Materials Research. 2022; 25:¢20210508
DOT: https://doi.org/10.1590/1980-5373-MR-2021-0508

Effect of Tool Pin Geometry and Process Parameters During FSW of Dissimilar Alloys of Mg
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Effect of two distinctive tool designs along with other tool related parameters including speed of
traverse of tool and offset distance of tool pin during friction stir welding of dissimilar AZ91C and
AZ31B alloys of Mg were investigated. Experimental recordings revealed that all the joints fabricated
during 1% set of investigations employing cylindrically tapered pin geometry and their offset distances
being 0.5 mm or Imm towards any one of the parent metals possessed flaws. Joint No: II-3 fabricated
in 2" set of investigations by employing 1 5mm diameter inner shoulder tool with threaded cylindrical
tapered pin geometry at a tool offset distance of 0 mm was found be free from flaws. This joint
exhibited a tensile strength of 186 MPa which was 78.81% of AZ91C and 70.72% of another parent
metal AZ31B. Existence of intermetallic phased constituents, namely, Mg Al , in several regions of
fractured surfaces have contributed to the supplementary brittleness in the zone of nugget, and have

reduced the tensile strength of the joint.

Keywords: Tool pin geometry, speed of tool traverse, tool offset distance, brittle fracture, AZ31B,

AZ9IC.

1. Introduction

Unique features of magnesium (Mg) and its alloys
including excellent properties of damping, reasonable specific
stiffness, larger specific strength, meager density etc., make
them more preferable in automotive, marine, aerospace,
biomedical and electronic industrial sectors'. At the same
time, alloys of Mg due to their certain elemental properties
cannot be easily joined using the classical fusion-based
welding methodologies>. For example, the strong kinship of
Mg alloys with nitrogen and oxygen, leads to the generation
of magnesium oxide during joining. This magnesium oxide
permanently remains in the area of the joint itself, as it
cannot be cleared away easily, due to its large density and
melting point features”*.

In addition to this, welding together dissimilar alloys
of Mg and welding of alloys of Mg with other metals using
classical techniques of joining is not an easy task, due to
the alloy’s inferior resistance towards corrosion and faster
chemical reactivity®. Likewise, attempts to join alloys of Mg
using larger input of heat energy will result in coarsening
of grains in the seam of the joint, due to the alloy’s larger
thermal conductivity and low point of melting!®'".

As per the perspective of metallurgy of joining, when
compared with that of the classical techniques of joining,
FSW (friction stir welding), a contemporary joining process,
is competent enough to weld together alloys of Mg'>!3. This
is because, FSW process joins Mg alloys before they reach
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their point of melting, and hence, associated defects namely
joint tumor, broader heat-affected region, etc., are curtailed'*".
In addition to this, the temperature associated with FSW
is much lesser when compared with that of the classical
welding methodologies and this minimizes the after weld
lacerations and residual stress formations. Another attractive
characteristic that makes FSW more preferable for joining Mg
alloys is the occurrence of dynamic recrystallization, which
refines the microstructures completely, thereby, improving
the performance of joints to a greater extent!'¢2,

Many experimental investigations were carried out with
respect to the joining of similar as well as dissimilar alloys
of AIP'"%, similar as well as dissimilar of alloys Mg, etc.
For example, Kumar et al.>* employed the FSW process to
join dissimilar alloys of aluminium namely AA6061 and
AAS083 by using 3 distinctive pin-profiled tools together with
variable speeds of traverse and rotation. During this process,
AA6061 was kept on the side of retraction and AAS083 was
kept on the side of advancement. Experimentation results
conceded that the joints fabricated by taper threaded pin
profiled tool at 40 mm/min and 900 rpm exhibited the largest
tensile strength of 191.62 MPa.

An attempt was put forward by Baghdadi et al.”’ to
enhance the mechanical related properties of friction stir
welded alloy of AI-Mg—Si by means of post-joint treatment
of heat and investigated the probability of regulating the
growth of abnormal grain through distinctive parameters.
In this attempt, joints were fabricated employing distinctive
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speeds of travel and rotation and the welded samples were
subjected to T6 category treatment of heat. Results revealed
that, the precipitation relevant hardening particle’s dissolution
in the heat impacted region have reduced the strength of the
welded samples.

FSW of dissimilar 6mm thick cast A390 and wrought
AA6061 aluminium alloy flat plates were performed by
Mahmoud Eskandari et al.”. In this experimental work, the
impacts of the location of the alloy material, speeds of traverse,
and rotation were taken into account for investigating the
features arising w.r.t microstructure and thermomechanical
aspects, by formulating a 3-dimensional FEM (finite element
method). It was recorded that, when cast alloy A390 was
placed on the side of retraction and advancement, the linear
to rotational speed ratios contributing for the high-quality
weld was 250—120 rev/cm and 250-200 rev/cm respectively.
The weld samples attained by placing cast alloy A390 on
the side of advancement exhibited unique atomic diffusion
and enhanced mixing of parent materials.

Wen Wang et al.’! experimentally studied the impact
of the rate of rotation of the fatigue cycle during FSW of
AZ31 alloy of Mg. It was observed that the impact of the
rate of rotation was significant on the size of the grains of the
attained joints, but negligible on the grain textures present
in the region affected by thermal-mechanical aspects and
in the zone of nugget. Fabricated AZ31 joints demonstrated
a symmetrical hysteresis loop irrespective of the rate of
rotation. Joint fabricated at 950 rpm possessing fine-sized
structural grains demonstrated very larger amplitude of stress
when compared with that of the joint fabricated at 1500 rpm
having coarse-sized structural grains.

In recent years, researchers have also flourishingly
employed FSW to join alloys of Mg with other metals
including Steel, Ti, AI’>3¥, etc. For instance, Md and
Birru*® investigated the mixing of materials during FSW
of aluminium alloy (namely AA6082-T6) and magnesium
alloy (namely AZ91), by changing the position of these
two distinctive parent materials on the side of advancement
and retraction alternatively. It was observed that, during
the placing of AZ91 on the side of advancement, a higher
volume of aluminium was soluble in the region of nugget,
when compared with that of the placing of AZ91 on the side
of retraction. Likewise, the largest value of the mechanical
strength of nearly 172 MPa was exhibited by the joint
having Mg as its side of advancement and the lowest value
of nearly 156 MPa was exhibited by the joint having Mg as
its side of retreatment.

Baghdadi et al.** made an attempt to join dissimilar Al-Mg
alloys using FSW by employing distinctive conditions of
offset of tool, speeds of travel and rotation. Flaw free joints
with superior strength were attained during the employment
of intermediary speed of rotation, lower tool travel and when
the pin is inserted at the middle of the line of weld. When
the pin of the tool was inserted at an offset of +Imm or
—Imm, joints possessing flaws (including cracks, tunnels,
pores etc.,) were attained.

An experimental attempt to friction stir butt weld low
carbon steel (Q235 grade) and magnesium alloy (AZ31B)
was made by Yongsheng Meng et al.?® using a tool possessing
cone-shaped truncated threaded pin. It was experimentally
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proven that, the tool with truncated threaded pin had improvised
the fluidity of steel to a greater extent and has also enhanced
the reaction of the interface between the alloy of steel and
magnesium. The dissimilar joint of Q235 grade low carbon
steel and AZ31B Mg alloy fabricated at 850 rpm and 75mm/
min exhibited the largest value of mechanical strength of
nearly 190 MPa, which is about 75% of the strength of the
Mg parent metal.

From the above-detailed literature, it can be observed
that most of these FSW-based experimental works have been
carried out w.r.t joining of similar alloys of Mg and joining
of Mg alloys with other metals (namely Al, Steel, Ti, etc.).
The research works focusing on the FSW of dissimilar alloys
of Mg is quite limited. Hence, there exists a vital need for
carrying experimental researches on the joining of dissimilar
alloys of Mg using the FSW process. Moreover, in order to
gain more understanding of the weldability of alloys of Mg
and to broaden the usage of alloys of Mg in several industrial
sectors including automotive and aerospace, it is of great
prerequisite and priority to perform experimental attempts
to join dissimilar alloys using the FSW process. In addition
to this, the impact of the tool offset distance during FSW
of dissimilar alloys of Mg have not been investigated to
greater extent and there exists a need for understanding
its impact on the properties of the fabricated joints. As a
result, in this investigational work, an experimental effort
was put forward to join two distinctive alloys of Mg namely
AZ31B and AZ91C by friction stir welding and to gain more
understanding about the impact of several parameters of the
FSW process by employing tools with two distinctive pin
geometries under varying parameters of speeds of traverse
of the tool, tool offset distance.

2. Methodology of Research

AZ31B and AZ91C alloys of Mg in the form of
rectangular plates were taken as the material of investigation.
These rectangular plates possessed a width of 55mm for a
length of 100 mm and together with a thickness of 6mm.
The chemical composition of the materials of investigation
is described in Table 1.

AZ31B rectangular plate was placed on the side of
advancement and AZ91C plate was placed on the side of
retraction throughout the entire investigation. 2 completely
distinctive sets of the investigation were carried out by
employing tools with 2 distinctive pin and shoulder geometries
(namely tool I & tool II). Both the tools were fabricated out
of M42 grade high-speed steel material.

The diagrammatic representations of the various views
(front, side and isometric view) of the employed tools with
2 distinctive geometries (tool I & tool II) are illustrated
in Figure 1la & b. As seen in Figure la, the tool I has a
cylindrically tapered pin for a 5.85 mm length, witha 15 mm
diameter outer shoulder for a length of 40 mm and a 20 mm
diameter inner shoulder for a length of 35mm. Likewise,
as seen in Figure 1b, tool II has a threaded cylindrically
tapered pin for a 5.85 mm length, with a 20 mm diameter
outer shoulder for a length of 50 mm and a 15mm diameter
inner shoulder for a length of 15mm.

1* set of investigations were carried out by employing
tool I and 5 joints were fabricated by placing the tool pin at
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Table 1. Constituents of the materials being investigated in this work.

. . . Tensile . o .
Material Mn Si Zn Ni Fe Cu Al Mg Strength Yield Strength % of elongation
AZ31B 031 0.079 0.85 0.0049 0.005 0.051 3.15 Balance 263 MPa 178 MPa 11.7%
AZ91C 030 0.12 0.73 0.01 0.01 0.08 9.13 Balance 236 MPa 130 MPa 7.7%
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Figure 1. Illustration of the tools employed with 2 distinctive geometries: (a) Tool I with cylindrically tapered pin geometry and (b) Tool I1.

different distances from the center of the line of joint. During
the 1% set of investigations, the other parameters namely speed
of'tool rotation (1000 rpm), speed of tool traverse (2 mm/sec),
axial force (5kN) and angle of tilt (0.5°) were maintained at
constant values. During 2" set of investigations, tool IT was
employed to fabricate joints of dissimilar alloys of Mg and
a total of 5 joints were fabricated in this set by employing
5 different speeds of tool traverse including 0.5 mm/sec,
1.0 mm/sec, 1.5 mm/sec, 2.0 mm/sec and 2.5 mm/sec. In this
2" set of investigation, the other parameters namely speed
of tool rotation (850 rpm), axial force (3.5 kN), angle of
tilt (0°) and tool offset distance (0 mm) were maintained at
constant values. Table 2 describes in detail, the combination
of the parameters employed in this investigation.

3. Results and Discussions

3.1. Investigations on Tool I: Structural
appearances

Structural appearances of the distinctive AZ91C and
AZ31B Mg alloy joints fabricated by Tool I are portrayed
in Table 3. From this table, it can be understood that the
surfaces of the distinctive joints of alloys of Mg fabricated
at tool offset distances of 0.5 mm and 1.0 mm both towards
the AZ31B side and AZ91C side were found to possess
some surface irregularities. For example, we can observe
the presence of uneven, hard weld surfaces in Joint No:I-1,
which reveals us the fact that the insertion of tool pin at a
distance 0.5 mm from the line of joint towards the side of
AZ31B have resulted in the creation of hindrances which

have impedimented the smooth rotation of the tool shoulder
during its course of travel.

Likewise, the insertion of the tool pin profile at a distance
of 1.0 mm away from the line of joint towards the side of
AZ91C had resulted in the generation of unwelded portions
towards the end of the joint area in Joint No: I-4. As the
tool pin have moved towards the side of AZ91C, the flow
of material towards the side of AZ31B demanded a higher
volume of input of heat for facilitating the uniform material
flow and as this required heat cannot be generated, it had
led to the improper weld portions as observed in Table 325,
At the same time, the surface of the Joint No: I-3 (fabricated
by maintaining Omm tool offset distance, i.e., the tool pin
was inserted exactly in the line of joint) seems to be smooth
and glossy without any irregular or uneven portions, when
compared with other joint surfaces. This is very much similar
to the results recorded by Baghdadi et al.’¢ during their
investigation in joining dissimilar Al-Mg alloys by employing
distinctive conditions of offset of tool, namely -1mm, 0mm
and 1mm offset. It was recorded in this investigation that,
the flaw free joints with superior strength were attained
during the employment of intermediary speed of rotation,
lower tool travel and when the pin is inserted at the middle
of the line of weld, i.e., at Omm tool offset distance.

3.2. Investigations of macro and micro-structures

In order to acquire more knowledge on the quality of
the distinctive AZ31B and AZ91C joints of alloys of Mg
fabricated by employing different tool pin offset distances,
examinations of the macro and micro-structures were
carried out and the attained observations are tabulated in
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Table 2. Description of the combination of parameters adopted during the 2 experimental sets.

1% set of Investigations using Tool I

2" set of Investigations using Tool IT

Tool
offset
distance
from the
line of
joint

Speed
of tool
traverse
(mm/sec)

Speed
of tool
rotation

(rpm)

Axial force
(kN)

Angle of

tilt (degree)

Tool offset
distance
from the

line of joint

Speed
of tool
traverse
(mm/sec)

Speed
of tool
rotation

(rpm)

Axial force
(kN)

Angle of
tilt (degree)

0.5 mm

towards

AZ31B
side

1000 2 5 0.5°

0 mm 850 0.5 35 0°

1.0 mm

towards

AZ31B
side

1000 2 5 0.5°

0 mm 850 1.0 3.5 0°

0 mm
(matching
with line
of joint)

1000 2 5 0.5°

0 mm 850 1.5 3.5 0°

1.0 mm

towards

AZ91C
side

1000 2 5 0.5°

0 mm 850 2.0 35 0°

0.5 mm

towards

AZ91C
side

1000 2 5 0.5°

0 mm 850 2.5 35 0°

Table 3. Structural appearances of the distinctive AZ91C and AZ31B Mg alloy joints fabricated by Tool I.

Structural appearances
of the distinctive AZ91C

Joint Tool offset distance from line of joint & Inferences from the structural appearances of
and AZ31B Mg alloy . S
No other employed parameters . . the fabricated distinctive joints
joints fabricated by
Tool I
Tool pin 0.5 mm towards AZ31B side; 1000 Upeven, hard “{eld surfaces revealing ﬂ.le
I-1 o difficulty experienced by tool shoulder in
rpm; 2mm/sec; 5 kN; 0.5 3 ..
penetrating the joint areas
Tool pin 1.0 mm towards AZ31B side; 1000 Cog e & 1negular weld surfaces onone side
1-2 m: 2mm/sec: 5 KN: 0,50 of joint revealing the lack of experience of
P ’ > sufficent amount of heat on that side
3 Tool pin 0 mm (exactly at line of joint); Presence of smooth surfaces over the majority
1000 rpm; 2mm/sec; 5 kN; 0.5° ! regions along the area of joint
Unwelded portions at the end of the area of joint
L4 Tool pin 1.0 mm towards AZ91C side; 1000 revealing the hinderances being created against
rpm; 2mm/sec; 5 kN; 0.5° d the flow of material from one side to another
side
. . Wobbly weld surfaces for longer areas revealing
1-5 Tool pin 0.5 mm towards AZ91C side; 1000 4 the difficulty experienced by tool shoulder in

rpm; 2mm/sec; 5 kN; 0.5°

penetrating the joint areas

Table 4. It can be seen that, the macro-structures of the
joints designated as I-1, I-2, I-4 and I-5 were found to be
present with flaws such as tunnels, large-sized voids, etc at
their root (bottom) portion. This concedes us the fact, the
employment of tool pin offset distance either towards the

side of advancement or towards the side of retraction had
deteriorated the quality of the joints'>?.

At the same time, the I-3 joint possesses small-sized
voids when compared with that of the remaining four joints.
This strengthens the recorded data that, during the joining
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Table 4. Macro and Micro- structures of distinctive AZ31B and AZ91C joints of alloys of Mg fabricated at different tool pin offset distances.

Joint No Macro-structure

I-1

Micro-structure at the zone of nugget

1-2

1-3

100;.
—— Grain Size: 14.7 um

I-4

1-5

100um
=== Grain Size: 27.8 pm

of distinctive alloys by FSW, tool pin offset distance should
be maintained at Omm, i.e., the tool pin should be inserted
exactly on the line of joint.

Further investigations on the microstructure of the zone
of nugget of these fabricated distinctive joints of alloys of
Mg, it can be seen that, mixing of particles and fragmentation
of grains have not occurred in the zone of nugget of I-1,
1-2. I-4 and I-5 joints. Even though, tool offset distance of
Omm was adopted during fabrication of the I-3 joint, it can
be observed that, the fragmentation of grains have not taken
place in an appreciable manner and the parallel layers of
unequally plasticized grains reveal us that, the grain fragments

have experienced surplus volume of heat and stress due to
the large diameter of tool shoulder.

Moreover, we can observe voids (either larger or smaller)
in all the fabricated joints, irrespective of the adopted tool
offset distance, which helps us to interpret that, the employed
tool pin geometry namely cylindrically tapered pin had not
generated uniform scratching of the grain particles from the
root portion and have led to these voids. This is very much
similar to the experimental results recorded by Patel et al.*’,
which states that, the taper cylindrical tool with an 18mm
shoulder diameter was not capable enough to fabricate joints
without flaws. This investigation registered that, the cracks
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were obtained in the upper region of the weld portion and
voids in their interior region, due to the insufficient volume
of generation of heat by the employed taper cylindrical tool.
At the same time, it should be noted that, the tool offset
distance of 0mm seems to be more appropriate when compared
with that of the remaining adopted tool offset values. Yet,
a minimal volume of the void can be observed at the root
portion of the fabricated joint, it could have resulted due to
the disparity in the combination of other parameters being
employed in this 1% set of experimentation.

3.3. Investigations with tool II

As the employed geometry of cylindrically tapered pin
had not generated flawless joints, it was decided to modify
the design of the employed tool by including threads in its
pin geometry, i.e., a tool with cylindrically tapered threaded
pin profile in the 2™ set of experimental investigations. Based
on the above-recorded observations, it was also decided to
reduce the diameter of the inner shoulder of the employed
tool by 5mm, i.e., a 15 mm diameter inner shoulder as seen
in Figure 1b. This reduction in diameter of tool shoulder was
adopted with the objective of generating the ideal volume
of heat, as the previously employed tool shoulder diameter
(20 mm) had generated surplus volume of heat, leading to
attainment of parallel layers of unequally plasticized grains
in the zone of nugget.

In addition to these changes, 2™ set of experimental
investigation was carried out at 5 distinctive speeds of tool
traverse including 0.5 mm/sec, 1.0 mm/sec, 1.5 mm/sec,
2.0 mm/sec and 2.5 mm/sec, with other parameters i.e.,
speed of rotation of the tool (850 rpm), force wielded from
upwards (3.5 kN), the tilt angle of employed tool (0°) and
offset distance of tool (0 mm) being maintained at fixed
levels. Table 5 illustrates in detail, the structural appearance
and macro- structure of the distinctive AZ31B and AZ91C
joints of alloys of Mg being fabricated as a part of the 2"
set of experimental investigations.

From this Table 5, it can be seen that the appearance of
the surfaces of these distinctive Mg alloy joints had improved
to some reasonable extent when compared with that of the
1% of experimental investigations. A close observation of
the macro-structures of these joints concedes us that, the
change of the pin geometry of the employed tool (from tool
I'to tool IT) had resulted in an appreciable change in the level
of penetration as well as in the appropriate mixing of the
constituents of parent metal in all the fabricated joints. It can
be noticed that, the joints with joint nos II-1, I1-2, II-4 and
II-5 possess defects including pores, cavities, voids etc.
The intensities of these defects can be observed to increase
with the employment of higher speeds of tool travel (namely
2.0 mm/sec and 2.5 mm/sec). This is because, escalation in
the speed of traverse of the tool reduces the volume of heat
being generated and had led to a magnified volume of flaws
in 1I-4 and II-5 joints.

At the same time, the employed lower speeds of tool
traverse (namely 0.5 and 1.0 mm/sec) were not rapid enough
to transfer the generated heat to the entire regions of the joint
area, especially from root to crest of the joint area'®?%*°. Asa
result, the joints fabricated at lower speeds of tool traverse
(II-1 and II-2) possess flaws in their bottom-most portions,

Materials Research

while the remaining portions (i.e., crest and middle portions)
had experienced proper mixing of materials.

It was proved by Kumar et al.?* that, the action of the
course of the grains inside the welded specimen was equiaxed
& appreciable and the thrust temperature together with
extensive plastic reformation due to the mixing action of the
taper tool with threaded structures have reduced the size of
the grains significantly in the welded specimen. In similar
manner, by carefully investigating the macrostructure of the
flawless joint fabricated at 1.5 mm/sec tool traverse speed,
we can interpret that, the employed pin geometry (namely
threaded cylindrically tapered pin) of the tool had performed
the function of enabling the mixture of constituents of the
distinctive parent metals from root portion to crest portion
in an enhanced manner?>%, In addition to the pin geometry,
the employed and modified inner shoulder diameter (of
15mm) of the tool have also played a significant role in
exerting the required amount of force axially over the entire
region of the joint.

3.4. Investigations on Joint No:1I-3

Figure 2. portrays the photograph of some of the
dissimilar FSWed AZ91C and AZ31B joint configuration
fabricated during the 2 experimental sets. In the 2" set of
experimental investigations, as the macro-structure of the
joint (with Joint no II-3) fabricated at a speed of traverse
of 1.5 mm/sec is completely free from all forms of flaws,
micro-structural investigation of the several zones of that
joint will help us to acquire a better understanding on the
impact of the employed parameters.

The cross section of the weld bead of this defect free
joint is illustrated in the Figure 3. In this Figure 3, the several
regions of the friction stir welded joint, namely Nugget weld
(NW, i.e., zone of nugget), thermos mechanically affected
zone (TMAZ) and heat affected zone (HAZ) are marked
clearly, such that each zone can be identified easily.

Figure 4a & b illustrate the micro-structural image of
the parent metals AZ91C and AZ31B respectively. It can
be observed from Figure 4a that, the parent metal (AZ91C)
possesses a dendrite type of structure in which, the huge
grains of Mg-based solid solution with large precipitates of
Mg, Al , are visible at the boundaries of grains. The average
size of the grains in this parent metal (AZ91C) is 38.9 pm.
Likewise, the other parent metal (AZ31B) as seen in Figure 4b
possesses parallel flowing grain structures containing partially
dissolved precipitates of Mg Al .. The average size of the
grains in this parent metal (AZ31B) is 21.4 um.

The region of the interface of the parent metal with
the thermo-mechanically influenced region is illustrated
in Figure 4c. In this region, it can be seen that, the fine
flow of the fragmented constituents had occurred, due to
the combined impact of the employed tool pin geometry
(threaded and tapered pin geometry) and the ideal speed of
tool traverse (1.5 mm/sec)’*7#!. The fragmented constituents
have also experienced partial re-crystallization during their
flow to other side of the parent metal.

Figure 4d illustrates the region influenced by the inner
diameter of the tool shoulder. Employment of suitable
shoulder diameter (15mm) and pin geometry together with
ideal traverse speed have enabled the generation of required
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Table 5. Structural appearances and macro-structure of the distinctive AZ91C and AZ31B Mg alloy joints fabricated by Tool II.

Speed of .
Joint traverse of Structural appearances of the distinctive AZ91C and AZ31B Mg  Macro-structure of the joints Gram
. . . Size and
No  employed alloy joints fabricated by Tool II fabricated by Tool II
Inferences
tool
s+ Grain Size:
y 15.8 um.
-1 0.5 mm/ Tunnel
sec defects at
the bottom
portion
Grain Size:
: 14.6 um.
11-2 l.OS;r;m/ Minute pores
at the bottom
poriton
Grain Size:
10.2 pm.
1I-3 1.SS:;m/ & Joint Surface
free from
flaws
Grain Size:
16.7 pm.
11-4 2'032(1:111/ Cavities at
the bottom
portion
Grain Size:
17.9 pm.
11-5 2.5;:;111/ Pores at
the bottom
portion

volume of heat, suitable enough to plastically deform the
constituents of both the parent metals. Thermo-mechanically
influenced region together with the constituents of the parent
metal (AZ31B) can be seen in Figure 4e. It can be seen that
the grain fragments of AZ31B have experienced enough
volume of heat and stress and are directed towards the side
of retraction. From Figure 4f, we can visualize, the rapid
and uniform mixing of the completely re-crystallized grain
constituents of AZ31B with the constituents of the AZ91C,
being impacted by the turbulent action of tool pin geometry
and tool shoulder.

In Figure 4g portrays a region where the interface of the
constituents of AZ31B are getting interfaced in the zone of

nugget, which contains ultra-fine fragmented particles and
constituents of both the parent metals (namely AZ31B and
AZ91C). Centre of the zone of nugget of the fabricated
distinctive joint of alloys of Mg is seen in Figure 4h and the
size of the grains in this zone is 10.2 pm. It can be seen that
this zone contains completely well-refined grains structures
of solid solution of Mg and entirely dissolved phases of
several constituents of both the parent metals.

With the objective of justifying the above mentioned
fact, that the constituents of both the parent metals are
present in the zone of nugget, the images and constituent
element graphs generated during the analysis carried out
using energy dispersive X-ray (EDAX) are illustrated in
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Figure 2. Photograph of some of the dissimilar FSWed AZ91C and AZ31B joint configuration fabricated during the 2 experimental sets.

Parent

e

Figure 3. Cross sectional illustration of the defect free friction stir welded joint (i.e., Joint No: I — 3).

the Figure 5a-c. Figure 5a and b portrays the EDAX image
and elemental graphs of the parent metals, i.e., AZ91C and
AZ31B respectively.

Figure Sc portrays the EDAX image and elemental
graphs of the zone of nugget of the flaw free joint No: 11
— 3 and from this images, it can be understood that, in the
zone of nugget of this joint No: II — 3, the constituents of
the parent metals (AZ91C and AZ31B) have dissolved with
one another completely and the grains have fragmented, due
to the impact of the dynamic recrystallization.

It must be noted that, only the speed of tool traverse
of 1.5mm/sec had yielded a joint, being entirely free from
flaws. Employment of other ranges of speeds of tool traverse

(including 0.5, 1.0, 2.0 and 2.5 mm/sec) had only resulted
in the attainment of defective joints. It reveals that the
employed 1.5mm/sec tool traverse speed have permitted
the threaded cylindrically tapered pin geometry of the tool
and its shoulder to soften the inner and exterior regions of
the parent metals for a sufficient time, thereby, leading to
the attainment of remarkable quality joints of distinctive
alloys of Mg!6:334243,

3.5. Interpretations from tensile fractography

With the objective of finding out the quality of the
fabricated distinctive AZ31B and AZ91C joints of alloys
of Mg, specimens for the tensile test were extracted from
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Figure 4. Micro-structural images of the parent metal (a) AZ91C (b) AZ31B and (c) — (h) various regions of the distinctive AZ31B-AZ91C

joint of alloy of Mg fabricated at 1.5 mm/sec.

Flaw free joint no: II-3 and were subjected to tensile tests as
per E8M-04 standards prescribed by American society for
testing & materials** and the diagrammatic representation
of the size of the sample being extracted for performing
tensile test is illustrated in the Figure 6.

Tensile strength exhibited by the joints fabricated during
2™ set of experimentation under varying speeds of traverse is
graphically portrayed in the Figure 7. it can be noticed that,
the flaw free joint No:II-3 fabricated at speed of traverse
of 1.5 mm/sec have exhibited the highest value of strength
(i.e., 186 MPa) when compared with other joints.

Tensile strength of 186 MPa was exhibited by the joint
(Joint no: II-3) fabricated during the employment of speed
of traverse of 1.5mm/sec. Figure 8 graphically compares
the mechanical properties of the joint no: 1I-3 and both the
parent metals (namely AZ31B and AZ91C).

By observing this graph, we can understand that, the
tensile strength exhibited by the flaw-free joint (joint no:11-3)
fabricated under the employment of speed of tool traverse
of 1.5 mm/sec is nearly 78.81% of the parent metal namely
AZ91C and nearly 70.72% of another parent metal namely
AZ31B, which can be acknowledged as an acceptable value
of strength for the scenario of distinctive joints'®%46,

In addition to this, the values of hardness were measured
across the region of weld for the joints fabricated under the

2" set of experimentation and their corresponding hardness
values are graphically illustrated in the Figure 9. From this
Figure 9, this it can be visualized that, the larger the size of
the grains, lesser is the value of the hardness. Likewise, the
reduction in the size of the grains have contributed for the
improvement in the value of hardness of the joint, especially
for the joint No:1I-3, which inherits fine sized grains in their
zone of nugget. The highest value of tensile strength was also
exhibited by this Joint No:II-3, which helps us to understand
that, the smaller is the size of the grains, higher is the value
of their hardness and occurrence of fine sized grains in the
zone of nugget will enhance the mechanical properties of
the joints, as seen in the case of the Joint No:II-3.

With the objective of gaining more knowledge on the
mechanism by which this flaw-free joint had encountered
fracture during the tensile test, the fractured joint no:I1-3 was
subjected to analysis by scanning electron microscope (SEM)
and the attained SEM images are portrayed in Figure 9a-c.

Slightly layered surfaces (flat surfaces) are clearly visible
in all these fractured surface images, i.e., Figure 9a-c, which
is a clear implication of the involvement of the brittle mode
of mechanism of fracture. At the same time, characteristics
relevant to ductile mode of fracture mechanism including
micro voids can also be observed in Figure 9c. However,
layered surfaces can be observed to occupy the majority areas
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Figure 6. Diagrammatic representation of the size of the sample being extracted for tensile related test.
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Figure 7. Graphical illustration of the tensile strength exhibited by
joints fabricated under 2nd set of experimentation.

* Joint Noz Il-3 ~ AZ91C = AZ31B
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Figure 8. Graphical comparison of the mechanical properties of
the joint no: II-3 and the parent metals i.e., AZ91C and AZ31B
respectively.
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Figure 9. Graphical Illustration of the values of hardness measured
across the region of weld for the joints fabricated under the 2™ set
of experimentation.

of the fractured surfaces and the micro voids are present
only in few portions, which declare that, in the fractured
specimen, the brittle mode of mechanism of fracture was
preeminent over the ductile mode of fracture mechanism*4*+7.

In addition to this, we can also understand that, the
initial points of commencement of fracture are those micro
voids, which are visible clearly in Figure 9c. Major reasons

for these imperfections would have been associated with the
generation of the brittle intermetallic phased constituents.
The existence of Intermetallic phased constituents, namely,
Mg Al at these regions would have contributed to the
supplementary brittleness in the zone of nugget and this
would have reduced the tensile strength of the II-3 joint,
when compared with that of the parent metals*.

4. Conclusions

This investigation was conducted to gain more insight into
the role of several parameters including tool pin geometry,
speed of tool traverse, offset distance of tool etc during the
joining of two distinctive alloys of Mg namely AZ31B and
AZ91C by friction stir welding. Completely 2 unique sets of
investigation were carried out using tools with two unalike
geometries namely cylindrically tapered pin and threaded
cylindrically tapered pin geometries. Outcomes deduced
through this investigational work are enumerated below:-

. Macro-structures of the joints designated as I-1,
1-2, -4 and I-5 fabricated during 1% set by keeping
offset distance of tool pin either 0.5 to 1mm towards
AZ31B side or AZ91C side, possessed large-sized
voids at their root portion.

. Macro-structure of the I-3 joint possessed negligible
sized voids, announced that, tool pin offset distance
should be maintained at 0Omm for attaining flaw-
free distinctive AZ31B and AZ91C joints.

. Joints (namely I1-1, II-2, -4 and 11I-5) fabricated during
2M set of investigation employing threaded cylindrically
tapered pin possessed defects including pores, cavities,
voids etc. The intensities of these defects increased
with the employment of higher speeds of tool travel
(namely 2.0 mm/sec and 2.5 mm/sec).

. Flaw free joint no:11-3 announced that, the threaded
cylindrically tapered pin geometry, tool’s shoulder
diameter (15mm) and ideal traverse speed (1.5 mm/sec)
have jointly generated sufficient volume of heat and
performed the function of enabling the mixture of
constituents of the distinctive parent metals from
root portion to crest portion in an enhanced manner.

. A tensile strength of 186 MPa was exhibited the
flaw-free joint (Joint no: II-3) fabricated during
the employment of threaded cylindrically tapered
pin at a speed of traverse of 1.5mm/sec, tool offset
distance of 0Omm. This exhibited tensile strength is
nearly 78.81% of the parent metal namely AZ91C
and nearly 70.72% of another parent metal namely
AZ31B.

. Existence of layered surfaces (in the tensile fractured
specimen) over the majority areas of the fractured
surfaces and the presence of micro voids in few
portions, declared that, in the fractured specimen, the
brittle mode of mechanism of fracture was preeminent
over the ductile mode of fracture mechanism.
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