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Thermal Modelling of Friction Stir
Welding (FSW) Using Calculated
Young’s Modulus Values

Bahman Meyghani, M. Awang, S. Emamian and Mohd Khalid B. Mohd Nor

Abstract The temperature fluctuations present in Friction Stir Welding (FSW),
require, detailed thermal analysis of the process. To achieve highly accurate results for
the analysis, reliablematerial data should be obtained. Nevertheless, thematerial data
that are presented in the literature are usually limited to lower strain rate regimes and
lower temperatures. Thus, calculating the temperature dependent material properties
helps improve the accuracy of the stimulated model. To achieve a reliable material
data in the higher range of temperatures, this paper presents a mathematical formu-
lation for calculating temperature dependent Young’s modulus values. MATLAB®

andABAQUS® software are employed for solving the governing equations andmod-
elling the process, respectively. To compare the results and find the error percentage,
the calculated and the documented (constant) values of Young’s modulus are applied
into two distinct finite element models. Finally, the developed model is validated by
comparing the results obtained from experiments with published results.

Keywords Temperature fluctuations · Friction stir welding (FSW) · Mathematical
formulation · Young’s modulus

1 Introduction

FSW combines both mechanical and thermal phenomena. Basically, the temperature
evaluation surrounding and inside the stirring zone (SZ) is dominated by severe
plastic deformation and frictional force [1]. To clarify the point, plastic deformation
producesmechanical energy and some parts of thismechanical energy is transformed

B. Meyghani · M. Awang (B) · S. Emamian
Department of Mechanical Engineering, Faculty of Engineering, Universiti Teknologi
PETRONAS, Bandar Seri Iskandar 32610, Perak Darul Ridzuan, Malaysia
e-mail: Mokhtar_awang@utp.edu.my

M. K. B. Mohd Nor
Friction and Forge Processes Group, Joining Technologies Group, TWI Ltd, Cambridge, UK

© Springer Nature Singapore Pte Ltd. 2019
M. Awang (ed.), The Advances in Joining Technology, Lecture Notes in Mechanical
Engineering, https://doi.org/10.1007/978-981-10-9041-7_1

1

http://crossmark.crossref.org/dialog/?doi=10.1007/978-981-10-9041-7_1&domain=pdf


2 B. Meyghani et al.

into heat [2]. This issue causes permanent microstructural changes and also changes
the phase of the material.

Many studies have been done to investigate the temperature behaviour during
the FSW process by using experimental procedures [3–5], however, for detailed
understanding and analyse the thermal behaviour, experimental methods are usually
costly and time consuming. Finite Element Methods (FEMs) is recommended as
a powerful tool and an effective numerical technique for solving partial differential
equations (PDEs) in engineering, therefore FEMs are a cheaper and quicker approach
for investigating the process. A schematic view of the FSW is described in Fig. 1.

As discussed earlier, the most significant factors for the generation of the heat are
frictional force and plastic deformation [6, 7]. Therefore, to obtainmore precise anal-
ysis of the process, it is crucial to precisely define the material plasticity behaviour.
One of the most significant input parameters which is influencing the accuracy of the
simulated model is Young’s modulus. However, Young’s modulus that were used in
the literature, usually obtained from the experimental data or gained from the litera-
ture [8–10]. Additionally, the values are often restricted to lower strain rate regimes
and lower temperatures. While, temperature in FSW can reach up to 60–80% of the
base material melting temperature [11].

In recent years, the FSW process modelling has been researched in both academic
and industrial organisations. ALagrangian–Eulerian (adaptive arbitrary formulation)
was established to compute the evolution of the temperature and the flow of the
material throughout the FSW process [12]. In the model, Young’s modulus was kept
constant at 73 GPa and the Poisson’s ratio was assumed to be 0.3. In this research,
3D Forge3® FE software with automatic remeshing was utilised to implement the
formulation. The results indicated that the accuracy of the model in the tempera-

Fig. 1 The process schematic view and rotation direction



Thermal Modelling of Friction Stir Welding (FSW) Using … 3

ture prediction is highly dependent to the use of constant or temperature dependent
material properties.

The arbitrary Lagrangian–Eulerian (ALE) method was used to develop a 3D FE
model in ABAQUS®/Explicit by utilising Coulomb law of friction and Johnson—
Cook material law [8]. The study found that the generation of the heat during the
process can be categorised into two various parts, the heat generated by the deforma-
tion of the material near the pin and the shoulder, and the frictional force. In addition,
the numerical results of the paper indicated that the heat generated by the friction
has more impact in comparison to the heat produced by the plastic deformation. The
study also demonstrated that some portions of the heat is the result of the slip rate.
Meanwhile, it was claimed that, the heat from the plastic deformation is linked to
the material velocity.

To estimate the residual stresses and the peak temperature, a stationary shoulder
was used in a study [9] in which a constant Young’s modulus and Poisson’s ratio of
71.7 and 0.33 GPa have been employed, respectively. It was observed that, through
the thickness of the material, the process produced a more uniform and a narrower
nugget zone and the heat affected zone. Furthermore, ‘M’ shaped residual stress
distributions were obtained.

Meanwhile, a finite element (FE) analysis was employed for simulating the stress,
the effective strain distribution and the temperature on the workpiece surface for
different pin profiles [10]. The model used a constant elastic modulus of 68.9 GPa
and a constant Poison’s ratio of 0.3. The study examined the fracture surfaces at
both microscopic and macroscopic levels to investigate the welded joints fracture
behaviour. It was found that the crack initiated from the periphery of the joint, and
the failure of the joints mainly occurred due to the thinning of the upper sheet.

A study presented [13] a solid approach by using a constant Poisson’s ratio of 0.33
and Young’s modulus of 70.4 GPa for thermomechanical simulation of FSW. Two
numerical models (three dimensional models) were compared representing FSW
procedures with a trigonal pin. One of the models was based on a solid formulation,
while the other onewas based on a fluid formulation. Authors usedNorton–Hoff con-
stitutive model with high sensitivity to the temperature, and the Arbitrary Lagrangian
Eulerian (ALE) method. It was concluded that, the two mentioned formulations lead
to the same results.

In a model [14] a constant poison ratio of 0.33 and Young’s modulus of 68.9 GPa
were applied to the model. The paper proposed a 3D coupled thermo-mechanical
model, which was based on the Lagrangian implicit approach to examine the dis-
tribution of the strain and also to observe the thermal history of Aluminium alloy
2024 butt welding using the DEFORM-3D® software. It was observed that there is
an asymmetric nature in the welding nugget zone. Furthermore, it was found that the
top surface of the workpiece has the maximum temperature.

In the meantime, some studies adapted temperature dependent material properties
[15–18]. Thematerial characteristicswere introduced [15] tomodel the process using
the constant Poisson’s ratio of 0.33, and the temperature dependent Young’s modulus
ranging from 68.9 GPa in 25 °C–31.72 GPa in 426.7 °C. Moreover, in the model the
relationship between the tool moving speed, the heat distribution and the residual
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stresswere investigated. The analysis of the processwas classified into two stages; the
first stage involved the studying of the workpiece thermal behaviour where the heat
was generated because of the friction between the interfaces of the tool/workpiece.
Meanwhile, in the next stage, the workpiece thermal behaviour (investigated from
the first stage) was taken into account as an inlet heat which represents the elasto-
plastic behaviour. In the latter step of the simulation, the tool was removed after the
welding and the distributions of the residual stress was measured after completely
cooling of the workpiece (when the clamp was disassembled). The results obtained
showed that, the pattern of the distribution of the heat varied along the thickness is
largely asymmetrical. Furthermore, it was observed that, as the welding transverse
and rotational movements increased, the welding longitudinal residual stress also
increased. It should be noted that, only the heat impact was considered for predict-
ing the residual stress. Therefore, it was deemed as the main factor of the minor
differences between the actual experiment and the simulation.

A study had developed a 3-dimensional localised FEM for predicting the probable
results for the defects generation within the FSW [18]. The Lagrangian formulation
had been used to model the tool, while the Eulerian formulation was used to model
the workpiece. Besides that, the Coulomb law of friction was used for defining the
interactions between the interfaces of the tool/workpiece. Moreover, the material
inflow and outflow velocities were used to define the welding speeds. The study
had considered the temperature dependent Young’s modulus, ranging from 66.94 to
20.2 GPa when the temperature variation is 25–482 °C. The results investigated that
by considering the adiabatic heating effect, the maximum estimated temperature of
583 °C was obtained, which was similar to the material solidus temperature (based
on Johnson–Cook material model).

The temperature dependent Young’s modulus was adopted to investigate the
mechanical behaviour of the material during high temperature for welding of 6xxx
aluminium alloy series [17]. Based on the result, the temperature had continuously
changed during the welding; firstly, the temperature had risen, then it decreased (dur-
ing the cooling down period). It should be noted that, the dwell-time at the maximum
temperature was not considered in the model. The study also examined, the tensile
tests during the heating and the cooling rate of the specimen.Moreover, a comparison
between the calculated and themeasured stress-strain curves was done to validate the
accuracy of the thermomechanical database. This suggests that, this approach could
be useful in predicting the alloys tensile behaviour at high temperatures. Lastly, the
numerical and the experimental results for the temperature and the residual stresses
were compared and a good agreement was found.

Meanwhile, Aziz et al. [16] employed Young’s modulus as a temperature func-
tion in a study for developing thermomechanical modelling FSW of aluminium
(AA2219)–copper alloy. Furthermore, they investigated the heat generation through-
out the process. The model was developed by using ANSYS® APDL and the results
were verified through conducting a comparison of the temperature profile between
the experimental observations and the results obtained from the simulated model.
Three different conditions (various welding speeds) in experimental and numerical
models were considered and the verified FE model was used to analyse the influence
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of the welding parameters in the heat generation. It was observed that, the influence
of the rotational velocity in the heat generation is higher than the transverse speed.

Although, as cited in previous paragraphs, the input materials parameters which
have been used in the literature were usually derived from the experimental tests
or the literature, while the experimental methods are generally costly and time-
consuming. Moreover, it should be noted that the inaccuracy was always observed in
the experimental measurements. Besides, the available material data in the literature
was often restricted to lower temperatures, and lower plastic deformation. This is
in contrast to what happens in reality during the FSW where there is a high range
of temperature variations and large plastic deformation. Furthermore, the material
behaviour for high temperature is very complicated and cannot be derived easily.
Therefore, it is quite challenging to find high temperature material properties, and
also for some materials, it might not be existing at all. Thus, researchers are still
looking for the precise calculation of theYoungmodulus that can be obtained through
straightforward methods.

Hence, this paper proposes a mathematical formulation that can be employed
to calculate the temperature dependent values for the Young modulus. Moreover,
in this paper, the calculated and the documented values of the Young modulus are
employed in two different FE models in order to investigate the influence of the
Young’s modulus in the thermal behaviour of FSW. Finally, to validate the calculated
values, the obtained results have been compared with both experimental observations
and published papers.

2 Methodology

2.1 Mathematical Model

In this part, the mathematical formulations for deriving the temperature dependent
Young’s modulus is described. The shear stress

(
τy

)
was written based on the von

Mises yield criterion, as follows,

τy � σy√
3

(1)

where σy represents the yield stress,
In materials science, the modulus of shear or the modulus of rigidity is denoted by

G, which refers to the ratio between the shear stress and the shear strain as follows,

G � τxy

γxy
(2)
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where the shear stress is τxy � F
A in which F represents the acting force and A

represents the area wherever the force acts, and the shear strain is γxy � �x
l in which

�x is the transverse displacement and l is the initial length, consequently,

τxy � G �x

l
(3)

By incorporating Eq. (1) into Eq. (3), the yield stress value can be derived as,

σy �
√
3G �x

l
(4)

Furthermore, based on the conversion formulas, the shear modulus can be written
as,

G � E

2 (1 + ϑ)
(5)

where E represents the Young’s modulus, or known as the modulus of elasticity and
ϑ represents the Poisson’s ratio. By incorporating Eq. (5) into Eq. (4), the yield stress
value can be obtained as follows;

σy �
√
3 E �x

2 (1 + ϑ) l
(6)

Therefore, the Young’s modulus can be calculated as follows,

E � (2l (1 + ϑ)) σy√
3�x

(7)

where σy (yield stress) will be calculated using the Johnson-Cook material model,

σy � [
A + B (εP)n

] [
1 + C

[
ε̇P

ε̇0

]] [
1 −

[
TFSW − Troom
Tmelt − Troom

]m]
(8)

where εP , ε̇P and ε̇0 represent the effective plastic strain, the effective plastic strain
rate and normalizing strain rate respectively.Moreover, the room temperature (Troom)

is 25 °C and the AA6061-T6 melting temperature (Tmelt ) is 582 °C. A represents the
yield stress (546 MPa), B represents the strain factor (678 MPa), n represents the
strain exponent (0.71), C represents the strain rate factor (0.024) and m represents
the temperature exponent (1.56).
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2.2 Finite Element Modelling and Geometry

The FE model and the refined mesh near the stir zone are illustrated in Fig. 2. The
pin length was set to be 8 mm, while the diameter for the shoulder was 24 mm
and the shoulder plunge depth into the workpiece was considered to be 0.15 mm. It
should be noted that, a workpiece with a dimension of 200 mm (length)×100 mm
(width)×10 mm (thickness) was drawn.

ABAQUS® FE software is used for simulating the process, because it is recom-
mended as a suitable approach [19]. ALE formulation was used in the stirring zone to
prevent extremely large mesh distortions, while the Eulerian formulation was used to
fix the mesh of the other areas of the work piece. In addition, the three-dimensional
coupled thermomechanical hexahedral element (C3D8RT) with 8 nodes were used,
because in this kind of element nodes contains degrees of freedom and trilinear
displacement. Moreover, these elements have an hourglass control and a uniform
strain (the first order reduced integration). It needs to be mentioned that, the welding
tool has been assumed as a rigid body in which thermal degrees of freedom was
not considered. Furthermore, the temperature dependent values for the coefficient
of friction in a variety of 0.207089–0.00058, for the variation of the temperature
between the room temperature to the AA6061-T6 melting point obtained from the
literature [20–22]. A total of 9 models are studied in which three welding rotational
speeds (800, 1200 and 1600 RPM) and three different transverse speeds (40, 70 and
100mm/min) are employed.Moreover, the tool material was steel H13 andAA6061-
T6 was selected as the material for the welding plate. Tables 1 and 2 indicate all of
the materials properties and the process parameters respectively.

Fig. 2 The mesh and the boundary condition for the welding plate and the tool
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Table 1 Temperature dependent material properties

Temp (°C) Coefficient of thermal
expansion (°C)

Specific heat capacity
(J/Kg °C)

Density (kg/m3)

37.8 2.345E−005 95 2685

93.3 2.461E−005 978 2685

148.9 2.567E−005 1004 2667

204.4 2.66998E−005 1028 2657

260 2.756E−005 1052 2657

315.6 2.853E−005 1078 2630

371.1 2.957E−005 1104 2630

426.7 3.071E−005 1133 2602

Table 2 Mechanical properties of AA6061-T6 (temperature dependent)

Temp (°C) Thermal conductivity (W/mK) Poisson’s ratio

148.9 162 0.34

204.4 177 0.34

260 184 0.34

315.16 192 0.34

371.1 201 0.34

426.7 207 0.34

148.9 217 0.34

204.4 223 0.34

3 Results and Discussions

3.1 Mathematical Formulation Results

Basically, the initial point for the deformation of the material is highly depending
on the material shear stress, while the material shear stress highly depends on the
temperature. To clarify the point, thematerial yield stress point denotes the beginning
stretch point of the material. This issue means that, the deformation of molecules
or atoms inside the material will begin, if the shear stress of the material surpasses
to the yield stress point of the material. On the other hand, as mentioned earlier, it
should be also considered that the material final yield stress point highly depends on
the process temperature.

Figure 3 shows the Young’s modulus values calculated for the whole range of
the temperatures during the process. As can be seen, the values are compared with
published results [14–16]. The results show that, the values are very close to what has
been reported in the literature, proving the validity of theYoung’smodulus calculated
in the present work. This illustrations that the model can be used as a valid model
for introducing the relationship between the temperature and the Young’s modulus
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Fig. 3 A comparison between the calculated values of the Young’s Modulus with the published
results ([13–15])

for aluminum 6061-T6, in the temperature ranging from the room temperature to
the material melting point (580 °C). From the result, it can be concluded that as the
temperature increases, the Young’s modulus values fell in the range of 70–0.8 GPa.

3.2 Finite Element Results

Two sets of thematerial properties were applied in themodel for examining the effect
of the temperature-dependent material properties of AA6061-T6 in the transient
temperature. In the model one, constant Young’s modulus value (71.7 GPa) was
applied while in the second one temperature dependent values were applied. The
results of the two numerical models were compared with the results obtained in
experimental observations.

3.3 Error Percentage Results

Table 3 presents the comparison between the percentage of the error in twoFEmodels
with experimental measurements [20]. As shown, the error percentage in the second
model is decreased significantly.
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Table 3 The percentage of the error in different rotational (RPM) and transverse (mm/min) veloc-
ities

Welding parameter Model type Temperature °C Absolute error %

800 RPM–40 Mm/min Experiment 295.828 –

Model 1 261.312 13.2

Model 2 301.267 1.83

800 RPM–70 Mm/min Experiment 285.366 –

Model 1 268.107 6.4

Model 2 287.57 0.77

800 RPM–100 Mm/min Experiment 247.956 –

Model 1 231.101 7.2

Model 2 248.565 0.24

1200 RPM–40 Mm/min Experiment 304.592 –

Model 1 273.401 11.4

Model 2 305.529 0.30

1200 RPM–70 Mm/min Experiment 295.828 –

Model 1 278.609 6.1

Model 2 290.034 1.99

1200 RPM–100 Mm/min Experiment 296.551 –

Model 1 237.61 24.8

Model 2 288.301 2.86

1600 RPM–40 Mm/min Experiment 357.146 –

Model 1 284.403 25.5

Model 2 365.044 2.16

1600 RPM–70 Mm/min Experiment 338.173 –

Model 1 295.15 14.5

Model 2 344.461 1.85

1600 RPM–100 Mm/min Experiment 308.893 –

Model 1 258.503 19.4

Model 2 318.005 2.86

Themaximumerror percentage in themodel onewas approximately 13.2% for the
rotational velocity of 800 RPM and the transverse velocity of 40mm/min, while after
applying the calculated values in the model, it was decreased to 1.83%. Furthermore,
the smallest percentage (0.24%) was obtained in the second model in which the
rotational velocity was 800 RPM and the transverse velocity was 100 mm/min.

Meanwhile, for the rotational speed of 1200 RPM, the maximum error percentage
value at the transverse speed of 40 mm/min was approximately 11.4%, however it
decreased to 0.3%, after applying the calculated Young’s modulus values in the
second model. The percentage of the error in the second model lightly increased to
1.99 and 2.86% as the transverse speed increases from 70 mm/min to 100 mm/min.
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As the rotational velocity rose to 1600 RPM, the percentage of the error in all
specimens had also increased. Similar to the rotational speeds of 800 RPM and the
1200 RPM, the maximum error percentage was found in the transverse speed of
40 mm/min (about 25.5%), which was decreased to 2.16% in the second model. It
was also detected that, after applying the temperature dependent values, theminimum
value of the error percentage was observed in the transverse speed of 70 mm/min
around 1.85% present. As the transverse speed increased to 100 mm/min, the per-
centage of the error also increase up to 2.86%. Consequently, the results of all models
show that the increase in the rotational and transverse velocity increases the error
percentage.

3.4 Temperature Results

As observed in Fig. 4, the temperature in the model one (with constant Young’s
Modulus) is always less than the experimental results. This could happen, because
of the inaccuracy in the defined input parameter due to the lack of the material
data. Conversely, more accurate results are contained in the second model where the
temperature dependent Young’s modulus values were used, and the gap between the
predicted temperature values and the experimental measurements is decreased.

Fig. 4 A comparison between the FE models and experiments in the temperature field



12 B. Meyghani et al.

4 Conclusions

The results presented showed that Young’s modulus is one of the key properties of
the material in FSW simulation and the temperature dependent values of the Young’s
modulus significantly reduce the gap between reality and the model simulation.

The following findings of this study are the summarize as below,

• This study has shown that the increase in temperature from 25 °C to the AA6061-
T6 melting point 580 °C, results in the decrease of the Young’s modulus in the
range of 70–0.8 GPa.

• According to the experimental measurements, the peak temperature measured
at the mid position of the weld (around 365 °C), at the transverse velocity of
40 mm/min and the rotational velocity of 1600 RPM.

• Compared to the experiments, the results of the first FE model showed that at
the transverse velocity of 40 mm/min and the rotational velocity of 1600 RPM,
the temperature was around 284 °C with the absolute error of 20.36%, while the
temperature in the second model with the same process parameter was 365 °C
with an absolute error of 2.21%. This issue confirms that the second model has a
higher accuracy.

• The results also indicated that during all steps of the welding, the temperature is
always lower than the melting temperature of 6061-T6 aluminium alloy which is
at 580 °C.
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The Effect of Pin Profiles and Process
Parameters on Temperature and Tensile
Strength in Friction Stir Welding
of AL6061 Alloy

S. Emamian, M. Awang, F. Yusof, Patthi Hussain, Bahman Meyghani
and Adeel Zafar

Abstract The main source of the heat generation during the Friction Stir Welding
(FSW) is the friction force between tool and workpiece and the plastic deformation.
The geometry of the tool including the pin and the shoulder highly affects the friction
force. In this study, the effects of different pin profiles with different rotational and
traversing speed are evaluated in order to obtain the optimum pin profile using heat
generation and tensile strength. Three different rotational speed and welding speeds
are applied with threaded cylindrical, conical, stepped conical and square pin pro-
files. Thermocouples K type have been embedded in order to record the temperature
during the welding at the advancing and the retreating side. Moreover, tensile test
and microstructure analysis are performed in order to study the microstructure. The
results of experimental process and design of experiments are correlated well. The
better joint produced with threaded cylindrical tool pin profile with rotation speed of
1600 rpm and welding speed of 40 mm/min.

Keywords FSW · Pin profile · Friction stir welding · Heat generation · Tensile
strength

1 Introduction

Friction Stir Welding (FSW) was invented and patented by Thomas et al. at The
Welding Institute (TWI) [1, 2]. There are three stages in the process plunging;welding
stage and plunging out step. In the plunge stage, FSW tool which is made up of a pin
and a shoulder, penetrates the plates. In some cases, there is a dwell time in which
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the rotating tool remains at the plate without forward motion. In the welding stage,
the rotating tool moves forward along the welding seam in order to form a weld bead
[3, 4]. The schematic of FSW is shown in Fig. 1 [5].

Although all of the welding stages are significant, the significance of the plunging
stage is more than other stages, because the main part of the heat will be generated
at this stage and the workpiece will be affected extremely by high temperature and
stresses [6]. It should be noted that most tool wear occurs during plunge stage due to
the high load and flow stress [7, 8]. In FSW, the parameters that influence quality of
joint and reduce toolwear are rotational speed and traverse speedwhile itwas reported
that the influence of the geometry of the tool ismore than the abovementioned process
parameters [9, 10]. The geometry of the tool is separated into two different parts of
shoulder and pin whereby both have a significant effect on the material flow and
the welding temperature. Among all shapes that scholars considered, some of them
are not compared with each other in the literatures [11–21]. To illustrate, Patil and
Soman [13] only utilized Tri-flute and taper screw during different welding speeds.
In the same way, [16] investigated different pin profiles in which the square profile
was absent. [22] studied the influence of the pin profiles and the shoulder diameter
on the formation of FSW stirring zone. They found that the square pin profile with
18 mm shoulder diameter have better weld quality in comparison with other pin
profiles. In other research, they investigated the influence of the different pin profiles
and the welding speed during the FSW. Their results indicated that the square pin
profile produced defect free weld compared to other pin profiles [12].

[23], studied the influence of different pin profiles on the metallurgical and
mechanical properties ofAl-MetalMatrixComposite. They concluded that the square
pin profile has better tensile strength in comparison with other pin profiles. However,
the threaded cylindrical was not involved in their study. [24], investigated the effect
of the different pin profiles on the mechanical properties of FSW of pure copper.
Their results showed that the square pin profile have higher mechanical properties
and better grain structure in comparison with the threaded cylindrical.

There are many considerable experimental and numerical studies on FSW of dif-
ferent alloys. [25] comprehensively reviewed the friction stir processes. [26] reviewed

Fig. 1 Schematic of friction
stir welding [3]
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Fig. 2 Different pin profiles. a Conical. b Square. c Threaded cylindrical. d Stepped conical

the structure and the properties of FSW. [27] gave a broad review of numerical anal-
ysis of FSW. [28] reviewed the different pin profiles. [29] studied finite element
modeling approach for Friction Stir Spot Welding (FSSW) on Al6061. They applied
adaptive mesh to reduce the high distortion during simulation. Besides, [30] con-
sidered the plunge stage using numerical modeling and experimental. They utilized
Al2024 alloy for the experiment.

The critical part of FSW is the pin profile, because it affects the welding quality.
Therefore, regarding the review of literature, in this paper, four FSW tool pin profile
have been selected including; square (s), threaded cylindrical (TC), stepped conical
(SC), and conical (C). Figure 2 shows the schematic of profiles.

An appropriate design of the tool (especially the pin profiles) is able to generate
proper heat and mixing the plasticized materials. Another significant factor which
affects the heat generation is the process parameters such as rotating speed, traveling
speed [25]. In this paper, in order to optimize the pin profile of FSW tool and process
parameter during FSW, the thermomechanical behavior of the welded samples has
been studied in detail.

2 Methodology

2.1 Experimental Set up

As mentioned earlier, four different pin profiles were selected for experiments. The
heat treated H13 steel was used as the tool material and the workpiece AA6061-T6
with the dimension of 100 mm×100 mm×10 mm has been clamped. The chemical
composition of a workpiece and the tool is shown in Table 1.
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The experiments were performed by FSW-TS-F16 friction stir welding device
host machine. The single pass welding procedure has been used to fabricate the
joints. The heat treatment operation is done on the FSW tool. The first step of the
heat treatment is preheating cycle. According to the standard, ASTME8 temperature
for preheating is around 760 °C, held for 15 min. Then, it is soaking cycle in the
austenite formation zone inwhich the temperature is raised up to 1010 °C and held for
30 min. After the soaking cycle, the tool is removed from the furnace and cooled to
65 °C, when the furnace has reached a temperature of 565 °C, the tools are allowed to
a temper for 2 h [31]. Three rotational speeds and three traverse speeds were selected
to evaluate the temperature during different speeds that are listed in Table 2. In order
to record the temperature during the welding, thermocouples (K type) are embedded
in the advancing side and retreating sides with the specified distance. Figure 3 shows
the position of the thermocouples.

Table 2 Welding parameters and tool dimension

Process parameters Values

Rotational speed (rpm) 800, 1200, 1600

Traveling speed (mm/min) 40, 70, 100

Axial force (kN) 7

Pin length (mm) 8

Tool shoulder diameter (mm) 24

Pin diameter (mm) 8

Fig. 3 Workpiece and thermocouples position
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2.2 Microstructure Analysis

Microstructure analysis of FSW joints is performed as per ASTM to optimize the
tool pin profile. In order to cut the samples, a wire cut machine has been used.

Then, the samples are grinded to remove material deformed produced from sec-
tioning. Grinding process is followed by the polishing process. Polishing is removing
the scratches from the surface of specimens to prepare them for the etching process.
In order to perform etching, the specimens are immersed into Keller’s reagent for
10–20 s. The chemical composition of Keller’s reagent are listed in Table 3 [32, 33].

2.3 Tensile Test

Tensile test is performed using a universal testing machine 50KNAmsler HA50 with
standard ASTM: E8/E8M with constant crosshead speed of 0.9 mm/min. Tensile
testing is a fundamental material science test that is subjected to a controlled tension
force until the fracture. The results from the test are commonly used to select a
material for an application, to control the quality of the weld, and also to predict the
fraction of the material under different types of forces. Properties that are directly
measured during a tensile test are ultimate tensile strength, maximum elongation and
reduction in area. Tensile test performed using a universal testing machine with
standard ASTM: E8/E8M utilized for tensile and performed with constant crosshead
speed of 0.9 mm/min. Figure 4 shows the schematic of tensile samples for the test
according to ASTM E8.

Table 3 Chemical composition of Keller’s reagent

Keller’s reagent

Composition HF HCl HNO3 Water

Volume (ml) 2 3 5 190

Fig. 4 Schematic of tensile test sample and dimension



The Effect of Pin Profiles and Process Parameters on … 21

2.4 Design of Experiment (DOE)

Design of experiments (DOE) is a systematic method in order to determine the rela-
tionship between factors affecting in a process and also to find the cause-and-effect
relationships. Basically, DOE is a statistical technique for analyzing and organizing
the experiments [34]. In DOE, the factors comprise of different parameters which
are controlled by researchers, meanwhile the responses make up the dependent vari-
able, which in this case, refers to productivity. To implement a DOE technique, some
steps need to be followed such as: choosing the factors and their levels, choosing a
response variable, choosing the experimental design, performing the experiments,
analyzing the data, and promoting the best option [35].

In this research, the general factorial design has been selected for evaluating the
effect of the several parameters on the heat generation and peak stress. In the first
step for conducting the results. Table 4 and Table 5 show the factors and their levels
for the heat generation and the stress respectively.

Table 4 Factors and levels for heat generation

Factors Levels

Pin profile (A) 1 2 3 4

Square Threaded
cylindrical

Stepped conical Conical

Rotational
speed—rpm (B)

800, 1200, 1600

Welding
speed—mm/min
(C)

40, 70, 100

Table 5 Factors and levels for peak stress

Factors Levels

Pin profile (A) 1 2 3 4

Square Threaded
cylindrical

Stepped conical Conical

Rotational
speed—rpm (B)

800, 1600

Welding
speed—mm/min
(C)

40, 100
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3 Results and Discussion

3.1 Heat Generation

Investigation of the heat generation in FSW is a complicated phenomenon and needs
to be compared with the experimental data. In this study, heat generation of different
parameters such as rotational speed, welding speed and tool pin profiles are investi-
gated. Figure 5 illustrates the results of heat generation during FSW for advancing
and retreating sides. These histograms show the maximum temperature from eight
thermocouples for 36 sample welds. Highest temperature obtained from rotation
speed of 1600 rpm for all pin profiles. For instance, for the threaded cylindrical
tool pin profile, as the welding rotation speed increases from 800 to 1600 rpm, the
temperature increases from 247.95 to 357.14 °C.

The Figure shows the relation of different parameters. As the welding increases
from 40 mm/min to 100 mm/min, the temperature drops from 357.14 to 247.95 °C.
This happens due to the reduced heat input per unit length and dissipation of heat over
awider region ofworkpiece at higherwelding speed.On the other hand, by increasing
the rotation speed, temperature would be increased. As the welding rotation speed
increases from 800 to 1600 rpm, the temperature increases from 203 to 459.6 °C for
the threaded cylindrical tool pin profile in the advancing side. This happens due to
friction between tool and workpiece that generate more heat. Moreover, surface area
of the tool effects heat generation. In this study, square pin profile produced a higher
temperature around 460 °C due to its surface shape that creates more friction during
FSW.

Fig. 5 Maximum temperature for different pin profiles
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Fig. 6 Temperature graphs from different pin profiles

Advancing side in FSW process is the location from where the solid material
starts to transform into semi-solid one and flows around the tool pin plunged into the
material. The semi-solid material retreated and cooled in the retreating side. There-
fore, advancing side hasmore solid state nature at any point of time/location compare
to retreating side during FSW process. Therefore, advancing side should generate
higher friction stress (unbalanced frictional force) which ultimately generates more
heat and raises the peak temperature. Moreover, advancing side produced higher
temperatures in comparison with retreating side due to pushing the material at the
first connection and forwarding it to retreating side.

Temperature under the shoulder is higher due to high energy density. The peak
of the temperature is about 80% of the material melting point 582–652 °C. From 36
welded samples, those where generates highest temperatures compared with each
other to analyze heat generation during FSW with different pin profiles. Figure 6
shows the combined graphs. As can be seen in the Figure, square pin profile produced
a higher temperature around 450 °C due to its surface shape that creates more friction
during FSW.

During the welding process, the shoulder was the same, but pin profiles changed
with different speeds. We could obtain different temperatures from different speeds.
However, the graphs show that differences between peak temperatures of samples
welded by different pin profiles are very little and not significant. According to
Eqs. (1) and (2), pin profile affects heat generation.

Q1 � 2/3πτcontactω
(
R3
shoulder − R3

pin

)
(1 + tanα) (1)

Q2 � 2πτcontactωR2
pin Hpin (2)
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Fig. 7 Microstructure of advancing and retreating side. a Advancing side of stepped conical pin
profile. bAdvancing side of conical pin profile. c Advancing side of threaded cylindrical pin profile
with rotation speed of 1600 rpm and welding speed of 100 mm/min. d Advancing side of threaded
cylindrical pin profile with rotation speed of 800 rpm andwelding speed of 40mm/min. eRetreating
side of stepped conical. f Retreating side of conical pin profile. g Retreating side of threaded
cylindrical with rotation speed of 1600 rpm and welding speed of 100 mm/min. h Retreating side
of threaded cylindrical with rotation speed of 800 rpm and welding speed of 40 mm/min
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Equations (3) and (4) give the local heat generation rate due to friction and defor-
mation work respectively.

de f � δ (rω −U sin θ) μ f pd A (3)

des � (1 − δ) (rω −U sin θ) τyd A (4)

where δ is the extent of the slip, μ f is the friction coefficient, μs is the shear yield
stress and p is the local pressure applied by the tool on the elemental area d A.When δ

is 1, no material sticks to the tool and all the heat is generated by friction. In contrast,
when δ � 0, work-piece material sticks to the tool and all the heat is generated by
plastic deformation [36, 37].

According to the results of the experiment, higher temperature is generated from
higher rotational speed and lower temperature comes from lower traverse speed.
Therefore, increasing the rotational speed will increase the temperature and increas-
ing the welding speed will reduce temperature that proved with other researches that
studied in literature review. Moreover, the highest temperature is from a square pin
profile that can be demonstrated with its surface area connection with the materials.

3.2 Microstructure Analysis

The etched specimens are examined using optical microscope Leica MC170 HD and
the grain size of the cross section of the joints are analyzed. The cut specimens are
immersed into Keller’s reagent for 10–20 s for the etching process. Finally, Scanning
Electron Microscope (SEM) is used in order to investigate the microstructure.

It is notable that all microstructures of threaded cylindrical are homogenous and
there are no significant differences between advancing and retreating side. Due to
utilizing threaded shapes during FSW mixing of the materials is higher and also the
grain size is better. The role of the pin profile for making the microstructure is not
inevitable. The results showed that, the threaded cylindrical made a homogeneous
microstructure in FSW in comparing with conical and stepped conical profiles. Dur-
ing FSW, the temperature variation is very high, therefore, the recrystallization of
samples is not complete and are broken or are in the shape of a pancake. As per
discussion earlier about the heat generation by increasing the rotational speed, the
temperature is also increased and thus, the microstructure should be coarse. On the
other hand, by increasing the welding transverse speed, the temperature falls down
and thus the microstructure is finer.

A comparison between different microstructures at the stir zones in advancing
and retreating sides under the various FSW conditions is shown in Fig. 7a–h. Figures
(a) and (b) are related to advancing and retreating side of the conical profile with
rotation speed of 1600 rpm and welding speed of 40 mm/min. Figures (c) and (d) are
microstructure of square profiles. Threaded cylindrical shown in figures (e) and (f)
and stepped conical is shown with figures (g) and (h). The results indicated that the
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Table 6 Grain size of joints in various samples

Pin profile Rotational speed
(rpm)

Welding speed
(mm/min)

Grain size (µm)

AS RS

Stepped conical 800 100 38.9 34.7

Conical 800 40 49.3 43.3

Threaded
cylindrical

1600 100 32.26 31.8

Threaded
cylindrical

800 40 39.8 33

microstructure of the sample with rotational speed of 1600 rpm with 100 mm/min
welding speed is finer.

As per discussion earlier about heat generation by increasing rotational speed,
temperature would be increased. Therefore, the microstructure should be coarse.
On the other hand, by increasing the welding speed, temperature falls down and
microstructure would be coarse again. Table 6 indicates the grain sizes.

The role of pin profile for making the microstructure is not inevitable. Threaded
cylindrical made a homogeneous microstructure in FSW in comparing with conical
and stepped conical profiles.

In comparing with mechanical test and heat generation, sample with rotational
speed of 1600 rpmwith 100mm/min welding speed produced sounds joint with finer
microstructure.

3.3 Tensile Strength Analysis

After analyzing the microstructure, as can be seen in Fig. 8 some of the samples
produced wormholes, therefore among 36 samples only 11 samples are Defect-free,
and were selected for the tensile test. As mentioned earlier, these samples were tested
using a universal testing machine with standard ASTM: E8/E8M utilized for tensile
and performed with constant crosshead speed of 0.9 mm/min. Transverse tensile
properties of FSW joints such as yield strength, tensile strength, and percentage
of elongation have been evaluated. Table 7 illustrates the mechanical properties of
selected samples. In another aspect, primary parameters such as welding speed has
a significant role in tensile properties.

As shown, maximum tensile strength (73.91% of parent material) is observed
in that specimen in which the threaded cylindrical profile with rotational speed of
1600 rpm and welding speed of 100 mm/min is used. In contrast, the inferior prop-
erties belong to conical pin profile with the rotational speed of 800 rpm and the
transverse speed of 40 mm/min. Therefore, lower tool rotational speeds produced
insufficient intermixing. Thus, the mechanical strength will decrease at lower rota-
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Fig. 8 Wormhole in FSW samples

Table 7 Tensile properties of 11 samples

Samples 0.2% yield strength Tensile strength (MPa) Elongation %

Conical (800-40) 113.50 180.45 6.25

Stepped conical
(800-100)

129.70 188.21 5.10

Threaded cylindrical
(800-40)

112.02 200.70 8.6

Threaded cylindrical
(800-70)

125.63 212.22 7.66

Threaded cylindrical
(800-100)

130.76 213.17 5.14

Threaded cylindrical
(1200-40)

112.30 201.23 8.84

Threaded cylindrical
(1200-70)

124.32 210.04 7.87

Threaded cylindrical
(1200-100)

131.50 193.84 3.88

Threaded cylindrical
(1600-40)

109.91 186.39 5.85

Threaded cylindrical
(1600-70)

121.32 208.21 8.67

Threaded cylindrical
(1600-100)

132.77 230.359 5.78

tional speeds [38]. Moreover, it is observed that by increasing the welding speed,
tensile strength will be increased. In another aspect, primary parameters such as
welding speed have a significant role in the tensile properties.

Table 8 shows the tensile properties of those specimens in whichmaximum heat is
generated. These results showed that increasing the rotation speed can increase tem-
perature. On the other hand, by reducing the welding transverse speed temperature
is also increased.
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Table 8 Tensile properties of FSW joints with maximum heat generation

Samples 0.2% yield strength Tensile strength (MPa) Elongation %

Conical (1600-40) 113.50 141.246 5.68

Square (1600-40) 129.70 104.841 2.213

Threaded cylindrical
(1600-100)

132.77 230.359 5.78

Stepped conical
(1600-40)

125.63 140.458 7.66

3.4 Design of Experiments Analyzes

3.4.1 Statistical Analysis for Heat Generation and Peak Stress

After choosing the factors, levels and the experimental parameters, data collection
needs to be conducted by doing the experiments. As mentioned earlier by using
general factorial design method, 36 conditions for the heat generation and 16 exper-
iments for the peak stress are optimized. In order to decrease potential errors, two
replicates for the heat generation and the peak stress is assumed. Therefore, as can
be seen in Table 9 the numbers of the experiments for heat generation is equal to 72
(The number of experiments�4 * 3 * 3 * (2 replicates)�72).

As illustrated in Table 10, the number of the experiments for peak stress is equal
to�4 * 2 * 2 * (2 replicates)�36.

3.4.2 Determining of Significant Factors for Heat Generation

In this study, Expert-design software is used for conducting statistical analyses.
The result of ANOVA for the heat generation and the peak stress are presented in
Table 11. Basically, P-value is a significant parameter that is usually used to identify
the statistically significant factors due to it has influenced thefinal responses. It should
be noted that, whenever P-values are less than 0.05, factors should be considered
as significant. In contrast, when P-values are more than 0.05, it should be assumed
as an insignificant factor [39]. Based on Table 5, the Model, F-value of 6526.42
implies that the model is significant. In addition, the P-values is less than 0.0500
which indicate the model terms are significant. In this case A, B, C, AB, AC, BC,
ABC are significant model terms.

Table 12 verifies the accuracy of the model. As can be seen in the table, The
“Pred R-Squared” of 0.9994 is in reasonable agreement with the “Adj R-Squared” of
0.9997. “Adeq Precision” measures the signal to noise ratio that a ratio greater than
4 is desirable. So ratio of 262.871 indicates an adequate signal.
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Table 9 Result of Experiments for heat generation

Run Pin profile (A) Rotational
speed—rpm
(B)

Welding
speed—mm/min
(C)

Heat generation (°C)

Advancing
side

Retreating
side

1 Square 800 40 262.1 260

2 Threaded cylindrical 800 40 263 262

3 Stepped conical 800 40 255 253

4 Conical 800 40 250.4 246.2

5 Square 1200 40 309 309

6 Threaded cylindrical 1200 40 315 315

7 Stepped conical 1200 40 284.7 283

8 Conical 1200 40 280.2 277.6

9 Square 1600 40 460 458

10 Threaded cylindrical 1600 40 440 438

11 Stepped conical 1600 40 332 328

12 Conical 1600 40 320.6 316

13 Square 800 70 247.5 246

14 Threaded cylindrical 800 70 240 239.5

15 Stepped conical 800 70 240 238

16 Conical 800 70 231.2 230

17 Square 1200 70 290.7 288

18 Threaded cylindrical 1200 70 280 281

19 Stepped conical 1200 70 260.8 259

20 Conical 1200 70 240.2 239

21 Square 1600 70 440.6 441

22 Threaded cylindrical 1600 70 455 452

23 Stepped conical 1600 70 307.2 300

24 Conical 1600 70 259.7 252

25 Square 800 100 202.3 200

26 Threaded cylindrical 800 100 203 202.8

27 Stepped conical 800 100 202.3 200

28 Conical 800 100 207.16 202.2

29 Square 1200 100 220.4 219

30 Threaded cylindrical 1200 100 250 248.7

31 Stepped conical 1200 100 220.3 219

32 Conical 1200 100 210.7 207.6

33 Square 1600 100 405 400

34 Threaded cylindrical 1600 100 459.6 460

35 Stepped conical 1600 100 300 300

36 Conical 1600 100 220 219
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Table 10 Result of experiment for peak stress

Run Pin profile (A) Rotational
speed—rpm
(B)

Welding
speed—mm/min
(C)

Peak stress (MPa)

Advancing
side

Retreating
side

1 Conical 800 40 121.414 135

2 Stepped conical 800 40 178.561 160

3 Square 800 40 117.496 123

4 Threaded cylindrical 800 40 200.709 213

5 Conical 1600 40 141.246 161

6 Stepped conical 1600 40 140.458 149

7 Square 1600 40 104.841 123

8 Threaded cylindrical 1600 40 186.392 196

9 Conical 800 100 170.94 176

10 Stepped conical 800 100 188.218 225

11 Square 800 100 153.274 143

12 Threaded cylindrical 800 100 213.73 230

13 Conical 1600 100 180.456 173

14 Stepped conical 1600 100 131.943 138

15 Square 1600 100 136.556 125

16 Threaded cylindrical 1600 100 230.359 245

Table 11 ANOVA result for heat generation

Source Sum of
square

DF Mean
square

F value P-value Remarks

Block 14.07 1 14.07

Model 4.376E+005 35 12502.97 6526.42 <0.0001 Significant

A 76208.97 3 25402.99 13260.09 <0.0001 Significant

B 2.313E+005 2 1.157E+005 60378.54 <0.0001 Significant

C 42508.87 2 21254.43 11094.59 <0.0001 Significant

AB 80365.51 6 13394.25 6991.66 <0.0001 Significant

AC 2262.53 6 377.09 196.84 <0.0001 Significant

BC 1475.16 4 368.79 192.50 <0.0001 Significant

ABC 3328.41 12 277.37 144.78 <0.0001 Significant

Residual 67.05 35 1.92

Lack of Fit 67.05 34 1.97

Pure Error 0.000 1 0.000

Cor Total 4.377E+005 71
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Table 12 Model accuracy

Std. Dev. 1.38 R-squared 0.9998

Mean 286.88 Adj R-squared 0.9997

C.V. 0.48 Pred R-squared 0.9994

Press 284.21 Adeq precision 262.871

Fig. 9 Normal plot of residual

3.4.3 Residual Analysis

The residual versus predicted value and normal probability plots are two significant
graphical approaches that were used in order to check the validity of the regression
model [40]. The results of the residual versus predicted value shows that the difference
between the predicted values and the observed values. If the residuals have a regular
pattern, it will infer that the suggested model is not adequate. Moreover, residuals
in normal probability plot should be laid in a straight line [41]. As can be seen in
Fig. 9, the straight line confirms that the model is adequate and correct. Moreover,
the structure less pattern of the residual versus predicted value confirms that the
developed model is adequate (Fig. 10).
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Fig. 10 Residual versus predicted value

3.4.4 Peak Stress

Determining of Significant Factors

Table 13 shows the result of ANOVA for the peak stress. As can be seen, factors A,
B, C and interactions AB and ABC are significant and have a considerable effects
on the peak stress.

Tabel 14 indicates that the “Pred R-Squared” of 0.8533 is in reasonable agreement
with the “Adj R-Squared” of 0.9355. Also “Adeq Precision” measures the signal to
noise ratio that a ratio greater than 4 is desirable. So ratio of 18.276 reveals an
adequate signal.

3.4.5 Residual Analysis for Peak Stress

As can be seen in Fig. 11, the straight line confirms that the model is adequate and
correct. Moreover, the structure less pattern of the residual versus predicted value
confirms that the developed model is adequate and has a constant error (Fig. 12).
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Table 13 ANOVA result for peak stress

Source Sum of
square

DF Mean
square

F value Prob>F Remarks

Block 438.13 1 438.13

Model 43647.15 15 2909.81 30.01 < 0.0001 Significant

A 30756.93 3 10252.31 105.75 < 0.0001 Significant

B 1093.85 1 1093.85 11.28 0.0043 Significant

C 5236.71 1 5236.71 54.02 < 0.0001 Significant

AB 4155.39 3 1385.13 14.29 0.0001 Significant

AC 546.39 3 182.13 1.88 0.1766 Notsignificant

BC 267.99 1 267.99 2.76 0.1171 Notsignificant

ABC 1589.90 3 529.97 5.47 0.0097 Significant

Residual 1454.20 15 96.95

Cor total 45539.48 31

Table 14 Model accuracy for peak stress

Std. Dev. 9.85 R-squared 0.9678

Mean 165.99 Adj R-squared 0.9355

C.V. 5.93 Pred R-squared 0.8533

Press 6618.24 Adeq precision 18.276

3.4.6 Optimum Condition

The results of experiment and design of experiments have a good correlation. In most
samples, advancing side produced higher temperature. Higher temperature obtained
from square pin profile as discussed earlier due to its shape and geometry of contact
area. However, from the experiments, we found that threaded cylindrical produced
higher quality joints. It is observed that in some cases that temperatures are not exactly
the same as DOE results because of some technical errors while getting temperature
from thermocouples. Moreover, the results indicated that the highest tensile strength
comes from threaded cylindrical with rotation speed of 1600 rpm and welding speed
of 100 mm/min.

For the heat generation, the actual factor for the welding speed is obtained at
100 mm/min. Table 15 indicates the optimum parameters for heat generation and
peak stress. The maximum temperature was 459.8 °C for the threaded cylindrical
and rotation speed of 1600 rpm. Moreover, the stress of 237.68 MPa is obtained for
threaded cylindrical.
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Fig. 11 Normal plot of residuals

Fig. 12 Residual versus predicted value
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Table 15 Optimum parameters from DOE

Heat generation

Optimum
parameters

Pin profile Rotation
speed (rpm)

Welding
speed
(mm/min)

Temperature
(°C)

Desirability

Threaded
Cylindrical

1600 100 459 0.99

Peak stress

Optimum
parameters

Pin profile Rotation
speed (rpm)

Welding
speed
(mm/min)

Stress(MPa) Desirability

Threaded
cylindrical

1600 100 237.68 0.94

4 Conclusion

Experimental analyses and DOE are performed by different rotational and welding
speeds with various pin profiles. During experimental step 11 samples are approved
for further studies due to absence of weld defect.

• In regard to heat generation, the results of experimental and DOE are almost
similar.

• Increasing the rotational speed will increase temperature. On the other hand, by
increasing the welding speed, temperature comes down.

• Highest strength produced with higher rotational speed due to better intermixing
of the materials during the welding process.

• In aspect of microstructure, With the increase of rotational speed, the welding
speed grain size would be bigger. Moreover, pin profiles have an influence on the
microstructure and grain size after welding.

• The results of experiments and DOE for heat generation, tensile test and
microstructure analysis indicate that sounds joint produced with threaded cylin-
drical tool pin profile with rotation speed of 1600 rpm and welding speed of
100 mm/min.
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The Effect of Argon Shielding Gas Flow
Rate on Welded 22MnB5 Boron Steel
Using Low Power Fiber Laser

Khairul Ihsan Yaakob, Mahadzir Ishak and Siti Rabiatull Aisha Idris

Abstract This study deals with an investigation of shielding gas flow rate on con-
tinuous wave (CW) and pulse wave (PW) mode of welded boron steel (22MnB5)
using low power fiber laser. Argon gas is selected as shielding gas. The observation of
welding surface, geometry, microstructure and hardness distribution were carried out
with different shielding gas flow rate from 5 to 25 L/min. The result found 15 L/min
is the optimum argon shielding gas flow rate to produce good weld surface and
deeper penetration which is apparent in PW mode application. The microstructure
and mechanical properties are not affected by shielding gas flow rate. It is majorly
influenced by thermal experience during particular welding process.

Keywords Welding · Laser processing · Boron Steel · Light weight

1 Introduction

Boron steel (22MnB5) is one type of Advance High Strength Steel (AHSS) replacing
the usage of high-strength steel (HSS) material used in car body [1, 2]. The joining
method for automotive component shows the interest in laser welding due to its deep
penetration, high speed, and small heat affected zone especially by using fiber laser
[3–10].

In laser welding process, the shielding gas is commonly fed into the weld area
by side nozzle which is responsible for protecting the weld pool against weld atmo-
sphere, protecting the optics from spatter and also suppressing the plasma plume
[11]. The plasma plume by the mix of metal vapor from keyhole and shielding gas
composed of ionized gas, moltenmetals, slags, vapors and gaseous atom. In 2010 [1],
plasma plume was found could influence the processing condition through absorp-
tion of the laser radiation and change the energy transfer from the laser beam to the
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material. In 2011 [2], reported that the Helium have the best ability in suppressing
the plasma formation for CO2 laser welding after comparing with several types of
gasses. He also stated that Argon would produce larger plasma plume due to its
heavy properties and low ionization potential depending on laser power. Those find-
ings were based on the CO2 laser which was highly affected by the plasma plume
formation; different from the solid state laser usage which has a smaller wavelength.

In the previous finding [3], it stated that the plasma cloud is almost transparent to
a small wavelength of lasers such as Nd:YAG and Fiber laser. However, the trans-
parency of plasma cloud with a small wavelength laser will reduce by decreasing the
welding speed due to insufficient to leave the plasma behind. Another plasma plume
optimization by using Nd:YAG laser was done by [12]. They also reported that the
ionization potential of process gas has no obvious importance in plasma plume con-
trol. The result of their study about the flow rate of shielding gas to remove plasma
plume depends on the gas properties such as weight and also shielding gas setup
parameters such as the nozzle size and positioning of the jet. Supported by the lat-
est finding [13], there is no effect of blowing distance. Moreover, the plasma size
decreased as the gas flow rate increased without affecting the stability of the key-
hole. Even though the small wavelength of laser type gives transparency of plasma
cloud, welding speed and gas flow rate is crucial in producing a high-quality weld-
ing; particularly in the application of low power laser which requires slower welding
speed.

So far, the investigation on the effect of shielding gas and optimization process
has been conducted using galvanized steel for automotive application. Yet, very
few studies have examined on the specific type of steel such as boron steel using
low power laser. Therefore, the objective of this present work is to determine the
effect of shielding gas flow rate on welded boron steel (22MnB5) using low power
fiber laser with continuous wave (CW) and pulse wave (PW) welding mode. The
bead on plate (BOP) welding is conducted using the various flow rate of Argon
gas for both welding mode. The observation on welding surface, penetration depth,
microstructure and hardness distribution is carried out.

2 Experimental Setup

1.6 mm thick of 22MnB5 was used in this study. The material composition of this
boron steel is shown in Table 1. Al–Si coating on the as-received material surface
was removed by using the surface grinding machine. The specimens were cut to
50 mm×50 mm dimension sufficient BOP welding.

Table 1 Material composition

Composition (%) C Si Mn P S Cr Ni B

Boron steel 0.26 0.30 1.24 0.016 0.003 0.20 0.016 0.004
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Fig. 1 Experiment setup

The IPG-YLM-QCW series of a fiber laser with an average power of 200 W was
used for CW and PWmode. Laser power and welding speed were fixed at 50% from
average power and 5 mm/s respectively for both welding mode. 1 ms of pulse width
and 60 Hz of pulse repetition rate were fixed for PW welding. The focal length of
this fiber laser is 200 mm. The focus point was placed on the top of the specimen’s
surface. The incident angle was set at 5° to avoid reflection of the beam. The diameter
of shielding gas nozzle was 6mm, and the nozzle tip distance to the beamwas 30mm
with 20° of angle. The experiment setup is shown as in Fig. 1. Argon was used as
the shielding gas, and its flow rate varied from 5 to 25 L/min as a variable process
parameter.

The welded surface observation was carried out using optical macroscope. For
depth, width and microstructure observation, optical microscope was used on the
prepared samples. The welded cross section samples were finely cut and mounted.
Then, the samples were grinded, polished and etched using 2% of Nital solution to
reveal themicrostructure. The width and depth from the observation of welding cross
section were taken based on the microstructure changes. By using similarly mounted
samples, the hardness test was conducted on optimum gas flow rate sample at 50%
of penetration depth across the welded area using 0.5 HV.

3 Results and Discussion

3.1 Surface Observation

Figures 2 and 3 show the surface of specimens with CW and PW welding with dif-
ferent shielding gas flow rate. It was observed that the welding surface of 5 L/min for
both welding modes show the burn mark with irregular weld width surface appear-
ance. The higher flow rate for CW welding shows the increasing of slag deposition
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Fig. 2 CW welding surface a 5 L/min, b 10 L/min, c 15 L/min, d 20 L/min, e 25 L/min

Fig. 3 PW welding surface a 5 L/min, b 10 L/min, c 15 L/min, d 20 L/min, e 25 L/min

on the weld surface. Unlike the PW welding where the slag deposition is almost
uniform, when the gas flow rate is increased.

The slag existence on the weld surface was due to an involvement of the plasma
plume. The plasma plume is composed of ionized gas, molten metals, slags, vapors
and gaseous atoms and molecules [14]. In this case, the slag from plasma plume
was deposited on the weld surface during the solidification process. The increasing
of gas flow rate will increase the volume of plasma plume over the welding surface
causing the amount of deposited slag to increase. However, the difference of slag
formation between CW and PW mode of weld might be due to the fluid flow and
surface tension on the molten pool shown in Fig. 4 [15].
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Fig. 4 Schematic for a PW, b CW welding

PWwelding is stationary weld and only faces the surface tension gradient caused
by a temperature gradient. It was supported by the fact that the weld pool freezes
between pulses. This effectwill produce the constant formation of slag on thewelding
surface. CW welding was also experiencing the same effect with additional weld
pool movement effect. The movements of molten pool drag the slag inside plasma
plume along the welding line. The increment of slag with higher gas flow rate lead
to an irregular amount of slag deposited on the molten pool surface, and it can be
apparently observed. However, the slag does not exist inside the molten pool and
might not affect the strength and properties of welding due to slag impurities.

Pertaining to the recentwork, the increment of the shielding gas flow rate increased
the pressure heading to the molten pool and created the chaos formation lead to the
non-uniform weld bead produced. This result can be observed in PW mode welding
with the non-uniform overlapped pulses at 20 and 25 L/min. The CWmode welding
was also affected by this condition where the turbulent formation of the molten pool
might blend the slag together and caused it to be deposited on the weld surface.

Pertaining to the recentwork, the increment of the shielding gas flow rate increased
the pressure heading to the molten pool and created the chaos formation lead to the
non-uniform weld bead produced. This result can be observed in PW mode welding
with the non-uniform overlapped pulses at 20 and 25 L/min. The CWmode welding
was also affected by this condition where the turbulent formation of the molten pool
might blend the slag together and caused it to be deposited on the weld surface.

3.2 Width and Depth Observation

Figure 5 shows the cross section of BOP welding of PW and CW mode. The pene-
tration of PW mode welding was higher compared to CW mode welding due to the
difference in peak power density. The values of peak power density for PW and CW
mode were calculated as 1.515 and 0.113 MW/cm2 respectively. In another point of
view, the interaction time is the heating time of the process on the weld centerline
which affects the penetration. In this study, interaction time of CWmode was higher
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Fig. 5 Welding cross section of 15 L/min Argon flow rate a CW, b PW

Fig. 6 Depth of penetration
versus flow rate a CW, b PW

compared to PWmode. Contradictory to the research from [15] which stresses on the
effect of interaction time between these two modes, the peak power density shows
significant influences in penetration compared to interaction time. However, high
interaction time in CW mode shows wider HAZ compared to shorter interaction
time of PW mode.

For the penetration observation, Fig. 6 shows the penetration depth of the CW
and PW mode welding with the increasing gas flow rate. The penetration depth
between CW and PW mode welding shows a similar pattern with a different value.
The increment of penetration starts at 5 L/min and stops at 15 L/min. The penetration
remains constant at 15 L/min and above.

The penetration pattern can be explained by the findings from the previous
research. The existence of plasma plume over the workpiece will reduce the penetra-
tion because the laser energywill be absorbed by the plasma plume and subsequently,
reducing the energy reach on the workpiece surface. The balance of energy will hit
the surface and create small penetration. However, the suitable amount of plasma
plume inside the molten pool is helpful by enhancing the absorption of laser energy
to the workpiece [4]. The Fiber laser has a small wavelength compared to CO2

laser. The smaller laser wavelength makes it easier to penetrate through plasma over
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keyhole and reduces the influence of the plasma plume. However, with lower speed,
reported below 17 mm/s, the laser beam is needed to encounter the plasma cloud,
and it will affect the energy reach to the surface and create a shallow penetration
[16]. The ionization potential of the process gas has no obvious importance in fiber
laser welding. This observation differs from what is commonly known for the high
power of CO2 laser welding (at travel speeds of less than 17 mm/s) where Helium
is, by far, the best process gas for plasma control due to its high ionization poten-
tial and thermal conductivity [17]. Thus, the most influenced factor that affected the
penetration on the recent study was the shielding gas flow rate.

From the results of the present study, the 5L/min of argonflow ratewas insufficient
to remove the plasma cloud over the surface causing the small penetration. With the
increasing gas flow rate, the volume of plasma cloud will reduce and also increase he
penetration. The maximum penetration shows the optimum volume of plasma plume
needed for the molten pool to enhance the penetration. The penetration achieved the
maximumvalue starting from 15 L/min and remained constant with an increasing gas
flow rate until 25 L/min. However, the high flow rate of shielding gas gave pressure
to the molten pool and created the unstable formation and bad weld surface. Thus,
the stability of molten pool needs to be parallel with the consistency of plasma plume
over the molten pool to enhance the penetration [13].

3.3 Microstructure and Mechanical Properties

The microstructure observation at fusion zone (FZ) and heat affected zone (HAZ)
remain the same with increasing shielding gas flow rate. However, the difference of
microstructure exists when comparing between CW and PW mode. Figure 7 shows
the microstructure of 15 L/min of CW mode and PW mode from FZ area across
HAZ. At FZ, both specimens show mainly martensite microstructure. Additionally,
CW mode specimen consisted of wider HAZ compared to PW mode and exposed
the coarse grain HAZ (CGHAZ).

Fig. 7 microstructure of 15 L/min samples for a CW, b PW mode across HAZ area
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Fig. 8 Hardness
distributions across weld
area for CW and PW mode

The mechanical properties of welded area are evaluated on hardness test. Figure 8
shows hardness pattern across the weld area for 15 L/min of the gas flow rate of
CW and PW mode. The hardness profile shows a reduction of hardness value at
the center of the weld. Wider weld area and huge hardness reduction is detected for
CW mode compared to PW mode. These hardness properties might vary due to the
microstructure transformation according to heat input and cooling rate during the
welding process.

The hardenability of boron steel is resulting from boron addition and strongly
related to the segregation behavior of boron which suppresses the ferrite segregation.
Non-equilibrium segregation is closely related to welding application due to cooling
rate influence. The segregation of boron initially increased and then decreased with
an increase in the heat input. It is due to the back-diffusion of boron as a result of
an increase in the exposure time at high temperature after non-equilibrium grain
boundary segregation. Moreover, its hardness also reduces with increase heat input
and slower cooling rate [18–21].

Relating to recent work, both FZ experienced peak temperature above the liquidus
temperature. The high heat input is responsible for hardness reduction in this area.
However, the hardness of CW mode welding is lower than PW mode. During CW
modewelding, FZexperience slower cooling rate compared toPWmode. It is because
molten pool of CWmode is dragged along weld area which delays the solidification
process and also reduces its cooling rate. This is in contrast with PW mode welding
which solidified faster in each pulse. Thus, the hardness degradation is less compared
to CW mode.

Meanwhile, at HAZ, CW mode produces wider area with CGHAZ existence
which mainly consists of hard lath martensite microstructure. It is due to high heat
input from FZ spread to this area and sufficient for austenite transformation. Thus,
it leads to higher cooling rate experienced in this area. Contrary to the small area of
mix grained HAZ (MGHAZ) which might consist of bainite at PW mode, the heat
input at FZ experienced very high cooling rate and the temperature spread to HAZ
area is insufficient for austenite transformation. Thus, the hardness of HAZ area for
PW mode is lower than CW mode.
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4 Conclusions

The purpose of current study is to determine the effect of shielding gas flow rate on
boron steel by using a low power fiber laser. The effect was determined by using
Argon gas on the welding surface and penetration depth including microstructure
and mechanical properties observation.

1. Plasma plume occurs at PW and CW mode. However, the effect is apparently
observed on welding mode with deep penetration.

2. Plasma plume phenomenon can be resolved by applying 15 L/min of argon
gas flow rate according to a sound characteristic of penetration depth and weld
surface.

3. Shielding gas flow rate does not affect the microstructure and hardness properties
of welded cross section. Thermal experience between PW and CW mode are
significant influencers in both characteristics.
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Effect of Bevel Angle and Welding
Current on T-Joint Using Gas Metal Arc
Welding (GMAW)

Z. A. Zakaria, M. A. H. Mohd Jasri, Amirrudin Yaacob, K. N. M. Hasan
and A. R. Othman

Abstract In this study, the effects of variouswelding parameters onwelding strength
in mild steel A36, welded by gas metal arc welding with fillet joint under 1F posi-
tion were investigated. The welding current and the angle of bevel are the variable
parameters, while welding speed was chosen as constant parameter. Each specimen’s
mechanical properties have been measured after the welding process, and the effects
of the welding parameters on the strength were investigated. Then, the relationship
between welding parameter and mechanical properties is determined. The project
used 8 specimens to be studied and to find the best welding parameters for mild steel
plate on fillet joint (1F position). Based on the mechanical tests performed, the best
welding parameters for the mild steel plate thickness of 5 mm T-joint fillet welds are
obtained; it was 120 A for weld current with no bevel angle.
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1 Introduction

Gas metal arc welding (GMAW) is one of the Arc Welding processes that is widely
used in the industries nowadays. GMAW is a process where the continuous fed of
the wire electrode or filler wire through the welding gun and the shielding gas on
the base metal and there will be no slag covering on created welding bead. GMAW
process was introduced to the industry in the late of 1940’s by Hobart and Devers.
Aluminium wire was the first electrode used and argon gas as the shielded gas. In
the early 1950’s the first GMAW process was developed for the steel metal by using
steel electrode by Lyubavshkii and Novoshilov, but due to high weld spatter, this
process was not very user friendly. As time passes, this process has been through lot
of innovate and now become one of the important welding process [1].

Butt, corner, tee, lap, and edge are the basic types of welding joint. The right
angle joint of two members are called tee joint. In cross section, letter “T” shape
appears for t joint and L-shape for the corner joints. This type of joint is under fillet
type of welding. The joining of two surfaces materials with the right angle shape in
triangle to each other is under fillet weld type. The effect of bevel angles and welding
current on the mechanical properties of fillet joint under 1F position was studied in
this research.

2 Literature Review

2.1 Welding Parameters

The proper choice of weld parameters can result in a high quality of weld. However,
these variables cannot be changed by single parameters only, and to achieve the
desired result, others parameters need also to be changed rather than changing one
variable only. A good set up of these variables or in the other word the best recipe
of the setting will result in high quality weld metal [2].

2.2 The Effect of Welding Current

The correct setting of current will not disappoint the end result. Too low current
setting may cause insufficient heat to melt the metal base. Thus it will make the
molten pool to be too small, pile up, and look irregular. However, if the current
setting is too high, it will cause the weld molten pool to be large and irregular due to
overheating and the fillet wire melting too fast [3].
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2.3 The Effect of Bevel Angle

It is discovered that better mechanical properties can result from the preparation of
the V-groove edge. Based on this case study, it is identified that more amount of
weldment deposit on material with V-groove edge compared to straight edge [4]. It
was suggested that smaller angle is better as long as the angle of groove can complete
a penetration groove [5].

3 Experimental Works

The material for the plate is mild steel or low carbon steel is ASTM A36. This type
of metal has high welding properties and it is eligible for punching, drilling grinding
and machining process. It is a common steel grade being used for structure. A36 has
high yield strength, thus making it have a high bending capability [6].

The specimens that are used to carry out this project are ASTM A36 low carbon
steel with the dimension of 70 mm × 300 mm × 5 mm flat bar as in Fig. 1. In this
project the joint type is t-joint and welded under 1F position with one sequence layer
on both side. 45° angle of bevel was selected to the variable in this project. The
welding machine that is used to perform this welding is PHOENIX 330 Expert Pulse
force Arc. This task or project used GMAWwelding process manually. The welding
process parameters distribution is shown as in Table 1. Three mechanical tests were
executed on the welded plate, tensile test, Brinell Hardness test and macro test.

Fig. 1 Welding test sample
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4 Testing

4.1 Tensile Test

Tension test is another word for the tensile test. It is a common type of mechanical
tests performed on material. When the material being pulled, the strength will be
measured by how much it will elongate. Then, the specimens were assembled with a
clamp or jig. The bolt and nut need to be used to ensure the clamp and the specimen
was strongly attached as in Fig. 2. Tensile test machine by Victor brand was used to
complete this test. The total specimens for tensile test in this project were 27 pieces
for each panel. All of these were done with the additional clamp or jig with the speed
flow rate of 1 mm/min.

4.2 Brinell Hardness Test

Brinell hardness testing is usually done on material that has structure and rough
surface. Typically for iron and steel material, the applied force is up to 3000 kg with

Table 1 Welding process parameters

Parameters No. Current (A) No. Angle (°)

Variables values 1 90 1 0

2 100

3 110 2 45

4 120

Fig. 2 Specimen was set at
the machine by using flat
face wedges grip and firmly
holds
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10mmdiameter carbide ball as the intender. Specimens that are used for hardness test
are 16 specimens. 187.5 kgf was applied on the intender ball with 2.5 mm diameter.

5 Result and Discussion

5.1 Ultimate Tensile Strength

In these experiments, it used 8 specimen with different welding parameters. From
Fig. 3, the tensile results obtained show that maximum tensile strength of 377 MPa
is possessed by the specimens made using 120 A weld current and non-bevel. The
medium value of the tensile strength was 309 MPa, shown by the specimen with the
current value 100 A and non-bevel. The lowest value of ultimate tensile strength was
the specimen with the setting parameters of 90 A current and 45° angle of bevel that
is 272 MPa.

As stated above, welding current of 120 A welding current and no bevel angle
has a high tensile strength and ductility. Considering that, this is the right setting of
welding parameters for GMAWprocess. Higher the voltage and ampere will give the
effect on the heat affected zone of the weld area, especially during the solidification
process between the filler and base metal.

In this project, bevel angle does not show lot of differences in UTS result and this
may be due to thickness of plate that too thin which is 5 mm. The high value of UTS
in this project was on no bevel angle specimen and the lowest value of UTS is on
the specimen with bevel angle. Young modulus for tensile test was calculated and
analysed after the test and the result can be seen in Fig. 4.

Fig. 3 Ultimate tensile
strength (MPa) vs welding
current
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Fig. 4 Young Modulus
versus welding current

Fig. 5 Heat input versus
current for 45° bevel angle

5.2 Average Young Modulus

The welding current of 90 A and with 45° bevel angle specimen shows the highest
modulus elastic result. This shows that the specimen can stand with the maximum
force imposed which means that it is not brittle or elastic. The lowest modules elastic
result is shown by specimen of 110 A current value and 45° bevel angle. The average
value of modules elastic was shown by specimen with welding parameters 120 A
current. From this result, identified that specimen with 120 A current value is the best
because its average is not brittle and elastic at the same time not too strong because
it will cause wasted sources.

5.3 Heat Input

Based on this experiment, every specimen has 2 sides of weld. This section will
shows the example of heat input calculation. Thus the data of the heat input in this
project was tabulated in table and shown in Figs. 5 and 6. The formula of heat input
as shown below.

H � I × V × 60/ (S × 1000)
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Fig. 6 Heat input versus
current for no bevel angle

where H is heat input (kJ/mm), I is current (A), V is arc voltage (V) and S is travel
speed (mm/s).

5.4 Brinell Hardness

Two point indents have been made for each specimen (HAZ and base metal). The
radius of the indention is then measured through a special microscope and data is
recorded. Data obtained must be multiplied by the scale of 0.05 set in a special
microscope. Then the formula of Brinell hardness number was applied. Formula of
Hardness Brinell is shown below:

BHN � 2F

πD
[
D −

√(
D2 − d2

)]

In above equation, F is the applied force (kgf), D is diameter of indenter (mm) and
d is diameter of indentation (mm).

Figure 7 showed the hardness results for the specimens with different welding
currents. From the result, the hardness of the HAZ did not grow until it reached the
base material. The highest value of BHN for base metal was 187 that by specimens
withwelding current 90, 100 and 110Awith angle of bevel was 45° and no bevel. The
highest value of BHN for HAZ area was 170 A shown by specimens with welding
parameters 100 A at no bevel, 110 A at 45° bevel angle and 120 A both with no angle
and 45° bevel angle. The result data showed that 120 A was the highest value of
BHN on the HAZ area. High BHN values show that the indention diameter is small.
This means that, the strength of the specimen or material surface is great.



56 Z. A. Zakaria et al.

Fig. 7 Hardness Brinell number versus welding current

5.5 Discussion

From this experiment result of tensile test shows that, 377 MPa is possessed by the
specimens made using 120 A weld current and non-bevel. The medium value of the
tensile strength was 309 MPa that is the specimen with the current value 100 A and
non-bevel. The lowest value of ultimate tensile strength was the specimen with the
setting parameters of 90 A weld current and 45° angle of bevel that is 272 MPa.
Hardness results for the weld shows that the highest value of BHN for base metal
was 187 BHN shown by the specimens with welding current 90, 100 and 110 A with
angle of bevel was 45° and no bevel. The highest value of BHN for HAZ area was
170 BHN by specimens with welding parameters 100 A no bevel, 110 A 45° bevel
angle and 120 A both with no angle and 45° bevel angle.

The result of the heat input calculation as shown in Figs. 5 and 6 identified that,
the highest value was specimen with welding parameters of 120 A current and no
bevel angle that is 0.93 and 0.89 kJ/mm on both sides respectively. In relation to the
tensile result, this specimen has a high value of UTS and during the tensile test, the
specimen broke at the parent metal not at weldment area.

It can be concluded that the welding parameters for specimen 8 can be considered
as the suitable and right set for the welding process. The current should be in high
level because medium and lower level will settings affect the strength of the joint and
may produce incomplete fusion due to not enough heat. No Bevel angle for t-joint
of 5 mm thickness of mild steel is suggested based on the result found above.
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6 Conclusions

As the conclusion, the objective of this experiment was achieved. The strength anal-
ysis on 1F welding position (fillet weld) on variable welding parameters by using
tensile test and hardness has been done. The study determined that the process param-
eters to obtain maximum values for the weld properties were 120 A for welding
current, and no bevel angle for low carbon steel plate of 5 mm thickness.

To choose between 90 and 120 A for the optimum parameter, it is essential to
remember that the depth of penetration can give an extra point of successive welding.
The current 120 A based on this experiment is optimum parameter than the others
or below than that. Finally, the results of the mechanical test showed that, welding
parameters influence the weld joint structure.

7 Recommendations

It is recommended that the research can be continued with other materials, plate
thickness or welding process which can give better welding quality. Next researchers
are encouraged to continue this experiment with different welding parameters, for
example the voltage, heat input and etc. Pertaining to T-joint weld, the design of
the clamp or jig for tensile test are recommended to have good preparation. The top
part of the jig should stronger than the bottom part and the slot size of the welded
specimen must be not too large to obtain accurate result of tensile test. The result
obtained from the research experiment can be compared with the result obtained
from this experiment. Based on the test result, this research can be further enhanced
by increasing the number of testing specimens. So, the best of parameter and results
obtained more accurate. Welding technology is a very large syllabus and a lot of
things can be studied and investigated to produce high quality welding.
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Laser Brazing Between Sapphire
and Inconel 600

Shamini Janasekaran, Farazila Yusof and Mohd Hamdi Abdul Shukor

Abstract Joining ceramic to metal has become essential in many industries as the
usage increased intensely. In this feasibility study, 99.999% artificial sapphire; a
type of ceramic consists of Al2O3 was bonded using low power Ytterbium fiber
laser to Inconel 600. An active filler alloy (Cusil ABA) was used in between the
workpiece to achieve the adhesion effect on sapphire. Ranges of welding speed,
laser power and focal distancewere tested on the samples and the optimumparameter
was obtained from the appearance on the sapphire surface. The bonding areas were
analysed under scanning electronmicroscope and energy dispersiveX-ray to view the
braze ability of bonding region. TheX-ray diffraction results determined the reactions
between Inconel 600, activefiller alloy and sapphire. The joining area formed “ocean”
structures near the sapphire and Inconel that enables an adhesion layers to keep the
workpiece together. Interface composition had revealed intermetallic layers formed
on sapphire consisting of AlNi3, Cr2Ti and Fe2Ti. Meanwhile, Inconel 600 had
reacted further with Cusil ABA during laser brazing forming additional intermetallic
layers of AlCr2 and Al3Ni2.

1 Introduction

Brazing is one of the techniques used to join metals to ceramics [1]. The ceramic has
superior properties such as high temperature stability, corrosion and wear resistance
and these have become the main reasons for the industries to use ceramic in many
field applications [2, 3]. In recent years, products with metal-ceramic bonding have
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become a norm due to the excellent mechanical properties that leads to recommen-
dation in aerospace, automobile and electronics fields. Joining metal and ceramic
allows both properties of the dissimilar materials to be engaged in customized prod-
ucts [4, 5]. However, joining ceramics to metals is difficult task due to differences in
physical and thermal properties. [6]. A number of studies have been done in finding
suitable ways in joining ceramics to metals. One of the common conventional meth-
ods is a brazing process. Conventional brazing is a joining process conducted within
a closed furnace chamber with inert gas or vacuum at high temperature with the aid of
brazing filler alloy [7, 8]. The drawbacks from this conventional technique are time
consuming in which the cycle time of each product can exceed up to more than a day
allowing time for slow cooling, close long hours monitoring, preliminary trial testing
consumes longer time to make conclusion and whole workpiece is heated in the fur-
nace while brazing. Besides that, the size and configuration limitation also urge the
researchers to find alternative ways to overcome this issue. For certain workpiece,
flux needs to be applied prior to brazing and removal of flux needed in post-brazing
which adds more non-value added activities for the industry [9, 10].

Laser brazing is an advanced manufacturing process that has the potential to
replace conventional brazing. Laser brazing uses a focus light beam to locally heat
particular area that holdsworkpiece and preplaced brazingfiller together. The thermal
energy from the laser beams performed localized heating at brazed intended area
[11]. The advantages of this advanced technique are precise dimension controlling in
determiningwhich part needs to brazed, rapid heating andminimumheat distribution
on the whole workpiece. Laser brazing can be conducted in inert atmosphere which
can be one of the influencing parameters to study for further improvement on the
workpiece [12]. Laser brazing is flexible where wider range of parts and shapes can
be carried out allowing for customization of products. Vacuum atmosphere does not
necessarily offering higher productivity and flexibility [13]. Laser brazing between
ceramic and metals face some difficulties due to the large mismatch on the thermal
expansion coefficient and elastic modulus. This leads to poor wetting behaviour
of liquid metals on ceramic to create adhesion joining. Therefore, the mechanical
strength between the joint is low [3, 14]. To overcome this problem, active filler alloys
consisting of elements such as titanium can be added during brazing to improve the
wetting manners [3].

Artificial sapphire consisting of Al2O3 is transparent and single crystal ceramic
with extreme hardness. The ability to withstand scratches and wear attracted many
industrial applications such as in bioengineering, optics, electronics and aerospace
[4, 15]. Inconel 600 is a nickel-based super alloy that is extensively used as parts in
the aerospace industry because of their superior mechanical properties and excellent
oxidation resistance at high temperatures. It makes the alloy suitable to be manufac-
tured as components in high-temperature regions of aero engines, gas turbines and
race car exhaust systems [16, 17]. On the other hand, Cusil ABA is a silver-copper
base filler alloy with active element, titanium that helps to overcome the mismatch
on the thermal expansion coefficient of ceramic and metals. Similar research were
done to join sapphire to Inconel 600 through diffusion brazing [18] and conventional
brazing with porous as a part of high temperature pressure sensor [4]. However, these
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techniques consumed longer time for joining thematerials. There are some studies on
the laser brazing of ceramic to metal, however significant findings on the brazability
of sapphire to Inconel 600 using low power fiber laser are yet to be found. From this
study, the feasibility of joining these materials were experimented and recommenda-
tions were made for future studies on laser brazing. Thus, the main objective of this
study is to investigate the brazability of these ceramic-metal; sapphire and Inconel
600 through direct laser brazing using low power Yb-fiber laser by varying the laser
welding speed and laser power.

2 Experimental Procedures

2.1 Materials and Sample Preparation

In the present work, sheets of Inconel 600 (20 mm×20 mm×1 mm) and artificial
sapphire (diameter 15 mm×1 mm) were chosen for lap laser brazing. Artificial
sapphire has the chemical formula Al2O3, 85% transmission at 1070 nmwavelength.
The melting temperature is 2030 °C for sapphire, meanwhile for Inconel 600, the
solidus temperature is 1354 °C and liquidus temperature is 1413 °C. An active filler
alloy, Cusil ABAwith dimension 20 mm×20 mm×0.1 mmwere placed in between
Inconel 600 and sapphire to create bonding between them. Prior to laser welding, the
samples were cleaned with acetone to remove any presence of surface contaminants.
The chemical composition for Inconel 600, sapphire and filler alloy were given in
Table 1.

2.2 Laser Brazing

A continuous wave Ytterbium (Yb)-fiber laser of 1070 nm wavelength with 300 W
maximum power output (StarFiber 300, ROFIN-SINAR Technologies Inc., Ger-
many) was used as heat source for the laser brazing. Laser beam hit the workpiece at
perpendicular angle and circular (clockwise) movement as shown in Fig. 1 for 12mm
diameter. Inconel 600 was placed at the top followed by filler alloy and sapphire at
the bottom. After few preliminary testing, the effects of laser power and welding
speed for constant focal distance offset −7 (290 mm distance between scanner and
workpiece with optimum distance is given as 346 mm by machine specification)
were studied. Table 2 shows the detailed welding parameter for this study.
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Fig. 1 Schematic diagram of laser brazing to create adhesion between samples

Table 2 Welding parameters used in the study

Parameter Settings

Laser power 180, 185, 190 W

Welding speed 18, 19, 20 mm/s

2.3 Microstructural Characterization

Post brazing, samples were cold mounted with epoxy resin for 12 h and cut perpen-
dicular towards the brazing direction for metallographic analysis as shown in Fig. 2.
Initially, the workpiece were ground with sand paper grit 600, 800, 1200, 1500 and
2000. After fine grinding with sand paper grit 2500, the microstructures and the
elemental composition of the weld bead cross-sections were observed using Opti-
cal Microscope (BX61, Olympus, Tokyo, Japan) and Scanning electron microscope
(SEM, Phenom Pro X, Crest System (M) Sdn. Bhd., Eindhoven, The Netherlands)
equipped with an energy dispersive X-ray (EDX, Phenom Pro X, Crest System (M)

Fig. 2 Schematic diagram of cold mount samples for cross-section
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Sdn. Bhd., Eindhoven, TheNetherlands), respectively. The formation of intermetallic
phases of the weld was characterized by X-ray powder diffractometer (XRD, PaNa-
lytical Empyrean,DKHSHoldings (Malaysia) Bhd., Almelo, TheNetherlands) using
CuKα radiation in the 2θ diffraction angle range from 30° to 80°.

3 Results and Discussion

3.1 Metallographic and Microstructural Characterizations

During the laser brazing process, the Inconel 600 surface temperature rose and heated
due to laser irradiation on the surfaces and subsequently the heat was transferred
onto the brazing interface via conduction process [19]. Inconel 600 is on top of
the configuration allowing the laser beam to hit the metal from top and the heat
penetrated through the silver base filler alloy melting to make adhesive bonding with
sapphire. Focal distance was adjusted at defocused position to allow shallow and
wide conduction welding creation. Welding at defocused positions (focal length)
produce different shapes of molten pools. The pools were shallow and wide called
conduction welding comparing to deep penetration that gives keyhole welding [20].
Keyholewelding happenswhen a high energy density laser beamvaporize the surface
of workpiece to form a hole that allows laser beam to penetrate into deepmolten pool,
meanwhile conduction welding happens at low power densities [21]. From the study,
laser power 185 W at welding speed 18 mm/s and focal distance offset −7 gave an
adhesion to the sapphire without breaking as shown in Fig. 3. Other parameters were
not considered as successive joining because they were either broken or not joined
at all.

Fig. 3 Results obtained based on the appearance for adhesion
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Fig. 4 Schematic diagram of samples a not joined b broken c joined

Figure 4 shows the schematic diagram of the samples that were not joined, broken
and joined. Influences of power densities and heat input towards the workpiece
determines the brazability of the samples. Higher power densities tends to scatter
pieces meanwhile lower power densities does not help in melting the filler alloy and
wet the samples to join them.

Power density, Pd � P

πr2
(1)

Laser beam radius, r � WO

√
1 +

z

ZR
(2)

Rayleigh range, ZR � πW 2
O

λ
(3)

where WO laser beam waist�0.05 mm, λ�1.07 nm (machine specification), ZR

calculated as 7.34 m, and z is differences between focal distance from optimum
value (offset).

From Eqs. (1) to (3), the power density is calculated and heat input is calculated
from Eq. (4). The power density for the joined sample is 398 W/mm2 and heat input
is 22.1 J/mm. For values of power density lower than this was not able to join the
sample and higher power densities breaks the samples.

Heat Input, H.I � Pd
v

, v given aswelding speed (4)

Figure 5 shows the SEM at the cross-sectioned sample to analyze the intermetallic
layers that are formed [22]. The influence of silver to release titanium that formed an
“ocean” structure had formed at the adhesive. However, the “ocean” structure was
formed all over the adhesive bonding unlike conventional brazingwhere the structure
was formed near to the interface of sapphire and Inconel 600 [4]. This has proved
that laser brazing gives an even bonding between sapphire and Inconel 600. The
EDX analysis proved the “ocean” structures were evenly formed as no distinguished
layers or elements were found at the interface layer as shown in Fig. 6. Cu, Ti (from
filler alloy), Cr (from Inconel 600) andAl (from sapphire) were distributed uniformly
at the interface layer. Comparing to brazing microstructures, non-uniform reaction
layer, mainly composed of Ti was formed at the interface brazed layers [23].
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Fig. 5 SEM at cross-section of laser brazing between Inconel 600 and sapphire at a magnification
of 1000× b magnification of 2000×

Fig. 6 EDX mapping along cross-section of laser brazing between Inconel 600 and sapphire

3.2 XRD Elemental Composition Analysis

Further investigationswere conducted byXRD analysis on the detached sapphire and
Inconel after laser brazing. Figure 7 shows the element present on both materials due
to adhesion and intermetallic layers. Copperwas not present at both the sides ofmate-
rials because of the reaction of Ti from the active filler alloy [24]. After laser brazing,
five phases were identified due to the reaction from the Cusil ABA towards Inconel
600 and sapphire. The identified phases are aluminum nickel (Al3Ni2 and AlNi3),
aluminum chromium (AlCr2), chromium titanium (Cr2Ti) and iron titanium (Fe2Ti).
Valette at. al and Zaharinie et al. studies also proved the presence of elements exist
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Fig. 7 XRD analysis of element present on a sapphire b Inconel 600

on the surface of bonding are Ti, Ni, Al, Cr and Fe. The formed chemical compounds
are from the Ti reaction on the sapphire and Inconel surface. The potential of wetting
reaction happening during laser brazing can be written as shown in Eqs. (5)–(9);

3Al + 2Ni ∼Al3Ni2 (5)

Al + 3Ni∼AlNi3 (6)

Al + 2Cr∼AlCr2 (7)

Ti + 2Cr ∼Cr2Ti (8)

Ti + 2Fe ∼Fe2Ti (9)

From theXRDgraphs, aluminumnickel (AlNi3), iron titanium (Fe2Ti) and chromium
titanium (Cr2Ti) are the only phases found on sapphire.Meanwhile, additional phases
such as aluminum chromium (AlCr2) and aluminum nickel (Al3Ni2) that were found
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on Inconel 600 surface proving intermetallic layers are easily formed on metals
compared to ceramics. During conventional brazing, Ni element from Inconel 600
dissolves and reacts well with sapphire with the aid of brazing alloy forming Ti and
Ni compounds. Some phases of Ti–Ni compounds can exhibit detrimental effect on
the bonding and this can be avoided during laser brazing [23, 24]. The EDX results
indicated Ti–Ni compound were not formed during laser brazing.

4 Conclusions

Through this study laser brazing between metal has been proven. Inconel 600 and
ceramic, artificial sapphire had successfully created an adhesion to bond the materi-
als. The observation from the joint is revealed as below:

(a) Feasibility study has proven that adjusting the laser power, welding speed and
defocusing focal distance can join sapphire to Inconel 600 within very short
period overcoming the conventional brazing technique that requires longer dura-
tion.

(b) Theoptimumparameters, laser power 185Watwelding speed18mm/s and focal
distance offset −7 gave a sufficient adhesion to the sapphire without breaking
it.

(c) Intermetallic layers were easily formed on metal surfaces compared to ceramic
surfaces.

(d) “Ocean” structures were formed evenly at the interface layer proving laser braz-
ing created uniform bonding comparatively to conventional brazing.

Acknowledgements The authors greatly acknowledge the University of Malaya, Kuala Lumpur
for providing the necessary facilities and resources for this research. The authors acknowledge the
contributions of SEGi University, Kota Damansara, Petaling Jaya for the fund given for conference
and publication for this study.

References

1. Jacobson DM, Humpston G (2005) Principles of Brazing. ASM International
2. Sechi Y, Tsumura T, Nakata K (2010) Dissimilar laser brazing of boron nitride and tungsten

carbide. Mater Des 31(4):2071–2077
3. Rohde M, Südmeyer I, Urbanek A, Torge M (2009) Joining of alumina and steel by a laser

supported brazing process. Ceram Int 35(1):333–337
4. Zaharinie T, Moshwan R, Yusof F, Hamdi M, Ariga T (2014) Vacuum brazing of sapphire

with Inconel 600 using Cu/Ni porous composite interlayer for gas pressure sensor application.
Mater Design 54:375–381

5. Indacochea JE, McDeavitt S, Billings GW (2001) Interface interactions of dissimilar materials
at elevated temperatures. Adv Eng Mater 3(11):895–901

6. DoNascimento R,Martinelli A, Buschinelli A (2003) Review article: recent advances inmetal-
ceramic brazing. Cerâmica 49(312):178–198



Laser Brazing Between Sapphire and Inconel 600 69

7. Lippmann W, Knorr J, Wolf R, Rasper R, Exner H, Reinecke A-M, Nieher M, Schreiber R
(2004) Laser joining of silicon carbide—a new technology for ultra-high temperature resistant
joints. Nucl Eng Des 231(2):151–161

8. Haferkamp E, Bach F-W, Von Alvensleben F, Tuan AM, Kreutzburg K (1996) Laserstrahlloten
von Metall-Keramik-Verbindungen. Schweissen+Schneiden 11

9. Schwartz M (1994) Brazing: for the engineering technologist. Springer, Netherlands
10. Roberts P (2013) Industrial Brazing practice, 2nd edn. CRC Press
11. Schwartz MM (2003) Brazing, 2nd edn. ASM Int
12. Messler RW (2004) Joining of Materials and Structures: From Pragmatic Process to Enabling

Technology. Elsevier
13. Ion J (2005) Laser processing of engineering materials: principles, procedure and industrial

application. Elsevier Science
14. Zaharinie T, Yusof F, Hamdi M, Ariga T, Fadzil M (2013) Microstructure Analysis of Brazed

Sapphire to Inconel® 600 Using Porous Interlayer. Weld J
15. Wang G, Zuo H, Zhang H, Wu Q, Zhang M, He X, Hu Z, Zhu L (2010) Preparation, quality

characterization, service performance evaluation and its modification of sapphire crystal for
optical window and dome application. Mater Des 31(2):706–711

16. Chen HC, Pinkerton AJ, Li L (2011) Fibre laser welding of dissimilar alloys of Ti-6Al-4V and
Inconel 718 for aerospace applications. Int J Adv Manuf Tech 52 (9–12):977-987. https://doi.
org/10.1007/s00170-010-2791-3

17. Janasekaran S, Tan A, Yusof F, Abdul Shukor M (2016) Influence of the overlapping factor
and welding speed on t-joint welding of Ti6Al4V and Inconel 600 using low-power fiber laser.
Metals 6(6):134

18. Ishihara T, Sekine M, Ishikura Y, Kimura S, Harada H, Nagata M, Masuda T (2005) Sapphire-
based capacitance diaphragm gauge for high temperature applications. In: The 13th interna-
tional conference on IEEE, solid-state sensors, actuators and microsystems. Digest of technical
papers. TRANSDUCERS’05, pp 503–506

19. Nath AK, Sridhar R, Ganesh P, Kaul R (2002) Laser power coupling efficiency in conduction
and keyhole welding of austenitic stainless steel. Sadhana-Acad P Eng S 27:383–392. https://
doi.org/10.1007/bf02703659

20. Khalid M, Hafez KS (2009) Fiber laser welding of AISI 304 stainless steel plates. Q J Jpn
Weld Soc 41(36):69s–73s

21. Walsh C (2002) Laser welding–literature review. Materials Science and Metallurgy
Department, University of Cambridge, England Retrieved from http://www.msm.cam.ac.uk/
phasetrans/2011/laser_Walsh_review.pdf. Accessed 22 Aug 2016

22. Mandal S, Ray AK, Ray AK (2004) Correlation between the mechanical properties and
the microstructural behaviour of Al2O3–(Ag–Cu–Ti) brazed joints. Mater Sci Eng, A
383(2):235–244

23. Zaharinie T, Yusof F, Fadzil M, Hamdi M, Ariga T (2014) Microstructural analysis of brazing
sapphire and Inconel 600 for sensor applications. Mater Res Innovations 18(sup6):S6-68–S66-
72

24. Valette C, Devismes M-F, Voytovych R, Eustathopoulos N (2005) Interfacial reactions in alu-
mina/CuAgTi braze/CuNi system. Scripta Mater 52(1):1–6

https://doi.org/10.1007/s00170-010-2791-3
https://doi.org/10.1007/bf02703659
http://www.msm.cam.ac.uk/phasetrans/2011/laser_Walsh_review.pdf


A Review on Underwater Friction Stir
Welding (UFSW)

Dhanis Paramaguru, Srinivasa Rao Pedapati and M. Awang

Abstract Underwater Friction Stir Welding (UFSW) is noted as an advanced
technique in welding field which is a really new and emerging technology in recent
years. In the present paper, a brief explanation on introduction to theUnderwater Fric-
tion StirWelding (UFSW) technique alongwith a review on the latest researches have
been made. The review is designed based on joint strength analysis, thermal distribu-
tion analysis, microstructural analysis, processmodelling and computing techniques,
effect of thermal boundary condition in UFSW, effect of process parameters, defects
in UFSW and dissimilar welds. The applications of UFSW have also been discussed,
along with a detailed description of advantages and limitations of UFSW technique.
Lastly, the possible future research exploration has been proposed.

1 Introduction

Friction Stir Welding (FSW) is a comparatively modern, besides unique form of
solid-state joining method that applies a non-consumable tool to weld two facing
workpieces without melting the workpiece material. This technique is invented and
experimentally proven by Wayne Thomas at The Welding Institute (TWI) of United
Kingdom (UK) in December 1991. Also, TWI held patents in this operation method
which is the first well detailed procedure. At first, the FSW method was observed as
a “laboratory” inquisitiveness, however then it was established as a technique which
provide virtuous advantages in products fabrication [1, 2]. This technique is rapidly
employed as an attractive operation to fabricate lightweight products in area like
aerospace, aircraft, marine, automobile, railway and food processing industries for
about a decade [3, 4]. It is able to join various types of materials such as metals,
ceramics, polymers and etcetera [5, 6]. In the past few years, UFSW has been intro-
duced as a new solid-state welding technique. It takes place at temperatures lower
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Fig. 1 Schematic diagram of Underwater FSW [5]

than the melting point of the material, where rotating tool shoulder rubs between
the alloy surface of workpieces under the water, as illustrated in Fig. 1. It generates
enough heat due to friction to melt the workpiece beneath that benefits the tool pin
to stir the melted material and cause plastic deformation to produce a weld joint.

Besides believed as one of the innovative welding practices in the present era,
UFSWalso helps to avoid defects such as shrinkage, cracking, solidification, splatter,
cracking, embrittlement and porosity to occur [7]. By the same token, this technique
does not involve any shield protective gas or electrodes to produce an arc like some
different joining methods during the welding process. It makes this process cheaper
and requires less energy. UFSW also produce fine defined differences in grain size
between different regions, great quality inweld joint in a short cycle time and improve
mechanical properties.

2 Studies on Underwater Friction Stir Welding (UFSW)

2.1 Joint Strength Analysis

Thomas, [8] expounded in detail a research work on underwater welding technique
to increase the ultimate tensile strength of friction stir weld using AA6061. Fratini
et al. [9] observed a successful in-process heat treatment by water streaming above
the AA7075-T6 aluminium alloy plates during FSW. The goal of this paper is to
study the possibility to improve the joint performances. Comparably, another two
differentwelded jointswere carried out in normal FSWconditions: free air and forced
air. Both metallurgical and mechanical examinations were developed on the welded
joints. It was proven that substantial enhancement of ultimate tensile strength was
obtained in all the high, medium and low level of heat input controlled by welding
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parameters variation. The water cooling effect significantly reduced the soften zones
induced to develop the weld mechanical properties.

Nelson et al. [10] clearly defined a literature review on effective influence of
cooling rate from thermal exposure on the weld performance of AA7075-T7351
through FSW technique. The outcome of this paper indicated that 7075-T7351 is a
quench sensitive alloy because of more quick natural aging response and enhanced
mechanical properties. The natural aging response was evaluated through transverse
tensile properties and micro-hardness study. Most importantly, the water cooling
conditions approximately increased the tensile properties by 10%above normal FSW.

Zhao et al. [11] also states that tensile strength of Underwater FSW method
reached 75% of base metal and the elongation is comparably greater than the normal
FSW joint. In this research, ultra-high strength spray formedAA7055 iswelded using
FSW method in air (normal FSW) and underwater, respectively. This Underwater
FSW process was applied to reduce the heat input and increase the joint properties
by varying welding temperature history. A better performance of underwater welded
joint was illuminated through reduced residual stress and minimum thermal cycle
curve. Furthermore, the hardness, tensile strength and plasticity of Underwater FSW
joint were improved compared to normal FSW joint properties. The underwater joint
also produced microstructure with fine grained characteristic which diminished “S
line” type of defect and has clear borderline in the middle ofWNZ and TMAZ, while
reduced HAZ.

Liu et al. [12] studied Underwater Friction Stir Welding (UFSW) for AA2219-T6
to clarify the enhanced value in tensile strength compared to normal FSW (in air)
joint. These joints were cut into three different layers (lower layer, middle layer and
upper layer) to investigate the homogeneity of mechanical properties of the joint.
Tensile strength of all these three layers of the joint was improved as a result of
this UFSW technique. Compared to upper layer, the middle and lower layers were
recorded great amount of strength improvement which leading to an increase in joints
mechanical properties, along with improvement in minimum hardness value of the
joint. This study also verified that the effect of water cooling is the fundamental cause
for the UFSW joint to increase the strength. However, this study did not include weld
temperature distribution.

2.2 Thermal Distribution Analysis

Liu et al. [13] again focused their research on UFSW of 2219 aluminium alloy to
further advance themechanical properties of the joint by varyingwelding temperature
history. This research is able to discover that external water cooling action in UFSW
developed the normal FSW joint tensile value from 324 to 341 MPa. Nevertheless,
plasticity of theweld is weakened. It also concluded that UFSW joint have a tendency
to fracture in the middle of Thermal Mechanically Affected Zone (TMAZ) andWeld
Nugget Zone (WNZ), on the Advancing Side (AS) during tensile test.



74 D. Paramaguru et al.

Sakurada et al. [14] In their investigation, were the first who used submersion,
focused on the high-speed rotating cylindrical sample with different welding condi-
tions in Underwater FSW of 6061 aluminium alloy. The experimental results proved
that underwater joint generate less peak temperature compared to normal FSW joint.
The softening ratio and thewidth of softening area were reduced throughUnderwater
FSW process while enhanced the joint efficiency (obtained 86%), in withal.

Hofmann and Vecchio [15] investigated and revealed that additional grain refine-
ment was achieved through Submerged friction stir processing (SFSP) condition
because of faster cooling rate. The grain sizes were predicted using boundary migra-
tion model along with recorded thermal distribution in the stirred material. Besides,
the microstructures were characterized using Transmission Electron Microscopy
(TEM).

2.3 Microstructural Analysis

Zhang et al. [16] conducted experimental study to discover the basic justification
for the mechanical properties enhancement in the Heat-Affected Zone (HAZ) by
UFSW of AA2219-T6. The experimental observations through microstructural anal-
ysis exposed that the hardness of the HAZ can be enhanced by UFSW method due
to the narrowing of precipitate free zone and the shortening of hardened precipitate
level. The variations in welding thermal distribution by the effect of water cooling
treatment is the basic cause for differences of mechanical properties and microstruc-
tures in the HAZ of UFSW joint.

Hosseini et al. [17] deliberated the effect of Underwater FSW approach on the
microstructure and mechanical characterization of the joint, in comparison with nor-
mal FSW (in air). This research has an objective to diminish the weakening of joints
mechanical properties using Ultra Fine-Grained strain hardenable 1050 Aluminium
Alloy. With respect to the normal FSW technique, the evaluated microstructure of
the Underwater FSW condition using Transmission electron microscopy and X-ray
diffraction examinations exposed smaller final grains and sub-grain sizes in stir zone
through slowing in grain growth rate and less softening occurred in stir zone (SZ).
Moreover, the Underwater FSW is also resulted tensile and yield strength increment,
improved super-plasticity tendency of the material, besides narrowed the HAZ.

Wang et al. [18] studied themetallurgical andmechanical characterization through
Underwater FSWjoints of spray forming7055aluminiumalloy (T6). Themicrostruc-
ture of jointswas examined throughOpticalMicroscope (OM) andScanningElectron
Microscope (SEM), while Energy-dispersive X-ray spectroscopy (EDS), X-ray
diffraction (XRD), Differential Scanning Calorimetry (DSC) and Transmission
Electron Microscopy (TEM) were used to analyse the strengthening phase’s devel-
opments. It is indicated that the hard-etched area was completely removed (with ‘W’
shaped distribution of hardness) from microstructure of UFSW joint in cooperation
with normal FSW, as shown in Fig. 2. The water cooling treatment of UFSW process
enhanced the thermal cycle of welding while influence the strengthening mechanism
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Fig. 2 Microstructure of traditional (FSW) and UFSW joint [18]

and microstructure of the joints. Defect free joint was reported with twice the
elongation (1.96%) and enhanced the tensile strength as 406.06 MPa (~30%),
compared to normal FSW joint.

Hofmann and Vecchio [19] conducted their research on submerged friction stir
processing (FSP-modification of submerged FSW) using Al-6061–T6 material as
an alternative and advance practice to produce ultrafine-grained bulk materials in
stir zone (SZ) by great plastic deformation, compared to normal FSP (in air). It is
attributed to the less extent of thermal distribution to the weld material during the
welding operation. Thermocouples and Transmission Electron Microscopy (TEM)
results were used to analyse the outcome of this paper.

2.4 Process Modelling and Computing Techniques

Fratini et al. [20] further studied an integrated numerical and experimental explo-
ration by effects of an in-process water cooling action using FSW technique for
AA7075-T6butt joints. The temperature distribution, tensile strength andmicrostruc-
ture of the welded joint were observed, along with an expanded finite element to
interpret specimens obtained under various process conditions. Despite the anal-
ysed temperature histories, in-process water cooling treatment was increased joint
strength, diminished destructive effect on nugget zone, besides reduced the material
softening and thermal flow adjacent to the tool.
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Zhang et al. [21] represents the 3D thermal modelling as an advanced exploration
on temperature histories of Underwater FSW technique by using the mathemati-
cal modelling approach based on heat transfer model. Experimental results are also
analysed to validate efficiency of the thermal model, while disclosed good agree-
ment with the calculated results. Mathematical model was examined the vaporizing
aspect of water to clarify the conditions of boundary, while considering the mate-
rial’s temperature dependent characteristics. It was revealed that welding thermal
cycles in different zones and area of high-temperature distributions are significantly
reduced via Underwater FSW technique. Compared to normal FSW, the utmost peak
temperature of UFSW joint was minimized, even though the shoulder surface heat
flux is greater.

Zhang andLiu [22] further examinedUFSWand developed amathematicalmodel
using 2219-T6 aluminium alloy to optimize the welding parameters for maximum
tensile strength. Highest tensile value of 360 MPa was obtained through UFSW
operation and it was comparably 6% greater than the highest tensile value of FSW
operation in air. This study concluded that the basic reasons for increment in ten-
sile strength through UFSW were microstructural developments and controlling of
temperature histories.

Sree Sabari et al. [23] examined the microstructural appearance and mechanical
characteristics of UFSW joint with maximum strength, armour grade 2519-T87 alu-
minium alloy. For comparison, similar material joints were made by normal FSW (in
air). The study composed of tensile test,microstructure examination,micro-hardness,
fracture surface analysis and thermal analysis of all joints. A finite element analysis is
used to evaluate thewidth of Thermo-MechanicallyAffected Zone (TMAZ) and tem-
perature distribution. The outcomes were compared with results from experimental
analysis. It is concluded that Underwater FSW experienced higher peak temperature
(547 °C), higher cooling rate and higher temperature gradient compared to normal
FSW joint attributed to heat absorption ability of the water cooling system. Addi-
tionally, UFSW also reduced the width of TMAZ as the weaker zone and over aging
of HAZwhich substantially increase the tensile properties of the joint where the joint
efficiency was improved by 60%.

2.5 Effect of Thermal Boundary Condition in UFSW

Fu et al. [24] conducted their study and then investigated the micro-hardness dis-
tribution, weld thermal cycles and tensile strength for UFSW of 7050 aluminium
alloy. In this study, produced weld joints under hot and cold water, as well as in air
for comparison. The outcomes indicated that maximum temperature was recorded
during welding process in normal FSW (in air), after welding process in hot and
cold water. It has been discovered that joint’s retreated side accounted maximum
temperature in contrast to advanced side and it has been recommended that weld
joint under hot water is the best compared to other two conditions where it improved
the mechanical characteristics of the weld. This results in a ratio of 150% elonga-
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tion and 92% ultimate tensile strength. The fracture positions were situated in HAZ
area (lowest micro-hardness location).Width of minimum hardness zone is changing
accordingly with the ambient conditions.

Darras and Kishta [25] In their research, friction stir processing technique using
three different conditions: normal FSW (in-air), under-hot-water and underwater-
at-room-temperature were effectively compared. This experiment was conducted
using AZ31B-O Magnesium alloy. It is analysed and supported that Underwater
FSW generated better grain refinement, reduced both time spent on some reference
temperature and peak temperature, besides minimized porosity and increased the
formability of alloy. Particularly, the formability of this alloy is enhanced by UFSW
in hot water.

Upadhyay and Reynolds [26] In their work, theoretically clarified the influence
of varying the thermal boundary condition and control variables on friction stir
welding process using AA7050-T7 material which were examined in-air (normal
FSW), underwater, and under sub-ambient temperature (−25 °C) conditions. From
the study, it was possible to conclude that welding underwater compared to normal
FSW expressively lessened the size of nugget grain, enhanced amount of cooling
in the HAZ, increased the hardness of weld nugget, decreased probe temperature,
besides increasing power consumption and torque. The ultimate tensile strength of
Underwater FSWin all range of parameterswere presented good improvements along
with elongation of the joint. Yet, it is also justified that sub-ambient temperature
(−25 °C) condition does not contribute a consequential benefit in contrast to the
underwater welding at ambient temperature.

2.6 Effect of Process Parameters

Liu et al. [27] clarified the influence of speed of welding from 50 to 200 mm/min on
the efficiency of underwater friction stir welded joints. This investigation used 2219
aluminium alloy with fixed rotational speed equivalence to 800 rpm. It resulted in the
weakening on the precipitate degradation in TMAZ and HAZ with increasing speed
of welding. Subsequently, it leads to increase in lowest hardness value and reduced
the softening region. The study also stated the joints fracture features are basically
reliant on the speed of welding, and increasing the speed of welding increases tensile
strength of the defect-free joints. Nevertheless, the temperature range applied in the
investigation was restricted less than room temperature.

Zhang et al. [28] additionally explored the impact of rotation speed onmechanical
properties of UFSW weld using AA2219-T6 with constant speed of welding. The
tensile properties, microstructural characteristics and hardness distributions of the
joints were illuminated through this investigation. The joint tensile properties were
extremely sensitive to the rotational speed where it was dramatically increased from
rotational speed of 600–800 rpm, and later reached a plateau in a large range of
rotation speed. Thenceforth, notable reduction in tensile properties was attained due
to void defects formations in the SZ. Escalate in dislocation density as well as in
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grain size of SZ were reported with increasing of rotational speed, which slowly
increased the SZ hardness. At higher speed of rotation, the defect-free joints fracture
locations changed to the HAZ or Thermal-Mechanically Affected Zone (TMAZ) as
the hardness increased in the SZ. Meanwhile, the welded joint was fractured in the
SZ at lower speed of rotation.

Kishta and Darras [29] analysed and presented the impact of different param-
eters of process, namely rotational speed and translational speed, on Underwater
FSW of 5083 marine-grade aluminium alloy. The outcomes of UFSW joints were
compared with normal FSW (in air) joints, in withal. The void fractions, tensile
properties, micro-hardness, thermal histories, and the process power consumption
were comprehensively discussed. Investigation concluded that UFSW has produced
good quality welds by higher rotational speed due to excellent thermal capacity of
water, peak temperature decrement as well as cooling rate increment. The fraction
of void-area in the SZ of Underwater FSW joint was decreased significantly nearly
one-third of the base material. The maximum micro-hardness value was recorded in
the SZ, while the UFSW joint elongation upsurge to almost two times the elongation
of the base material.

Abbas et al. [30] examined the effect on weld quality of sample is investigated
through the relation between the tool profile, welding speed and angle of tool inclina-
tion of Underwater FSW process enveloped for 6061 aluminium plate. After a brief
description of operational principal of friction stir welding, the experiment setup
is illustrated in detail together with clamping structure, welding tool properties,
material properties and process parameters. The weld quality is evaluated through
microstructure analysis, tensile strength test and Vickers hardness. Microstructure
analysis disclosed that very few amounts of porosity is detected, while a good joining
is obtained with no voids and cracks by UFSW technique. Themechanical properties
of UFSW is increased approximately 20% compared to FSW. The Taguchi optimiza-
tion technique has been used to analyse the optimized parameter with Mini Tab 16
software.

2.7 Defects in UFSW

Zhang and Liu [31] expounded in detail the outcomes of an experimental investi-
gation, done on the UFSW of 2219-T6 aluminium alloy. Preceding research studies
showed the influence of process parameters: speed of rotation and speed of welding
on the quality of UFSW. Hence, the investigation objective is to comprehend the
characteristics of welding defects and formation mechanisms of the welding defects
in UFSW joints through examining the material flow patterns, as shown in Fig. 3. It
is an attractive method to illustrate the results of experiment and it is really benefi-
cial to provide guidance for process optimization. At low and high speed of rotation
yield welding flaws during UFSW process. At high rotation speed and low speed of
welding, defect formed is influenced by the high amount of extruding reflux of stir
zone material on the AS. While at high rotation speed and high speed of welding, a
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Fig. 3 Welding defects formed under different process parameters: a 800 rpm–200 mm/min,
b 1000 rpm–300 mm/min, c 1400 rpm–100 mm/min [31]

great volume of material from TMAZ is pulled into the pin hole reduces the quantity
of stir zone material that flows back to AS. Consequently, it formed groove and void
type defects in the joints. Also, the low rotational speed flaws are usually found at
the TMAZ and SZ boundary on the AS.

2.8 Dissimilar Weld Joints by UFSW

Mofid et al. [32] explored the effect of dissimilar welds in Underwater Friction Stir
Welding (UFSW) using 5083 Aluminium alloy and AZ31C–O Magnesium alloy.
The outcome revealed that submerged FSW technique enhanced the fine grained
welds and lessen the development of intermetallic phases due to lower temperature
attained. It impacts the joint mechanical characteristics substantially. Nevertheless,
normal FSW (in air) produced great peak temperature in SZ with great amount of
joint hardness in the centre, in contrast to UFSW joint.

Mofid et al. [33] discussed the impact of submerged welding using liquid nitrogen
and underwater on the grain refinement in dissimilar materials of AA5083 H34
and AZ31 (Mg alloy). For comparison, three different environments: in air, water,
and liquid nitrogen using parameters of 400 rpm and 50 mm/min were applied.
Results ofmicrostructure, ScanningElectronMicroscopy (SEM), Energy-Dispersive
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Spectroscopy (EDS), temperature profile, micro-hardness and tensile testing were
systematically analysed. It is concluded that, Submerged FSW method suppresses
formation of brittle interatomic compounds due to lower peak temperature.

3 Applications, Advantages and Limitations of UFSW

3.1 Applications of UFSW

Themost significant applications ofUnderwater FSWmethod are building large sized
ships beyond the capacity of facilities in existing harbours,maintenance and repairing
works of ships, temporary reconstructionworks due to unexpected accidents of ships,
recover containers sunk in the sea and offshore construction for pipelines [34].

3.2 Advantages of UFSW

The good qualities and advantages of Underwater FSW method are producing great
quality and decent joint in limited cycle time, not requires filler metals and does
not produce shielding gasses, able to weld most of the common metals, not difficult
to operate and good operation flexibility in all positions with simple automated
function. Moreover, this UFSW method is also able to weld numerous types of
dissimilar materials, generate fine-grained forged joint by eliminate weld inclusions
orweld dilution, produce reliableweldswhile consume less energy during the joining
process [5, 34].

3.3 Limitations of UFSW

The disadvantages of Underwater FSWmethod are the inspection process for welded
joints by underwater friction stirwelding (UFSW) techniquemaybe harder compared
to normal FSW, promising a better quality of UFSW joints much difficult and risk
of not detecting the defects properly might occur. Besides, requires quite expensive
machines as well as the machine tools [34].

4 Future Scope of UFSW

Preceding substantial researches have been constructed to advance the control strate-
gies and process performance of underwater FSW method. Nevertheless, there are
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many conflicts to solve where the UFSW exploration should be focusing detailed
research on properties of welded material and process optimisation. In addition,
research on UFSWmust develop the potential usage of robot manipulator for under-
water FSW joints of complex geometry to improve the automation of UFSW joining
and examination process, aside from developing the application of underwater FSW
for large and complex scale of any structures. Furthermore, this technique should
explore in detail on thermal management in terms of both closed-loop temperature
control and thermal boundary conditionmodification,while improving the in-process
weld quality assurance, increasing the application of UFSW to a wider range of engi-
neering materials and improving the control techniques for continuous welding [34].

5 Conclusions

UFSW is really an innovative and developed technique of joining process in this
present era. From the above literature review, it is disclosed that very few investiga-
tions are done based on underwater FSWmethod. It is acknowledged as an advanced
welding technique and very little number of studies have applied the optimization
technique in the field of UFSW. UFSW is not fully examined yet. By focusing the
future research on it, can really enhance and attain good weld joint with economical,
environment friendly and safe welding condition.
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Three Response Optimization
of Spot-Welded Joint Using Taguchi
Design and Response Surface
Methodology Techniques
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M. A. Ahamat and S. H. Ahmad Hamidi

Abstract One of the main challenges in correlating welding parameters and weld
quality is its complexity to include as many as possible factors. In this research, the
effects of spot welding parameters on weld quality were investigated. The effects of
weld time, weld current, and electrode force on the sizes of fusion zone and heat
affected zone, and tensile-shear load were studied. These welding parameters and
weld quality were analysed using the three response Taguchi L9 orthogonal array
method in Minitab 17. Second-order regression models of fusion zone size, heat
affected zone size and tensile-shear load were constructed by adapting Response
Surface Method. The optimum weld time was 0.2 s, weld current of 10 kA and the
required electrode force was 2.3 kN. These parameters were within 5% discrepancies
with the experiment results. Weld current was the most important welding parameter
that determines the weld quality, with the contribution of 69%. From our observa-
tion, the failure mode was the pullout type, a generally accepted failure for welded
joint. The outcomes of this research contributed to the advancement in optimization
technique for RSW joint, by increased the number of weld quality from two to three
response.
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1 Introduction

Resistance spot welding (RSW) is a rapid joining technique to join thin shell assem-
blies, such as components in automotive industry.One single typical car body consists
about three hundred sheetmetal parts, joined by thousands of spot-weld. The strength
of these joints solely relies on the quality of its weld. Therefore, it is important to use
appropriate setting of parameters in RSW. Those parameters are weld current, weld
time, electrode force and holding time [1]. Use of correct values for these parame-
ters is critical to obtain the optimal quality of weld joint. In brief, these parameters
will affect the sizes of fusion zone (FZ) and heat affected zone (HAZ), mechanical
properties and fatigue life of a welded joint. However, the correlations between the
RSW parameters and weld quality are very scarce.

Low-carbon steel is one of the commonly used materials in various industries.
Thus, it is essential to understand the behaviour of low-carbon steel that undergoes
RSW joining technique. Numerous researches have been conducted on the RSW
of low-carbon steel; but no attempt had been made to correlate the effect of RSW
parameters to three welded joint quality. Earlier researches only studied the effect
of one parameter (e.g. weld current) on the specific joint quality (e.g. size of fusion
zone). By neglecting other RSW joint quality, the integrity of the welded joint is
debateable. Since most of industrial applications involving RSW low-carbon steel
requires a good quality welded joint, a study on three-response optimization become
a necessity.

The effect of four RSW parameters, namely weld current, weld time, electrode
force, and holding time on tensile-shear strength of welded joint was investigated [2].
Artificial neural network was adapted to investigate the correlation between these
parameters and the tensile shear strength of the joint. The sizes of fusion zone and heat
affected zone were not investigated. The effect of welding parameters on the tensile
shear strength for the spot-weld joint of galvanized steel sheets was reported by
Thakur et al. [3]. In their work, they used Analysis of Variance (ANOVA) to evaluate
the level of importance for each welding parameters. Again, only one welded joint
quality was considered in [3].

An improvement on the number of welded joint quality based on fusion Zone and
heat affected zone was recently published [4]. The RSW parameters were optimised
using the multiple-objective quality method. Another study reported the correlation
between weld current, weld time and electrode force on tensile shear strength and
fusion zone using Taguchi method to determine the optimum RSW parameters [5].

An optimal resistance spot welding parameters for a 1.0 mm thickness low carbon
steel by considering multi-welded joint quality was reported in [6]. The setting of
welding parameters was determined using L9 Taguchi orthogonal array experimental
design method, yielded the optimal processing conditions for spot welded of low
carbon steel. The optimum welding parameter for two responses was obtained using
multi-signal to noise ratio (MSNR) and the significant level of thewelding parameters
was further analysed using analysis of variance technique.
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In this paper, the welding parameters were optimized based on three-response
of welded joint (fusion zone, heat affected zone and tensile-shear load) by adapting
Taguchi L9 orthogonal array and central composite design method. RSW samples
were prepared based on 29 parameters combinations. The response surface method-
ology was used to construct the second-order correlations between fusion zone, heat
affected zone and tensile-shear load andwelding parameters whichwere validated by
comparison of predicted and experiment results. The mode of failure was evaluated
to determine the integrity of these welded joints.

2 Methodology

This section presents the method on preparation of low-carbon steel RSW samples,
measurement methods of the sizes of fusion and heat affected zones and the tensile-
shear load test procedure. The Taguchi L9 orthogonal array and Central Composite
Design methods were used in the selection of values of welding parameters.

2.1 RSW Samples Preparation and Equipment

The low-carbon steel sheet with a thickness of 1.2 mmwas cut into 105mm×45mm
piece, in accordance to the AWS 8.9 m standard. Then, two pieces of
105mm×45mm×1.2mm sheet waswelded using JPC 75 kVa spot weldermachine
in a single lap shear joint type, with the overlap of 35 mm. The machine was set to
AC waveform, and the 5 mm diameter electrode was truncated at 30°. The chemical
composition of the low-carbon steel is available in Table 1.

2.2 RSW Parameters Selection

The range of welding parameters as recommended in the manufacturer datasheet of
JPC 75 kVa spot welder machine are available in Table 2. These data were used as
the upper and lower limits of welding parameters.

For the Taguchi L9 orthogonal array optimizationmethod, the welding parameters
and their factor levels are presented in Table 3. The values used for Level 2were taken

Table 1 Chemical composition (%) of low carbon steel [7]

C S Mn P S Fe

0.05 0.01 0.21 0.011 0.005 Bal.
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Table 2 Range of welding parameters [8]

Variable Range

Weld time (s) 0.17–0.31

Electrode force (kN) 2.0–3.4

Weld current (kA) 7.3–10.7

Table 3 Welding parameters and their factor levels for Taguchi L9 orthogonal array

Symbol Welding
parameter

Unit Level 1 Level 2 Level 3

WT Weld time s 0.2 0.24 0.28

EF Electrode
force

kN 2.3 2.7 3.1

WC Weld current kA 8.0 9.0 10.0

Table 4 Combinations of factor level in Taguchi L9 orthogonal array

Experiment number Factor level

WT EF WC

1 1 1 1

2 2 1 2

3 3 1 3

4 1 2 2

5 2 2 3

6 3 2 1

7 1 3 3

8 2 3 1

9 3 3 2

Table 5 Parameters and levels applied in CCD for spot weld of low carbon steel

Symbol Parameter Unit Level

−α −1 0 +1 +α

WT Weld time s 0.17 0.20 0.24 0.28 0.31

EF Electrode
force

kN 2.0 2.3 2.7 3.1 3.4

WC Weld
current

kA 7.3 8 9 10 10.7

from the average of maximum and minimum values for each variables in Table 2. In
Table 4, nine combinations of factor level for welding parameters are specified.

The Central Composite Design (CCD) method was adapted to construct the
second-order model to correlate welding parameters and welded joint quality. Five
levels were used in CCD, and the values of parameters were tabulated in Table 5. A
total of 20 parameters combinations were tested through experiments (Table 8).
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Fig. 1 Typical macrograph of weld zones

2.3 Measurement of FZ and HAZ Sizes

The welded sample was cut transversely at its center line using a cutter blade to
expose its fusion zone and heat affected zone. Then, the surface was etched using
2% Nital solution for 5 s at room temperature. The macrograph of weld zone was
captured using a zoom stereomicroscope (Olympus BX 41MMicroscope) equipped
with an image analysis system (IMAPS Version 4.0 Professional Edition Software).
The typical shape of macrograph of weld zone, fusion zone, and heat affected zone
is shown in Fig. 1.

2.4 Evaluation of Tensile-Shear Load

For tensile-shear load test, the tests were conducted according to the ISO 14323
standard. An Instron 200 kN universal testing machine was used to execute the
tensile-shear load test. The crosshead rate was set at 2 mm/min. Three samples were
prepared for each combination ofRSWparameters, and the average tensile-shear load
was taken for comparison with the calculated value from the second-order model that
was constructed from CCD experiments results. After the samples failed, its failure
modes were classified into interfacial and nugget pullout by visual inspection.

3 Results and Discussion

In this section, the findings on Taguchi L9 OA and CCD optimization methods, and
the failure mode of RSW sample are presented.
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3.1 Three-Response Taguchi

The results of the experiments using Taguchi L9 orthogonal array for FZ size, HAZ
size and tensile-shear load is depicted in Table 6. The size of FZwas between 3.05 and
3.50 mm while the HAZ size was between 4.09 and 4.34 mm. For the tensile-shear
load, the highest was 8.82 kN.

The results of analysis of variance (ANOVA) for the welding responses in Table 6
are presented in Table 7. ANOVA technique enables the evaluation of significant
factors in three-response optimization for FZ size, HAZ size, and tensile-shear load.
The value of F ranks the magnitude of influence of welding parameters on the weld-
joint quality. A parameter with a higher value of F has more influence on the welded
joint quality [9]. In our work, weld current is the most significant welding parameters
affecting the welded joint quality whereas weld time has the lowest significance.

A further analysis confirmed that the most important factor is the weld current
with 68.68%, a 44% more than the electrode force. The weld time has the lowest
contribution of 6.43%. In short, a higher percentage of contributionmeans the param-
eter has more influence on the welded joint quality. Our results agreed with [6, 10],
where weld current is the most important parameter in RSW. It was estimated that the

Table 6 Weld quality for Taguchi L9 orthogonal array

Experiment number FZ size (mm) HAZ size (mm) Tensile-shear load
(kN)

1 3.05 4.14 7.89

2 3.06 4.41 7.84

3 3.06 4.19 8.50

4 3.32 4.28 8.43

5 3.34 4.34 8.55

6 3.36 4.32 8.53

7 3.36 4.26 8.48

8 3.41 4.19 8.48

9 3.50 4.09 8.82

Table 7 Results of ANOVA for the significance of welding parameters

Welding
parameter

DF Sum of
squares

Mean of
squares

F P Contribution

Weld time 2 4.851 2.4255 12.59 0.006 6.43

Weld
current

2 51.811 25.9055 134.45 0.042 68.68

Electrode
force

2 18.876 9.388 48.72 0.011 24.89

Error 2 0.146 0.073

Total 8 75.854 100
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variance for these experiments was 0.146, an indicator of an acceptable experiment
design.

From the statistical point of view, the variables that have p-value that is less than
0.05 is considered statistically significant to the welded joint quality. The analysis
showed that weld time, weld current and electrode force were all significant in deter-
mining the welded joint quality. All of these weld parameters were considered in the
developed response surface model reported in Sect. 3.2.

3.2 Response Surface Methodology

The second order response surface model for the significant parameters affecting the
FZ size, HAZ size and tensile-shear load was constructed using the three responses
Taguchi L9 orthogonal array method. The CCD (Central Composite design) tech-
nique was used to generate 20 combinations of welding parameters (Table 8). The
combinations were based on 8 factorial points (standard order 1–8), six star points
(standard order 9–14) and six replicates of the center point (standard order 15–20).

The design was expanded to evaluate several points which increased the chance
in detecting the response at which the optimum parameters combinations occurred.
The center point represented a set of experiment conditions at which six independent
replicates were run. The variation between those conditions reflected the variabil-
ity of all designs. It was used to estimate the standard deviation. All optimization
experiments were conducted randomly in one block of measurement.

A second-order model for FZ, HAZ and tensile shear load was constructed to
describe the behavior of each response. The second-order models for the FZ size,
HAZ size and tensile-shear load in terms of un-coded variables with all significant
terms are given in Eqs. (1)–(3), respectively:

FZ � 3.61 + 0.15WT + 0.08EF + 0.15WC − 0.13WT2

+ 0.03EF2 − 0.04WT ∗ EF − 0.07WT ∗ WC + 0.02EF ∗ WC (1)

HAZ � 4.68 + 0.12WT + 0.07EF + 0.05WC − 0.06WT2 + 0.03EF2

− 0.02WC2 − 0.06WT ∗ EF − 0.04WT ∗ WC + 0.07EF ∗ WC (2)

Tensile-shear load � 8.62 + 0.45WT + 0.28EF

+ 0.23WC − 0.22WT2 − 0.03EF2 − 0.03WC2

− 0.20WT ∗ EF − 0.27WT ∗ WC + 0.11EF ∗ WC (3)

The analysis showed that the regression model and each variable term (linear,
square and interaction) in the model had a p-value that was less than 0.05. To test
the global fit of the model, the coefficient of determination (R2) was evaluated. The
R2 for tensile-shear load was 0.997, denoting that the sample variation of 99.7%
is attributed to the regressors in the model and only 0.3% of the total variability is
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Table 8 Design matrix of CCD and experimental design

Run order Parameter Response

Weld time
(s)

Weld
current
(kA)

Electrode
force (kN)

FZ size
(mm)

HAZ size
(mm)

Tensile-
shear load
(kN)

1 0.24 9 2.7 3.61 4.68 8.63

2 0.24 9 2.7 3.60 4.69 8.67

3 0.20 8 2.3 3.02 4.32 7.01

4 0.28 10 2.3 3.74 4.65 8.50

5 0.24 10.7 2.7 3.81 4.70 8.96

6 0.20 10 3.1 3.79 4.80 8.96

7 0.28 8 2.3 3.40 4.77 8.88

8 0.24 9 2.0 3.58 4.68 8.13

9 0.24 9 2.7 3.62 4.66 8.59

10 0.20 8 3.1 3.11 4.50 7.80

11 0.24 7.3 2.7 3.48 4.56 8.15

12 0.24 9 2.7 3.62 4.66 8.58

13 0.17 9 2.7 3.05 4.34 7.24

14 0.20 10 2.3 3.29 4.40 7.80

15 0.24 9 3.4 3.74 4.84 8.98

16 0.31 9 2.7 3.50 4.71 8.78

17 0.28 8 3.1 3.66 4.68 8.80

18 0.24 9 2.7 3.61 4.69 8.60

19 0.24 9 2.7 3.60 4.68 8.65

20 0.28 10 3.1 3.72 4.88 8.96

not explained by the model. The R2 for the FZ size and HAZ size were 90.71 and
97.78%, respectively.

3.3 Confirmation Tests

The results obtained from Eqs. (1) to (3) were compared with the experiments
(Table 9). The percentage of discrepancies between confirmation experiments and
prediction (Eqs. 1–3) were less than 3.7%. From the ANOVA analysis, the optimum
welding parameters are as follow: weld time of 0.2 s, electrode force at 2.3 kN and
a weld current of 10 kA.

The investigation on failure mode was carried out using tensile-shear test until the
welded joint was failed. The failure was classified either as the well button pullout or
interfacial fracture. For the RSW joint of the samples, it was observed that the failure
mode was a pullout failure as in Fig. 2. This type of failure is generally the preferred
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Table 9 Results of the confirmation tests for FZ size, HAZ size and tensile-shear load

Parameter Value from
Eqs. (1) to
(3)

Experiment Discrepancy
(%)

1 2 3 Average

FZ size
(mm)

3.50 3.49 3.41 3.43 3.44 1.71

HAZ size
(mm)

4.54 4.63 4.55 4.58 4.59 1.09

Tensile-
shear load
(kN)

8.52 8.02 8.13 8.47 8.21 3.64

failure mode in resistance spot welding, due to its higher plastic deformation and
energy absorption characteristics [11–13].

For a welded joint, the failure usually occurs at the softer base metal. The samples
tested in this work produced the complete button pullout. In the pullout mode, failure
commonly occurs via withdrawal of fusion zone (Fig. 2a) from one of the sheets [14,
15]. One of the signs of insufficient mechanical strength in RSW joint is if the failure
occurs in the mode of interfacial failure or through the fusion zone failure [16].

In Fig. 2b, the failure of the spot weld appears to be initiated approximately at
the middle of the fusion zone circumference before it was propagated through neck-
ing/shear along the fusion zone circumference.Once thewelded joint lost its strength,
the upper sheet was torn off. This observed failure mechanism is in agreement with
other literatures [15, 17]. It can be concluded that the strength of weld joint pro-
duced by the combination of optimized parameters were able to create a joint with
an acceptable failure mode.

4 Conclusions

An experimental design using a three-response optimization using the Taguchi L9

orthogonal array method was used to determine the effects of welding parameters
(weld time, weld current and electrode force) on the fusion zone size, heat affected
zone size and tensile-shear load, simultaneously. Three second-order models for
fusion zone size, heat affected zone size and tensile-shear load were constructed and
validated by comparing the predicted values and experiment results. These second-
order models were satisfactory since the values of R2 for the global fitting of fusion
zone size, heat affected zone size, and tensile-shear load were 0.907, 0.9778 and
0.994, respectively. It was found that the weld time of 0.2 s, electrode force at
2.3 kN and a weld current of 10 kA produced the desired welded joint quality.
The experimental results obtained using these optimum welding parameters and the
prediction based on the second-order models were within 3.7% discrepancies.
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Fig. 2 Failure mode of
tensile-shear test a pullout
and b tearing

(a)

(b)
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A Review on Mechanical Properties
of SnAgCu/Cu Joint Using Laser
Soldering

Nabila Tamar Jaya, Siti Rabiatull Aisha Idris and Mahadzir Ishak

Abstract This paper focuses on publishing the review of mechanical properties at
the interface between SnAgCu (SAC) solder and Copper substrate after laser solder-
ing. This involved on basic principles of solder alloy and Copper diffusion mech-
anism. In addition, this paper also reviews laser solder effects towards mechanical
properties of the solder joint. This paper approach on the review of the solder joint
strength which regards to intermetallic compound type and thickness. The output
of this paper is to create an understanding for the readers about variance of laser
soldering parameters and its effect on the mechanical properties of the solder joint
by including discussion from other research paper findings.

Keywords Mechanical properties · Soldering ·Metallurgy · Intermetallic
compound

1 Introduction

Solder alloy is a filler material that is used in soldering for joining two metals part
together where their liquidious temperature is below 450 °C [1–3]. Some of the char-
acteristic of a solder alloy that need to be noted on are their materials, microstructure,
the changes at interface duringmetallization phase, goodwetting andmanufacturabil-
ity (have lowmelting and short melting-temperature range) as all of these factors will
contribute to a quality solder joint reliability [4] Meanwhile, the diffusion between
solder and copper will form intermetallic at the interface which then develop an ade-
quate wetting properties of most lead-free and Sn-based solder that is important for
solderability of a joint [5, 6]. The common phases that are formed in the intermetallic
layer for copper (Cu)/tin (Sn) diffusion system are Cu3Sn (at interface with copper)
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and Cu6Sn5 (at interface with the tin) and the thickness of this layer depends on the
concentration of Cu that presents in the solder alloy [7, 8].

Due to the environmental and health concerns, Sn–Pb solders have been banned
and the studies on lead-free solder have been done world widely in conjunction of
supporting Waste Electrical and Electronic Equipment (WEEE) and Restriction of
the Use of Hazardous Substances in Electrical and Electronic Equipment (RoHS
Directive) [9–11]. Lead-free solder such as SnCu and SnAgCu (SAC) solder alloys
are seen as great potential substitute of Sn–Pb solder alloys due to its goodwettability,
high electrical conductivity, good mechanical properties and economically costing
[12–15]. Furthermore, Cu has high availability, good electrical and thermal conduc-
tivity, therefore it has always been chosen for any metallization layers medium in
the manufacturing of electrical components [16–18]. SAC solders have good wetting
property, high creep resistance and when they are in molten form, these solders have
high reaction rate with metals [19, 20].

Laser soldering technology is known to have been used since many years before
due to its highly advanced selective soldering whereas the heat is applied only on
the desired spot precisely, mechanically controlled by the machine and thus result in
high production rate [10, 17, 21–23]. Meanwhile, as to compare with conventional
method which is reflow soldering, the laser soldering has contactless temperature
measurement during laser process, rapid rise and fall temperature cycles that will
certainlyminimize the thermal damage especially for heat-sensitive components [19,
24, 25]. It has also been claimed that soldering by using laser technology produces
a good electrical conductivity in the integrated circuits assembly and void defects
are minimized due to its fast evaporation of flux [9, 26]. Therefore, laser soldering
technology has been quite well-known of its advantages in electronic packaging
industries.

Meanwhile, intermetallic compound formation (IMC) is an interfacial layer that
form through a chemical reaction during joining process between the molten solder
and its substrate which is usual the base metal [27, 28]. IMC is said to be brittle, thus
an excessive of this layer could deteriorate a solder joint as its formation already alter
both the composition and mechanical performance of the joint [28, 29]. However, in
laser soldering technology, it has rapid heating and fast cooling rate, the intermetallic
compound (IMC) formation is minimize where it is known that the brittleness of the
IMC could contribute to a joint failure [22, 30, 31]. As compared to reflow soldering,
the integrated circuits assembly will be exposed to heat more longer in time which
then results in the IMC crystals to keep on growing, thus create a thick IMC layer
and reduce the quality of the solder joint [32–34].

2 Process of Laser Joining

A laser usually needs three elements to operate which are, firstly an active medium
(laser rod) with selectively populated level of energy. Secondly, a pumping process
to create population inversion between the energy levels, and lastly is the resonant
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Fig. 1 The three main elements that involve in designing a laser [35]

Table 1 The comparison of different between laser sources for laser soldering [38]

Diode laser Fiber laser Nd:YAG laser CO2 laser

Dimension
(ratio)

1 1 100 1000

Electro-optical
efficiency

40–50% 30% 3–17% 10–15%

Emission
wavelength

800–1000 nm 1030–1090 nm 1064 nm 10,600 nm

Lifetime >100,000 h >100,000 h >1000 h ~10,000 h

Maintenance Low maintenance Low maintenance 200–1000 h Every 500 h

Investment/power 10–50 W 15–30 W 50–100 W 10–50 W

Beam guiding
(fiber optics)

Yes Yes Yes No

cavity which consist of active medium that serves as storage of the emitted radiation
and creates feedback in order to retain the radiation coherence (Fig. 1) [35].

Fundamentally, lasers can be classified into two types which are continuous wave
(CW) laser and pulse beam laser. In CW laser, the light was emitted in a steady
continuous beam with low intensity. Gas laser was said to be categorised in this type.
Meanwhile, for pulse beam laser, it emits powerful bursts of light with very short
duration of period and the common lasers involved are crystals, glass and liquid types
of lasers [35]. Flash lamp pump is used in pulsed beam lasers, while electric arc lamp
is used for CW lasers [36].

Fourmain types of lasers have been found suitable to be used for laser soldering are
semiconductor laser (diode laser), fiber laser, Nd:YAG laser (a solid state laser) and
carbon dioxide laser (gas laser) [36–39]. Some characteristics of these four different
type of lasers are described in Table 1 [38]. However, in this paper, the main focus
will be on diode laser and fibre laser only due to its low maintenance and ease in
operation which regards to its application in electronics industry.
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Fig. 2 Scanning electron
microscopy (SEM)
micrographs of the interface
between the solder and Cu
pad just after and reflow
soldering [25]

Fig. 3 Scanning electron
microscopy (SEM)
micrographs of the interface
between the solder and Cu
pad after isothermal aging
for laser and reflow
soldering [25]

2.1 Mechanical Properties of Solder Joint When Exposed to
Laser Joining

In the study of Nishikawa [25], the formation and growth of the IMC layer at the
Sn–Ag–Cu solder/Cu interface after laser soldering and during isothermal aging
were investigated to elucidate the basic characteristics of the laser soldering process.
The impact reliability of the joint soldered using laser soldering was also investi-
gated. According to his work, it was found that the growth of the IMC layer during
isothermal aging appears to be faster in the case of laser soldering than in the case
of reflow soldering (Fig. 2). In the case of the reflow soldering, the IMC layer at
the Sn–Ag–Cu/Cu pad interface has a typical scallop-like morphology. In contrast, a
relatively thin IMC layer is formed at the interface in the case of the laser soldering,
regardless of the laser irradiation condition. The thickness of this IMC layer was less
than 1 µm. This is because the duration for which the solder was heated to a temper-
ature greater than its melting temperature was much shorter during laser soldering
than for reflow soldering. Hence, the use of laser soldering causes the reaction time
between the molten solder and Cu pad to be very brief. After both samples undergoes
the isothermal ageing for 168 h and 504 h, small voids are observed to appear more
on the laser compared to the reflow soldering at the interface (Fig. 3). For both laser
and reflow soldering, total IMC layer thickness increases with the increase of aging
time.

The thickness is proportional to the square root of aging time, Fig. 4. The thickness
of IMC usually is much thinner in laser due to its shorter soldering time [26]. It is
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Fig. 4 Effect of aging time
at 423 K on the total
intermetallic compound
(IMC) thickness at the
solder/Cu pad interface [25]

Fig. 5 Effect of aging time
on the maximum load of the
load-displacement curve
obtained from the
microimpact tester [25]

well known that voids in the IMC layer provide initiation sites and propagation paths
for cracks whose formation degrades the reliability of solder joints as reported by
Zeng et al. [14]. While Fig. 5 demonstrates the effect of aging time on the maximum
load of the load-displacement curve obtained from the microimpact tester. In the
as-soldered condition, the maximum load of joints soldered by the laser process was
superior to that soldered by the reflow process because of the extremely thin IMC
layer at the interface and the high hardness of the solder matrix.

In the study of Lui [40], they used laser to solder rapidly-solidified lead-free
solders for two reasons, one is the good characteristics of laser soldering such as
rapid melting, rapid cooling and small heat affected zone and the other is that the
rapidly-solidified lead-free solders are not suitable for long time. Figure 6 shows the
thickness of IMCs at rapidly solidified SAC305 interface under different scanning
speed when the laser output power is 50 W. As can be seen the thickness of IMC
becomes thinner with the scanning speed increases. When the scanning speed is less
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Fig. 6 The relationship of
thickness of IMC and laser
scanning speed, when the
laser output power is 50 W
[40]

than 50mm/min, the IMC layer is too thick. According to the study of Yang et al., Cu
dissolves from substrates into the molten solder during soldering in an amount that is
related to the soldering process and after the soldering is complete, the dissolved Cu
will precipitate in the solder matrix and at interface [41]. This precipitation amount
and distribution would greatly affect the joint reliability.

In Fig. 7 it can be seen both of the rapidly-solidified lead-free solders and the as-
cast lead-free solders conform to the same rule that the IMC layer becomes thicker
with the aging time increases. However, in the subsequent aging process which is
from one day to three days, the IMCs formed at rapidly-solidified Sn3.5Ag0.7Cu/Cu
interface became thinner than that formed at as-cast Sn3.5Ag0.7Cu/Cu interface
under the same aging time [40].

In the study of Xue [22], they performed an experiment in order to investigate the
advantages of laser soldering technology on its application in the lead-free environ-
ments. In their experiments, Sn–3Ag–0.5Cu lead-free solder on Au/Ni/Cu pad were
carried out by means of diode-laser and IR reflow soldering methods respectively. In
his work, it was found that tensile force of QFPmicro-joints increases gradually with
the increase of laser output power (Fig. 8). The maximum force of QFP micro-joints
is gained when the laser output power increases to 34.1W, which shows that the PCB
is wetted adequately by molten Sn–Ag–Cu lead-free solder, and the best mechanical
properties of micro-joints are gained at the same time.

Meanwhile, they also compared the mechanical properties between laser and
infrared (IR) reflow soldering as it shown in Fig. 9. In Fig. 9, It is concluded that
mechanical properties of QFP micro-joints soldered by laser soldering system are
better than those soldered by IR reflow soldering methods.

Other than that, An et al. [42] has done a research work on the fiber-laser soldering
machine as the heating resource to solder the SAC/Cu in order to investigate the effort
of laser soldering parameters on the morphology and the size of the Cu6Sn5 grains.
From the result, it was showed that that the Cu6Sn5 grains were in scallop type
with smooth surface. According to the study Yang et al., in lead-free solders, Sn
is the main element and usually reacts with Cu substrates to form two interposing
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Fig. 7 The comparison of
cross-sections of IMCs at
rapidly solidified
Sn3.5Ag0.7Cu/Cu and as
cast Sn3.5Ag0.7Cu/Cu aging
at 150 for (e) 0 day, (f1, f2)
1 day, (g1, g2) 2 days, (h1,
h2) 3 days [40]

Fig. 8 The relationship
between laser output power
and maximum tensile force
of QFP SAC micro-joints
[22]

layers of Cu–Sn intermetallic compounds (IMCs) such as Cu3Sn and Cu6Sn5 [41].
Meanwhile, as reported by Shang et al., the Cu3Sn is formed next to the Cu, whereas
the Cu6Sn5 is formed immediately adjacent to the solder [43]. In Fig. 10a, the grain
of Cu6Sn5 is in scallop type with smooth surface. As seen in Fig. 10b, when the laser
soldering output power was 40 W, the morphology of the Cu6Sn5 was prism-type.
The size of the prism-type grains differed a lot, the length of the longest of the grains
can be 8.24 µm while that of the shortest one was only 3.29 µm. In Fig. 10c shows



104 N. T. Jaya et al.

Fig. 9 The tensile properties
of QFP micro-joints soldered
[22]

Fig. 10 Morphology of Cu6Sn formed at SAC/Cu solder joint at laser scanning speed of 100
mm/min with different laser soldering output power: a, b, c Top view of Cu6Sn and d, e, f Cross-
sectional view of Cu6Sn [42]

the top-view of the Cu6Sn5 grains when soldered at the laser soldering output power
of 50 W, the morphology of the Cu6Sn5 grains was bottom closely arranged with
smooth top surface.

When the laser soldering scanning speed was 230 mm/min, the Cu was in scallop-
type grains with faceted surface Fig. 11a. The size of the grains was unified and fine
but when the scanning speed was reduced to 180 mm/min, many more grains with
faceted surface can be found which indicated the Cu6Sn5 grains had the tendency to
convert from scallop type to prism type Fig. 11b. Meanwhile, the size of the grains
was bigger. As shown in Fig. 11c, when the laser soldering scanning speed was
140 mm/min, nearly all the Cu6Sn5 grains were in prism type. There was an obvious
difference between the prism type grains. Some of the grains were small prism while
some grains grew into long lengths.
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Fig. 11 Top-view of Cu6Sn formed at SAC/Cu solder joint at laser output power of 50 W with
different laser soldering scanning speed: a 230 mm/min, b 180 mm/min and c 140 mm/min [42]

3 Conclusions

As a conclusion, laser soldering managed to retard the IMC formation and increase
the strength of the solder joint. The thickness of the IMCby laser soldering reportedly
to be less than 1 µm. The thickness of IMC also is claimed become thinner as the
power increased, but at some point, if the power is too high, the formation of IMC
starts to discontinue as stated by many studies, the IMC layer must be thick enough
to obtain very strong solder joint, but it must be kept to a minimum for very good
electrical and also thermal performance. At the same time, it can be concluded that it
is thick enough for optimal mechanical characteristics (as proven by the mechanical
tests). It is known, a too thick layer of IMC could deteriorate the mechanical strength
as the layer is brittle and porous. However, some studies also shown that with the
increasing of aging time, mostly SAC solder group solder joint strength started to
decrease. Cracks are said to initiate at the interface between solder and IMC layer
or between IMC and IMC layer itself. Soldering by using laser method also favored
maybe due to its time less consuming, energy saving because the power applied
punctually or localized at one point at one time. The electrical and mechanical tests
proved a good solder joint performance.
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