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Abstract
The aim of this work is to carry out the design of experiments that determine the in�uence of the welding
parameters using Taguchi’s method on the grain size, HAZ, and the degree of dilution in 6063-T5 alloy.
The welding process used is GMAW and the welding parameters are power, welding speed and bevel
spacing. The study of the in�uence of the welding parameters on the measurements made in the welding
(which are the size of heat affected zone, the degree of dilution, and the grain size) allows one to
determine the quality of the joint . In addition, the welding parameter most in�uential in minimising the
three measurements will be determined.

1. Introduction
Aluminium alloys are characterised by having more or less soft mechanical properties depending on the
quality and quantity of the alloying elements that are present in the aluminium matrix. [1]. These alloying
elements can be lost due to the thermal input received when it comes to a weld. On the other hand, the
size of the grain in the alloy also determines the mechanical properties of the aluminium alloy, being
more resistant as the size of the grain decreases; and �nally there is the size of the HAZ that is also
relevant as the smaller is its size, the better the properties of the weld joint. The grain size [2] is
determined by microscopic analysis using comparative charts according to the ASTM E112 [3] and NF
ISO 643 [4] standards. There are computer programmes that by using a microstructure of a weld can
estimate the size of the grains by means of polarisation micrographs and image orientation [5]. There are
other programmes that determine the size of the grain from statistical analysis by analysing the size of
the grain from the parameters of the grain [6].

The dilution between the �ller material and the base material is de�ned as the ratio in which the base
metal mixes with the molten metal [7]. The dilution is expressed by the following expression:

Dilution (%) = 
molten base metal
Total Molten metal  (eq. 1)

The dilution is proportional to the thermal input of the heat source [8], [9], that is, the greater the thermal
input, the greater the dilution [10]. In the present work, both the thermal input and the dilution obtained
from the size of the weld bead, and the relationship between the molten base material and the total
molten material are analysed. The lower the dilution, the lower the presence of base material in the weld
bead and the better the quality of the weld bead.

The classic design of experiments aims to identify the factors that affect the mean response and their
in�uence on a target value. The Taguchi design of experiments has the advantage over the classical
design of experiments in reducing the variability in the deviation from the mean target value. [11]–[16].

The robust parameter design used by the Taguchi designs (orthogonal matrices) analyses the in�uence
of the factors by means of a few experiments. Taguchi's experiment designs are balanced; that is, no
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factor is analysed independently of each other. Accordingly, it is su�cient to perform nine experiments to
evaluate the size of the weld grain, the size of the HAZ, and the dilution of the �ller material.

There are different studies that have performed optimisation of welding processes using Taguchi's
design of experiments. These studies optimised the weld bead based on the electrical parameters used
from the source. [17]–[19]. There is also an optimisation study that evaluated the welding thermal cycle
[20]. All these studies were carried out using the GMAW welding process. [21]–[24].

The present work aims to study the effect of welding parameters, that is, power (P), welding speed (Vs)
and edge separation (Sp) on grain size, HAZ size, and dilution in the weld bead.

2. Experimental Procedure
In a previous work [17], the same weld was evaluated by determining the in�uence that the
aforementioned parameters have on the geometry of the weld bead. In reference [17], conducted by the
author of this paper, the following is indicated:

The experimental procedure is carried out with a robot welding arm (brand ABB, model IR 1400), as
shown in Figure 1a. The robotic arm has six degrees of freedom of movement and a system controls the
welding parameters. The welding robot presents high precision, which guarantees the correct �nish of the
joint. The elements to be joined are nine tubes with an outside diameter of 50 mm, a thickness of 2 mm,
and a length of 150 mm, which have been cut longitudinally and subsequently joined by a welding bead.
To be able to make the longitudinal connection of the tube, a carbon steel tool was designed to support
the two parts of the aluminium tube before they were welded. The tooling is shown in Figure 1b.

Aluminium 6063-T5 is usually supplied in the form of a tube and not in the form of sheets [36]. The �ller
metal used is ER-5356, which is most suitable for welding 6063-T5 [25]. The diameter of the wire used is
1 mm, and the protective gas is 99% argon. The type of transfer used by the welding process is short arc
transfer [2], [24], [26]. The chemical compositions of the base metal and the �ller metal are given in
Tables 1 and 2, respectively.

Table 1
Base metal chemical composition

Si Fe Cu Mn Mg Cr Zn Ti

0.20-0.60 0.35 0.10 0.45-0.90 0.45-0.90 0.10 0.10 0.10

Table 2
Chemical composition of �ller metal

Mn Si Ti Cu Mg Zn Be Fe

0.05 0.25 0.06 0.10 4.5 0.10 0.0008 0.4

2.1. Design of experiments
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Three variables with three levels each were used to develop nine welding experiments according to the
Taguchi design with an L9 orthogonal array. Table 3 shows the three variables used: Power (P), welding
speed (Vs) and edge separation (Sp).

Table 3
Factor levels

Level P (W) Vs (mm/s) Sp (mm)

1 1557 11.5 0.0

2 1673 12.25 1.0

3 1744 13 1.2

The three factorial levels arranged in ascending order were selected. For the power, 1557 W represents the
minimum value of the power used in the experiment, 1673 W represents the intermediate value of power,
and 1744 W represents the maximum value of the power used in the experiment. In the same way, it is
preceded by the welding speed and the separation of the plate edges, where the value of the �rst level
corresponds to the minimum value of the variable, the value of the second level corresponds to an
intermediate value of the variable, and the value of the third level corresponds to the highest value of the
variable [17].

To determine the matrix of the nine experiments using Taguchi’s method, the statistical software Minitab
[27] is used. Table 4 shows the nine experiments proposed using the Taguchi methodology. The power is
obtained from the product of multiplying the intensity by the voltage. Table 5 shows the intensity and volt
age values used for the three power values used in the experimental design.

Table 4
Matrix of experiments

Experiment Nº P (W) Vs (mm/s) Sp (mm)

1 1557 11.5 0.0

2 1557 12.25 1.0

3 1557 13.0 1.2

4 1673 11.5 1.0

5 1673 12.25 1.2

6 1673 13.0 0.0

7 1744 11.5 1.2

8 1744 12.25 0.0

9 1744 13.0 1.0

Table 5 shows the electrical parameters used for each case of power used.
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Table 5
Values of intensity and voltage used in each

power value
Power (W) Intensity (A) Voltage (V)

1557 90 17.3

1673 94 17.8

1744 98 17.8

3. Discussion Of Results
Figure 2 shows the 9 welds corresponding to each of the experiments carried out according to what is
indicated in Table 4. These welds have been polished with different grain sizes as indicated in the
reference [17].

3.1 Macrographs of the nine experiments performed
To measure the grain size, the Grani software is used. It allows the "G" index to be calculated with
precision according to the standards ASTM E112 [3] and NF ISO 643 [4]. A complete set of measurements
is performed for the 9 experiments using the Grani software.

On the macrograph, the grain size is measured in the thermally affected area, that is, in the HAZ. For each
experiment, the G-index of the grain and the number of grains is measured. The Grani software uses the
Hilliard method [23, 24] to determine these values. Figure 3 shows the measurements made in each
experiment. A red circle marks the area where the grain's G-index and the number of grains have been
measured.
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Table 6
Grain size values obtained in the HAZ

Experiment Nº Grain G index Number of grains

1 4 16

2 4 16

3 3.2 12

4 5.1 23

5 5.2 24

6 4 16

7 2 8

8 3.6 14

9 4.4 18

Figure 4 represents the relationship between the G index of the ASTM standard and the number of grains
identi�ed by the Grani programme. Therefore, the grain size is evaluated and not the letter number since
the relationship is the same.

To evaluate the effect of each of the variables on the number of grains, the following multivariate linear
regression equation is obtained:

Numberofgrain = 20.3 − 0.0011 ∙ P, W − 0.22 ∙ Vs, mm/s + 0.81 ∙ Sp, mm (eq. 2)

Table 7
Analysis of Variance. ANOVA

Source DF Adj SS Adj MS F-Value P-Value

Regression 3 1.845 0.6149 0.02 0.997

P, W 1 0.065 0.0651 0.00 0.969

Vs, mm/s 1 0.167 0.1667 0.00 0.951

Sp, mm 1 1.613 1.6129 0.04 0.848

Error 5 198.155 39.6311    

Total 8 200.000      

In the analysis of variance in Table 7 the in�uence of each of the variables on grain size is determined.
The three P-values shown are large, that is, they have no signi�cant in�uence on the number of grains of
the aluminium weld. Therefore, these three variables do not affect the number of grains in the weld.
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In accordance with the above, the effect of the three main variables on the number of grains is not further
analysed because they have not in�uenced the number of grains.

3.2 Size of the HAZ in each experiment performed
The size of the HAZ of each weld is measured using a pro�le meter. Figure 5 shows the test tubes carried
out in each experiment on which the size of the HAZ is measured using the pro�le meter.

Figure 6 shows the micrograph of the HAZ made at each of the joints.

In each of the experiments carried out, the size of the HAZ is measured, being re�ected in red on each of
the experiments. The HAZ values obtained are as follows:

Table 8
HAZ size for each experiment

Experiment Nº Size of HAZ (mm)

1 0.64

2 0.65

3 0.76

4 0.89

5 1.17

6 0.84

7 1.27

8 0.92

9 0.85

To evaluate the effect of each of the variables on the size of the HAZ, the multivariate linear regression
equation is obtained:

SizeofHAZ = − 1.30 + 0.001831 ∙ P, W − 0.0778 ∙ Vs, mm/s + 0.1495 ∙ Sp, mm (eq. 3)

The adjustment of equation 3 has an R2 (adjusted) = 51.87%, which is a long way from 95%.

Figure 7. Representation of each of the variables with respect to the size of the HAZ
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Table 9
Analysis of Variance. ANOVA

Source DF Adj SS Adj MS F-Value P-Value

Regression 3 0.25504 0.08501 3.87 0.089

P, W 1 0.17923 0.17923 8.17 0.035

Vs, mm/s 1 0.02042 0.02042 0.93 0.379

Sp, mm 1 0.05540 0.05540 2.52 0.173

Error 5 0.10971 0.02194    

Total 8 0.36476      

In the analysis of variance Table 9 the in�uence of each of the variables on grain size is determined. The
three P-values shown are small, that is, they have a signi�cant in�uence on the size of the HAZ of the
aluminium weld. Therefore, these three variables signi�cantly affect the HAZ size of the weld.

The variable that has the most in�uence is power, P; it is followed by the edge separation, Sp, and �nally
the welding speed, Vs. The following graph shows the effect of each of the variables on the size of the
HAZ.

From Figure 8 the speci�c weight of each of the variables is obtained: P (53%); Sp (29%); Vs (18%) on the
size of the HAZ.

3.3 Dilution obtained in each of the experiments performed
Figure 9 shows area of dilution in the weld bead (area marked in red). From equation 1 the dilution ratio is
determined by dividing the total molten base by the total base metal.

Figure 9 shows the dilution values (%), weld bead area, and molten base metal area. The area of the weld
bead was determined in reference [17] by measuring it with a pro�le meter.
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Table 10
For each experiment, dilution values, total molten metal sizes, and molten base

metal sizes
Experiment Nº Weld bead area Molten base metal area Dilution (%)

1 1.86E-05 9.72E-06 52%

2 1.25E-05 4.65E-06 21%

3 1.16E-05 3.82E-06 12%

4 1.91E-05 9.16E-06 37%

5 1.92E-05 1.00E-05 46%

6 1.57E-05 7.31E-06 47%

7 2.29E-05 1.22E-05 43%

8 1.99E-05 1.06E-05 53%

9 1.24E-05 6.11E-06 33%

3.3.1 Determination of the molten base metal area. Degree
of dilution
The area of the molten base metal is determined from the CAD representation of the weld joint using the
pro�le gauge and the initial geometry of the tubular pro�le before it is welded. The bead is superimposed
on the tube geometry and the molten base metal found in the weld metal is obtained. Figure 10
represents the weld bead and base metal. Edge separation, Sp, is considered in determining the degree of
dilution.

To evaluate the effect of each of the variables on the dilution of the base metal with the weld metal, the
multivariate linear regression equation is obtained:

Dilution = 0.207 + 0.000834 ∙ P, W − 0.0889 ∙ Vs,
mm

s − 0.1616 ∙ Sp, mm (eq. 4)

The �t of equation 4 has an R2 (adjusted) = 70.09%, which is acceptable.

Figure 11 represents the trend of each of the welding variables against dilution in the weld bead. As the
power increases, the dilution in the weld bead increases, and as both Vs and Sp decrease, the dilution in
the weld bead decreases.

In the analysis of variance in Table 11 the in�uence of each of the variables on the degree of dilution is
determined. The three P-values shown are small, that is, they have a signi�cant in�uence on the degree of
dilution in the weld bead. Therefore, these three variables signi�cantly affect the degree of dilution in the
weld bead.
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Table 11
Analysis of Variance. ANOVA

Source DF Seq SS Seq MS F-Value P-Value

Regression 3 0.12859 0.042862 7.25 0.029

P, W 1 0.03719 0.037188 6.29 0.054

Vs, mm/s 1 0.02667 0.026667 4.51 0.087

Sp, mm 1 0.06473 0.064731 10.95 0.021

Error 5 0.02957 0.005914    

Total 8 0.15816      

In Figure 12, the in�uence of each of the variables on the degree of dilution is presented. The variable that
has the most in�uence is the edge separation, Sp, followed by the power, P; and �nally, the welding speed,
Vs.

From Figure 12, the speci�c weight of each of the variables (P (32%); Sp (42%); Vs (27%)) on the dilution
of the base metal in the weld bead is obtained.

4 Optimisation Of Results
Once the experiments have been carried out and the grain size, the size of the HAZ and the dilution in the
weld have been measured, the analysis of Variance is used to determine the in�uence of the welding
parameters, P, Vs, and Sp optimisation using the Taguchi method with the statistical programme Minitab
[22]. The criterion to be used in the Taguchi optimisation is "the smallest is the best" for both the degree
of dilution and the size of the HAZ.

The grain size will not be analysed because, as indicated above, there is no relationship between the
welding variables: P, Vs and Sp and therefore its evaluation is discarded..

4.1 Optimisation of Taguchi
The noise signal (S/N) for the case "smallest is best" is determined as follows:

Noise signal (S/N): the smaller the better

The S/N ratio is de�ned as:

S/Ni = − 10log
1
n ∙ ∑n

j=1Y2
ij  (eq. 5)

Table 12 shows the S/N responses of the welding parameters for the size of the HAZ and for the
percentage of dilution.

( )
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Table 12
S/N response for individually analysed welding

parameters
Level P (W) Vs (mm/s) Sp (mm)

Size of HAZ

1 3.33395 0.93751 2.03835

2 0.38763 1.03409 2.05518

3 0.01993 1.76992 -0.35202

Delta 3.314 0.832 2.407

Rank 1 3 2

% in�uence 51% 13% 37%

% Dilution

1 12.551 7.216 5.917

2 7.313 8.605 10.607

3 7.492 11.535 10.831

Delta 5.238 4.319 4.913

Rank 1 3 2

% in�uence 36% 30% 34%

Table 13 shows the comparison of the in�uence presented by the welding variables obtained from the
variance and the in�uence obtained for these variables from the Taguchi optimisation, with the criterion:
"the smallest is the best".
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Table 13
Comparison of the in�uence of the ANOVA

variables vs Taguchi optimisation
Parameter ANOVA Taguchi’s Optimisation

Size of HAZ

P, W 53% 51%

Vs, mm/s 29% 13%

Sp, mm 18% 37%

Dilution

P, W 32% 36%

Vs, mm/s 27% 30%

Sp, mm 42% 34%

In the table above, it is veri�ed that the power has the most signi�cant in�uence, of the same order of
magnitude for the ANOVA analysis and for the Taguchi method, both for the size of the HAZ and for the
dilution. However, the same is not the case for Vs and Sp, where the in�uences of the variables for both
dilution and HAZ size are inversely proportional. From this it follows that the study of variance would not
be a valid reference for the desired optimisation, it only indicates what is the mean in�uence of each of
the variables on each of the measurements made.

The optimal parameters to obtain the minimum HAZ are the following:

The optimal parameters to obtain the minimum dilution are the following:

4.2 Optimised combination of process parameters
Once the in�uence of each of the variables on HAZ size and dilution has been separately analysed, Figure
15 shows the optimal combination of the three welding variables, P, Vs and Sp, to obtain minimal dilution
and minimal HAZ.

The optimisation graph shows the effect of each input variable, represented in columns, on the weld
measurements carried out; that is, the responses that are presented in rows. The vertical red lines in the
graph represent the con�guration of the current value. The numbers shown at the top of a column show
the con�guration of the current input variables, presented in red. The horizontal blue lines and numbers
represent the answers for the current factor level.

Desirability in general terms evaluates the effectiveness with which a combination of input variables
satis�es the goals that have been de�ned for the answers. The individual desirability (d) evaluates how
the con�guration optimises an individual response; the composite desirability (D) evaluates how the
con�guration optimises a set of responses in general. Desirability has a range of 0–1: 1 represents the
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ideal situation and 0 indicates that one or more answers are outside acceptable limits. It can be seen that
the composite desirability has a value of 0.8971; that is, overall the responses have an intermediate
desirability.

The minimum value of the dilution obtained in the �gure above is y = 15%, corresponding to the value:
0.1559, having a real minimum value in the experiments carried out of 12% dilution (see Table 10).
Similarly, for the HAZ, the minimum value obtained in the �gure above is y = 0.71 mm and the minimum
value obtained in the experiments is 0.64 mm (see Table 8); the welding parameters to obtain the
minimum values in both cases are: P = 1557 W; Vs = 13 mm/s; Sp = 1.2 mm

5 Conclusions
According to the analysis of variance carried out in Table 7, it is determined that there is no
relationship between the welding parameters and the size of the grain obtained in the experiments
carried out.

In accordance with the previous conclusion, the optimisation of the variables was not continued to
obtain the smallest possible grain size since there is no relationship between these and the grain
size.

Regarding the size of the HAZ, the P has an in�uence of 53%, the Vs has an in�uence of 18% and the
Sp has an in�uence of 29%.

Regarding the degree of dilution, P has an in�uence of 32%, Vs has an in�uence of 27% and Sp has
an in�uence of 42%.

A Taguchi optimisation is performed for the lowest possible value in both the size of the HAZ and in
the dilution.

To obtain the minimum size of HAZ the optimal welding parameters are, P = 1557 W; Vs = 13 mm/s;
Sp = 0 mm. From these values a minimum value in the HAZ of 0.53 mm is obtained.

To obtain the minimum dilution value, the optimal welding parameters are, P = 1557 W, Vs = 13 mm
s and Sp = 1 mm. From these values a minimum dilution value of 18% is obtained.

An optimisation of the welding parameters is carried out to obtain a minimum value in both the HAZ
and in the degree of dilution, producing the following values: P = 1557 W; Vs = 0 13 mm/s; Sp = 1.2
mm.

Abbreviations
GMAW Gas Metal Arc Welding

HAZ Heat Affected Zone
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Figure 1

a Photograph of the welding robot with the GMAW torch installed. b Tooling used in the welding of the
aluminium tube [17].

Figure 2

Macrographs of the nine experiments performed

Figure 3

Micrographs of measured grain sizes
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Figure 4

Relationship between G-index and grain size

Figure 5

Macrograph of the nine experiments performed.

Figure 6
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Micrographs made on the HAZ

Figure 7

Representation of each of the variables with respect to the size of the HAZ

Figure 8

Pareto chart that determines the in�uence of variables on the size of the HAZ



Page 20/24

Figure 9

Dilution measured in each of the experiments.
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Figure 10

Detailed representation of the weld bead and base metal for each of the experiments.

Figure 11
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Representation of each of the variables regarding the degree of dilution

Figure 12

Pareto diagram that determines the in�uence of the variables on the dilution of the base metal in the weld
bead..

Figure 13
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Graph of the main effects of the mean values for a minimum HAZ

That is: P = 1557 W; Vs = 13 m/ s; Sp = 0 mm obtaining a minimum value in the HAZ of 0.53 mm.

Figure 14

Graph of the main effects of the mean values for a minimum dilution

That is: P = 1557 W; Vs = 13 mm/s; Sp = 1 mm obtaining a minimum value of 18% dilution.
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Figure 15

Optimised combination of process parameters


