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ABSTRACT 

The contribution of the microstructural arrangement to the mechanical properties of friction stir 

processed Tungsten Inert Gas (TIG) welded joints is reported in this work. The TIG-welded joints were 

subjected to a single pass of Friction Stir Processing (FSP). The friction stir processed joint was sampled 

transversally and longitudinally, and different tests were conducted and studied comparatively. The 

microstructural analysis showed refined grains with varying degrees. The mean grain size for the 

transversally sampled specimen was found to be 11.48 µm, while the longitudinally sampled specimen had 

varying mean grain size from 7.32 µm to 15.09 µm. The varying mean grain size of the longitudinally 

sampled specimen is caused by the staggered arrangement of the microstructure. The tensile properties 

and the microhardness of the transversally sampled specimen were lower than those of the longitudinally 

sampled specimen. The ultimate tensile strength of the transversally sampled specimen was found to be 

87.88 MPa which is lower than that of the longitudinally sampled specimen (133.83 MPa). The 

microhardness of the longitudinally sampled specimen fluctuated between 30 HV and 80 HV while the 

transversally sampled specimen had a maximum microhardness of approximately 57 HV. 

Keywords-friction stir processing; sampling directions; microstructure; tensile strength; tungsten inert gas 

welding   

I. INTRODUCTION  

Tungsten Inert Gas (TIG) welding is a well-known joining 
technique best suited for soft metals like aluminum, copper, 
and magnesium [1, 2]. This technique operates on the principle 
of melting another metal with similar properties to the joined 
materials. The fact that there is high heat input involved in the 
procedure suggests that there are opportunities for the post-
defects that can compromise the quality of the formed joint [3, 
4]. This suggests that there is a need for the post-treatment 
required when one wants to enhance the quality of the 
produced or existing joint. There are many post-treatments that 
one can employ in enhancing the joint. This includes high-
temperature and solid-state-based treatments like friction stir 
processing [5-7]. Friction Stir Processing (FSP) is a solid state-
based microstructural modifying technique that uses friction to 

generate the heat required to soften the material for 
microstructural modification [8]. FSP is a Friction Stir Welding 
(FSW) variant, but the distinction is that FSP requires or 
operates on a single surface, while FSW operates on more than 
one surface [9-12]. The FSP technique has been employed to 
modify the surface of metals by enforcing foreign particles and 
forming surface composites [13-16]. However, recent 
developments have shown that this technique can be employed 
in processing the joints produced using different techniques.  

Authors in [17] have reported the influence of subjecting 
AA5083-H111 T-joints produced through gas metal arc 
welding to friction stir processing procedure. It should be noted 
that the FSP procedure was employed at the toe of the GMAW 
welds. The microstructural analysis revealed a clear grain 
variation from the weld to the processed area. The refinement 
of grains in the processed area resulted in improved hardness 
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and tensile properties compared to the weld. There was also a 
notable increase in fatigue life for the processed weld 
compared to the unprocessed weld. The unprocessed weld 
showed multi-nucleation site post fatigue test, whereas the 
processed joint showed significantly lower nucleation sites. 
The impact of applying FSP on the TIG welded joints was 
investigated in [18]. The normal procedure was used to produce 
TIG welded joints and later subjected to the FSP procedure. 
The microstructural analysis showed significant grain 
refinement at the nugget zone post-FSP procedure. This grain 
refinement contributed immensely towards enhancing tensile 
and microhardness properties compared to the TIG welded 
joint. However, it was observed that the mechanical properties 
of the base metal remained higher compared to friction stir 
processed TIG-welded joint and unprocessed TIG-welded joint. 
Authors in [19] analyzed the FSP procedure’s influence on the 
AA6061/AA7075 TIG welded joints. The analysis conducted 
in this study included the prediction of heat transfer with the 
use of ANSYS software. The analysis also involved the 
variation of FSP parameters. It was discovered that the increase 
in rotational speed contributed to the refinement of grains and 
also impacted the heat input. This resulted in a reduction of 
residual stress while maximizing the tensile strength and 
hardness of the joint. It should be noted that all the samples 
tested in this study were sampled perpendicular to the welding 
direction.  

The influence of FSP on the friction stir welded joints was 
investigated in [20]. The friction stir welded plates were 
subjected to the FSP procedure using the same welding setup. 
The microstructural analysis showed moderate grain refinement 
compared to the friction stir welded joint. A slight increase in 
mechanical properties was observed on the processed joints in 
comparison with the unprocessed ones. However, the 
mechanical properties of the joints were all less than those of 
the AA6082 base metal. All the analyses were performed on 
specimens sampled perpendicular to the welding direction. 
There are a few more studies where the FSP was employed on 
the joints [21-25]. However, it has been observed that most 
tests associated with joint analysis are performed on samples 
sampled perpendicular to the welding direction. This kind of 
analysis does not give full information about the actual joint. 
The information obtained in these analyses is mixed with the 
information outside the joint.  

The current paper investigates the mechanical properties of 
the TIG welded joint when subjected to the FSP process. The 
main focus is on the analysis of the joint’s behavior, 
considering the sampling direction, i.e. longitudinal and 
transversal. This kind of analysis could be useful to understand 
the strength of the joint and better configure components made 
from materials considered in this work. 

II. MATERIALS AND METHODS 

AA8011 and AA6082 plates were utilized, each 6 mm 
thick. These plates were initially prepared into rectangular 
shapes of 250 mm × 50 mm, with their end edges shaped into a 
V configuration of 60

o
 in preparation for TIG welding. The 

welding process employed ER4043 filler material, the chemical 
composition of which was measured using Belec Spectroscopy 
[25] and is detailed in Table I. During welding, argon gas was 

maintained at a flow rate of 28 L/min, the welding speed was 
set at 42 mm/min, and voltage and current were controlled at 
37 V and 152 A, respectively. The FSP was conducted using 
the semi-automated LAGUN FA.1-LA milling machine [26]. 
FSP was executed with a tool rotational speed of 1100 rpm, a 
traverse speed of 55 mm/min, and a tilt angle of 2

o
. The tool 

used for the FSP procedure was produced from high-speed 
steel with a triangular-fluted pin profile, which was 5.8 mm 
long and with a diameter of 7 mm, as illustrated in Figure 1. 
Figure 2 illustrates a schematic diagram of the friction stir 
processed TIG-welded plate, with AA6082 positioned on the 
retreating side and AA8011 on the advancing side. 

TABLE I.  CHEMICAL COMPOSITION OF THE WIRE FILLER 

[25] 

Metal Si Fe Cu Mn Mg Cr Ti Zn Al 

ER4043 5.2 0.75 0.31 0.04 0.04 0.01 0.15 0.1 Bal 

 

 
Fig. 1.  Schematic diagram of the FSP tool. 

 
Fig. 2.  Schematic diagram of the friction stir processed TIG-welded plate. 

Waterjet technology was employed to prepare specimens 
for various tests, each test requiring both transverse and 
longitudinal sampling, as depicted in the schematic 
representation in Figure 3. Tensile testing was carried out using 
the Hounsfield 25K tensile machine, which was equipped with 
Horizon software. This specialized software is designed to 
directly extract tensile properties from the machine, eliminating 
the need for data postprocessing. The design and execution of 
the tensile tests adhered to the ASTM E8M-04 standard. Post 
tensile testing, the fractured surfaces were subject to analysis 
using scanning electron microscopy. Microhardness testing was 
performed using the InnovaTest Falcon 500 hardness testing 
machine, following the guidelines outlined in the ASTM E384-
11 standard. All samples were subjected to a 300 g load with a 
dwell time of 10 s. To delve into the microstructural 
arrangement, the Motic AE2000 optical metallurgical 
microscopy was utilized, and grain visualization was achieved 
by applying two different etchants: a modified Keller's agent 
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for AA8011 which was found to be more effective and Weck's 
agent for AA6082. This combination ensured a clear and 
uniform grain structure throughout the entire stir zone without 
any over-etched regions [24]. Grain size measurements were 
conducted using ImageJ software, employing the linear 
intercept method, and subsequent calculations were carried out 
based on the acquired data. This grain measurement approach 
was adapted from the ASTME112-12 standard [25]. 

 

 
Fig. 3.  Schematic diagram depicting the sampling directions of different 

test samples. 

III. RESULTS AND DISCUSSION 

This section deals with the comparative analysis and 
discussion of the obtained results from the longitudinal and 
transverse directions. 

A. Microstructure 

Figure 4 illustrates the microstructural arrangement within 
the stir zone of the friction stir-processed TIG-welded joint. 
Specifically, Figure 4(a) provides a view of the stir zone 
sampled transversally, while Figure 4(b) depicts the 
longitudinally sampled specimen. To determine grain size in 
Figure 4(a), a recurring application of the linear intercept 
method was employed at various locations. The data collected 
from these measurements were then utilized to compute both 
the mean grain size and standard deviation, as detailed in Table 
II. Similarly, the mean grain size of the longitudinally sampled 
specimen was determined using a comparable methodology. 
However, due to its stacked configuration, the grain size 
measurements were taken from different vertical locations, 
leading to the presentation of L1-L3 data in Table II. Figure 5 
offers insight into the microstructural grain distribution in 
relation to Figure 4. In the transversely sampled specimen, the 
mean grain size measured was 11.48 µm, with a standard 
deviation of 3.57 µm. In contrast, the longitudinally sampled 
specimen exhibited varying mean grain sizes within the range 
of 7.32 µm to 15.09 µm. This fluctuation in grain size indicates 
that different regions of the joint underwent dynamic 
recrystallization to varying degrees. It should be noted that the 
L3 region, which is closer to the surface in contact with the 
weld bed, displayed a defect-free nature and was dominated by 
exceptionally refined grains. This is attributed to the influence 
of the bed surface, where dynamic recrystallization and plastic 
flow are effectively controlled [27]. Furthermore, the 
longitudinally sampled specimen revealed the emergence of the 
strengthening precipitate, known as magnesium-iron, resulting 
from the interaction between AA8011 and AA6082 alloys [28]. 

 
Fig. 4.  (a) FSP+TIG microstructural arrangement of the stir zone sampled 

(a) transversally, (b) longitudinally. 

TABLE II.  MEAN GRAIN SIZE AND STANDARD 

DEVIATION. 

Joint Mean grain size (µm) Standard deviation (µm) 

Transverse 11.48 3.57 

Longitudinal L1 12.48 3.84 

Longitudinal L2 15.09 6.74 

Longitudinal L3 7.32 2.68 

 

 
Fig. 5.  Grain size distribution for (a) the transversally sampled specimen, 

(b) the longitudinally sampled specimen (i-iii). 

B. Tensile Properties 

The tensile specimens' post-tensile test results are shown in 
Figure 6(a), while Figure 6(b) shows the corresponding stress-
strain graphs. The corresponding results are presented in Table 
III. The transversally sampled specimen failed at the center of 
the stir zone, while the longitudinally sampled specimen failed 
at the middle of the specimen. The transversally sampled 
specimen underwent a clear necking mechanism before 
fracture, while the longitudinally sampled specimen shows 
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unclear necking. The necking symbolizes that FSP did not 
bring enough microstructural defects healing at the center of 
the joint, thereby making this region the target for the failure 
initiation site. This failure also suggests that a nonuniform 
microstructural arrangement dominates the specimen. The 
stress-strain curves in Figure 6(b) clearly distinguish between 
the joint’s tensile properties when subjected to transversal and 
longitudinal loads. The tensile strength of the specimen 
sampled longitudinally is higher than that of the transversally 
sampled specimen. The Ultimate Tensile Stress (UTS) values 
for the longitudinally and transversally sampled specimens are 
133.83 MPa and 87.88 MPa, respectively. The tensile strain at 
UTS for longitudinally and transversally sampled specimens 
are 19.36% and 10.89%, respectively. The tensile strain values 
at the breakpoint for the longitudinally and transversally 
sampled specimens are 26.64% and 27.49%, respectively. The 
tensile properties of the longitudinally sampled specimen are 
higher than those of the transversally sampled specimen. This 
longitudinally sampled specimen’s dominance in tensile 
properties is due to the fact that this specimen is dominated by 
refined grains observed during the microstructural analysis [29-
31]. The refined grains contribute immensely to the tensile 
properties of the materials according to Hall-Patch relationship 
[32]. It is good to note that the longitudinally sampled 
specimens exhibit UTS that is way higher than AA8011 parent 
material and TIG welded joint but lower than AA6082 parent 
material. The UTS for transversally sampled specimens 
exhibits UTS that is lower than both parent materials but higher 
than the TIG welded joint [10, 33]. 

 

(a) 

 

(b) 

 

Fig. 6.  (a) Fractured tensile specimens and (b) engineering stress–strain 

curves. 

C. Fractography 

Figures 7(a)-(b) show the fractography for the transversally 
and longitudinally sampled specimens, respectively. It should 

be noted that the specimens fractured at the middle of the joint 
(transversally sampled specimen) and the specimen 
(longitudinally sampled specimen). Dimples of different sizes 
characterize the fractured surface of both specimens, which are 
ductile fracture characteristics. Numerous pores and voids are 
detected on the fractured surface of the transversally sampled 
specimen. These defects result from insufficient material flow 
and mixing, which contribute to the weakening of the joint. 
Dimples of different sizes dominate the longitudinally sampled 
specimen, suggesting ductile failure [10, 32-34]. 

TABLE III.  TENSILE PROPERTIES 

FSPed TIG 
Ultimate tensile 

strength (MPa) 

Tensile strain at 

UTS (%) 

Tensile strain at 

breakpoint (%) 

Position of 

fracture 

Transverse 87.88 10.89 27.49 SZ 

Longitudinal 133.83 19.36 26.64 Center 

 

 
Fig. 7.  Fractography for (a) transversally sampled specimen and (b) 

longitudinally sampled specimen. 

D. Microhardness 

Figure 8 depicts the microhardness profiles for transversally 
and longitudinally sampled specimens. The transversally 
sampled specimen shows a varying trend from the AA6082 
base material toward the stir zone and a decreasing trend from 
the stir zone toward the AA8011 base material. This is a 
generic behavior for a joint composed of two dissimilar 
materials. The maximum microhardness at the stir zone for the 
transversally sampled specimen was 57 HV which is slightly 
higher than the TIG welded joint, followed by the sharp 
decrease toward the AA8011 side of the stir zone [10, 33, 36-
38]. The sharp decrease may be caused by microstructural 
defects emerging from insufficient material mixing. The 
microhardness for the longitudinally sampled specimen shows 
a fluctuation across the thickness of the specimen, which is 
attributed to the variation in gran size observed during 
microstructural analysis. This is a manifestation of the joint 
composed of two dissimilar materials with unique mechanical 
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properties [39, 40]. The microhardness of the two specimens' 
configuration was found to be higher than that of the parent 
materials [33]. It was further observed that the microhardness 
profile involving dissimilar materials always follows an "S" 
shape unlike the "W" shape reported in the literature [41, 42]. 

 

 
Fig. 8.  Microhardness profiles of the FSPed TIG weldments. 

IV. CONCLUSION 

In this study, the influence of microstructural arrangement 
on the mechanical properties of the friction stir processed TIG-
welded joints with the main focus on the sampling direction 
was investigated. Based on the obtained results, the following 
conclusions were drawn: 

 The microstructural arrangement of the joint varies with 
sampling directions. This was manifested during the 
measurement of the grain, where different locations of the 
longitudinally sampled specimen had different grain sizes. 
Another feature (strengthening precipitate) was also 
detected through the microstructural analysis of the 
longitudinally sampled specimen, which was not visible on 
a transversally sampled specimen. 

 The tensile properties of the longitudinally sampled joint 
are way higher than those of the transversally sampled joint. 
This suggests that the joint responds differently to 
longitudinal and transversal loads. 

 The fracture mechanisms for both longitudinal and 
transversal directions are similar, but the transversally 
sampled specimen showed some defects. 

 The microhardness profile for both specimens is unique, 
and this uniqueness is due to the microstructural difference 
observed during microstructural analysis. 
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