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Abstract: Aluminium alloy 8011 has gathered wide acceptance in the fabrication of light weight structures
requiring a high strength-to-weight ratio, such as transportable bridge girders, military vehicles, road tankers
and railway transport systems. In the construction of pressure vessels and storage tanks, the weldability play
unique role in selection of materials from the various candidate materials. In the domain of joining processes
of aluminum and its alloys, the tungsten inert gas (TIG) welding process continues its apex position due to its
versatility and flexibility in adaptation. The superior weld quality obtained in TIG weldment differentiates the
TIG process in comparison with other competing and emerging joining processes. In the case of single pass
TIG welding of thinner section of this alloy, the pulsed current has been found beneficial due to its advantages
over the conventional continuous current process. The use of pulsed current parameters has been found to
improve the mechanical properties of the welds compared to those of continuous current welds of this alloy
due to grain refinement occurring in the fusion zone. Many considerations come into the picture and one need
to carefully balance various pulse current parameters to arrive at an optimum combination. Here an attempt have
made to study the influence of pulsed current TIG welding parameters on mechanical properties of AA 8011
aluminium alloy weldment.

Key words: TIG Welding  Aluminium Alloy 8011  Optimization technique  Taguchi method  Grey
Relational analysis 

INTRODUCTION pressure vessels and storage tanks, the weldability play

The increased globalization of industry is causing candidate materials. In the domain of joining processes of
acceleration in the pace of product change. Shorter aluminum and its alloys, the tungsten inert gas (TIG)
product development time with Excellency in welding process continues its apex position due to its
functionality, quality, cost competitiveness and aesthetics versatility and flexibility in adaptation. The superior weld
is the order of the day. This trend is forcing the Engineers quality obtained in TIG weldment differentiates the TIG
and Engineering managers to respond with products that process in comparison with other competing and
have increasingly lower costs, better quality and shorter emerging joining processes.
development times. All aluminum alloys are not weldable due to the hot

Welding is a process of joining similar or dissimilar cracking during welding. The hot cracking is due to high
metals by the application of heat with or without the solidification range (called a mushy zone) of the alloys. A
application of pressure and addition of filler material. few alloys are readily weldable and prominent alloys are
Aluminum and its alloys play crucial and critical role in AA 8011, AA 6061, AA 5053 and AA 2219. The paucity of
engineering material field. The predominance of this is welding data and propriety nature of the aerospace data
attributed to the excellent corrosion properties owing to continue the vast scope for development of welding
the tenacious oxide layer, easy fabric-ability and high processes and their parameters and characterization of the
specific strength coupled with best combination of weldment particularly the mechanical properties due to
toughness and formability. In the construction of composite  nature  of  the resultant weldment compared to

unique role in selection of materials from the various



Middle-East J. Sci. Res., 24 (5): 1638-1650, 2016

1639

the parent metal. Hence the characterization of the the metal to produce coalescence of the metal. TIG
weldment becomes complex and cumbersome exercise and welding process [1] is generally used for welding of
poses variety of technical challenges and leaving a lot of aluminum alloys. The initial strength of the Aluminum
scope for research studies. alloys depends upon the alloying elements in the base

The common fusion welding processes for joining of metal such as silicon, iron, manganese and magnesium [2].
aluminum and its alloys include TIG welding; Metal inert These elements increase the strength of an aluminum
gas (MIG) welding,  Variable  polarity  Plasma  arc  (VPPA) alloy either as dispersed phase or by solid solution
welding and high heat density Electron beam Welding strengthening.
(EBW). Due to its tenacious oxide layer AC power source If During the welding process, alloying elements like
is predominately used for TIG welding process. During magnesium can vaporize and this vaporization loss of any
the reverse polarity cycle (RP) the removal oxide takes alloying elements can influence the mechanical properties
plays. Otherwise high refractive nature of the aluminum of the welded joints by affecting the chemistry of the weld
oxide (melting point more than 2000 degree C) and pool. The gas tungsten arc welding (GTAW) and gas
electrical insulating nature makes the weld practically metal arc welding (GMAW) welding processes are very
difficult. However AC supply needs high heat input which often used for welding of these alloys. However, GTAW
in turn restricts the weldment in achieving the desired process is generally preferred because it produces a very
characteristics. Recent trends are employing low heat high quality welds. Distortion is the major problem in
input process like Direct current straight polarity (DCSP). welding of thin sections[3]. However, the distortion is
Sheet materials are difficult to weld using DCSP process controlled in pulsed and magnetic arc oscillation GTAW
due to frequent burn through and thereby impose process. Metallurgical advantages of pulsed and magnetic
limitations. Hence modifications to the exiting AC process arc oscillation welds that are frequently reported in the
are being studied by the researchers. One of the literature includes grain refinement in the fusion zone,
processes which derives both the benefits of AC and DC reduced width of HAZ, less distortion, control of
welding is AC pulsed TIG welding. segregation, reduced hot cracking sensitivity and reduced

Related Works In order to overcome this problem, various
Literature Survey: Generally, the quality of a weld joint optimization methods can be applied to define the desired
is directly influenced by the welding input parameters output variables through developing mathematical models
during the welding process; therefore, welding can be to specify the relationship between the input parameters
considered as a multi-input multi-output process. and output variables.
Unfortunately, a common problem that has faced the In the last few decades, designs of experiment (DoE)
manufacturer is the control of the process input techniques have been used to carry out such
parameters to obtain a good welded joint with the required optimization. Evolutionary algorithms and computational
bead geometry and weld quality with minimal detrimental network have also grown rapidly and been adapted for
residual stresses and distortion. Traditionally, it has been many applications in different areas.
necessary to determine the weld input parameters for The purpose of the present investigation is to
every new welded product to obtain a welded joint with optimize the pulsed TIG welding process parameters for
the required specifications. To do so, requires a time- increasing the tensile properties using Taguchi method
consuming trial and error development effort, with weld and Grey relational Analysis. Taguchi method is a
input parameters chosen by the skill of the engineer or systematic approach to design and analyze experiments
machine operator. Then welds are examined to determine for improving the quality characteristics. Taguchi method
whether they meet the specification or not. Finally the [7-10] permits evaluation of the effects of individual
weld parameters can be chosen to produce a welded joint parameters independent of other parameters on the
that closely meets the joint requirements. identified quality characteristics, i.e. ultimate tensile

The Al-Fe-Si alloy is the high strength aluminum strength, yield strength and percentage of elongation.
alloy which is extensively used in many industrial Nowadays, Taguchi method has become a practical tool
applications. Tungsten inert gas (TIG) welding is one of for improving the quality of the output without increasing
the arc welding processes that produce an arc between a the cost of experimentation by reducing the number of
non-consumable electrode and the base metal which heats experiments.

residual stresses [4-6].
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Recently, Deng [11] proposed a grey relational Pulsed current tungsten inert gas (PCTIG) welding,
analysis (GRA). The GRA is a method for measuring the
degree of approximation among the sequences using a
grey relational grade. Theories of the GRA have attracted
considerable interest among researchers. Some other
researchers have also examined the optimization of
process parameters. For example, Huang and Lin [12]
applied the GRA to design the die-sinking EDM
machining parameters. Fung et al. [13] studied the GRA to
obtain the optimal parameters of the injection molding
process for mechanical properties of yield stress and
elongation in polycarbonate/acrylonitrile-butadiene-
styrene (PC/ABS) composites. Shen et al. [14] studied
different polymers (such as PP, PC, PS, POM) with various
process parameters of the micro-gear. The simulation used
Taguchi method and GRA was provided.

Planning the experiments through the Taguchi
orthogonal array has been used quite successfully in
process optimization by Chen and Chen [15], Fung and
Kang [16], Tang et al. [17], Vijian and Arunachalam [18],
Yang [19] as well as Zhang et al. [20], etc.

Zhou et al. [21] have utilized factorial experimentation
to investigate the influence of joining parameters
(rotational speed, frictional time and pressure) on the NTS
of dissimilar aluminium-based metal matrix composite
MMC/AISI304 stainless steel friction joints. It was
observed that frictional pressure and rotational speed
have a statistically-significant effect on the NTS values.
Moreover, they reported that the highest NTS occurs in
joints produced at a high frictional pressure of 120 Mpa.

Yamaguchi et al. [22] have investigated the friction
welding process of 5056 aluminium alloy using RSM.
Their aim was to find the  optimal  welding  conditions
that would yield maximum tensile strength at the weld.
The process input parameters were friction pressure, up-
set pressure, friction time, rotating speed and braking
time. It was reported that the successful welds showed
89.2% joint efficiency in tensile strength. It was also
observed that the friction layer formed at the friction
interface disappeared in these successful weld runs. 

In any welding process, the input parameters have an
influence on the joint mechanical properties. By varying
the input process parameters combination the output
would be different welded joints with significant variation
in their mechanical properties. Accordingly, welding is
usually done with the aim of getting a welded joint with
excellent mechanical properties. To determine these
welding combinations that would lead to excellent
mechanical properties. Different methods and approaches
have been used to achieve this aim.

developed in 1950s, is a variation of tungsten inert gas
(TIG) welding which involves cycling of the welding
current from a high level to a low level at a selected
regular frequency. The high level of the peak current is
generally selected to give adequate penetration and bead
contour, while the low level of the background current is
set at a level sufficient to maintain a stable arc. This
permits arc energy to be used efficiently to fuse a spot of
controlled dimensions in a short time producing the weld
as a series of overlapping nuggets and limits the wastage
of heat by conduction into the adjacent parent material as
in normal constant current welding. In contrast to
constant current welding, the fact that heat energy
required to melt the base material is supplied only during
peak current pulses for brief intervals of time allows the
heat to dissipate into the base material leading to a
narrower heat affected zone (HAZ) [23].

Need For Current Study: Even though many
investigations have been carried out on TIG welding of
aluminum alloys most of available data scattered and
proprietary in nature. Hence data need to be generated for
further refinement of the process parameters is feasible to
reduce defects and enhancing the weld quality.

Extensive research has been performed in this
process and reported advantages include improved bead
contour, greater tolerance to heat sink variations, lower
heat input requirements, reduced residual stresses and
distortion. Metallurgical advantages of pulsed current
welding frequently reported in literature include
refinement of fusion zone grain size and substructure,
reduced width of HAZ, control of segregation, etc. All
these factors will help in improving mechanical properties.
Current pulsing has been used by several investigators to
obtain grain refinement in weld fusion zones and
improvement in weld mechanical properties. However,
reported research work related to the effect of pulsed
current parameters on mechanical and metallurgical
properties are very scanty. Moreover, no systematic
study has been reported so far to analyze the influence of
pulsed current parameters on mechanical and metallurgical
properties.

So the present study is mainly focused on study of
the influence of pulse tungsten inert gas (TIG) AC
welding parameters on the tensile strength of weld joints
of aluminum alloy. It is proposed to produce weldment by
using different pulse frequencies keeping in mind reduced
heat input and refined microstructure. By using optimal
pulsed current, TIG welding process parameters for
enhancing weld quality.



Middle-East J. Sci. Res., 24 (5): 1638-1650, 2016

1641

Problem Definition: During welding, vaporization of Metallurgical advantages of pulsed and magnetic arc
alloying elements like magnesium can occur and this oscillation welds that are frequently reported in the
vaporization loss  of   any  alloying  elements  can literature includes grain refinement in the fusion zone,
influence  the  mechanical  properties   of  the welded reduced width of HAZ, less distortion, control of
joints  by  affecting the  chemistry  of   the   weld  pool. segregation, reduced hot cracking sensitivity and reduced
The  gas tungsten  arc  welding (GTAW) and gas metal residual stresses.
arc  welding  (GMAW)   welding   processes  are very All these factors will help in improving mechanical
often  used  for  welding  of  these alloys. However, properties. Current pulsing has been used by several
GTAW process  is generally preferred because it investigators to obtain grain refinement in weld fusion
produces   a    very   high   quality   welds.  Distortion is zones and improvement in weld mechanical properties.
the    major      problem      in     welding     of   thin  Hence, in this investigation an attempt has been made to
sections.   However,     the distortion      is    controlled find optimal combination of pulse current TIG welding
in  pulsed  and  magnetic   arc   oscillation  GTAW process parameters to improve tensile properties of
process. Aluminum alloy 8011 weldment.

Methodology:

First the problem has been identified from various the multi criterion problem into single criterion
research works. After that the factors which are optimization problem. This results the Grey relational
controllable were identified and checked with trial and grade which represent the levels of correlation between
error experiments. From these experiments significant reference and comparability sequences. By response
factors and their working ranges for quality weld has been table, the optimal combination process parameters for
found. Using this ranges,  various  levels  for  experiments overall  Grey  relational grade were found. Confirmation
has been established. Appropriate orthogonal array was test was carried out to check whether the optimal
selected i.e., L27 using Taguchi technique for this combination improves the grey relational grade. If it
investigation. Experiments were carried out followed by improves the grade optimal combination process is
recording responses and data’s were recorded in the standardized else iterate the procedure for various factors
table. Grey relational analysis was carried out to convert and their levels.
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Selection of Base Material Physical Properties of Aluminium Alloy 8011:
Base Material: Material selected for this work is
Aluminium alloy 8011. Aluminium alloy 8011 has very
good corrosion resistance to seawater and marine and
industrial atmosphere. It also has very good weldability
and good cold formability. It is high strength alloys with
major alloying elements are Iron and silicon.

Properties of Aluminium Alloy 8011: Alloy 8011 has a
range of useful properties such as Decorative Finish, Hard
Wearing, Non-Slip, Corrosion Resistant, Low
Maintenance, Anti-Static, Light-weight.

Applications of Aluminium Alloy 8011: The applications
for Alloy 8011 are: Tread plate, Boiler making, Containers,
Nameplates, Road Signs, Architectural Paneling, Welded
Tubes, Chemical Industry, Irrigation, desalination units,
Pressure Vessels, Rivets.

Chemical Composition of Aluminium Alloy 8011: The
chemical composition of base metal was obtained using
vacuum spectrometer. Sparks were ignited at various
locations of base metal sample and their spectrum was
analyzed for the estimation of alloying elements. The
chemical composition of the base metal in weight percent
is given Table 1.

Table 1: Chemical Composition of Aa8011 In%wt

Elements %

Al 99.47

Si 0.0735

Fe 0.393

Cu ~0.012

Mn ~0.0086

Cr ~0.0032

Ni ~0.011

Ti ~0.0097

Pb ~0.0088

Ca 0.0148

Mechanical Properties of Aluminium Alloy 8011:
Table 2: Mechanical Properties of Aluminum Alloy 8011

Properties (Units) Value

Ultimate tensile strength min (MPa) 75

Ultimate tensile strength max (MPa) 105

Elongation (%) 4

Table 3: Physical Property of Aluminium Alloy 8011

Properties Value

Density 2.68 g/cm3
Melting Point 605 °C
Modulus of Elasticity 70 GPa
Electrical Resistivity 0. 0495 x10-6 .m
Thermal Conductivity 138 W/m.K
Thermal Expansion 23.7 x10-6 /K

Weldability of Aluminium Alloy 8011: This alloy is
readily welded by conventional methods. Tungsten inert
gas welding is preferred method.

Pulse Current Tig Welding Parameters
Working Welding Process Parameters: From the
literatures, the predominant factors which are having
greater influence on fusion zone grain refinement of
PCTIG welding process have been identified. They are
Peak current, A - Background current, A - Pulse
frequency, Hz - Pulse on time.%

Constant Welding Process Parameters:
 Shielding gas flow rate, l/min 
 Purging gas flow rate, l/min 
 Filler rod diameter, mm 
 Electrode material ( 98% W+ 2% Zr),
 Electrode diameter, mm 
 Pulse ratio,% 
 Welding speed, mm/sec

Experimental Results: 27 trial runs have been carried out
using 2 mm thick rolled plates of AA 8011 aluminum alloy
to find out the feasible working limits of PCTIG welding
parameters. Different combinations of pulsed current
parameters have been used to carry out the trial runs. The
bead contour, bead appearance and weld quality have
been inspected to identify the working limits of the
welding parameters.

From the analysis, following observations have been
made:

If peak current is less than 140 A, then incomplete
penetration and lack of fusion have been observed.
At the same time, if peak current is greater than 150
A, then undercut and spatter has been observed on
the weld bead surface.
If background current is lower than 80 A, then  the
arc  length  is  found   to  be   very   short  and
addition   of   filler   metal   becomes   inconvenient.
On the other hand, if the background current is
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greater  than  90 A, then arc becomes unstable and Experimental Procedure and Test Results
arc wandering is observed due to increased arc
length.
If pulse frequency is less than 4 Hz, then the bead
appearance and bead contours are appear to be
similar to that of constant current weld beads.
Further, if pulse frequency is greater than 6 Hz, then
more arc glare and arc spatter have been experienced.
If pulse on time is lower than 40%, then weld nugget
formation is not so smooth due to incomplete melting
of filler metal. On the contrary, if the pulse on time is
greater than 60%, then over melting of filler metal and
overheating of tungsten electrode have been noticed.

Working Range of Welding Process Parameter:
Table 4: Working Range of Welding Parameters

Levels
---------------------------------------------

Symbol Process parameter Units Lower (1) Middle (2) Higher (3)
P Pulse current Amps 140 145 150
B Base current Amps 80 85 90
F Pulse frequency Hz 4 5 6
W Pulse width % 40 50 60

Design Matrix:
Table 5: Design Matrix
Exp. No P B F W
 1 1 1 1 1
 2 1 1 1 1
 3 1 1 1 1
 4 1 2 2 2
 5 1 2 2 2
 6 1 2 2 2
 7 1 3 3 3
 8 1 3 3 3
 9 1 3 3 3
 10 2 1 2 3
 11 2 1 2 3
 12 2 1 2 3
 13 2 2 3 1
 14 2 2 3 1
 15 2 2 3 1
 16 2 3 1 2
 17 2 3 1 2
 18 2 3 1 2
 19 3 1 3 2
 20 3 1 3 2
 21 3 1 3 2
 22 3 2 1 3
 23 3 2 1 3
 24 3 2 1 3
 25 3 3 2 1
 26 3 3 2 1
 27 3 3 2 1

Experimental Procedure: Pulsed current Tungsten Inert
Gas Welding is a multi-factor metal fabrication technique.
Various process parameters influencing weld bead
geometry, weldment quality as well as mechanical-
metallurgical characteristics of the weldment include pulse
current, base current, pulse frequency, pulse width,
welding speed, electrode diameter, nozzle gap, etc. To
search optimal process conditions through a limited
number of experimental runs, the present study has been
planned to use three conventional process parameters viz.
pulse current, base current, pulse width varied at three
levels. Taguchi’s L27 orthogonal array has been selected
to restrict the number of experimental runs.

Design matrix has been selected based on Taguchi’s
orthogonal array design of L27 (3**4) consisting of 27
sets of coded conditions are listed in Table 5. The
experiments have been performed in ITG P300 AC/DC
(Maker: WIM Ltd, Malaysia).

Experiments have been conducted with these process
parameters to obtain butt joint of two Aluminum alloy
8011 sheet (100mmX100mmX2.14mm) by TIG welding.
Aluminum alloy sheet is shown in Fig 1. Four controlling
factors including the pulse current, base current, pulse
frequency and pulse width with three levels for each
factor were selected.

Fig. 1: Aluminum Alloy 8011 Sheet for Experiments

Prior to welding, the base metal sheets were pickled
with a solution of NaOH and HNO3, wire brushed and
degreased using acetone. The sheets to be welded were
kept on steel backing bar and ends were clamped to
maintain the alignment and gap. The weld joint is
completed in single pass.

Recording Responses: Specimens for tensile testing were
taken at the middle of all the joints and machined to
ASTM E8M standards. The configuration of specimen
used under tensile testing is shown in Fig 2.
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Fig. 2: Configuration of Tensile Specimen

Tensile test was conducted using a computer-
controlled universal testing machine with a cross head
speed of 0.5 mm/min. All the welded specimens were failed
in the weld region. The ultimate tensile strength of the
weld joint is the strength of the weld. Ultimate tensile
strength (MPa), yield strength (MPa) and percent
elongation (%) of the tensile specimens was measured.
The experimental results for UTS (MPa), YS (MPa), EL (%)
are listed in Table 6.

Table 6: Orthogonal Array L27 (3**4) of Experimental Runs and Test
Results

Exp. No P B F W UTS(MPa) YS(MPa) EL (%)
1 1 1 1 1 35.62 27.86 2.7
2 1 1 1 1 42.4 34.12 2.47
3 1 1 1 1 47.48 38.02 2.57
4 1 2 2 2 47.96 38.36 2.77
5 1 2 2 2 40.84 31.86 2.32
6 1 2 2 2 40 32.56 2.42
7 1 3 3 3 56.72 44.56 3.77
8 1 3 3 3 25.72 27.95 2.21
9 1 3 3 3 63.32 49.54 3.65
10 2 1 2 3 38.4 30.72 2.4
11 2 1 2 3 48.76 38.67 2.69
12 2 1 2 3 38.76 30.88 2.5
13 2 2 3 1 40.24 31.92 2.7
14 2 2 3 1 45.12 36.95 2.73
15 2 2 3 1 39.6 31.68 2.63
16 2 3 1 2 50.76 40.59 3.24
17 2 3 1 2 55.08 44.89 3.18
18 2 3 1 2 56.8 44.45 3.43
19 3 1 3 2 39.44 35.35 2.64
20 3 1 3 2 26.32 20.65 2.47
21 3 1 3 2 39 33.6 2.6
22 3 2 1 3 26.16 20.89 2.07
23 3 2 1 3 24.2 24.65 2.06
24 3 2 1 3 33.64 26.912 2.56
25 3 3 2 1 52.44 41.56 3.48
26 3 3 2 1 24.52 19.61 2.15
27 3 3 2 1 28.96 23.16 2.33

Grey Relational Analysis
Introduction: Grey logic also called grey analysis or grey
system. It is a new technology, a group of techniques for
system analysis and modeling. Like fuzzy logic, grey  logic

is useful in situations with incomplete and uncertain
information. Grey analysis is particularly applicable in
instances with very limited data and in cases with little
system knowledge or understanding.

Grey analysis was invented by Professor Deng
Julong of the Huazhong University of Science and
Technology in Wuhan, China. Though it is almost
unknown in the West, grey analysis has been applied in
China to a wide variety of problems. Successes have been
claimed in areas as diverse as agriculture, ecology,
economic planning and forecasting traffic planning,
industrial planning and analysis, management and
decision making, irrigation strategy, crop yield
forecasting, image analysis, historical analysis, military
affairs, target tracking, propulsion control,
communications system design, geology, oil exploration,
earthquake prediction, material science, process control,
biological protection, epidemiology, environmental impact
studies, medical management and the judicial system.
According to grey analysis' proponents, different grey
analysis elements are applicable to all systems.

Grey relational analysis is an improved method for
identifying and prioritizing key system factors, provides
a straightforward mechanism for proposal evaluation and
is useful for variable independence analysis; Grey models
provide new tools for forecasting which are particularly
helpful in circumstances where system complexity
prevents a more complete treatment, where systems are
incompletely understood, or where system operational
data are limited.

Grey Concepts: Grey analysis is applied to systems and
most particularly to the information in the system output
values. It uses fairly basic definitions for both systems
and information. It draws conclusions about the nature of
system solutions. The most basic thing about systems is
that they have inputs and outputs. These inputs and
outputs are related by the system’s structure and
characteristics. Their behaviors are tied together by
system parameters and relations. All systems have these
elements. Analysis of these elements can be used for
system evaluation and for system control, whether the
system and its elements are understood or not.

Grey analysis is applied to systems or, more
particularly, to the most important system output which is
information. Each element of information has a value in
which all the system characteristics are embedded. The
approach used is to apply grey analysis techniques in a
deductive process, evaluating the explicit forms, the
output values, to determine the system characteristics or
implicit forms.
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Grey analysis uses a specific concept of information. values must be positive definite. Normalization involves
It defines situations with no information as black and putting all factors into compatible units. The use of
those with perfect information as white. Neither of these dimensionless measures is preferred where these are
idealized situations ever occurs in real problems; real available. Scaling is getting all factors into compatible
(non-ideal) situations vary from dark to bright. Situations ranges. Compatible ranges are not necessarily identical
between these extremes are described as being grey, hazy, ranges, though most practitioners show a preference for
or fuzzy. (Hazy and Fuzzy, as used in grey analysis factor values in a zero to one numeric range.
contexts, have this meaning rather than the more specific The greatest flexibility is available in the scaling
meanings usually given them in hazy set theory and fuzzy process. Several types of scaling are described in grey
logic.) With this definition, information quantity and analysis materials. Values may  be  scaled  by a
quality form a continuum from a total lack of information sequence’s largest or smallest value, or by a “target”
to complete information, from black through grey to white. (best) value; these three methods are often called
Since uncertainty always exists, one is always somewhere “effective measure” methods. Values may also be scaled
in the middle, somewhere between the extremes, by a sequence’s first or average value, or by an interval
somewhere in the grey. Grey analysis then comes to a value. Scaling by an interval value is reported to have
clear set of statements about system solutions. At one been used often with geological data. Once the input and
extreme, no solution can be defined for a system with no output sequences are made compatible, sequence
information. At the other extreme, a system with perfect comparisons can begin.
information has a single, unique solution. In the middle,
grey systems have a variety of available solutions. Grey Data Preprocessing: Grey data processing must be
analysis does not attempt to find the right solution, or the performed before grey correlation coefficients can be
best solution, but does provide techniques for calculated. A series of various units must be transformed
determining a good solution, an appropriate solution for to be dimensionless. Usually, each series is normalized by
the system. dividing the data in the original series by their average.

Grey Relational Analysis: Grey relational analysis is used comparison be represented as x0(k) and xi(k), i=1, 2,. .., m;
to assist in the determination of a system’s key factors k=1, 2,. .., n, respectively, where m is the total number of
and in the identification of system factor correlations. It is experiment to be considered and n is the total number of
described as another approach, as “another tool in the observation data. Data preprocessing converts the
toolbox,” as an alternative to statistical and fuzzy original sequence to a comparable sequence. Several
analyses. The basics of this approach are described methodologies of preprocessing data can be used in grey
below. relation analysis, depending on the characteristics of the

The set of system output values for the overall original sequence.
system or for each system output is a countably infinite If the target value of the original sequence is ‘‘the-
set and may be a finite set; this set can be handled as a larger-the-better’’, then the original sequence is
time sequence. The values for each input factor, like the normalized as follows,
output values, can be treated as a sequence. The input
and output sequences are compared to identify the
system’s key factors. In most cases, system values must (1)
be processed made compatible before they can be
compared in any reasonable manner. All input and output If the purpose is ‘‘the-smaller-the-better’’, then the
factors must be represented in numeric forms. Once this original sequence is normalized as follows,
is done, factor compatibility preparation is accomplished
by means of three operations: orientation, normalization
and scaling. Orientation involves putting all factors into (2)
compatible forms. The sequences must be oriented so that
larger values are better, or so that larger values are worse, However, if there is ‘‘a specific target value’’, then
for all of the sequences. In addition, all factor sequence the original sequence is normalized using,

Let the original reference sequence and sequence for
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Here, the grey relational grade ã (x0*, xi*) represents
(3) the level of correlation between the reference and

where OB is the target value. equals to one. The grey relational grade also indicates the
Alternatively, the original sequence can be degree of influence exerted by the comparability sequence

normalized using the simplest methodology that is the on the reference sequence. Consequently, if a particular
values of the original sequence can be divided by the first comparability sequence is more important to the reference
value of the sequence, xi(0)(1). sequence than other comparability sequences, the grey

reference sequence will exceed that for other grey
(4) relational grades. The GRA is actually a measurement of

where xi(0)(k): the original sequence sequences and can be used to approximate the correlation
x *i(k): the sequence after the data preprocessing between the sequences.
max. xi(0)(k): the largest value of xi(0)(k) Typically, larger values of the UTS and YS and
min. xi(0)(k): the smallest value of xi(0) (k) smaller value of EL are desirable. Thus, the data

Grey Relational Coefficient and Grey Relational Grade: characteristics  for   UTS  and YS and the-smaller-the-
Following the data preprocessing, a grey relational better characteristics for EL was used i.e. Eq. (1) for UTS
coefficient can be calculated using the preprocessed and YS and Eq. (2) for EL, was employed for data
sequences. The grey relational coefficient is defined as preprocessing.
follows. The values of the UTS, the YS and EL are set to be

results of twenty seven experiments were the

(5) 7 listed all of the sequences after implementing the data

where 0i (k) is the deviation sequence of reference and xi*(k), respectively. Also, the deviation sequences
sequence x0* (k )and comparability sequence x*i (k), 0i, max (k) and min (k) for i=1~27, k=1~3 can be
namely calculated.

the overall Grey relational grade; and the aim should be to

A grey relational grade is a weighted sum of the grey done by using Analytic Hierarchy Process (AHP) and the
relational coefficients and is defined as follows. weights were found to be as 0.70 and 0.30 for the

responses  of tensile strength and elongation

(6) for the grey relational coefficient in Eq. (5). Table 7 listed

comparability sequences. If the two sequences are
identical, then the value of the grey relational grade

relational grade for that comparability sequence and the

the absolute value of data difference between the

sequences  have       the     larger-the-better

the reference sequence x0(0) (k), k=1~3. Moreover, the

comparability sequences xi(0)(k), i=1,2,…,27, k=1~3. Table

preprocessing using Eq. (1) and Eq. (2). The reference and
the comparability  sequences  were  denoted  as  x0*(k)

In Taguchi method, the only performance feature is

search a parameter setting that can achieve highest
overall Grey relational grade. The Grey relational grade is
the representative of all individual performance
characteristics. In the present study, objective functions
have been selected in relation to parameters of tensile
strength and elongation. The weight calculations were

respectively.
The distinguishing coefficient  can be substituted

the grey relational coefficients and the grade for all twenty
seven comparability sequences respectively.
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Table 7: Grey Relational Analysis Data

Data Preprocessing Grey Relational Coefficient
---------------------------------------- -------------------------------------------

Exp.No P B F W UTS YS EL UTS YS EL Grey Relational Grade

1 1 1 1 1 0.292 0.276 0.626 0.497 0.491 0.445 0.478
2 1 1 1 1 0.465 0.485 0.760 0.567 0.576 0.556 0.566
3 1 1 1 1 0.595 0.615 0.702 0.634 0.645 0.501 0.593
4 1 2 2 2 0.607 0.626 0.585 0.641 0.652 0.419 0.571
5 1 2 2 2 0.425 0.409 0.848 0.549 0.542 0.664 0.585
6 1 2 2 2 0.404 0.433 0.789 0.540 0.552 0.588 0.560
7 1 3 3 3 0.831 0.834 0.000 0.806 0.808 0.231 0.615
8 1 3 3 3 0.039 0.279 0.912 0.421 0.492 0.774 0.563
9 1 3 3 3 1.000 1.000 0.070 1.000 1.000 0.244 0.748
10 2 1 2 3 0.363 0.371 0.801 0.524 0.527 0.601 0.551
11 2 1 2 3 0.628 0.637 0.632 0.653 0.658 0.449 0.587
12 2 1 2 3 0.372 0.377 0.743 0.527 0.529 0.538 0.531
13 2 2 3 1 0.410 0.411 0.626 0.543 0.543 0.445 0.510
14 2 2 3 1 0.535 0.579 0.608 0.601 0.625 0.434 0.553
15 2 2 3 1 0.394 0.403 0.667 0.536 0.540 0.474 0.516
16 2 3 1 2 0.679 0.701 0.310 0.686 0.701 0.303 0.563
17 2 3 1 2 0.789 0.845 0.345 0.769 0.818 0.314 0.634
18 2 3 1 2 0.833 0.830 0.199 0.808 0.805 0.272 0.628
19 3 1 3 2 0.390 0.526 0.661 0.534 0.596 0.469 0.533
20 3 1 3 2 0.054 0.035 0.760 0.425 0.420 0.556 0.467
21 3 1 3 2 0.378 0.467 0.684 0.530 0.568 0.487 0.528
22 3 2 1 3 0.050 0.043 0.994 0.424 0.422 0.981 0.609
23 3 2 1 3 0.000 0.168 1.000 0.412 0.457 1.000 0.623
24 3 2 1 3 0.241 0.244 0.708 0.480 0.481 0.506 0.489
25 3 3 2 1 0.722 0.733 0.170 0.716 0.724 0.265 0.568
26 3 3 2 1 0.008 0.000 0.947 0.414 0.412 0.851 0.559
27 3 3 2 1 0.122 0.119 0.842 0.444 0.443 0.655 0.514

The Grey relational coefficients, given in table 7, for
each response have been accumulated by using Eq. (5) to
evaluate Grey relational grade, which is the overall
representative of all the features of Pulse current TIG
welding quality. Thus, the multi-criteria optimization
problem has been transformed into a single equivalent
objective function optimization problem using the
combination of Taguchi approach and Grey relational
analysis.

Response Table: Higher is the value of Grey relational
grade, the corresponding factor combination is said to be
close to the optimal26. The S/N ratio based on the larger Fig. 3: S/n Ratio Plot for Individual Grey Relational Grade.
the better criterion for overall Grey relational grade
calculated by using Eq. (7). This investigation employs the response table of the

grades for each factor level. Since the grey relational
(7) grades represented the level of correlation between the

where n is the number of measurements and yi is the relational grade means the comparability sequence
measured characteristic value. exhibiting a stronger correlation with the reference

Taguchi method to calculate the average grey relational

reference and the comparability sequences, the larger grey



^

0^

1
m i m

i

−

=

 
= + −   

∑

i
−

Middle-East J. Sci. Res., 24 (5): 1638-1650, 2016

1648

sequence. Based on this study, one can select a Improvement in Grey relational grade is 0.3643
combination of the levels that provide the largest average The results showed that using optimal parameter
response. setting (P1B3F1W3) caused lower elongation with higher

Table 8: Response Table for Grey Relational Grade
Level P B F W
1 0.5894 0.5372 0.576 0.5398
2 0.5637 0.5574 0.5584 0.5633
3 0.5434 0.6019 0.5621 0.5934
Delta 0.0459 0.0647 0.0176 0.0536
Rank 3 1 4 2

In Table 8, the combination of P1, B3, F1 and W3
shows the largest value of the grey relational grade for the
factors P, B and W, respectively. Therefore, P1B3F1W3
with pulse current of 140Amps, Base current of 90Amps,
Pulse Frequency of 4Hz and pulse width of 60% is the
optimal parameter combination of the PCTIG welding
process.

Confirmation Test: After evaluating the optimal
parameter settings, the next step is to predict and verify
the enhancement of quality characteristics using the
optimal parametric combination. The estimated Grey
relational grade  using the optimal level of the design

parameters can be calculated as:

(8)

where  is the total mean Grey relational grade,  is them

mean Grey relational grade at the optimal level and o is the
number of the main design parameters that affect the
quality characteristics. Table 9 indicates the comparison
of the predicted tensile strength and elongation with that
of actual by using the optimal welding conditions. Good
agreement between the actual and predicted results has
been observed (improvement in overall Grey relational
grade was found to be as 0.20).

Table 9: Results of Confirmation Tests
Optimal Process Condition

Initial --------------------------------------
Factor Setting Predicted Experiment
----------------- --------------- -----------------

Factor levels P1B1F1W1 P1B3F1W3 P1B3F1W3
UTS 35.62 55.45
YS 27.86 45
EL 2.7 2.1
S/N ratio of overall
Grey relational grade -6.41442 -1.49263
Overall Grey
relational grade 0.4778 0.8134 0.8421

tensile strength.

RESULTS AND DISCUSSION

From the response table, the largest values of SN
ratio are the optimal process parameter combination and
Fig. 4 shows the SN ratio for overall grey relational grade.

Fig. 4: S/n Ratio Plot for Overall Grey Relational Grade

This result shows the combination of P1, B3, F1 and
W3 is the largest value of the grey relational grade for the
factors P, B, F and W respectively. Therefore, P1B3F1W3
with pulse current of 140Amps, Base current of 90Amps,
Pulse Frequency of 4Hz and pulse width of 60% is the
optimal parameter combination of the PCTIG welding
process.

During tensile tests all the specimens were found to
fracture within the weld region. Thus it may be assumed
that the ultimate tensile strength is primarily the ultimate
tensile strength of the weld. The use of pulsed current
welding improves the strength of the weld over that
observed for the case of continuous current welding. The
refinement of microstructure due to the pulsed current
welding results in a uniform distribution of the fine
precipitates more effectively governed by its zinc pick up
enhancing the amount of precipitates in the matrix. Similar
observation has been made by other investigators also
[24, 25].

Al-Fe-Si (AA 8011) alloys are known to be
susceptible to hot cracking. Control of solidification
cracking is an important consideration in the welding of
these alloys and this aspect often dictates the choice of
filler material. Filler materials which are age hardenable and
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at the same time also resist hot cracking have also been Furthermore, the temperature fluctuations inherent in
suggested and occasionally used. Also, special pulsed welding lead to a continual change in the weld
techniques such as synchronous rolling and the use of pool size and shape favoring the growth of new grains. It
trailing heat sink have been suggested for reducing is also to be noted that effective heat input for unit
tensile welding stresses and hence hot cracking of high volume of the weld pool would be considerably less in
strength aluminium alloys during fusion welding [26]. pulse current welds for which reason the average weld

Solidification cracking occurs when the thermal pool temperatures are expected to be low [29-31].
stresses that build up during freezing exceed the strength
of the solidifying weld metal. Methods that are commonly CONCLUSION
used to reduce the tendency for solidification cracking
include: altering weld metal composition, through the Taguchi method is a very effective tool for process
addition of a filler wire, close process control and optimization under limited number of experimental runs.
controlling the grain structure within the fusion zone. It is Essential requirements for all types of welding processes
widely accepted that by changing the weld’s grain are higher tensile strength with lower elongation. This
structure, from coarse columnar to fine equiaxed, better study has concentrated on the application of Taguchi
cohesion strength can be obtained and the remaining method coupled with Grey relation analysis for solving
eutectic liquid present during the final stages of multi criteria optimization problem in the field of PCTIG
solidification can be fed more easily and heal any cracks welding process.
that may form may be healed [27, 28]. The GRA based on an orthogonal array of the

Another way of reducing the susceptibility to Taguchi method was a way of optimizing the pulse current
solidification cracking is through fusion zone grain TIG welding process for aluminum alloy 8011. The
refinement, which confers the further benefit that the weld analytical results are summarized as follows.
metal mechanical properties are improved. Various grain From the response table of the average grey
refinement techniques have been discussed in the relational grade, it is found that the largest value of the
literature for aluminium alloy welds, e.g., electromagnetic grey relational grade for the pulse current of 145 A, base
stirring, current pulsing, torch vibration and inoculation. current of 80 A and the pulse width of 60%. It is the
Of these, pulsed current welding technique has gained recommended levels of the controllable parameters of the
wide popularity because of their striking promise and the pulse current TIG welding process as the minimization of
relative ease with which these techniques can be applied the percentage of elongation and maximization of ultimate
to actual industrial situations with only minor tensile strength and yield strength are simultaneously
modifications to the existing welding equipment [29]. considered.
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