototype expert system
for selection of natural fibre composites which were utilized for manufacturing automotive dashboard.
Zarandi et al. [6] developed a new methodology to support preliminary filtering of material alternatives
from environmental viewpoint while employing the knowledge of the experts in the domain of eco-design.
Butila and Girbacia [7] presented an intelligent integrated system for selecting suitable material for gears
while taking into account various operational constraints. Rahman et al. [8] designed a knowledge-based
decision support system to facilitate selection of the optimal materials for different roof elements. Fairuz et
al. [9] applied simple if...then logic for the optimal selection for polymeric-based composite material for
boat components. ipek et al. [10] solved the material selection problems in the manufacturing domain using
an expert system approach. Prasad and Chakraborty [11] applied a QFD-based approach for solving four
material selection problems while integrating the voice of customers with the technical requirements for
the considered products. Mayyas et al. [12] provided a framework for developing a knowledge-based
system designed for selecting materials while taking various sustainability factors into consideration.
Sanyang and Sapuan [13] developed an expert system using Exsys Corvid software to select suitable
bio-based polymer materials for packaging products. Urrea et al. [14] developed an expert system for
selection of materials to be used in construction of the main structure of a transfer crane. Zhang et al. [15]
presented a novel ontology-based knowledge framework to provide valuable guidance for material
selection.

The earlier researchers have already designed and developed different expert systems/decision support
systems to help the designers in selecting appropriate materials for varying products, but it is observed that
those expert systems are often problem specific, for which the end users need to have an in-depth
knowledge regarding several product characteristics and material properties. Those expert systems are not
at all flexible to solve all types of material selection problems. At the same time, they fail to provide due
importance to the customers’ requirements for the final products. Thus, there is an ardent need for
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developing a real time expert system that can overcome the limitations of the previously designed expert
systems. In this paper, a QFD-based expert system is designed and developed in Visual BASIC 6.0 that can
solve all the real time material selection problems. Its database containing an exhaustive set of material
properties is created in MS ACCESS.

3. Development of QFD-based Expert System for Materials Selection

QFD methodology is the visual interpretation of a structured engineering process, and a set of interlinked
engineering and management tools, which can establish priority of the customers using their voice, and
transform it to design characteristics during development of the product. It simply prioritizes and links the
product development process to ensure quality of the product as defined by the customers. Yoji Akao, who
is regarded as the father of QFD, defined it as “a method for developing a design quality aimed at satisfying
the consumer and then translating the consumer’s demands into design targets and major quality
assurance points to be used throughout the production phase” [16]. QFD is also known as ‘customer-driven
engineering’ and ‘matrix product planning. Its whole concept is based on a sequence of operations to
translate the voice of customers into the final product/service [17]. It is oriented towards concerning a
team of people representing various functional departments that are involved in product development, like
marketing, design, quality assurance, manufacturing/sales, testing, finance, product support etc. The main
advantage of QFD methodology over the other approaches is that it can be applied for processing both
qualitative and quantitative data, and can serve as a flexible framework which can be simplified, extended
and combined with other quality design and improvement techniques. The QFD methodology can be best
explained graphically through a set of matrices that captures a number of issues vital to the planning
process. These matrices fit together to form a house-shaped diagram and hence, is also referred to as house
of quality (HOQ). The HOQ matrix, as shown in Fig. 1, is the engine that drives the entire QFD process and
provides means for interrelating customers’ requirements with technical requirements. The six building
blocks of HOQ matrix are described as below:

a) Customers’ requirements - These are the ‘whats’ the customers want from the product to be
developed and are also known as ‘voice of the customers’. They contain customers’ wishes, expectations and
requirements from the product.

b) Technical requirements - These are the engineers’ understanding in technical terms that are to be
built into a product with the intention to satisfy the customers’ requirements. They are sometimes referred
to as ‘hows’ as they answer how can the customers’ requirements be addressed or satisfied.

c) Interrelationship matrix - The interior of the house describes the relationship between the customers’
requirements and design characteristics. In other words, this matrix relates ‘whats’ against ‘hows’.

d) Technical correlation matrix - The roof of the house contains the correlation or interrelationship
between the design characteristics. The correlation matrix is used to identify which ‘hows’ items support
one another and which are in conflict.

e) Planning matrix - It contains the quantified customers’ requirements and ranks them in order of
their importance. The performance measurement of an organization with respect to the benchmarked
organizations is described in this matrix.

f)  Prioritized technical requirements - At the foundation of the house lies the prioritized engineering
design characteristics. They provide the designers with specific technical guidance about what need to be
achieved for quality product development.
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Fig. 1. House of quality matrix

Depending on the type of problem, the HOQ matrix can take different forms. In this paper, a simplified
HOQ is implemented after eliminating the planning and technical correlation matrices. The basic
framework for development of this QFD-based expert system for materials selection is demonstrated in Fig.
2. It follows three basic steps, i.e. accumulation of the pertinent data for the considered material selection
problem, implementation of QFD methodology and evaluation of the feasible alternatives to select the best
material for a given product.

The first step for development of this expert system belongs to collection of appropriate data for creating
the related materials’ properties database. For this, the technical requirements for various products are
shortlisted after a detailed literature review and based on the opinions of the experts in material selection
domain. After analyzing all the relevant material properties, the following 11 technical requirements are
finally shortlisted for evaluation of the material alternatives.

a) Chemical resistance (in R scale) - measures the ability of a material to withstand corrosive actions.

b) Density (in g/cc) - measures mass of a material per unit volume.

c) Hardness (in Vickers) - denotes material’s ability to withstand surface indentation.

d) Melting point (in °C) - is the temperature at which a material changes its state from solid to liquid at
atmospheric pressure.

e) Price (in $/kg) - represents the cost of a material.

f) Thermal conductivity (in W/m-K) - measures the amount of heat transmitted through unit thickness of
a material in a direction normal to a surface of unit area.

g) Coefficient of thermal expansion (in pm/m-°C) - shows the change in length of a material in response
to change in temperature.

h) Toughness index (in MPa-m'/2) - relates the ability of a material to deform plastically and absorb
energy before fracture.

i) Ultimate tensile strength (in MPa) - denotes the maximum load in tension that a material can withstand
prior to fracture.

j) Wear resistance (in R scale) - represents the resistance against frictional wear and tear.

k) Young’s modulus (in GPa) - measures the stiffness of an elastic material.

The detailed information about the considered physical properties for an exhaustive set of materials are
accumulated from various online data handbooks for subsequent development of the database.
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Fig. 2. Framework for QFD-based expert system for materials selection.

While implementing QFD methodology, the wants and needs of the customers are first sorted out through
questionnaires and feedback information. The most important customers’ requirements for material
selection are identified as dimensional stability, strength, weight, safe to operate, reasonable cost, stiffness,
resistance to vibration or load, corrosion resistance, temperature resistance, long fatigue life/durability,
resistance to wear, aesthetics, environmental friendliness and ease of manufacturing. These customers’
requirements are placed along the rows and the shortlisted technical requirements are positioned along the
columns of the HOQ matrix. In this matrix, the beneficial or non-beneficial type of customers’ requirement
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is indicated by the corresponding value of the improvement driver (+1 for beneficial criteria and -1 for
non-beneficial criteria). For beneficial criteria, higher values are preferred and for non-beneficial criteria,
lower values are always recommended.

In this HOQ matrix, the relative importance of customers’ requirements is evaluated using a fuzzy
triangular membership function having scale values set as 1 - not important, 2 - important, 3 - much more
important, 4 - very important and 5 - most important. For filling up the interrelationship matrix showing
the association between customers’ requirements and technical requirements, another fuzzy priority scale
is proposed as 1 - very very weak relation, 2 - very weak relation, 3 - weaker relation, 4 - weak relation, 5 -
moderate relation, 6 - strong relation, 7 - stronger relation, 8 - very strong relation and 9 - very very strong
relation. These fuzzy numbers for providing the relative importance to customers’ requirements and
technical requirements are later defuzzified using centroid method. Once the HOQ matrix is filled up with
all the necessary data, the priority weights of all the technical requirements are derived using the following
equation:

n
w;j = Z Pr; x ID; x Correlation index 48]
i=1
where wj is the weight for jt"technical requirement, n is the number of customers’ requirements, ID; is the
value of improvement driver for i" customer requirement, Pr; is the priority assigned to it" customer
requirement and correlation index is the relative importance of jt: technical requirement with respect to it
customer requirement. These weights are subsequently employed to calculate the performance scores of
the feasible material alternatives for a given product.

Now, all the feasible materials in the database are evaluated to arrive at the final material selection
decision. For this, the end user needs to provide a set of criteria with their ranges of values to derive a list of
the feasible material alternatives. After retrieving the final set of materials satisfying the criteria values, the
related decision matrix for the given problem is generated. The decision matrix is then normalized and the
performance score for each material alternative is computed applying the following expression:

n
PSi= D W x (Normalized value)y (i =1,2,...m;j=12,..,1) (2)

j=1
where wj is the weight for jth technical requirement, m is the number of alternatives and n is the number of
technical requirements. The weights for the technical requirements are retrieved from the corresponding
HOQ matrix. Based on these performance scores, the alternative materials are then ranked and the most

appropriate material for the given product is finally identified along with its all important properties.

4. Illustrative Examples

4.1. Example1

Milling cutters are the cutting tools typically employed in milling machines or machining centers to
perform the desired machining operations. Material removal takes place through their movement within
the machine or directly from the cutter’s edge. Milling cutters are available in different shapes and sizes
according to their function in the machining operation. There is also a choice on coating, rake angle and
number of cutting surfaces. Thus, there are varying types of milling cutters, such as end mill cutter, roughing
end mill cutter, ball nose cutter, slab mill cutter, side and face cutter, involute gear cutter, hobbing cutter, face
mill cutter, fly mill cutter, hollow mill cutter, dovetail mill cutter etc. Although different types of milling
cutters are available in the market, understanding the chip formation mechanism is the most important
issue while employing any of them for a given machining operation. Selection of the most appropriate
material for a milling cutter material is not a simple task. There are many variables, opinions and lore to be
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considered, but essentially the designer has to choose such a milling cutter material that should machine
the work material to its desired shape and specifications with the minimum possible cost. A typical end
milling cutter is shown in Fig. 3.

The developed QFD-based expert system is now employed to solve this milling cutter material selection
problem. The related HOQ matrix for this problem, as exhibited in Figure 4, is filled up with the necessary
data and the priority weights for the considered technical requirements of the milling cutter materials are
computed on pressing ‘Weight’ functional key. Negative priority weights for price and coefficient of thermal
expansion identify them as non-beneficial attributes. On the other hand, values of negative improvement
drivers indicate that reasonable price, corrosion resistance and temperature resistance are non-beneficial
customers’ requirements.

House of quality [ (=JE3
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. Ultimate

Customers’ chemical Density ~Hardness Melting  Price  Thermal  Thermal Toughness tensile Wear  Young's
D priority  esistance point conductivity expansion index strength resistance modulus
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Fig. 3. A typical end
milling cutter Figure 4. HOQ matrix for milling cutter material selection problem

Milling cutter material should possess reasonable hardness and must be made of a material harder than
the material to be milled. Hardness of a milling cutter material is the measure of how resistant the material
is to various localized deformations when a force is externally applied. Young’s modulus of a milling cutter
material is defined as the slope of its stress-strain curve in the elastic deformation region, i.e. ratio of tensile
stress to tensile strain. Ultimate tensile strength is the maximum stress that a milling cutter material can
withstand while being stretched or pulled before failing or breaking. Thermal conductivity is the property
of a milling cutter material that indicates its capability to conduct heat. The higher the value of thermal
conductivity, the better the material is in conducting heat.

Thermal expansion is the tendency of a milling cutter material to change in volume in response to a
change in temperature. The degree of linear expansion divided by the change in temperature is called the
material’s coefficient of linear thermal expansion and the milling cutter material with low coefficient of
linear thermal expansion is always preferred. While selecting a suitable milling cutter material for a specific
machining operation, its cost is often considered as one of the most important criteria. Hence, due emphasis
should be given on the milling cutter material cost. Thus, taking into consideration the end requirements of
an end milling cutter, hardness, Young’s modulus, ultimate tensile strength, thermal conductivity, thermal
expansion and cost of the material are shortlisted as the primary evaluation criteria and their desired
ranges are provided in the appropriate cells of the pre-selection module in Fig. 5. All these criteria except
coefficient of linear thermal expansion and milling cutter material cost are beneficial attributes requiring
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higher values. Pressing of ‘Suitable alternatives’ functional key then identifies those candidate materials
which satisfy all the preset ranges of criteria values. Among those material alternatives, ten materials, i.e.
Alumina, Cubic boron nitride (CBN), high speed steel (HSS), Silicon carbide, Silicon nitride, synthetic
polycrystal diamond, Tantalum carbide, Titanium nitride, Tungsten carbide and Zirconia are ultimately
identified for further analysis to choose the most appropriate material for an end milling cutter. The
physical characteristics of those ten materials along with their applications are detailed out here-in-under.

The desired properties of all HSS grades include high working hardness, high wear resistance, excellent
toughness and compressive strength, high red hardness and strength to prevent breakage on the cutting
edge. These properties make them suitable for manufacturing of tools, such as drills, taps, hobs and
broaching tools, while ensuring high tool life with low maintenance cost. Silicon carbide (SiC) composed of
tetrahedral atoms of carbon and silicon with strong bonds in the crystal lattice produces a very hard and
strong material which is not attacked by acids, alkalis or molten salts up to 800°C temperature. Its basic
characteristics include low density, high strength, low thermal expansion, high thermal conductivity, high
hardness, high elastic modulus, excellent thermal shock resistance and superior chemical inertness. It is an
excellent abrasive material, and has been widely used to manufacture grinding wheels and other abrasive
products over the years. Silicon nitride (SisN4) offers high strength over a wide temperature range, high
toughness index, high hardness, outstanding wear resistance, good thermal shock resistance and excellent
chemical resistance. Its typical applications include manufacturing of rotating balls and roller bearings,
cutting tools, turbine blades, vanes, buckets, precision shafts and axles in high wear environments. Cubic
boron nitride (CBN) is a combination of boron and nitrogen. Super-hard milling cutter materials primarily
consist of diamond and CBN. The crystal structures of both are the same with all unit cells in diamond
crystal composed of carbon atoms, and CBN crystal being composed of boron atoms alternating equally
with nitrogen atoms. Zirconia (Zr;0) adopts a monoclinic crystal structure at room temperature, with
transitions to tetragonal and cubic structures at higher temperatures. It is primarily used in the production
of ceramics, with the other application as a refractory material in insulators and abrasives. The most
common form of crystalline alumina (Al;03) is known as corundum. The oxygen ions nearly form a
hexagonal close-packed structure with aluminium ions filling two-thirds of the octahedral interstices. It is
also widely used as cutting tools. Titanium nitride (TiN) is a tremendously hard abrasive ceramic material,
being available in the form of black powder with NaCl-type face centered cubic crystal structure. It has high
hot hardness, high strength, good toughness and excellent wear resistance properties, which make it
suitable for cutting tools, forming dies, grinding abrasives and other wear-resistant applications. The
tungsten metal powder can be converted to tungsten carbide (WC) through reaction with pure carbon
powder. This compound has very good resistance to chemical attack and high hot hardness. As the most
important tungsten compound, it is used to make wear-resistant abrasive materials for grinding wheels,
circular saws, and milling and turning tools used in metalworking, woodworking, mining, petroleum and
construction industries. Tantalum carbide (TaC) is an extremely hard, refractory ceramic material
possessing electrical conductivity. It is a non-porous material having excellent resistance to wear and
corrosion, high dimensional stability and average resistance to thermal shock. The synthetic polycrystal
diamonds are produced by powerful explosion, which transforms graphite into diamond. This process
yields polycrystal diamonds, each consisting of thousands of micro-crystallites bonded together. Synthetic
polycrystal diamonds have high wear resistance, high shock resistance, good thermal stability and
homogeneous structure. The polycrystal diamonds are the only type of diamonds having self-sharpening
properties through which new sharp edge opens up every time following release of an outer layer of dull
micro-crystallites.

Once the final set of materials is chosen for analysis, ‘Decision matrix’ functional key is pressed to develop
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the corresponding decision matrix, as shown in Fig. 6. It is a filled up evaluation matrix containing criteria
values of the considered material alternatives. From this decision matrix, the material performance scores
are calculated using Eqn. (2) when ‘Score’ key is pressed. Pressing of ‘Rank’ and ‘Graph’ functional keys
respectively provides a complete ranking order of the milling cutter materials based on their performance
scores and pictorically identifies the best performing material. For this end milling operation, synthetic
polycrystal diamond is identified as the most suitable choice.
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Fig. 5. Pre-selection module for milling cutter Fig. 6. Decision matrix for end milling cutter material

material selection problem. selection problem.

The superiority of synthetic polycrystal diamond over the other materials is due to its very high hardness,
thermal conductivity and ultimate tensile strength, which are the most desirable properties for an end
milling cutter. But, the practical use of synthetic polycrystal diamond as a milling cutting material is often
restricted due to its high cost and graphitization problem at elevated temperatures. This stimulates the
designers to opt HSS as the milling cutter material and it also occupies the second best position in the
ranking list. It has the least possible cost and highest ultimate tensile strength among the other materials,
while its performance with respect to the remaining criteria is also satisfactory. Thus, it becomes the most
preferred material for end milling cutters. Tantalum carbide evolves out as the worst chosen material.

4.2. Example 2

In a centrifugal compressor, energy is transferred from a set of rotating impeller blades to a gas. The
designation ‘centrifugal’ implies that the gas flow is radial and the energy transfer is caused by a change in
the centrifugal forces acting on the gas. A simple centrifugal compressor has four components, i.e. inlet,
rotor, diffuser and collector. The heart of a centrifugal compressor is the rotor, which consists of a series of
impellers and a shaft. These impellers are designed to accelerate the process gas, which causes it to be
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compressed in the proceeding diaphragm, while the shaft provides support and rotation to the impellers.
Considering the importance of impellers, utmost attention needs to be provided for their design and
manufacture. Generally, centrifugal compressor impellers are fully shrouded, consisting of a solid hub and
cover separated by equally spaced radial blades. The blades of the impeller hub are usually attached to the
cover by welding, integral casting, brazing, riveting, integral machining of the hub with the cover or a
combination of these methods. Today, for most of the impellers, the blades are integrally machined to the
impeller hub or cover and then welded to the non-machined blade hub or cover. The choice of materials for
a centrifugal compressor impeller requires consideration of a number of design, operating and
environmental factors. A typical centrifugal compressor impeller is shown in Fig. 7.

The developed QFD-based expert system is now implemented for this centrifugal compressor impeller
material selection problem. The HOQ matrix of Fig. 8 is filled up with the necessary fuzzy scale values and
the priority weights for 11 technical requirements are then obtained.

Resist vibration or load

House of quality fEx
House of Quality Matrix
Milling cutter
. Ultimate
Customers’ Chemical Density Hardness Melting Price  Thermal  Thermal Toughness tensile Wear  Young's
D priofity  jesistance point conductivity expansion  index  stiength resistance modulus
(Rscale)  (gice) (Vickers)  ("C) ($/kg)  (WIm-K) (micro mim?C) (MPa-m¥%)  (MPa) (R scale)  (GPs)
[€] Dimensional stability 11[2] 1 [21[31[3][4] HiBipiaBABBREanaaaa
§ o A | 2)
s| Strengtl 1 1
t Weight 1 1
? Safe to operate 1 1 4
e
¢| Reasonable cost E ﬂ E]
Stiffness 4
T
e
q

Corrosion resistance

]

1] 2

2] EIEIEE] EIEIEIRIMEEIER]E
=1 =1

Next

Temperature resistance
Long fatigue Iife/Durability
Resitance to wear
Aesthetics

Environment friendliness
Ease of manufacturing

-
2
5
2
2
2
2
2

%
%

I

l:‘ ulmlw\_»u] Mlmlum MlMIM

v el el e =«e] e[« =] «]«]w]«
==Ll =T =l = === =]

S[e[elel R e[ e[R[e[s[ee] ]~

EEDCOEOOEEOEED

EEREEEREDEDEEDD
EEEEEEEEEEEEE

NN ORI D
wf o o] o o wf =[w] o] of o] @] «] ]
CEEEEEEEEEEEE
wlof o] of o] of oo s v o] ol of @
DO NN D
w] o] @] o w] of w] w] o w] @] w] o] w
= EELeES
IO EEEE D
el oo o[ =] o[ e o] =[>[=[=]~
EREREEEREDDEDRELD
el o[« e o] w[«[ oo« =] =[]~
EEREDEREEEEERRE

NN OENEEDE DR
Elelel s e el o =] e[ =] =] <]

(3 I [ ) 09 3 [ I I T ] [ [ S
NN NNENNE NN NN D

\:ﬂi‘ wlulw\il ulwluli‘ wlwlw\i‘
EEEEEEDEEEEEEE

S e[ e e ~[ o[ P[e]e] @] [ a]~
el el el el =[o[e[e[=[«]=]«[=]«

el el efef oo ~[el=]w[<[=]«]

ElEEEEEEEREE ]
ClEERe==T R =R =]

CREEEEEEEEEEEE

EEDDEEEEEEEERE

EEECDECDEEEEEEE

Fig. 7. A typical centrifugal  Figure 8. HOQ matrix for centrifugal compressor impeller selection problem
compressor impeller

Since the operating conditions mainly control the centrifugal compressor impeller material selection
problem, several important material properties, like ultimate tensile strength, Young’s modulus, toughness
index, hardness and material cost are first identified from the drop-down menu of Figure 9 for having their
influences on this material selection problem. It is always desirable to have higher ultimate tensile strength
for a centrifugal compressor impeller material. Consequently, Young’s modulus of a centrifugal compressor
impeller material should also be as high as possible. Toughness index is a physical property which describes
the ability of a material containing a crack to resist fracture. The linear-elastic toughness index of a material
is determined from the stress intensity factor at which a thin crack in the material begins to grow. If a
material has higher toughness index, it would probably undergo ductile fracture else brittle fracture would
occur, which is not at all recommended for a centrifugal compressor impeller. In this material selection
problem, toughness index is considered as a beneficial criterion requiring higher value. Centrifugal
compressor impeller materials should have reasonable hardness to withstand indentation and abrasion.
While designing a centrifugal compressor impeller, its material cost is also an important criterion for which
minimum value is always desired. The ranges of values for these five criteria are then specified to retrieve
those feasible materials satisfying all the predefined criteria values. The physical characteristics of all the
shortlisted materials are then analyzed to fulfill the end requirements of a centrifugal compressor impeller.

89 Volume 4, Number 2, June 2016



International Journal of Materials Science and Engineering

Alloy steel (AISI 304) has very good corrosion resistance, high ductility, and excellent drawing, forming
and spinning properties. It is essentially non-magnetic and becomes slightly magnetic when cold worked.
Its low carbon content causes less carbide precipitation in the heat-affected zone during welding and
provides less susceptibility to intergranular corrosion. Alloy steel (AISI 4140) possesses high fatigue
strength, abrasion and impact resistance, toughness and torsional strength, making it a suitable material for
manufacturing of break dies, bending dies, support tooling, die holders, gears, flanges, collets, arbors,
spindles and axles, clutch parts, forming rolls, compressor impellers, wrenches and various machine tool
components. Alloy steel (AISI 4340) has high toughness and strength in the heat-treated condition. AISI
4340 alloy steel is mainly used in power transmission gears and shafts, aircraft landing gears and other
structural parts. Aluminium alloy (Al 2025 T6) has copper as the key alloying element. When the alloys
from this series are heat-treated, the mechanical properties become better than those of medium steel. Al
2025 T6 is a heat-treatable wrought alloy, chiefly used in aircraft structures and propellers, centrifugal
compressor impellers, automotive bodies and screw fittings. Aluminium alloy (Al 7050 T73) is the premier
choice for aerospace and impeller blade applications which require the best combination of strength, stress
corrosion cracking resistance and toughness. It exhibits better toughness and corrosion resistance
characteristics than other aluminium alloys. Since, it is less quench sensitive than most of the aerospace
aluminum alloys, it retains its strength properties in thicker sections while maintaining good stress
corrosion cracking resistance and fracture toughness. Aluminium alloy (Al C355) is mainly used in sand
casting, permanent mold casting and manufacturing of compressor impeller blades. Low density
precipitation hardnable nickel base alloy (USN 7716) is chemically resistant, which allows its application in
wet chlorine gas environments. USN 7716 has been successfully applied in aggressive coal gasification
applications. For temperatures down to -195.56°C, this alloy has widely been accepted for impellers in
compressors for boil-off gas from liquid methane due to its high toughness index at low temperatures.
Monel K500 is a nickel-copper alloy which has excellent corrosion resistance with the added advantages of
higher strength and hardness. The typical applications of Monel K500 are chains and cables, fasteners and
springs for marine service, pump and valve components for chemical processing, impeller blades and
scrapers for pulp processing in paper production, oil well drill collars and instruments, pump shafts and
impellers, non-magnetic housings, safety lifts and valves for oil and gas production. Titanium is a light
transition metal with a white-silvery-metallic color. It is strong, lustrous and corrosion resistant. Pure
titanium is not soluble in water but is soluble in concentrated acids. It forms a passive but protective oxide
coating (leading to corrosion resistance) when exposed to elevated temperatures in air, but at room
temperatures, it resists tarnishing. Titanium alloy (Ti6Al4V) has good machinability and excellent
mechanical properties. It offers the best all round performance for a variety of weight reduction
applications in aerospace, automotive and marine equipments.

After retrieving the list of alternative materials, the relevant filled up decision matrix is automatically
generated in Figure 10. The performance score and rank for each material is then obtained by pressing the
‘Score’ and ‘Rank’ functional keys respectively. When ‘Graph’ key is pressed, a graphical representation
showing the positions of the materials in the ranking list is displayed. Finally, the best suited material along
with its physical properties is identified for the centrifugal compressor impeller.

For this problem, UNS 7716 evolves out as the most appropriate material followed by AISI 4340. Al C355
is the least preferred choice for this application. It can be interpreted from Figure 10 that UNS 7716
possesses almost the highest values for hardness, ultimate tensile strength and Young’s modulus, which are
the most desirable characteristics for centrifugal compressor impeller design. It has also being successfully
used in coal gasification compressor impeller applications. This justifies the appropriateness and solution
accuracy of the developed QFD-based expert system for solving material selection problems.
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=, Decision matrix E‘@E
Centrifugal compressor impeller
|Weigh1|| 50 || -16 || 46 || 51 “ 91 |
[A\l Hardness|| Price |[Tougt : Ultimate 1 [Young's rf| Score H Rank
[AISI 304 129 45 10.15 505 193 |[135.7216 3
AISI 4140 207 15 7.25 758 198 |[161.5495 4
& breselection Nodule EEX [AISI 4340 228 2 71 510 208 |[179.4197|| 2
Pre selection module [A1 2025 T6 137 55 16.81 360 731 |[7a.4197 8
Tochni i o A1 7050 T73 151 53 176 496 717 |[e9s177 7
echnical requirements Criteria Range
TS [Foess ke | 5] [a1 C355 101 5 16.21 310 696 |[59.4048 10
Melting point et Monel K500 285 35 11.62 890 179 177.162 3
i Price (§/kg) 1
Gl » S Ti 75 36 13.42 448 116 || 71.0885 9
Thermal conductivity Toughness (MPa-m?%) 5 @
: — Ti-6AL4Y 349 395 1262 830 118 |[150.4269 5
WSTEGET Range | [Ultimate tensile strength (MPa) 20 :
v Toughness index L UNS 7716 333 12 6.7 930 207 |[200.6592 1
v Ultimate tensile strengt Young's modulus (GPa) 50 @
Wear resistance -
14 Young's modulus 250
Score 200
g 150 +— —
Suitable alternatives Alternatives with criteria value ‘ <§ 100 4 | |
Rank
- i
Ti (coated with nitride) A Hardness [Price [Toughness i[Ultimate ten]Y 0 -
Ti-2Fe-3AK10v 304 austenit 150 581 4959 505 A1 taziazlaglasiag a7z lagiag lato
v THBAHAY 310 austenf 30 1051 %.29 665 Aternatives
THEALTND 316 austent, 155 494 2159 515
Titanium alloys 316L austen 120 50 24929 485
L4UNS 7716 317L austen 200 693 186.55 500 Final choice of material INS 7716
UNS 11000 thard) 7050-173%51 ® 231 B4 s~ . .
UNS 18500 v ‘ N |Hardness | |333 Vickers | ‘Toughness index ||E.7MPa-m‘/z |
Selection  [Brice |1284g | [Ultimate tensile strength | [980 MPa_ |
criteria
IYuung's modulus I|207 GPa |
Fig. 9. Pre-selection module for centrifugal Fig. 10. Decision matrix for centrifugal compressor
compressor impeller material selection problem. impeller material selection problem.

5. Conclusions

Manufacturing requirements are on rise with varying customers’ wants and near about daily introduction
of new-fangled product varieties. Decision makers of those enterprises must emphasize on reducing costs,
improving quality and customization for long term sustainability. In this paper, a real time expert system is
designed and developed based on QFD methodology for selecting the most appropriate materials for
varying engineering components. It relates the dynamic requirements of customers with technical
specifications of the materials and identifies the most suitable material for a particular product. This expert
system relieves the designers to have any in-depth technical knowledge regarding various physical
characteristics of the considered materials. It also eases out and automates the entire material selection
procedure while eliminating the rigorous mathematical calculations involved in decision making. The
graphical user interface built in Visual BASIC 6.0 facilitates an immaculate interaction of the expert system
with the end user. Adoption of triangular fuzzy numbers for assigning priorities to customers’ requirements,
and exploring the interrelationship between customers’ requirements and technical requirements also
facilitates its application in a group decision making environment. It can be successfully employed for
solving any type of material selection problem. The database of this expert system can be updated from
time to time to make it more dynamic and exhaustive. The derived benefits from the implementation of this
expert system would be minimized overall cost of production, reduced instances of design failure, superior
utilization of knowledge and improved employee productivity.
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