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Effect of Specimen Dimensions on Yield Shear
Stressin Torsion Testing by using Taguchi
Method and GRA

Rajkumar D. Patil, Purushottam N. Gore

Abstract: In this paper, investigated the effect of Al 6061 T6
solid specimen dimensions on torsional testson yield shear stress.
Torsion experiments were conducted at various levels of solid
aluminum samples using key sample dimensions such as outer
diameter, effective length, total length and fillet radius. Taguchi
parameter design and optimization approaches are used to design
experiments, and then predict the optimal set of parameters.
Multi-objective optimization was done using the Grey Relational
Analysis (GRA) method. In the GRA method, a grey relational
gradeisfound to determinea set of parametersfor multi-objective
optimization of parameters. Itisfound that the outer diameter has
a greater effect on theyield shear stress.
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I. INTRODUCTION

The shear properties of engineering materials are evaluated
using torsion test experiments. It is important to know if the
material is strong and rigid enough to withstand the shear
loads it receives during use [1]. In designing, and analyzing,
the shear stress-strain response of materials subjected to shear
or torsional loads is very important. These shear properties
are determined from the shear stress-strain diagram and
measured according to the ASTM A 938-07 torsion test [2].
An experimental study under various types of stress
conditions was conducted to establish a fracture criterion.
Construction of fracture surface shear tests for thin-walled
tubular specimens of different shapes must be carried out [3].
The torsion can also be applied to determine the forging
capacity of amaterial at high temperatures. The Nadiamethod
was used to compute the shear stress - strain for the torsion
test results [4]. In this study, atorsion test is performed on an
Al 6061 T6 solid specimen using a 200 Nm digital torsion
tester. Recognizing important parameters and predicting the
optimal settings for each process parameter is aso an
important tool. Taguchi parameter technology is a single
parameter optimization grounded on the signal-to-noise ratio
[12] . GRA iswidely used in experimental designs related to
various machining processes
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[5-10]. The Gray Relational Grade (GRG) method is used for
multi-objective optimization and analysis of variance
(ANOVA) to find the most important parameters [11].

[I.DESIGN OF EXPERIMENTS

The material selected for the current study was auminum
grade 6061 T6. Table | shows the chemical composition of
aluminum 6061 T6. T6 means solution heat treatment and
artificially aged. Physical and Mechanical properties are
shownintablell.

Table- I: Aluminium (6061 T6) Chemical composition [3]

Element | Cu | Pb Bi Iron S Zn
Other | Al
5- (02| 02|00 |00 |00 |00 Bal.
(%)
6 - - 0.7 0.15

Table- 11: Physical and M echanical properties of
Aluminium (6061 T6) [3]

Sr. Property Value Units

No.
1 Maximum stress 310 N/mm?
2 Yield Stress 275 min. N/mm?
3 0.2 % proof stress 230 min. N/mm?
4 Poisson’s ratio 0.33 N/A
5 Shear modulusin XY 26000 N/mm?
6 Mass density 2700 | Kgin?

Taguchi method was used to design the experiment.
Orthogonal arrays were used to reduce the number of
experiments performed during full factorial experiments.
Based on specimen strength and ASTM A938-07, the
specimen dimensions and levels are shown in Table |11,
Table-111: Solid Al sample dimensions and levels[10]

Specimen dimensions | o\ | Level 1l | Level 11
no (mm)
1 Total length 203.0 162.0 130.0
2 Useful length 78.0 62.4 50.0
3. Outer diameter 10.0 8.0 6.0
4 Fillet radius 3.0 25 2.0
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The control factor is4 and thelevel is3. Therefore, the degree
of freedom is 4 (3-1) = 8. L9 OA is selected because the
number of OA experiments must be greater than the degree of
freedom. Table IV shows the required combinations of input

parameters using L9 orthogonal arrays.

Table- 1V: Solid Al Taguchi L9 Standard Orthogonal

Array Design Matrix [27]

Parameter
— Total Useful Outer Fillet
Expt.sNo length length diameter radius
¢ mm mm mm mm
1 203.0 78.0 10.0 3.0
2 203.0 62.4 8.0 25
3 203.0 50.0 6.0 20
4 162.0 78.0 8.0 2.0
5 162.0 62.4 6.0 3.0
6 162.0 50.0 10.0 25
7 130.0 78.0 6.0 25
8 130.0 62.4 10.0 2.0
9 130.0 50.0 8.0 3.0

The aluminum solid sample shownin Table IV was prepared.
Fig. 1 shows a specimen manufactured according to an L9
orthogonal array. The torsion testing was performed on a
digital torsion machine of capacity 200 Nm. Each experiment
was performed in threetrials. Asshownin fig.2, the specimen

was tested until it fails.

Fig. 2: Specimens after Torsion

I11. TAGUCHI’'S OPTIMIZATION METHOD

Theyield shear stressvaluefor each trial and S/N ratio against

trial numbers are shown in table V.

Table- V: S/ N ratio for each test yield stressvalue and

test number
Yield shear stress (MPa) SN Mean
Exp .
ratio
t No. 1 2 3 Avg.
(LB)
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1| 15| 15452 | 15371 | 15451 | 770 | 15451
2 | 141 16120 | 160.42 | 16050 | 44009 | 16050
3 | 18] 15622 | 15383 | 15464 | 43786 | 15464
4 | 195 | 16067 | 16101 | 16051 | 44110 | 16051
5 | 135 15205 | 15151 | 15258 | 43670 | 15258
6 | 103 | 15433 | 15621 | 15537 | 43827 | 15537
7 | B4 15228 | 15208 | 15258 | 43670 | 15258
8 153-7 160.13 15%36 159.23 | 44040 | 159.23
o | 1841 15008 | 15064 | 15884 | 44019 | 15884

Yield shear stressis greatest for specimen dimensions with a
total length 203 mm, an effective length 62.4 mm, an outer
diameter 8 mm, and a fillet radius 2.5 mm. Fig. 3 shows a
graph showing the effect of sample size on yield shear stress.

Main Effects Plot for Means
Data Means
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Fig. 3: Effect of specimen size on yield shear stress

After analyzing the graphsin Fig. 3, it is observed that the
yield shear stressincreases with increase in outer diameter
and further decreases.

able-VI: Response Tablefor Means

Level Total length Useful Outer Fillet

length diameter radius

1 206.9 206.2 192.9 204.3

2 199.3 204.7 2129 202.6

3 203.9 199.9 202.3 204.1
Delta 7.6 6.2 20.0 16
Rank 2 3 1 4

Table VI showsthe rank and delta values. This indicates that
the outer diameter has the greatest effect on the yield shear
stress value compared to other dimensions. The yield shear
stress ANOV A isshown in Table VII and the most important
parameter with the largest contribution is found.
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Table- VII: ANOVA for yield shear stress

%
Source DF SeqSS | AdjSS | Adj MS )
Contri.
Total
length 2 0.801 0.801 0.401 0.94
Useful
2 3.969 3.969 1.984 4.70
length
Outer
. 2 67.114 67.114 33.557 79.49
diameter
Fillet
. 2 12.546 12.546 6.273 14.85
radius
Total 8 84.43 R - 100

It is observed from table 7 that outer diameter affect the yield
shear stress value significantly.

IV. GREY ANALYSIS

The S/N ratios for each trial numbers and for three output
measures are shown in table VIII.

Table-VIII: Sequenceof SN ratio

Expt. Modulus of Yield shear | Ultimate shear
No. rigidity stress stress
1 -28.646 43.779 46.117
2 -28.736 44.109 46575
3 -29.405 43.786 45.853
4 -28.890 44.110 46.249
S -29.084 43,670 45,586
6 -28.517 43.827 46.127
7 -28.685 43.670 45.676
8 -28.445 44.040 46.120
9 -28.438 44.019 46.843

Normalization of S/N ratio

In this experiment, responses such as yield shear stress are
normalized using “better” properties. All normalized values
aredisplayed in Table IX.

Table- I X: Sequence after data pre-processing

Yield Ultimate
Modulus
Expt. No. . shear shear

of rigidity

stress stress

Ref. sequence 1.0000 1.0000 1.0000

Compar ability sequence

1 0.2151 0.2452 0.4229

2 0.3075 0.9879 0.7869

3 1.0000 0.2616 0.2124

4 0.4672 0.9890 0.5273

5 0.6683 0.0000 0.0000

6 0.0812 0.3536 0.4304

7 0.2548 0.0000 0.0719

8 0.0067 0.8328 0.4250

9 0.0000 0.7849 1.0000
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Determination of deviation sequence
It is determined using Eq. 1 asfollows.

Agi(k) = |xg (k) — %7 (k) )

Similar procedure is followed for al 9 experiments and
Deviation sequences were calculated and displayed in Table
X.

Table-X: The deviation sequences

o | 404 (01) | 20, (02) | 4, (03)
No.l, i=1 0.7849 0.7548 05771
No.2, i=2 0.6925 0.0121 0.2131
No.3, i=3 0.0000 0.7384 0.7876
No4, i=4 0.5328 0.0110 0.4727
No.5, i=5 0.3317 1.0000 1.0000
No6, =6 0.9188 0.6464 0.5696
No.7, i=7 0.7452 1.0000 0.9281
No.8, i=8 0.9933 0.1672 05750
No.9, i=9 1.0000 0.2151 0.0000

Calculation of Grey Relational Coefficient (GRC)

Inspecting the datain Table X of deviation sequence. We can
observe Min. and Max. Values (A (K) and

A (K)) asfollows:

Amax = Aoy (1) = Aog (2) = Ao, (3) =Ao7 (4)

=1.0000,

Amin= Ao7 (1) = Aoz (2) = Ao; (3) =A0; (4) = 0.0000
Using Table X, the Grey relational coefficient
v (x5 (1).23 (1)) can be calculated and subsequent values
for all experiments are displayed in Table XI.

Grey Relational Grade (GRG)

The Grey relationa grade is an average sum of the Grey
relational coefficients, which is represented in table XI.

Table- XI: GRG values and Ranks

No. Modulus Yield Ultimate Grade Ran
(Compar abilit of shear shear value K
y sequence) rigidity stress stress
1 0.3891 0.3985 04642 | 04173 7
2 0.4193 0.9763 0.7011 | 0.6989 1
3 1.0000 0.4038 0.3883 | 0.5974 5
4 0.4841 0.9784 05141 | 0.6589 3
5 0.6012 0.3333 0.3333 | 0.4226 8
6 0.3524 0.4361 0.4675 | 0.4187 6
7 0.4015 0.3333 03501 | 0.3617 9
8 0.3348 0.7494 04651 | 05164 4
9 0.3333 0.6992 1.0000 | 06775 2
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Main Effects plot for GRG
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Fig. 4: Graph showing experiment number vs. each grade

Selection of Optimum Parameters

From Table X1 and Fig. 4, thetest number 2 isthe highest gray
relationship grade (0.6989), so the second number of
experiments provides the optimal combination of parameters.
Find the effect of each level of sample size on the GRG, as
shown in Table XII. Basicaly, the larger the GRG, the better
the corresponding output measurement. From the gray
relational grade response table XI11, the optimal combination
of process parametersis setin A1B3C2D3.

effective length, outer diameter and fillet radius are 203 mm,
50 mm, 8 mm and 2 mm, respectively. The calculated grey
relational grade is 0.8152. Table XIV summarizes the

prediction and experimental results.

Table-XIV: Predicted and experimental values

Table-XI1: ANOVA for Grey Relational Grade

Paramete DO = Ad. Ad. %
sum of sum of Mean Contributio

' F square square square n (P)

LT 2 0.00817 | 0.00817 | 0.00408 5.99

LU 2 0.01205 | 0.01205 | 0.00602 8.83
oD 2 0.09937 | 0.09937 | 0.04968 72.76

R 2 0.01696 | 0.01696 | 0.00848 12.42
Total 8 0.13657 - - 100

Table- XII1: GRG Responsetable

Levels LT LU oD R
1 0.5712 0.4793 0.4508 0.5058
2 0.5001 0.5460 0.6784 0.4931
3 0.5185 0.5645 0.4605 0.5909
Max-Min 0.0711 0.0852 0.2276 0.0978
Ranking 3 4 1 2
Total mean value of GRG is 0.5299

L T=total length, LU = useful length, OD= outer diameter, R=
fillet radius
Calculation of GRG under optimum Parameters

The optimal Grey relational grade 1., is predicted as
below,
Nope = 0.8152

V.CONCLUSIONS

1. Optimal process parameters (A1, B3, C2, and D3) were
used to perform the three validation experiments. Average
values measured with the optimal parameters of total length,
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Sr. Process Initial Predicted Experimental
No Parameters setting Value value
Optimal A1B2C2D | A1B3C2D
1 A1B3C2D3
parameter 2 3
Modulus of
2 o 2734 27.38
rigidity
Yield shear
3 160.50 160.60
stress
Ultimate
4 21318 21325
shear stress
Grey
5 Relational 0.6989 0.8152 0.7091
Grade
6 Improvement in Grey Relational Grade= 1.43 %

2. Theyield shear stressis found maximum for the specimen
dimensions with total length 203 mm, useful length 62.4 mm,
outer diameter 8 mm and fillet radius 2.5 mm.

3. It is observed from the main effect plot that the yield shear
stress increases with increasing outer diameter and then
decreases further.

4 It isobserved from ANOVA of yield shear stress that outer
diameter affect the yield shear stress value significantly.

5. From the Grey Relationa Grade of ANOVA, it is
determined that the outer diameter has a greater effect on the
yield shear stress due to the higher contribution of the outer
diameter.
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