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any feasibility of these alloys to substitute the use of 
aluminum alloys that are short-listed for the design.

D, density (g/cm2); YS, yield strength (MPa); 
TS, tensile strength before failure (MPa); YM, 
Young’s modulus (GPa); FT, fracture toughness in 
T-L (transverse - longitudinal) direction in MPa√m; 
C, cost ($/Kg)

Alternative materials and considered attributes 

given in this study are designated for a particular 
component in lightweight aircraft metallic structure 
that requires materials with high strength-to-weight 
ratio. Number of alternatives and attributes could 
slightly differ with varying component of any given 
lightweight aircraft metallic structure.

Application of AHP Methodology

AHP is used to select the best material for the 
design. The basic requirements are that the mate-
rials must be light weight and cost effective as 
non-benefit attributes. Unlike non-benefit attri-
butes, materials must have high Young’s modulus, 
high yield strength, high tensile strength, and high 
fracture strength as benefit attributes. 

Table 2 displays the non-normalized numeri-
cal values with respective units of all the attributes 
for the short-listed materials. A pairwise compari-
son between one attribute to another is performed. 
Weights are assigned on the basis of degree of 
relative importance scale given in Table 1, and a 
criteria comparison matrix [C] is created as given 
in Table 3. 

Table 2: table showing short-listed materials and 
relevant attributes with numerical values*

Table 3: criteria comparison matrix [C]

Relevant AttributesAlternatives

1.00 0.33 0.33 0.14 0.33 3.00

3.00 1.00 3.00 0.20 0.33 7.00

3.00 0.33 1.00 0.14 0.20 5.00

7.00 5.00 7.00 1.00 3.00 9.00

3.00 3.00 5.00 0.33 1.00 5.00

0.33 0.14 0.20 0.11 0.20 1.00

*ASM International, Alloy Center Database, (mio.asminternational.org/ac/index.
aspx?profileKey=grantami_ac_alloyfinder)
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An attribute compared to itself is always one. 
Yield strength compared to density is given slightly 
more importance. Even though density is an impor-
tant attribute in the design, yield strength of the 
material cannot be compromised for the lighter 
weight due to components’ reliability and other 
safety reasons. A similar argument applies to the 
cost. No matter how important it is to reduce pro-
duction cost, it can never be compromised with 
mechanical attributes whose higher values are 
always desired. It is sometimes harder to perform 
pairwise comparison among the mechanical attri-
butes of the materials. In such situations, one has 
to decide whether the components require a better 
fracture toughness or tensile strength and so forth. 

Matrix [C] is normalized by dividing each 
element in the matrix with its respective column 
total and a new matrix is created called normalized 
weighted matrix [Norm C] and is given in Table 4. 
The average of each rows gives the criteria weight 
vector {W} for each attribute in the design. Accord-
ing to {W}, Young’s modulus is the most important 
attribute. Fracture toughness, Yield strength, tensile 
strength, and density follow Young’s modulus in the 
order, while cost turns out to be the least important.

Criteria weight vector {W} describes the indi-
vidual weights of each attribute affecting the design. 
A consistency check is performed to ensure the 
consistency in pairwise comparison in the matrix 
[C]. This process has been explained in the previous 
chapter and results are given in Table 5.

Weighted sum vector is calculated as {Ws} = 
[C] {W}. To do this, multiplication between the 
criteria comparison matrix [C] and criteria weight 
vector {W} is performed. This is simply the sum of 

Table 4: normalized weighted matrix [Norm C] and Criteria weight vector {W}

Table 5: summary of {W}, {WS}, and {Cons}

0.0577 0.0337 0.0200 0.0729 0.0652 0.1000 0.0582

0.1731 0.1020 0.1815 0.1042 0.0652 0.2333 0.1432

0.1731 0.0337 0.0605 0.0729 0.0395 0.1667 0.0911

0.4039 0.5102 0.4235 0.5208 0.5929 0.3000 0.4586

0.1731 0.3061 0.3025 0.1719 0.1976 0.1667 0.2196

0.0190 0.0143 0.0121 0.0573 0.0395 0.0333 0.0293

0.0582 0.3600 6.1812

0.1432 0.9602 6.7040

0.0911 0.5675 6.2319

0.4586 3.1422 6.8523

0.2196 1.5770 7.1798

0.0293 0.1811 6.1894
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the product of each row in [C] and column in {W}. 
This provides the weight sum vector {Ws}. Consis-
tency vector {Cons} is determined by multiplying 
{Ws} with the reciprocal of {W}.

Average value of the consistency vector {Cons} 
is calculated to be 6.53 and is called the Eigen value 
of the matrix, λ. Consistency Index (CI) is calcu-
lated using Equation 2 and is 0.106793. Random 
Index (RI) value of 1.25 for n = 6 is obtained from 
Satty table. Finally, CR = CI/RI is calculated to be 
0.0854, which is less than 0.1, meaning the consis-
tency is greater than 90 percent and is acceptable for 
the process. This indicates the pairwise compari-
son weights assigned are consistent, and the process 
may continue. Once CR in the matrix is checked for 

consistency, the criteria weights vector {W} for the 
attributes is finalized.

This process is entirely repeated for a pairwise 
comparison among alternative materials with respect 
to each attribute. Consistency check is performed for 
each comparison to ensure the validity of the decision 
maker’s decision in assigning weights to one alterna-
tive to another. For demonstration propose, pairwise 
comparison among alternatives with respect to 
density is performed as given in Table 6. 

Using the same procedure as the one used to 
calculate {W} in attribute pairwise comparison, 
the priority vector {Pi} is calculated. Vector {Pi} 
provides percentage weight of each short-listed 
materials with respect to individual attribute. Table 

Table 6: pairwise comparison among alternatives with respect to density, ρ

Table 7: normalized weighted matrix [Norm C] and priority vector {Pi} with respect to density

Al 7078-
651

Al 2024-
T4

Al 2024-
T6

Al 2024-
T81

MG
AZ31B

Mg
AZ61A

The priority
vector {Pi}

0.04 0.02 0.02 0.02 0.06 0.03

0.18 0.10 0.17 0.17 0.10 0.07

0.11 0.03 0.06 0.06 0.07 0.04

0.11 0.03 0.06 0.06 0.07 0.04

0.32 0.51 0.40 0.40 0.52 0.62

0.25 0.30 0.29 0.29 0.17 0.21

0.0300

0.1330

0.0617

0.0617

0.4622

0.2514
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7 shows the priority vector of alternative pairwise 
comparison with respect to density.

Pairwise comparison among all the alternatives 
with respect to each attribute is completed. CR is 
calculated in each of these comparisons and con-
firmed that CRs for each pairwise comparison is 
less than 0.1. Priority vector of all the comparison is 
combined to obtain a Final Rating Matrix [FRating] 
and is given in Table 8 along with {W}.

Finally, the matrix multiplication between 
[FRating] and {W} is performed yielding the 

material suitability index (MSI). Material with the 
highest MSI is the best material for the design. 
Summary of this calculation and ranking of each 
alternative is given in Table 9.

Using this methodology, Al 2024-T81 is the best 
material. Both magnesium alloys are not the suitable 
materials for the design despite their light weight. 

Application of TOPSIS Methodology

A decision matrix is created using actual material 
attribute values given in Table 2 that are incommen-
surable. Euclidean distance from each of the attri-
bute values in the column to the origin is calculated 
using Equation 3. Decision matrix is normalized by 
dividing each element mij in the column with their 
respective Euclidean distances as given by Equation 
4 and a new matrix given in Table 10 is created. This 
matrix is called normalized decision matrix Rij.

Next step is to weigh on the individual attributes. 
To carry on this task, each attribute is given certain 
weight wj based on their importance satisfying the 
design requirements. In order to be consistent with 
weighing on attributes, AHP is exercised. Criteria 
weight vector {W} that was calculated previously in 
the AHP is used for this purpose. It is critical to know 
that weights of attributes could arbitrarily be assigned 

0.0302 0.2152 0.2003 0.1364 0.0935 0.1148

0.1330 0.0846 0.0981 0.2578 0.4237 0.2655

0.0619 0.2152 0.4228 0.2578 0.1992 0.2655

0.0619 0.4216 0.2003 0.2578 0.1992 0.2655

0.4615 0.0242 0.0276 0.0451 0.0422 0.0310

0.2515 0.0392 0.0508 0.0451 0.0422 0.0578

0.0582

0.1432

0.0911

0.4586

0.2196

0.0293

Table 8: final rating matrix [FRating] with criteria weight vector {W}

Table 9: table showing calculated MSI values and 
corresponding material ranking

Materials MSI Ranking

0.1373 4

2

3

1

5

6

0.2478

0.2427

0.2520

0.0637

0.0565
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within a given scale and could very well change from 
one decision maker to another. 

Multiplication of Rij in the column with their 
respective wj gives the weighted normalized decision 
matrix. This matrix is presented in Table 11.

PIS and NIS are obtained from the table using 
Equations 5 and 6. PIS is a set of highest values of 
benefit attributes and lowest values of non-benefit 
attributes from each column. Similarly, NIS is a set of 
lowest values of benefit attributes and highest values 
of non-benefit attributes. This gives; PIS = {0.0164, 

0.0764, 0.0436, 0.2114, 0.1137, 0.0094} and NIS = 
{0.0257, 0.0308, 0.0240, 0.1292, 0.0479, 0.0155}. 
Using Equation 6, both positive and negative sep-
aration measures, Si

+ and Si
-, are calculated. A 

summary of separation measures, their sum, and 
calculation of relative closeness to the positive ideal 
solution is given in Table 12. Rankings based on 
the relative closeness of alternative materials to the 
ideal solution are also included in the table.

According to this methodology, Al 2024-T81 is 
the best material which agrees with that from the 

Table 10: normalized decision matrix, Rij

Table 11: weighted normalized decision matrix

Alternatives
Relevant Attributes

D TS YM FT CYS

0.4587

0.4521

0.4537

0.4537

0.2920

0.2970

0.4940

0.3551

0.4940

0.5327

0.2148

0.2363

0.4701

0.4008

0.4768

0.4701

0.2624

0.3182

0.4539

0.4603

0.4603

0.4603

0.2813

0.2813

0.3655

0.5163

0.5027

0.5027

0.2174

0.2174

0.3189

0.3444

0.3444

0.3444

0.5244

0.5173

Alternatives
Relevant Attributes

D TS YM FT CYS

0.0257

0.0253

0.0254

0.0254

0.0164

0.0166

0.0709

0.0510

0.0709

0.0764

0.0308

0.0339

0.0430

0.0367

0.0436

0.0430

0.0240

0.0291

0.2085

0.2114

0.2114

0.2114

0.1292

0.1292

0.0805

0.1137

0.1107

0.1107

0.0479

0.0479

0.0094

0.0102

0.0102

0.0102

0.0155

0.0153
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AHP. Even though, rest of the rankings do not quite 
agree with that from AHP. While rankings from one 
method to another need not be the same, most of the 
rankings are expected to agree, especially they on 
the best material and that was exactly the case here.

Application of Ashby’s Approach

Under Ashby’s approach, which as has been dis-
cussed, involves the significance of benefit and non-
benefit attributes in the design, it is important to 
recognize the differences between attributes while 
determining the material indices. The objective is 
always to maximize the value of benefit attribute and 
minimize that of non-benefit attribute. Among six 
attributes considered, density and cost are identified 
as non-benefit attributes and the rest of the attributes 
are identified as benefit attributes. Based on the clas-
sification of attributes in terms of what needs to be 
minimized or maximized, the following material 
indices are identified and are to be maximized. 
Maximum value of each of the indices listed below 
will perform at an optimum level by a component in 
a given lightweight aircraft metallic structures: 

1.	 Young’s modulus versus density (E/ρ)
2.	 Young’s modulus versus cost (E/C)
3.	 Yield strength versus density (σy /ρ)
4.	 Yield strength versus cost (σy /C)

5.	 Tensile strength versus density (σF /ρ)
6.	 Tensile strength versus cost (σF /C)
7.	 Fracture toughness versus density (K1C /ρ)
8.	 Fracture toughness versus cost (K1C /C)
If Ashby’s charts are created for each of the above 

indices by plotting one attribute versus the other, 
materials that perform equally well with respect to 
each of the indices could be located. For each index 
plot, precisely focusing in the region where aluminum 
and magnesium alloys are located, and if indeed short-
listed material in this study are found in the same 
location, it would be fair to say that the ranking based 
on the performance of individual material index values 
gives the best material for the design. In addition, as 
described previously in reference to Figure 2, a grid 
of lines could be drawn parallel to each of the straight 
lines produced by individual indices in a log-log scale 
and an attempt could be made to locate magnesium 
and aluminum alloys in the region at close proxim-
ity to the grid lines. This would be another attempt 
to locate material matching the short-listed materials 
that are used in this study. Obviously, without using a 
material selection software that incorporates Ashby’s 
charts, this task would be very difficult to execute. 
Using the individual attribute values given in Table 
2, values of all of the above the indices are calculated 
and are given in Table 13.

Table 12: calculated separation measures and Pi values

Alternatives Ranking

4

2

3

1

5

6

Si
+ Si

- PiSi
++Si

-

0.0351 0.0967 0.1318 0.7338

0.0279 0.1081 0.1359 0.7950

0.0111 0.1128 0.1238 0.9107

0.0096 0.1148 0.1244 0.9228

0.1166 0.0093 0.1259 0.0742

0.1146 0.0109 0.1255 0.0865
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Table 13 shows that each of the material indices 
is a different value for each material. Since the 
maximum value of each of the index is desired, 
the material with the highest index value in each 
category is the best material. For example, while 
maximizing E/ρ, Al 2024-T4 would be the best 
material, but maximizing E/C would make Al 7075-
T651 the best material. If all the materials are ranked 
based on individual index values, different materi-
als would perform differently. In order to identify a 
single best material for the design with respect to 
all the indices, their individual ranking could be 

averaged. Since the best material receives a ranking 
of one, the material with the least average ranking 
value could be identified as the best material. This 
approach has been applied to the short-listed mate-
rials in this study and results are summarized below 
in Table 14.

From the table, it is apparent that different 
materials rank differently with respect to individ-
ual material index. For example, Mg AZ61A ranks 
as the best material with respect to tensile strength 
versus density. That means if a design requires 
high tensile strength and low density material, Mg 

Table 13: eight different material indices and their values for each alternative

Table 14: Individual ranking of materials based on eight different indices

25.54 31.56 124.10 153.33

26.28 29.63 90.51 102.06

26.18 29.63 125.45 141.98

26.18 29.63 135.27 153.09

24.86 11.89 84.75 40.54

24.44 12.05 91.67 45.21

151.44

131.02

155.27

153.09

132.77

158.33

187.11

147.74

175.72

173.25

63.51

78.08

9.68

13.87

13.45

13.45

9.04

8.89

11.96

15.64

15.23

15.23

4.32

4.38

Short-listed
Materials

Material indices

E/ρ E/ C σy/ρ σy/C σF/C K1C/ρ K1C/CσF/ρ

3 1 1 1

1 2 5 4

2 2 2 3

2 2 1 2

4 4 6 6

5 3 4 5

4

6

2

3

5

1

1

4

2

3

6

5

4

1

2

2

5

6

3

1

2

2

5

4

Short-listed
Materials

Material indices

E/ρ E/ C σy/ρ σy/C σF/C K1C/ρ K1C/CσF/ρ
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AZ61A would be the best material given no other 
constraints remain active, which is not very likely 
in any design. Rankings of materials with respect 
to each material index is averaged. Material with 
ranking one is the best material and ranking 6 is the 
worst material. Therefore, the material that has the 
least average ranking number is the best material. 
Summary of average ranking and ultimate material 
ranking using this approach is presented in Table 15.

According to this approach, Al 2024-T81 is the 
best material which perfectly agrees with the results 
obtained using TOPSIS as well as AHP. It should 
also be mentioned that ranking using this approach, 
both Al 2024-T6 and Al 2024-T81 rank similarly. In 
either case, AL 2024-T81 can very well be selected 

as the best material for the design. Overall ranking 
of materials using this approach significantly agree 
with that from TOPSIS. Since, TOPSIS is a reliable 
and promising MCDM technique that is widely 
used in materials selection and results from Ashby’s 
approach are very similar to TOPSIS, it can be said 
that this new approach of material selection using 
Ashby’s approach is indeed a reliable technique in 
materials selection for lightweight aircraft metallic 
structures. This technique is very simple and easy to 
understand. Having said that, there must be a clear 
understanding of all the relevant material indices in 
terms what is to be maximized as well minimized.

RESULTS AND DISCUSSION

Ranking results using AHP and TOPSIS along 
with new methodology in material selection using 
Ashby’s approach are summarized and presented in 
Figure 3 for visual interpretation. It is easier to read off 
the ranking from the individual plots given in the figure. 
Al 2024-T81 has the best ranking of all the short-listed 
materials while both magnesium alloys rank the last. 

In an approach to combine the individual ranking 
results of materials using three different methodolo-
gies, a plot given in Figure 4 is generated.  It is even 
easier from this combined plot to visualize the com-
parison and determine that the best material is Al 
2024-T81 for all the methodologies. From the plot it is 
also clear that the last ranking materials are the ones 
from magnesium alloy group. 

Table 15: Average ranking of materials and 
ultimate ranking of materials

2.500

3.000

2.125

2.125

5.125

4.125

3

1

2

6

5

4

Short-listed
Materials

Average of
ranking

Ultimate
ranking

Figure 3: Individual ranking of materials using three different methodologies
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The intuition is that regardless of the meth-
odologies used to select the best materials for the 
design, the outcome must be the same. However, 
comparing the results obtained using two different 
existing methodologies and new methodology using 
Ashby’s approach produce results with certain 
degree of variances. In the real world, these vari-
ances are well expected. The most important fact of 
the three measures of ranking in this study is that 
they all agree on the best material as well as last 
two alternatives being magnesium alloys, which 
are shown not to be suitable for the design. Among 
these three methodologies, each one has both pros 
and cons. Only attributes that have actual quanti-
tative values were considered in this study. If a 
design requirement for a certain part in lightweight 
aircraft metallic structures has to consider attribute 
that do not have quantitative values such as machin-
ing rating or corrosion scale, a qualitative measure 
has to be defined. AHP as well as TOPSIS can effi-
ciently define such qualitative measures in pairwise 
comparison using fuzzy numbers conversion within 
a given scale. On the other hand, new methodology 
under Ashby’s approach fails to accommodate any 
qualitative measures in the process. When number 

of attributes or the alternatives increase signifi-
cantly, AHP becomes highly complicated to keep 
track of pairwise comparison while TOPSIS and 
generalized Ashby’s approach of materials selection 
can handle any number of attributes and alterna-
tives without any difficulty. Despite the weakness in 
addressing qualitative measures, the advantageous 
characteristics of the new generalized methodol-
ogy of materials selection using Ashby’s approach 
proposed in this paper are summarized below:

1.	 The new methodology can handle any 
number of quantitative attributes and alter-
natives and offers simple logical approach 
in materials selection for any component in 
lightweight aircraft metallic structures. 

2.	 The methodology always involves the 
implication of material indices identify-
ing non-benefit and benefit attributes and 
determines whether the index value should 
be maximized or minimized.

3.	 The methodology also determines the best 
materials based on individual index values 
and eventually the best material consider-
ing an aggregate of all the material indices 
values using their average.

 Figure 4: Summary of ranking results incorporating all three rankings
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4.	 The best material has the least average 
ranking and materials not suitable for the 
design have the higher average ranking 
values.

CONCLUSIONS

Understanding of KBS and its implementa-
tion in materials selection for lightweight aircraft 
metallic structures using various existing MCDM 
methodologies remained the focus in this study. 
Much literature in the area of materials selec-
tion and decision making in engineering design 
was reviewed. Material attributes as data and the 
information in the data about the material collec-
tively known as KBS was essential in the study. It 
was critical to identify the most relevant attributes 
to satisfy the design requirements for any light-
weight aircraft metallic structures. Short-listing of 
materials was made based on two materials from 
aluminum alloy group known to have been used by 
industries in the design of components for light-
weight aircraft metallic structures and other four 
with attributes very close to the reference materi-
als. Among various multi-criteria decision making 
methodologies, AHP and TOPSIS were used to 
rank short-listed materials that perform the best. 
Ashby’s approach was generalized to develop a new 
methodology in materials selection by determining 
all relevant material indices and ranking materials 
based on individual material indices values. The 
newly developed methodology in material selec-
tion is simple and can incorporate unrestricted 
number of alternatives and attributes. Results from 
this methodology very closely agree with that from 
TOPSIS but not quite closely with that from AHP. 
However, the best material for the lightweight 
aircraft metallic structure is deemed to be the same 
from all the methodologies.
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