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Abstract— The increasing demand for automotive parts of
lightweight metals is led engineers and researchers to develop new
alloys and/or improve existing with attractive properties and thus,
higher performance levels. The Al-Si-Cu (Aluminum-Silicon-
Copper) cast alloys are among those alloys gaining prominence by
automotive industry sectors. The welding quality of AI-Si-Cu alloys
can be improved further using Taguchi Design of Experiments
(DOE). This research work focuses in optimizing charpy impact of
Al-Si-Cu cast alloys weld by TIG welding process. The Lo
orthogonal arrays (OA) matrix are chosen with 3-levels and 4-
factors (gas flow rate, current, filler rod and gas nozzle cap) are
carried out to optimize welding factors for double-V butt joint weld
of the aluminum cast alloys. The measured results of charpy impact
energies are analyzed by CV* (signal/noise, S/N) and ANOVA
(analysis of variance). The higher impact energies are achieved in
experiments No.l and No. 2 with average values of 5.18 and 5.31
Joule respectively, while the lower impact energy is given by
experiment No.7 with average value of 4.07Joule. The optimal
welding factors of 9L/min gas flow rate, 1404 current, ER4043 filler
rod and gas nozzle cap number 6 give charpy impact of 5.43 joule
and the most affected factors are gas flow rate and filler rod.

Keywords— Aluminum-Silicon-Copper Cast Alloy, Impact
Energy, Microstructures, TIG, Taguchi Method

I. INTRODUCTION

Welding is permanent joining of two or more metals at
their contacting surfaces in which localized coalescence
occur by application of heat and/or pressure. TIG welding
process uses a non-consumable electrode and an inert gas for
arc shielding, and produces high quality welds, no post-weld
cleaning, and no weld spatter. Filler metal can be added to
facilitate coalescence [1].

There are several studies found in the literatures dealing
with the effects of process parameters on weld quality. Kumar
et al.[2] studied the influence of welding current on butt joint
of 3 mm thick commercial 1050 aluminum plate. They found
that the weld joint revealed columnar dendritic structure in
fusion zone while mixed columnar and equiaxed dendritic
structures in HAZ, and an improvement of strength with
increase in welding current. The effect of filler on weld metal
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structure of AA6061 aluminum alloys by tungsten inert gas
(TIG) welding was reported by M. Ishak et al.[3]. They
indicated that the filler ER5356 produce a finer grain size and
higher strength of 171.53 MPa compared to the weld joints
using fillers ER4043 and ER4047 with values of 167.34 MPa
and 168.03 MPa, respectively. Milyardi et al.[4] investigated
the effect of current and welding speed on porosity in
Autogenous Tungsten Inert Gas (TIG) welding of aluminum
alloys A1100 butt joint. The welded best results without
porosity found by using the welding parameter of welding
current of 160 A and the welding speed of 1.1 mm/ s. Lately,
Taguchi design of experiments was applied in the field of
engineering to optimize properties and to determine the
influence of process parameters on performance responses.
Welding quality of aluminum alloys can be further improved
by applying Taguchi method. Optimization of TIG welding
parameters for 6061 aluminum alloy using Taguchi design of
experiments was investigated by P.K. Jayashree et al[5]. They
reported that the selection of 220A current, 140mm/min
welding speed and 16L/min gas flow rate show higher
hardness value, and the most affected parameter was welding
current, followed by welding speed and gas flow rate for
welded 6061 aluminum alloy. Hatab et. al [6-11] applied
Taguchi method in several studies namely, optimization and
determination parameter design in wind turbine airfoil
coefficient, extension and retraction velocities for double
acting cylinders, building energy efficiency, tensile properties
of 6061 aluminum alloys, RRA properties of 7079 aluminum
alloy, and friction welding of aluminum alloy. Rania
Ramadan [12] studied the effects of heat input on the
microstructure and impact toughness of aluminum cast alloys
using TIG welding process. CV* (Signal/noise, S/N) and
ANOVA (analysis of variance) are used to evaluate the
experimental results. The temperature distribution and the
heat input are obtained. The optimal heat input is achieved in
experiments obtaining high hardness value with finer
microstructure and high impact value with coarser
microstructure. This research work is aimed to investigate the
influence of individual welding factors; current, gas flow rate,
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nozzle cap, and welding filler rod on impact energy of Al-Si-
Cu cast alloys weld by TIG welding process for specific set
of experiments.

II. MATERIALS AND EXPERIMENTAL PROCEDURE

A. Materials

The materials used in this study are cut from ingot of
aluminum alloys. The chemical compositions are performed
at Higher Vocational Center of Casting, Libya. Table 1 gives
the alloy chemical compositions. The analyzed alloy indicates
that the alloy is similar to AA384.1 [13] aluminum casting
alloy, with excess of copper.

TABLE 1. Chemical composition of Al-Si-Cu cast alloy.

Al Si
Bal. | 10.8

Cu
7.83

Fe
1.06

Zn
1.8

impurities
0.5

Mn
0.28

Mg
0.28

B. Sample Preparation

In this research work, specimens are prepared by cutting
several small pieces of the aluminum alloy from the ingot and
then they are put into crucible for melting the alloys using
electrical melting furnace. When the temperature reached
800°C, the liquid is stirred several times to ensure complete
mixing and poured into designed mold. Then, the casting
alloys are machined to have final shapes with dimensions of
Sem x 15cm x lem as shown in Figure 1. The welding
specimens are performed using the Eastwood's TIG 200
AC/DC Welder at private weld workshop. TIG welding
operation with sinusoidal AC wave, pure Argon gas (as a gas
protection for arc welding and pool from surrounding
environment), and pure tungsten electrode 2.4mm in diameter
are used for welding application of the specimens.
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Fig.1. (a) cast alloys, (b) specimens with double V groove, (c) welded
specimen, (d) machined welded specimen, (e) impact specimen
cut from welded specimen.

The charpy impact specimens are cut by electric saw with
dimensions of 10 mm by 10 mm by 55mm with 2-mm-deep
V-notch for the base alloy and un-notch for the welded
specimens. The WP 400 Pendulum Impact Tester, scale 15
Nm is connected to PC Data Acquisition impact energy. The
average value of the charpy impact energy for base alloy is
4.9 Joule.

C. Design of Experiments

The complicated welding process with several variables
can be optimized by Taguchi method [14]. Gas flow rate,
current, filler rods and gas nozzle cap are considered welding
factors that can influence the microstructure of fusion and heat
affected zones and thus impact energy. A standard Taguchi
design of experiment of the Lo (3%) orthogonal arrays matrix is
selected and the interactions between the factors are neglected.
Experimental layout of Ly (3%) orthogonal arrays for welding
Al-Si-Cu cast alloys is given in Table 2. Conducting the
experiments is the next step in Taguchi DOE. CV* (S/N) and
ANOVA are used to evaluate the experimental results to
determine which factor is affected the impact energy and to
optimize factors for optimal impact energy. The calculations of
CV* (signal/noise, S/N) and ANOVA (analysis of variance) are
calculated using excel software.

74 www.icmie2022.1y



http://www.icmie2022.ly/

R. Ramadan et al. / International Conference on Mechanical and industrial Engineering ICMIE2022 73-78

TABLE 2. Experimental layout of the Lo (3*) orthogonal arrays for welding

Al-Si-Cu cast alloys. 15
Experiment Gas Current Filler Rods Gas
Number Flow Ampere Nozzle
Rate, Cap 14
L/min. Number
A B C D
| 9 110 ER4043 No.6 g 13
2 9 140 ER5356 No.7 £
3 9 170 ER4043& ER5356 No.8 by
4 12 110 ER5356 No.8 5
5 12 140 ER4043& ER5356 No.6 12
6 12 170 ER4043 No.7
7 15 110 ER4043& ER5356 No.7
8 15 140 ER4043 No.8
9 15 170 ER5356 No.6 1
III. RESULTS AND DISCUSSION 10 4
1 2 3 4 5 ] 7 g 9
A. Analysis of Signal/Noise Ratio for Impact Energy Experimental Number
The impact energy (CV) is treated as quality response
using the large is the best and can be calculated according to 8
equation 1: )
V' = —101 ! Zr: ! (€))] |
- 9\r Lo
i=1 6 4
where CV* is the calculated signal-to-noise (S/N) ratios L
for charpy impact energy and (CV); is the experimental 5
. . . . . 1= 3
values of the i in the row. Table 3 and Figure 2 are indicated £ 4
that the higher obtained result for impact energy is given by =
running experiments No.l and No.2 among all other 3
experiments with average value of 5.18 and 5.31 Joule
respectively. This may attribute to higher heat input and 2
slower cooling rate that coarsen the precipitating phases of
the fusion zone. B
TABLE 3. Impact energy and calculated CV* ratio of welded Al-Si-Cu 0 - R _ i
cast alloys ! < 3 4 - 6 8 s
Experimental Number
Experiment CV, Impact Energy (J) cvr
number 1 2 3 A Ratios
verage Fig.2. CV*(S/N) ratios and Average impact energy (CV) of welded Al-Si-
! 5.10 510 | 534 5.18 14.28 Cu cast alloys.
2
5.46 4.98 5.50 5.31 14.48 . .
3 The main effects Cv* and average CV for welded Al-Si-
442 3.90 452 428 12.58 Cu cast alloys are given in Table 4 and Figure 3. The optimal
4 3.58 4.62 5.50 457 12.79 welding factors are 9L/min for gas flow rate, 140A for
5 438 414 518 457 13.08 currezn(t:, ER40413; for ﬁlﬁ:r rod, and I\(Iio.f61 lfor gas nozzl}el: cap or
6 i s 14 i 166 1331 A1B2CI1DI1. The gas flow rate and filler rod are the most
7 affected factors; followed by gas nozzle cap and current.
4.10 4.10 4.02 4.07 12.20
8 4.83 4.06 4.57 4.49 12.97. TABLE 4. Main effects CV* (S/N) for impact energy of welded Al-Si-Cu
9 5.01 4.18 4.62 4.60 13.19 cast alloys
Factors Level 1 | Level2 | Level3 | Max.- | Rank
Min.
A-Gas flow rate 13.785 13.066 12.795 0.990 1
B- Current 13.098 13.518 13.031 0.487 4
C- Filler rods 13.526 13.495 12.626 0.900 2
D- Gas nozzle cap 13.524 13.336 12.787 0.737 3
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B. Analysis of the Variance for Impact Energy

The obtained ANOVA results are given in Table 5 for the
impact energy, indicating that the contribution factors to
impact energy are gas flow rate with 35.45%, followed by
filler rods with 35.28%, gas nozzle cap number with 19.86%,
and the current with 9.41%. This is consistent with the
analysis of the CV* ratios.

C. Experiment Confirmation for Impact Energy

The final step in Taguchi method is running confirmation
test, which is conducted to verify the improvement of the
quality characteristic using the optimal levels of factors. If the
confirmation test equation does not predict results of various
combinations of control factors, then a new Taguchi DOE is
required. The predicted CV* ratio using the optimal levels of
the welding factors can be given by equation (2):

€V Ypredicr = €V mean+ D [(CV )opi = €V Imean] @)
i=1

The mathematical model for the specific set of experiments is
given by equation (3):

CV*=13.216 + (4; -13.216) + (B; -13.216) + (C; -13.216)
+(D; -13.216) 3)

Where A;, Bi, Cj, and D; are average levels of signal/noise and
are given Table 4.

TABLE 5. Results of ANOVA for impact energy of welded Al-Si-Cu cast

alloys

Factors DF SS \% P
(%)
A- Gas Flow rate 2 1.5735 | 0.78675 | 35.45
B- Current 2 04179 | 0.20895 | 9.4l
C- Filler rods 2 1.5661 | 0.78305 | 35.28
D- Gas Nozzle Cap 2 0.8814 | 0.44070 | 19.86
Total 8 4.4391 100

DF: degrees of freedom; SS: sum of squares; V: variance; P: percent
contribution

The impact energy values of running confirmation of
experiments No. 1 & 2 are in good agreement with the
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Fig.3. Main effects of impact energy of welded Al-Si-Cu cast alloys.
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predicted equation as shown in Table 6. The optimal welding
factors are 9L/min for gas flow rate, 140A for current,
ER4043 for filler rod, and No.6 for gas nozzle cap or
A1B2C1Dlgives 5.43 Joule as calculate by equation 2. The
higher impacts values can be related to slow cooling rate
(high heat input) produces coarsen microstructure.

TABLE 6. Confirmation test of impact energy of welded Al-Si-Cu cast

alloys

Welding Prediction Experiment Experiment
Factors Experiment No.1 No.2

A1B2C1D1 A1B1C1D1 A1B2C2D2
Flow rate 9 L/min 9 L/min 9 L/min
Current 140 A 110 A 140 A
Filler rod ER4043 ER4043 ER5356
Gas Nozzle Cap | No.6 No.6 No.7
Impact 5.43 Joule 5.18 Joule 5.31 Joule
Energy(CV)
Reference Experiment No.8 (A3B2C1D3)
Improvement 1.2 higher (optimal/Reference)

D. Microstructures

Figure 4 shows the coarse silicon particles and round
irregular particles assumed to be Al,Cu (gray) in an aluminum
matrix (light) of Al-Si-Cu cast alloy. The dark feature may be
assumed to be shrinkage or porosities, a casting defect. The
microstructure of experiment No.l at fusion boundary of
welded Al-Si-Cu cast alloy is given in Figure 5. It is clearly
that the microstructure is tend to be coarsen in fusion
boundary (equiaxed grains) which is attributed to the slower
cooling rate (high heat input). The coarsen microstructure can
be related to higher charpy impact of experiment number 1.

IV. CONCLUSION

The research work is demonstrated the application of
Taguchi method employing charpy impact as quality
response to efficiently establishing optimal welding factors of
welded Al-Si-Cu cast alloys by TIG. The obtained results of
experiment No.l (AIBICID1) and experiment No.2
(A1B2C2D2) give the higher impact energy (5.18 and 5.31
Joule). The optimal welding factors (A1B2C1D1) are 9L/min
for gas flow rate, 140A current, ER4043 for filler rod, and
No. 6 for gas nozzle cap, give 5.43 Joule. The most influence
factors are gas flow rate with contribution of 35.45%, 35.28
for filler rod, 19.86% for gas nozzle cap and 9.41% for
current. The microstructure of welded alloy shows coarse
grains at fusion boundary.

ACKNOWLEDGMENT

The authors gratefully acknowledge the help given by the
Higher Vocational Center of Technologies, the private weld
workshop and Mechanical Engineering of Technology,
Tripoli, Libya.

ICMIE2022 November 15-17, 2022, Tripoli — Libya

Fig. 5. The microstructure at fusion boundary of the welded Al-Si-Cu alloy:
experiment No. 1, welded with ER4043, etchant 5%HF, 100x.

REFERENCES

[1] Gene Mather,“The Welding of aluminum and its alloys”, Woodhead
Publishing Limited, 2002.

[2] Kamlesh Kumara, Prakash Mohanb, Manoj Masantac, “Influence of
welding current on the mechanical property of 3 mm thick commercial
1050 aluminium butt joint weld by AC-TIG welding method”,
Materials Today, Proceedings 5 (2018), pp. 24141-24146.

[3] M. Ishak, N.F.M. Noordin , A.S.K. Razali , L.H.A. Shah and
F.R.M.Romlay, “Effect of filler on weld metal structure of AA6061
aluminum alloy by tungsten inert gas welding”, International Journal
of Automotive and Mechanical Engineering, Vol. 11, (2015), pp. 2438-
2446.

[4] Indra Milyardi and Ario Sunar Baskoro, “Effect of current and speed on
porosity in autogenous Tungsten Inert Gas (TIG) welding of aluminum
alloys A1100 butt joint”, International Conference on Materials
Engineering and Applications, IOP Conf. Series: Materials Science and
Engineering 348 (2018) 01202, IOP Publishing.

77 www.icmie2022.1y



http://www.icmie2022.ly/

R. Ramadan et al. / International Conference on Mechanical and industrial Engineering ICMIE2022 73-78

[5] P.K. Jayashree, SS Sharma , Raviraj Shetty, Ashish Mahato M C
Gowrishankar, “Optimization of TIG welding parameters for 6061Al
alloy using Taguchi’s design of experiments”, Materials Today:
Proceedings 5 (2018), pp. 23648-23655.

[6] Abdulhamed M. Hwas and Ali M. Hatab, “Effects of Design Parameters
of Wind Turbine on Airfoil Coefficients Using Grey-Bsed Taguchi
Method, Journal of Multidisciplinary Engineering Science and
Technology (JMEST) Vol. 7 Issue 12, December (2020), pp. 13103-
13109.

[71 Abdulhamed M. Hwas and Ali M. Hatab, Optimizing Extension and
Retraction Velocities for Double Acting Cylinder Using Taguchi
Method, Journal of Multidisciplinary Engineering Science and
Technology (JMEST), Vol. 5 Issue 11, November (2018), pp. 9022-
9027.

[8] Samah K. Alghoul and Ali M. Hatab, “Building Energy Efficiency:
Optimization of Building Envelope Using Grey — based Taguchi,”
Journal of Multidisciplinary Engineering Science and Technology
(JMEST), Vol. 3 Issue 12, December (2016), pp. 6192-6197.

[9] A.M. Hatab and A. Falahati, A. Danninger, “Application of Grey
Relational Grade in optimizing Tensile Properties of 6061 Aluminum
Alloy,” 24th International Conference on Metallurgy and Materials,
Brno, Czech Republic, DVD/reports/4096.pdf, Tanger Ltd., Ostrava.
EU, (2015).

[10] A. M. Hatab, H. Zaid, and A. Ibrahim, “Individual Effects of RRA
Design Process Parameters on Properties of 7079 Aluminum Alloy —
Grey Based Taguchi”, IOC 45th International October Conference on
Mining and Metallurgy, ed. Nada Strbac, Dragana Zivkovic, Svetlana
Nestorovic, Bor, Serbia, October (2013), pp. 741-744.

[11] A.M. Hatab, F. B Abuddaia, H.A. Saadawi and M. E.M Zorgani, “The
Use of L9 Orthogonal Array with Grey Relational in Optimizing of
Friction Welding Parameters of AICuBiPb Alloy”, Journal of Materials
Science and Engineering A 2, David Publishing, , (2012), pp. 58-65

[12] Rania Ramadan, “Study of The Effects of Heat Input on The
Microstructure and Impact Toughness of Aluminum Cast Alloys Using
TIG Welding Process”, M. Sc. Thesis, Mechanical and industrial
Engineering Department, University of Tripoli, 2020.

[13] Specialty Handbook, “Aluminum and Aluminum Alloys” J.R Davis, ed.,
ASM, Ohio, USA, 1993.

[14] P.J. Ross, “Taguchi Techniques for Quality Engineering,” McGraw Hill,
New York, 1988.

ICMIE2022 November 15-17, 2022, Tripoli — Libya 78 www.icmie2022.1y



http://www.icmie2022.ly/

	Application of Taguchi Method in Optimizing Charpy Impact Al-Si-Cu Cast Alloys Weld by TIG Welding
	I. Introduction
	II. Materials and Experimental Procedure
	A. Materials
	B. Sample Preparation
	C. Design of Experiments

	III. Results and Discussion
	A. Analysis of Signal/Noise Ratio for Impact Energy
	B. Analysis of the Variance for Impact Energy
	C. Experiment Confirmation for Impact Energy
	DF: degrees of freedom; SS: sum of squares; V: variance; P: percent contribution
	D. Microstructures

	IV. CONCLUSION
	ACKNOWLEDGMENT
	REFERENCES


