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KEYWORDS Abstract In this research, the cryogenic friction stir welding (CFSW) process has been performed
Liquid Nitrogen; using a liquid nitrogen medium to join two similar ZE42 magnesium alloy plates. The new exper-
Microstructure; imental setup has been designed and fabricated to supply low-temperature (—196 °C) liquid nitro-
Tensile Strength; gen into the welding zone. The effects of welding parameters (tool pin profile, tool rotational speed,
Hardness; welding speed, and axial load) on the welding characteristics (tensile strength, hardness, and wear
Wear Rate; rate) have been investigated by the Taguchi technique. The impacts of welding parameters have
Taguchi Technique; been analysed to predict the optimum welding characteristics. The predicted best welding settings
Comparisons have been utilized to compare the CFSW and normal friction stir welding (NFSW) performances.

The fractography of tensile-tested specimens, hardness distributions, and microstructure of worn-
out CFSW welding surfaces have been examined by scanning electron microscopy (SEM) analysis.
When compared to the NFSW process, the tensile strength and hardness of CFSW are improved by

41.36 % and 35.13 %, respectively, and the wear rate has decreased by 23.53 %.
© 2022 THE AUTHORS. Published by Elsevier BV on behalf of Faculty of Engineering, Alexandria
University. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction 35 and 78 percent lighter than that of the alloys of aluminium
and steel [3]. However, its strength and ductility are limited due
to poor formability and stability above room temperature dur-
ing the conventional fusion welding process [4]. The FSW is a
solid-state joining technique involving the application of heat
and frictional energies for attaining quality and defect-free
welds. However, the defect-free FSW of magnesium alloys is
— now facing a lot of technical deficiencies. Porosity, cracks, seg-
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The light weighted magnesium and its alloys are widely used in
automotive and aerospace industrial applications to reduce
vehicle weight, fuel consumption, and emission rates [1,2].
The weight of the magnesium alloy is shown to be between
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attained to meet the requirements of industry. The ZE42 alloy
is a nickel-iron-magnesium superalloy that is used in furnaces,
nuclear power plants to observe neutrons, automobiles, aero-
space, and transport applications due to its excellent mechan-
ical properties [6]. However, the FSW of ZE42 alloys is welded
with many defects when using atmospheric and air environ-
ment conditions. While using the liquid medium in the FSW
process, the heat-carrying capacity of water or liquid is higher
than atmospheric air conditions. The microstructure in the
FSW zone has rapidly been modified, and tensile strength is
also improved by coolant [7]. The following sections elaborate
on the various impacts and improvements in FSW processes
when using various welding mediums.

The heat-carrying capacity is improved by the water-
assisted FSW of AZ91 magnesium alloys due to the minimiza-
tion of grain size in the stir zone [8]. The grain size in various
welding zones has been studied using submergible FSW of
AZ61 alloy. The 2.8 um grain size of particles in the welding
zone was obtained by an underwater welding process due to
grain refinement. In the air-based FSW process, 8.4 pym grain
size of particles were found in the welding zone [9]. The under-
water FSW process of Mg-Y-Nd alloy was investigated using a
conical-shaped threaded tool. The average grain size was
reported to be 1.5 um due to rapid cooling by water [10]. When
comparing base alloy materials, the micro-hardness FSW of
soft alloy materials is reduced in liquid medium environments
[11]. The use of a hot water environment increased the tensile
strength and microhardness of the FSW weld [12]. The corro-
sion resistance, wear resistance, and negative corrosive poten-
tial of the submersible FSW process are preferred to those of
the air FSW process [13,14]. The parametric analysis of the
water-cooled, submerged FSW process was performed to
investigate the effects of intermetallic components, high tem-
perature, and hardness. The submersible welding process is
well suited to reducing peak temperature and increasing
micro-hardness [15]. Ultra-fine grains, nanograins, and nano-
grain boundaries were achieved during the cryogenic FSW
process to improve mechanical and thermal stabilities,
strength, and electric conductivity [16]. The cryogenic cooling
process has primarily increased the percentages of elongation,
toughness, impact, and fatigue strengths at the nugget zone
[17]. The friction-stir-weldability relationship has been investi-
gated in order to determine the relationship between mechan-
ical and microstructural properties under cryogenic conditions.
It was discovered that post-rolling of welded specimens
improved welding strength, joint efficiency, and microstructure
[18]. The dry ice-assisted FSW process also improved the
microstructure, corrosion, and mechanical properties of the
welded aluminium alloy[19,20]. The cryogenic FSW of similar
magnesium alloys has been examined to improve the corrosion
and wear resistance behaviours using liquid nitrogen coolant
[3]. It was revealed from the welding of magnesium research
articles that the welding defects had been obtained due to
vaporising metal by the frictional heat[21].

Thus, the cryogenic friction stir welding method has been
applied to improve the mechanical characteristics of friction
stir welding of various alloys. It was also derived from the
aforementioned research activities that there were no investiga-
tions found to weld the ZE42 alloy plates using cryogenic lig-
uid nitrogen-assisted FSW. In this article, two ZE42
magnesium alloy plates are joined by the CFSW process to
make the defect-free welding components. The experimental

setup has been fabricated to supply liquid nitrogen into the
welding zone. The Taguchi L27 orthogonal array has been
used to design and conduct systematic experiments. It was pre-
dicted that the best combination of welding parameter settings
would maximize the tensile strength, hardness, and wear rate.
The welding performances of CFSW and NFSW processes are
compared using the best predicted setting obtained by Taguchi
analysis.

2. Materials and experimentation
2.1. Cryogenic friction stir welding (CFSW) setup

Generally, the NFSW process has been performed in atmo-
spheric air environments. According to the literature, magne-
sium and its alloys are unstable during the NFSW process at
maximum frictional temperatures[1,5]. A cryogenic investiga-
tion has been performed to overcome the above issue and
improve the welding quality. In this research, the cryogenic
cooled friction-stir-welding setup has been fabricated to per-
form defect-free welding process and enhance the welding
quality in the non-flammable low-temperature (-196 °C) liquid
nitrogen (LN2) medium. The various properties of LN2 are
shown in Table 1. The schematic arrangement of the CFSW
setup is illustrated in Fig. 1. The cryogenic tank has been con-
nected to inlet and outlet tubes with no leaks.is connected to
an air compressor, and the outlet is connected to the welding
zone. While supplying pressurized air into the cryogenic con-
tainer, the liquid nitrogen is accelerated, and pressurized liquid
nitrogen is passed into the welding zone. When controlling the
pressure of the air, the flow rate of the LN2 could be adjusted
to the FSW zone. The LN2 hoses are placed at a 60-degree
angle in the setup. To reduce excess heat development in the
FSW zone, cryogenic liquid nitrogen is used. All the experi-
ments have been conducted on a servo-controlled three-axis
FSW machine. The butt joint arrangements in the welding
table and CFSW experimental setup are shown in Fig. 2(a)
and (b), respectively.

2.2. Material preparation

Two similar magnesium ZE42alloy (200 mm x 250 mm X
6 mm) plates have been joined using the cryogenic friction stir
welding (CFSW) process. The chemical composition and
mechanical properties of the ZE42 alloy are shown in Table 2.
ZEA42 alloy has been used in many automobile and aircraft
component manufacturing applications due to its lightweight,

Table 1 Properties of cryogenic liquid nitrogen (LNj)
coolant.

Parameter Properties Unit
Flammable Non-flammable Liquid Nitrogen —
Boiling point —195.687 °C
Freezing point —209.8 °C
Triple point —209.852 °C
Density of liquid 0.808 g/em?
Heat of vaporization kJ/kg
Working Temperature —196 °C
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softness, ductility, good corrosion resistance, and weldability
to make easy fabrication[22]. Three different profiles of H13
tool steel with 60 HRC are: cylinder, stepped cylinder, and
stepped-square profiles. The pin-end diameter of cylindrical
and stepped cylindrical tools is 5 mm [23]. The length of the
stepped square at the pin end of the tool is 5 mm. The tool tilt
angle is 20°.

2.3. Experimentations

All FSW experiments have been conducted under cryogenic
conditions. Initially, the exploratory experiments were con-
ducted based on the range of parameter settings in the FSW

machine. These experiments were conducted using the “one
variable at a time” approach[24,25]. During these tests, only
one parameter is modified from a low level to a high level,
and the remaining parameters are constantly maintained at
their mean values. The ranges of parameters have been final-
ized and used for Taguchi’s systematic experiments [26]. The
values of the low, medium, and high levels of each parameter
are displayed in Table 3. The Taguchi L27 orthogonal design
was chosen based on three levels of four influencing parame-
ters[27]. During the Taguchi design, interactions between the
tool pin profile and rotational speed, welding speed, and axial
load have been considered. However, the experiments have
only been conducted using four parameters.

Table 2 Chemical elements and mechanical properties of ZE42 alloy.

Chemical Composition of the ZE42 Material (Weight %)

Zinc Zirconium Rhenium

Silicon Manganese Magnesium

2.5 % 0.7 %
Mechanical Properties of the
Base Materials ZE42 Alloy
Melting Point

32 %

Hardness
strength

5480C 65BHN

Ultimate tensile

218 MPa

0.2 % 0.1 % 93.3 %

Percentage of
Elongation
4.50 %
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The tool rotation speed and welding speed have been mea-
sured and adjusted by the control unit of the FSW machine.
Tensile strength, hardness, and wear rate are considered
response parameters. Because these welding characteristics
play important roles in making automobile and aircraft com-
ponents using ZE42, tensile strength is the key mechanical fac-
tor to withstand the load when welding supports[28]. The wear
rate and hardness characteristics are also important for exam-
ining the frictional, inflationary, and corrosion resistances and
oil resistances by steam, oil, and water of the welding joint[29].

After conducting the CFSW process, the specimen has been
made as per the ASTM E-2448 standard for tensile and ASTM
E10-18 standards for Brinell hardness tests using a wire-cut
electric discharge machining process[3]. The schematic
arrangement of the ASTM E-2448 specimen is shown in
Fig. 3. The hardness tests were performed by a 10 mm steel ball
indenter in the Brinell hardness testing instrument (ERNST-
COMPUTEST-SC model). The tensile tests have been per-
formed by a 50 KN -capacity universal tensile testing
machine[30]. The tensile strength has also been determined
using tensile test observations. The wear rate on the stir-zone
of the CFSW joint has been determined using a pin-on-disc
instrument. The experiments were performed with a 1000 m
sliding distance, 30 N of load, and 1500 rpm of rotation
speed[31]. Equation (1) is used to calculate the wear rate as
given below[31].

Wear rate =
(Initial weight — Final weight after pin on disc test)
Sliding distance x Load x Density

mm?®/Nm

)
The experimental results of tensile strength, hardness, and
wear rate are noted in Table 4. All the experiments were repli-
cated two times to avoid experimental errors[32]. The mean
and percentage of error between two replicated experimental
values are shown in Table 5. The error values are less than
5 % of the confidence level [33,34]. In this research, the tensile
strength and hardness of CFSW are expected to maximize
their results, and a minimum wear rate is expected. Hence,
the maximum is better principle is used to calculate the
signal-to-noise (SN) ratio. For the expectation of a minimum
wear rate of weld, the minimum is better principle is consid-
ered for the SN ratio calculation[30,35]. The formulae for
the SN ratio of maximum and minimum good principles are
shown in equations (2) and (3), respectively.

Table 3 Cryogenic friction stir welding parameters and their
levels.

FSW Parameters Levels

1 (Low) 2(Medium) 3 (High)
Tool Pin Profile Cylinder  Stepped Stepped
(TPP) ©) cylinder (SC)  Square (SS)
Rotational speed 800 1000 1200
(RS) (rpm)
Welding speed (WS) 80 100 120
(mm/min)
Axial Load (AL) (N) 4000 5000 6000

< 55 >
Gauge section
Clamping i Clamping
6 ) 2
section * section
30
15 <+“—>
« " 5 < 15 >

All dimensions are in mm

Fig. 3  Schematic arrangement of the ASTM E-2448 specimen
for the tensile test.

SN ratio (tensile strength and hardness)

= —1010gG S ! )) dB

k:ly_k
. 1 V4
SN ratio (wear rate) = 10 log (}; (Zkzlyk)) dB (3)
where “p” is the number of replications of the response

variable (yy) for the “k” number of trials. The SN ratios of
the tensile strength, hardness, and wear rate are shown in
Table 5. The large S/N values of the welding characteristics
are considered optimal settings [27,36].

3. Results and discussion

In this research, the mean values of the responses have been
taken to examine the impacts of individual and interaction
effects of parameters. The ANOVA (analysis of variance) tests
for tensile strength, hardness, and wear rate have been per-
formed in Tables 6, 7, and 8, respectively. Figs. 4(a), 7(a),
and 10(a) show the effects of individual parameters on the ten-
sile strength, hardness, and wear rate, respectively. Figs. 4(b), 7
(b), and 10(b) show the effects of interacted parameters on
welding characteristics. The confidence interval for all the
analyses has been considered to be 0.95 with 5 % of errors.
The standard procedure of Taguchi analysis has been followed
to obtain the degree of freedom, the sequential sum of the
square, adjusted sequential sum of the square, variance,
F-value, and percentage of contribution|[37].

3.1. Effects of CFSW parameters on tensile strength

The individual and interaction terms of process parameters for
tensile strength are considered in Taguchi’s analysis (Table 6).
Figs. 4(a) and 4(b) depict the effects of individual and inter-
acted parameters on tensile strength, respectively. RS, WS,
and AL significantly contributed to improving the tensile
strength. The percentages of contributions for TPP, RS, WS,
and AL are 30.97 %, 28.31 %, 13.81 %, and 25.99 %, respec-
tively. TPP x RS, TPP x WS, and TPP x AL contributed
insignificantly to tensile strength due to their less than 5 %
conformance interval [38,39]. The percentages of contributions
for terms: TPP x RS, TPP x WS, TPP x AL are 0.19 %,
0.09 %, and 0.17 %, respectively. Thus, all interactive terms
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are insignificantly connected to maximize the tensile strength
due to a less than 5 % confidence interval. Insignificant effects
of interaction parameters are also confirmed by the interaction
graphs in Fig. 4(b). The residual error has been calculated at
0.46 %. The tensile strength has momentously been improved
by increasing rotational speed and axial load due to recrystal-
lization [19,23]. The maximum tensile strength was attained by
the stepped square shape of the tool rather than the cylindrical
and stepped cylinder shapes due to the increase in stir effi-
ciency (Fig. 4(a)) [40]. It was also enhanced by increasing weld-
ing speed up to 100 mm/min and reducing further increasing
welding speed due to the non-uniform distribution of grains
[23,41]. To attain the maximum tensile strength (442 MPa),

1200 rpm rotational speed, 100 mm/min welding speed, and
6000 N axial load (TPP3-RS5-WS,-AL3) are recommended.
Fig. 5 illustrates the stress—strain curves for the base ZE42
alloy, normal FSW, and CFSW to analyse the fracture mech-
anism. Before going for the systematic Taguchi’s experiments,
the tensile strength and strain of the base ZE42 alloy have been
examined. Initially, the percentage of strain was improved by
increasing stress or load up to the yield limit (198 MPa). The
ultimate tensile strength of the ZE42 base material is
218 MPa with a maximum elongation of 4.5 %. It was also
observed that the ductile nature of fracture behaviour was rep-
resented. The optimum condition (TPP3-RS;-WS,-AL3) is
used to fabricate the specimen to conduct the tensile tests for
both normal FSW and CFSW processes. During the normal



6 P. Trojovsky et al.
Dimples
500 |-
442 MPa
12.1%
400
B CFSW Specimen
300 - / 19.7%
s /
; - f NFSW Specimen
Q
3 500 L *;\\4.5%
B / Base Metal (ZE42 Alloy)
100 |
0 1 L 1 L 1 L 1 L 1
0 5 10 15 20 25
Strain (%)

Fig. 5  Stress and Strain curves for base ZE42 alloy, NFSW and
CFSW Specimens under optimum condition (TPP: SS; RS:
1200 rpm; WS: 100 mm/min; AL: 6000 N).

FSW process, the ductility of the welding joints has improved
when compared to the base alloy. The ultimate tensile
strengths of the normal FSW and CFW are 312 MPa and
442 MPa, respectively. The percentages of elongation in
CFSW and NFSW are 9.7 % and 12.1 %, respectively. Thus,
the tensile strength is significantly enhanced by CFSW when
compared to the normal FSW process. The ductile fracture
of welding joints has been obtained in both the NFSW and
CFSW processes due to recrystallization by the stepped square
pin tool[19,23,42.43].

Fig. 6(a) and (b) show the fractography of tensile tested
specimens of the CFSW and NFSW processes using Taguchi’s
Optimum setting. The smooth and uniform distribution of
grain structure is evident in the CFSW specimen when com-
pared to the NFSW specimen[44]. The collection of dimples
or pits is obtained on the tear edges and tensile fractured sur-
faces of the fractography. It is also confirmed that the ductile
fracture occurred in the welded specimen during the tensile
test. When compared to the NFSW process, the collection of
fine dimples was fashioned on fractured surfaces during the
CFSW process. It was observed from strain-strain curves
and fractography analysis that the ductile nature fractures
occurred in the welding of ZE42 alloy.

3.2. Effects of cryogenic FSW parameters on hardness

Fig. 7(a) and Fig. 7(b) illustrate the effects of individual and
interaction terms on the hardness of the CFSW process. The
ANOVA test for hardness is shown in Table 7. The main
parameters: TPP, RS, WS, and AL are significantly involved
in enhancing the welding hardness (Fig. 7(a)). The percentages
of contributions for TPP, RS, WS, and AL are 37.24 %,
18.49 %, 17.26 %, and 26.16 %, respectively. TPP x RS,
TPP x WS, and TPP x AL contributed insignificantly to hard-
ness due to less than 5 % confidence level[38,39]. It was
revealed that interaction terms: TPP x RS, TPP x WS, and
TPP x AL insignificantly participated in maximizing the hard-

Fig. 6 Comparisons between fractography of tensile tested
specimens using optimal settings for (a) CFSW and (b) NFSW.

ness of the CFSW joint (Fig. 7(b)). The percentages of contri-
butions for terms: TPP x RS, TPP x WS, TPP x AL are
0.15 %, 0.14 %, and 0.21 % respectively. Thus, all interactive
terms are insignificantly connected to maximize the hardness
due to a lower than 5 % confidence interval. Insignificant
effects of interaction parameters are also confirmed by the
interaction graphs in Fig. 7(b). The residual error has been
determined to be 0.34 %.

According to Taguchi’s analysis, the stepped square-shaped
tool pin is strongly recommended to attain maximum hard-
ness. When compared to other tool pin profiles, the square tool
pin profile produces metallurgically strong and defect-free
joints[42]. The square-shaped pin ensures uniform mixing
and distribution of materials on both the retreating and
advancing sides due to adequate shearing in the materials.
As a result of the uniform distribution in the stir zone, the
square tool pin achieves maximum tensile strength and hard-
ness[43]. The stepped square tool in the CFSW process also
improved tensile strength, wear resistance, and corrosion resis-
tance in the welding zone [3]. The moderate welding speed,
maximum tool rotational speed, and high axial load have been
used to obtain the maximum hardness of the welding joint.
While increasing rotational speed, hardness is improved by
maximum heat in the stir-zone and suddenly cooled by a liquid
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Table 4 Experimental observations using L27 Taguchi’s design.

Ex. No. TPP RS WS (mm/min) AL (N) Experimental observations
(rpm) Tensile Strength (MPa) Hardness Wear rate
(BHN) (mm>/Nm)
Trial 1 Trial 2 Trial 1 Trial 2 Trial 1 Trial 2

1 C 800 80 4000 214.36 220.50 66.7 66.8 2.00 1.97
2 C 800 100 5000 284.55 282.69 88.3 84.4 1.86 1.91
3 C 800 120 6000 289.97 296.11 87.7 87.8 1.85 1.82
4 C 1000 80 5000 292.32 284.46 84.4 82.5 1.84 1.81
5 C 1000 100 6000 356.94 355.08 107.2 105.4 1.67 1.67
6 C 1000 120 4000 282.15 284.29 80.0 84.1 1.84 1.84
7 C 1200 80 6000 322.93 317.07 96.1 92.2 1.68 1.71
8 C 1200 100 4000 300.88 307.02 91.9 90.1 1.76 1.76
9 C 1200 120 5000 332.77 330.91 96.0 92.2 1.79 1.76
10 SC 800 80 4000 249.29 251.43 70.9 73.1 1.86 1.89
11 SC 800 100 5000 323.41 329.55 95.2 914 1.79 1.76
12 SC 800 120 6000 339.71 335.85 93.7 95.8 1.75 1.71
13 SC 1000 80 5000 330.37 334.51 92.1 88.2 1.72 1.72
14 SC 1000 100 6000 410.13 410.27 116.7 112.8 1.55 1.60
15 SC 1000 120 4000 329.20 323.34 88.5 88.6 1.72 1.75
16 SC 1200 80 6000 368.24 368.38 102.6 100.7 1.61 1.59
17 SC 1200 100 4000 348.01 352.15 98.2 98.4 1.65 1.67
18 SC 1200 120 5000 382.86 381.00 100.6 102.7 1.66 1.69
19 SS 800 80 4000 263.98 268.12 83.5 81.6 1.62 1.64
20 SS 800 100 5000 348.51 344.65 107.9 106.0 1.54 1.55
21 SS 800 120 6000 360.27 356.41 110.5 106.7 1.50 1.51
22 SS 1000 80 5000 350.83 354.97 105.3 101.5 1.50 1.49
23 SS 1000 100 6000 438.10 432.24 132.6 130.7 1.36 1.37
24 SS 1000 120 4000 346.52 346.66 100.4 102.5 1.51 1.50
25 SS 1200 80 6000 395.11 387.25 115.5 117.7 1.40 1.38
26 SS 1200 100 4000 369.54 373.68 110.6 114.8 1.43 1.46
27 SS 1200 120 5000 407.56 403.70 117.5 115.7 1.44 1.47

nitrogen medium. The hardness is improved by adding pres-
sure to the welding zone while increasing the tool axial load
during the CFSW. At the low and high speeds of welding,
the material distribution in the stir zone is not uniform.
Finally, the average welding speed is associated with attaining
the maximum hardness. Thus, a stepped square-shaped tool-
tip, 1200 rpm rotational speed, 100 mm/min welding speed,
and 6000 N axial load (TPP;-RS;-WS,-AL;) are predicted to
attain the maximum hardness (134.32 BHN) of the CFSW
joint of ZE42 alloy.

The variations in hardness between the CFSW and NFSW
welding zones are illustrated in Fig. 8. It was observed that the
maximum hardness of CFSW and NFSW was attained at
134.32 BHN and 101.6 BHN, respectively. Thus, the hardness
of both CFSW and NFSW joints at the stir zone is also higher
than the base plate. Welding defects were also observed during
the NFSW process due to the instability of the ZE42 alloy at
peak temperature[15,45]. It has been experimentally proven
that the defect-free welding characteristics of CFSW have been
improved by the liquid nitrogen applied in the FSW process.
Due to the high peak temperature in the stir zone, the void
defect was formed during the NFSW process by melting base
metal. Thus, the hardness of the stir zone of NFSW is very
low (101.6 BHN) due to the void present in the SZ [28]. The
base metal (BM), heat-affected zone (HAZ), thermo-
mechanically-affected zone (TMAZ), and stir zone (SZ) in
the advanced side and retracting side of the CFSW of the

ZE42 alloy are illustrated in Fig. 9. It was observed that grain
structure modifications from the BM zone to the SZ are repre-
sented. The ductility of welding has been improved by fine
grains reformed in the SZ. Thus, the tensile strength, hardness,
and wear resistance have been improved by changing the grain
structure through the CFSW process.

3.3. Effects of cryogenic FSW parameters on wear rate

The results of Taguchi analysis for minimising the wear rate
are illustrated in Table 8. The statistical terms: TPP, RS,
WS, AL, and TPP x RS are significantly contributed to min-
imising the wear rate. The percentages of contributions for
TPP, RS, WS, and AL are 72.272 %, 15.321 %, 2.483 %,
and 9.728 %, respectively. The stepped square tool pin profile
strongly contributes (72.272 %) to wear rate due to uniform
material distribution by increasing stir efficiency. The uniform
distribution of materials in the stir zone is achieved by the
square-shaped pin due to the increasing strength and hardness
of the surfaces[43]. While increasing rotational speed, the wear
rate is decreased by the uniform reformation of materials in
the welding zone. While increasing axial load, the wear rate
has also been reduced due to an increase in welding hardness
(Fig. 10(a)). The average welding speed is also recommended
to minimize the wear rate. The wear rate is increased by an
increase in high heat at maximum welding speed. The
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Table 5 Percentage of deviation and signal-to-noise ratio.

Ex. No. Experimental observations: Percentage of Error Signal to noise ratio

Mean value

Tensile Strength (MPa) Hardness Wear rate Tensile Hardness Wear rate Tensile Hardness Wear rate

(BHN) (mm3/ Strength Strength
Nm)
1 217.43 66.7 1.99 2.86 0.21 1.70 46.7438 36.4864  —5.9599
2 283.62 86.4 1.88 0.65 4.37 2.47 49.0546 38.7208  —5.5023
3 293.04 87.8 1.83 2.12 0.16 1.84 49.3371 38.8669  —5.2684
4 288.39 83.4 1.82 2.69 2.20 1.85 49.1972 38.4259  —5.2161
5 356.01 106.3 1.67 0.52 1.73 0.36 51.0292 40.5305  —4.4439
6 283.22 82.0 1.84 0.76 5.18 0.33 49.0423 38.2701 —5.2917
7 320.00 94.2 1.70 1.81 4.02 1.54 50.1019 39.4719  —4.5939
8 303.95 91.0 1.76 2.04 2.02 0.34 49.6547 39.1804  —4.9053
9 331.84 94.1 1.78 0.56 4.02 1.90 50.4185 39.4654  —4.9844
10 250.36 72.0 1.87 0.86 3.02 1.40 47.9711 37.1450  —5.4463
11 326.48 93.3 1.78 1.90 4.05 1.90 50.2760 39.3921 —4.9893
12 337.78 94.7 1.73 1.14 2.28 1.95 50.5723 39.5290  —4.7563
13 332.44 90.1 1.72 1.25 4.19 0.35 50.4338 39.0914  —4.7055
14 410.20 114.8 1.57 0.03 3.31 2.97 52.2599 41.1921 —3.9300
15 326.27 88.5 1.73 1.78 0.16 1.51 50.2705 38.9408  —4.7762
16 368.31 101.6 1.60 0.04 1.81 0.87 51.3243 40.1402  —4.0825
17 350.08 98.3 1.66 1.19 0.14 1.58 50.8829 39.8511 —4.3920
18 381.93 101.6 1.67 0.49 2.13 1.57 51.6396 40.1390  —4.4702
19 266.05 82.6 1.63 1.57 2.23 1.61 48.4985 38.3348  —4.2334
20 346.58 107.0 1.55 1.11 1.72 0.39 50.7957 40.5826  —3.7786
21 358.34 108.6 1.50 1.07 3.49 0.40 51.0855 40.7125  —3.5450
22 352.90 103.4 1.49 1.18 3.67 0.93 50.9526 40.2842  —3.4871
23 435.17 131.7 1.37 1.34 1.40 0.44 52.7726 423878  —2.7154
24 346.59 101.5 1.51 0.04 2.13 0.92 50.7963 40.1244  —3.5624
25 391.18 116.6 1.39 1.99 1.85 1.00 51.8462 41.3321 —2.8667
26 371.61 112.7 1.44 1.12 3.74 1.82 51.4013 41.0333  —3.1797
27 405.63 116.6 1.46 0.95 1.58 1.80 52.1623 41.3317  —3.2576
Table 6 Taguchi Analysis for mean values of tensile strength.
Terms Degree of Sequential sum Adjusted Sequential Variance F- Value Percentage of
freedom of square sum of square Contribution

TPP 2 20635.9 20635.90 10317.9 200.79 30.97
RS (rpm) 2 18868.0 18868.00 9434.0 183.59 28.31
WS (mm/min) 2 9205.5 9205.50 4602.8 89.57 13.81
AL (N) 2 17320.6 17320.60 8660.3 168.53 25.99
TPP x RS 4 128.5 128.50 32.1 0.62 0.19
TPP x WS 4 60.4 60.40 15.1 0.29 0.09
TPP x AL 4 115.1 115.10 28.8 0.56 0.17
Residual Error 6 308.3 308.30 51.4 - 0.46
Total 26 66642.3 — — — 100

TPP x RS, TPP x WS, and TPP x AL contributed insignifi-
cantly to the wear rate due to a lower than 5 % confidence
interval[38,39]. The percentages of contributions for terms:
TPP x RS, TPP x WS, TPP x AL are 0.102 %, 0.017 %,
and 0.0 %,5 % respectively. Thus, all interactive terms are
insignificant to reduce wear rate. Insignificant effects of inter-
action parameters on the wear rate are also established in the
interaction graphs of Fig. 10(b). The residual error has been
obtained at 0.011 %. Thus, a stepped-square tool tip with
maximum rotational speed (1200 rpm), with a mean welding
speed of 100 mm/min, and a maximum axial load of 6000 N

(TPP3-RS5-WS,-ALj3) is predicted to minimize the wear rate
(1.3 mm®/Nm) of the CFSW joint.

The sliding direction and delaminated debris locations on
the welded surfaces of both NFSW and CFSW specimens
are illustrated in Fig. 11(a) and Fig. 11(b), respectively. The
worn-out spots on the CFSW are finer than NFSW specimens.
The material strength has been improved by fine grain forma-
tion due to the reduction of peak temperature and plastic state
of material flow during the CFSW process[18]. The softening
and plasticizing of the ZE42 alloy material occurred by
increasing the frictional heat between the tool and the work
materials during the NFSW process[3]. Thus, wear delamina-
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Table 7 Taguchi Analysis for Mean values of hardness.

Terms Degree of freedom Sequential Adjusted Sequential Variance F- Value Percentage of
sum of square sum of square Contribution
TPP 2 2047.38 2047.38 1023.69 328.34 37.24
RS (rpm) 2 1016.79 1016.79 508.40 163.06 18.49
WS (mm/min) 2 948.91 948.91 474.45 152.18 17.26
AL (N) 2 1438.45 1438.45 719.22 230.68 26.16
TPP x RS 4 8.46 8.46 2.11 0.68 0.15
TPP x WS 4 7.59 7.59 1.90 0.61 0.14
TPP x AL 4 11.74 11.74 2.93 0.94 0.21
Residual Error 6 18.71 18.71 3.12 - 0.34
Total 26 5498.02 - - - 100
Table 8 Taguchi Analysis for mean values of wear rate.
Terms Degree of freedom Sequential Adjusted Sequential Variance F- Value Percentage of
sum of square sum of square Contribution
TPP 2 0.49908 0.49908 0.24954 19029.27 72.272
RS (rpm) 2 0.10580 0.10580 0.05290 4034.03 15.321
WS (mm/min) 2 0.01715 0.01715 0.00857 653.74 2.483
AL (N) 2 0.06718 0.06718 0.03359 2561.49 9.728
TPP*RS 4 0.00071 0.00071 0.00018 13.46 0.102
TPP*WS 4 0.00011 0.00011 0.00003 2.18 0.017
TPP*AL 4 0.00045 0.00045 0.00011 8.55 0.065
Residual Error 6 0.00008 0.00008 0.00001 - 0.011
Total 26 0.69055 - - - 100
. TPP RS(rpm) WS(mm/min) AL(N)
110
105
a 100
<=1
i
=
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o
90

C sC sS 800 1000

Fig. 7a

tion and debris rates are higher in the NFSW process due to
the lower hardness and strength of the welded surface
(Fig. 11(a)). This delamination mechanism has the potential
to increase the wear rate of NFSW specimens. The delamina-
tion and surface debris have been significantly reduced under
the cryogenic (liquid nitrogen) temperature by improving the
material battle to crack nucleation and propagation (Fig. 11
(b)) [3.,21]. Thus, the wear rate of the CFSW (1.3 mm?®/Nm)
is lower than the NFSW process (1.7 mm®/Nm).

1200 80

100 120

Effects of individual process parameters on hardness.

4000

5000 6000

3.4. Confirmation experiments for Taguchi analysis

The significant parameter levels are predicted by Taguchi anal-
ysis and validated by conducting conformation experiments.
The interaction terms were not included to perform these
experiments. The percentage of deviation of predicted
responses with confirmation experimental values is shown in
Table 9. It was observed that the percentages of deviation of
tensile strength, hardness, and wear rate are 0.167 %,
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0.652 %, and 2.86 % respectively which are less than 5 % of
the confidence level [33,34]. Thus, a stepped square tool tip,
1200 rpm of tool rotation, 100 mm/min welding speed, and
6000 N axial trust are recommended to obtain the optimum
solutions for all responses. These predicted parameter settings
have been used to compare the CFSW and NFSW
performances.

3.5. Comparisons between CFSW and NFSW processes

The comparison of the welding performances of NFSW and
CFSW is illustrated in Fig. 12. It was revealed that the tensile
strength, hardness, and wear resistance of CFSW processes are
significantly improved when compared to NFSW processes. It
was revealed that the hardness of CFSW is 35.13 % higher
than NFSW. The 41.36 % tensile strength of the CFSW pro-
cess is higher than the NFSW process. The wear rate of CFSW
is 23.53 %, lower than NFSW. In the CFSW of ZE42 alloys,
high heat generation in the stir zone has been minimized by
applying liquid nitrogen in the welding zone. The uniform
grain structure and recrystallization are enhanced during the
CFSW process.

4. Conclusions

The CFSW of similar ZE42 alloy plates has been performed to
improve the welding characteristics using Taguchi’s technique.
The microstructure of CFSW characteristics is examined using
SEM images. While increasing rotation speed and axial load,
tensile strength and hardness are improved, and the wear rate
of the CFSW process is reduced. The stepped square tool tip is
used to improve the welding characteristics when compared to
other profiles. The average welding speed is recommended to
improve all welding properties. The following welding param-
eters: stepped square tool with RS3: 1200 rpm, WS,: 100 mm/
min, and AL3: 6000 N are estimated to attain the best welding
characteristics (Tensile Strength: 442 MPa; Hardness: 134.32
BHN; Wear Rate: 1.3 mm>/Nm). Microstructure, and fractog-
raphy analysis have been performed to compare the welding
characteristics of CFSW and NFSW processes. A defect-free
welding joint has been achieved by the CFSW process when
compared to NFSW. The worn-out surface of the CFSW spec-
imen has fewer abrasions than the NFSW specimen. It was
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Fig. 11b  Worn-out surface CFSW (wear rate: 1.3 mm?/Nm).
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Fig. 11a  Worn-out surface NFSW (wear rate: 1.7 mm®/Nm).

Table 9 Validation for Taguchi predicted results using confirmation experiment.

S. No. Process parameter Response value Percentage of deviation Welding Characteristics
TPP RS WS AL Predicted Result Experiments
(rpm)  (mm/min)  (N)
1 SS 1200 100 6000 441.26 442.00 0.167 % Tensile Strength (MPa)
2 SS 1200 100 6000 133.45 134.32 0.652 % Hardness
(BHN)
3 SS 1200 100 6000 1.33828 1.30 2.860 % Wear rate (mm®/Nm)
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Fig. 12 Comparisons of the welding characteristics of CFSW and NFSW processes.

concluded that the tensile strength and hardness of CFSW
were improved by 41.36 % and 35.13 %, respectively, and
the wear rate had decreased by 23.53 % when compared to
NFSW process.
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