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A COMPARATIVE STUDY OF RESIDUAL STRESS AND MECHANICAL PROPERTIES FOR FSW
AND TIG WELD ON STRUCTURAL STEEL

Mechanical properties and residual stresses of friction stir welded and autogenous tungsten inert gas welded structural steel
butt welds have been studied. Friction stir welding (FSW) of structural steel butt joints has been carried out by in-house prepared
tungsten carbide tool with 20 mm/ min welding speed and 931 rpm tool rotation. Tungsten inert gas (TIG) welding of the butt joints
was carried out with welding current, arc voltage and the welding speed of 140 amp, 12 V and 90 mm/min respectively. Residual
stress measurement in the butt welds has been carried out in weld fusion zone and heat affected zone (HAZ) by using blind hole
drilling method. The magnitude of longitudinal residual stress along the weld line of TIG welded joints were observed to be higher
than friction stir welded joint. In both TIG and FSW joints, the nature of longitudinal stress in the base metal was observed to be
compressive whereas in HAZ was observed to be tensile. It can be stated that butt welds produced with FSW process had residual

stress much lower than the autogenous TIG welds.
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1. Introduction

Residual stresses are self-equilibrating stresses which exist
in elastic bodies as the response to uneven plastic strains. Origin
of residual stresses in an engineering component is a consequence
of combined interaction of thermal loading , deformation and
material microstructure [1].

The methods of residual stresses measurement can be
broadly categorized into three types: destructive, semi-destruc-
tive and non-destructive. The destructive and semi- destructive
methods of residual stress measurement are more accurate as
compared to the non-destructive methods. The destructive and
semi destructive methods are mechanical methods which analyze
the stress-relaxation that occurs when a small volume of material
is removed from a stressed metal part [2].

The strain gauge method of blind hole drilling determines
stress near the surface of an isotropic linear-elastic material. In
this measurement method, strain gauge rosette is paste to the
stressed surface followed with drilling a hole at the geometric
center of rosette. The relieved strains due to hole drilling are
then measured. It measures stresses locally which indicate
the residual stress within the boundaries of drilled hole. Lo-
cal yielding is possible due to stress concentration around the
drilled hole [3-4].

FSW is a variant of solid-state joining processes, which
has been developed by The Welding Institute (TWI) in 1991,
primarily for aluminum alloys. In FSW, a rotating cylindrical

shouldered tool plunges into the butted plates and locally plas-
ticizes the joint region during its movement along the joint line
that result a joint beteweeen the workpieces. In FSW, the heat is
mainly derived from the friction between the work material and
rotating welding tool with shoulder and the probe [5].

Chen et al. [5] presented a paper on finite element mod-
eling of FSW which dealt with thermomechanical analysis of
aluminum alloy and observed that longitudinal residual stress
was much higher than the lateral residual stress. Hu et al. [6]
opined that application of appropriate mechanical tensioning
during welding reduced the residual stress and even changed
the residual stresses pattern from tensile state to compressive
state. Thus, fatigue resistance and stress corrosion of the joints
produced by FSW improved. Fratini et al. [7] stated that butt
joint has lower residual stress in comparison with T and lap
joint produced by FSW process. Milan et al. [8] investigated
the patterns of residual stresses generated during FSW of alu-
minum alloy, according to which the peak longitudinal residual
stresses were located in the thermo-mecanically heat affected
zones of the advancing side of the weld, ranging from 50% to
60% of the yield strength of the parent material. Sharma et al.
[9] observed fine ferrite and martensite in stir zone and higher
hardness in weld zone of FSW of structural steel. Lienert et
al. [10] presented a paper on friction stir welding studies on
mild steel which discussed process results, microstructures and
mechanical properties. Boumerzoug et al. [11] investigated
the effect of fusion welding on microstructure and mechanical
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properties of industrial low carbon steel. Pasupathy et al. [12]
have done detailed study on dissimilar welding of low carbon
steel withAA1050 using TIG welding. The FSW is a solid-state
joining process with many advantages over arc welding processes
such as TIG. However, no systematic comparative study seems
to have been reported in the literature on the effects of TIG and
FSW process on microstructure, mechanical properties and
residual stress of structural steel butt welds.

2. Material and experimental details

Structural steel was used for the present experimental
work. The chemical composition of as-received structural steel
was analyzed by using an optical emission spectrometer (Make:
Metavision, model: 1008i), as shown in Table 1.

TABLE 1

Chemical composition of as-received structural steel

Element Chemical composition (wt %)
C | Mn| Si P S Ni | Al | Cr | Fe
Base metal [ 0.19 | 0.55|0.22|0.09|0.02|0.01 | 0.01 | 0.00 | Rest

Friction stir welded butt joints have been produced from 3
mm thick structural steel plates by friction stir welding (FSW)
process. The welding parameters are depicted in Table 2. The
welding was performed along the joint line of square plates of
dimension 150 mm % 50 mm X 3 mm. A compressed air flow
was used in all the experiments for cooling of the upper portion
of tool because tool became red hot during welding. So, for
FSW of structural steel, a non-consumable tungsten carbide tool
was used due to its high refractoriness, toughness and hardness
(1650 HV).

TABLE 2
Welding parameters of friction stir welding
S. No. Parameter Welding condition
1 Welding machine FSW
2 | Welding speed (mm/min) 20
3 Rotational speed (rpm) 931
4 Tool probe profile Conical
5 Tool tilt angle 20
6 Tool shoulder diameter 23
(mm)

7 Pin diameter (mm) 7 & 4 (maximum and minimum)
8 Pin length (mm) 2.7

The autogenous tungsten inert gas (TIG) welded butt joints
were produced of same material of thickness 3 mm. A single
autogenous root pass was used to make the butt-joint. The plate
dimension was 150 mm x 50 mm x 3 mm. The welding process
parameters during TIG are tabulated in Table 3. To ensure the
defect free weld, the joint was inspected by using the ultrasonic
non-destructive testing.
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TABLE 3
Welding parameters of TIG welding
S. No. Welding parameters Welding condition

1 Welding machine Automatic GTAW
2 Welding speed (mm/min) 90
3 Welding current (Amp) 140
4 Welding voltage (Volts) 12
5 Inert gas used Argon
6 Inert gas pressure (litre/min) 10

Plate to electrode tip distance
7 3

(mm)

Diameter of thoriated tungsten

8 3
electrode (mm)

9 Net heat input (kJ/mm) 0.84

ASTM E&837 standard was used for residual stress meas-
urement by using the blind hole drilling. Residual stress was
measured by a three element strain gauge rosette FRS-2-11 at
different places at weld center line of friction stir welded plates
and TIG welded plates, heat affected zone of TIG welded plates
and base metal portion of FSWed plates. For weld fusion zone,
residual stress was measured at the center of weld for both TIG
and FSWed plate while in HAZ, stress was measured to be 2 mm
away from the weld fusion boundary. The material properties of
base material were measured by using the tensile tester which
depicts yield strength (o,), Young’s modulus (E) and poison’s
ratio (u) of 300 MPa, 210 GPa and 0.3, respectively. In this pre-
sent investigation, strain gauge rosette FRS-2-11 and two single
element strain gauge FLA-5-11 were used for blind hole drilling
test and for longitudinal strain relaxation respectively. The gauge
description is shown in Table 4. For calibration purpose, tensile
test specimen was prepared. The model and actual specimen
for this test are shown in Fig. 1(a) and (b) respectively in which
strain gauge 3, 4 and 5 were placed longitudinally to measure
strain and strain gauge 1 was placed for recording transverse
strain. Strain gauge 2 was placed at 225° from reference (strain
gauge element 1). Three element TML make strain gauge rosette
FRS-2-11 having 2 mm hole diameter was used. Before drilling 2
mm blind hole, uniaxial tensile load was applied in several stages
up to 90% of work material’s yield strength. Gauge element 3
was in loading direction. Further, during loading, respective
strains were recorded at each load interval. After that, a small
hole of 2 mm is produced at the geometric center of strain gauge
rosette FRS-2-11 up to the depth of 2 mm. After that, uniaxial
load was applied in the same previous manner up to the 90%
of yield strength and strains corresponding to all elements were
recorded.

TABLE 4
Description of strain gauges used
FRS -2-11 FLA-5-11
(three element) (single element)
Gauge factor 2.07 2.13
Gauge length (mm) 1.5 5
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Fig. 1. Tensile specimen for plasticity test and error measurement (a) schematic (1, 2 and 3: strain gauge rosette elements, 4 and 5: single element

strain gauge), (b) specimen with strain gauge rosette, (c) Three element strain gauge rosette after pasting and making terminal, (d) strain data
logger; Pasted strain rosette over weld fusion zone of TIG (e) before drilling (f) after drilling condition
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The principal stresses and their orientation are given in
equation below [12]:

& +¢& 1
O =25 L ey —a V(e 48 -26)° (1)
44

4B
1
Cmin = “ +,g3 +_,\/(<93 —& ) +(g5+& —26,)° 2
44 4B
tan2c (8378 728) (3)

(&5—-¢1)

where, ¢, &, and g5 are the recorded strain readings in three ele-
ment strain gauge rosette. The o,,,, and o,,;, are maximum and
minimum principal stresses and o is the angle between minimum
principal stress and element 1. The calibration coefficients 4 and
B given in equation (1) and (2) depends upon geometry of strain
rosette, hole depth, diameter of hole, applied load etc. The coeffi-
cients are calculated by using equations (4) and (5) in which ;.
and &5, are the differences in strain readings in element 1 and 3
obtained from tensile testing before and after blind hole drilling.
Calibration constants a and b represent the relieved strains due
to unit stresses within hole depth which are calculated by the
equations (6) and (7) [12]. Both are dimensionless constants for
isotropic stresses and shear stresses respectively.

Z _ glcazl + & cal (4)
O-a[’[’
B = E3cal ~E1cal (5)
20'app
- 1+
a :_% (6)

To measure the residual stress, the weld fusion zone and
HAZ is polished by emery paper up to grit size 600 because
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surface flaws may affect the strain relaxation readings. After
cleaning by acetone, three element strain gauge rosette was
pasted on the surface and terminals were prepared as shown
in Fig. 1(c). After making terminals, wires were connected to
a multichannel static strain indicator shown in Fig. 1(d). Plates
were clamped during drilling due to which some stress were also
induced and strains are recorded for the clamping effect. In the
calculation of residual stresses, clamping effect was considered.

The depth of drill is measured by LVDT (linear variable
displacement transducer), setting zero at the surface of plates.
After drill up to 2 mm, final longitudinal and transverse strains
were subtracted from initial one with considering the clamping
effect also. The nature of residual stress is calculated according
to calibration test of base material. Fig. 1(e) and (f) shows before
and after drill with 2 mm depth condition of strain gauge rosette.
For measuring residual stress in HAZ of TIG welded plate, three
element strain gauge rosette was placed at 3 mm distance from
fusion line. Similarly, experiment was performed on weld zone
of friction stir welded butt joint.

The Vickers hardness measurement of base metal and weld-
ment (FSW and TIG weld) was carried out on Vickers hardness
tester (Omnitech-S. Auto) at the load of 500 g and dwell time
of 10 sec. Metallographic samples were prepared from welds
transversely using standard procedure and etched with a 5% nital
solution (5% Nitric acid volume wise in Ethanol). The optical
micrographs of samples were captured by CARL ZEISS lenses
with software Axiovision. For phase detection in various zones
of both butt welds, X-ray diffraction (XRD) analysis has been
done on D-8 Bruker AXS diffractometer. It was carried out by
using Cu-K,, irradiation with the working voltage and current
of 40 kV and 30 mA respectively. To conduct the static-tensile
test for both as-received material and specimens extracted from
friction stir welded and TIG welded plates, flat tensile samples
(longitudinally and transversely) were prepared according to
ASTM E-8 standard. Instron 5982 vertical tensile testing machine
(100 KN capacity) has been used to perform the tensile test at
room temperature at constant cross-head speed with constant
cross head speed of 1 mm/min.

Fig. 2. Top and root of (a) & (b) FSWed butt joint and (c) & (d) Autogenous TIG welded butt join
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3. Results and discussion

Friction stir welded butt joint were produced in the experi-
ments as shown in Fig. 2(a) and (b). The weld root was also
welded properly as shown in Fig. 2(b). The used parameters
for FSW are tabulated in Table. 2. The same material and same
sized plates were welded by autogenous TIG welding by which
sound welds were produced as shown in Fig. 2(c) and (d). The
welding parameters corresponding to this TIG weld are tabulated
in Table 3.

1023

3.1. Microstructure characterization

Fig. 3 shows the micrographs of stir zone, heat affected
zone, base metal and their boundaries. Boundaries and other
zones are shown on 200 and 500% magnifications. The micro-
graph of as-received base material is shown in Fig. 3(e) which
shows equiaxed ferritic grains of average grain size 43.1 um
measured from line intercept method besides little colonies
of pearlite. Fig. 3(a) shows the micrograph of stir zone (SZ)
of FSWed butt joint which was consisted of fine ferrite, little

500x

Fig. 3. Optical images of (a) stir zone at 500%, (b) stir zone and HAZ at 200x%, (c) HAZ at 500%, (d) HAZ and base metal at 200 and (e) base

metal at 500x for FSW
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pearlite and martensite grains. The formation of equiaxed mar-
tensite in the stir zone attributed to high hardness and strength
to the weld joint as compared to base metal. Theoretically, the
stir zone in friction stir welding experiences thermo-mechanical
cycle by heating and stirring with tool. Strain gradient is an
important parameter which decreases from the contact of tool
with shoulder towards the root. So, in SZ, material away from
shoulder refines [12]. Material is hot worked in center during
the tool interaction and due to heat generation by friction, it
reaches in austenitizing temperature range, which gives ap-
preciable grain growth. The three phases present in stir zone
are: FG — grain boundaries ferrite, FA — aligned ferrite and
FC — ferrite carbide aggregate (fine pearlite). Fig. 3(c) shows
micrographs of heat affected zone of FSW, which has grain size
25.4 pm, measured from line intercept method. Theoretically,
all solid state phase transformation like recrystallization, grain
growth, tempering, annealing, phase transition, occur in HAZ
of weld of steels. In case of FSW, HAZ does not experience
any appreciable deformation which is nearly similar to HAZ of
arc welds. Since, from fusion zone to base, peak temperature
decreases; so, coarse grains are obtained near fusion line. Fig.
3(b) shows the boundary between stir zone and HAZ and Fig.
3(d) shows the boundary between HAZ and base metal at 200x
magnification. It is clearly observed that the FA — aligned fer-
rite is absent after the boundary in Fig. 3(b). In Fig. 3(d), grains
become finer from grains of HAZ near weld boundary, due to
attaining lower peak temperature.

Fig. 4 shows the optical micrographs of weld zone and HAZ
of TIG welded mild steel butt joint. Weld metal zone consisted
of finer grains than base because of melting and solidification.
Similarly, HAZ experiences the thermal cycle after reaching
in austenitizing temperature zone during welding that resulted
formation of coarse grains near fusion line and it becomes finer
during moving towards base-HAZ boundary. In weld fusion
zone, columnar grains are clearly seen.

50 um

Fig. 4. Optical images of TIG weldment: (a) weld zone (b) HAZ

3.2. XRD analysis

The XRD pattern for base metal, TIG weld zone and friction
stir welded zone are shown in Fig. 5. In XRD analysis, the height
of peaks represents the intensity in CPS (counts per second).
In XRD pattern of structural steel base material, the presence
of ferrite, cementite and martensite is confirmed as shown in
Fig. 5(a). By using the maximum value of peak intensities, the
phase analysis has been done in detail. As shown in XRD pat-
tern of base metal, there is ferrite and cementite (Fe;C) which
confirms the presence of a-ferrite and some colonies of pearlite
(ferritet cementite) in base. While in weld zone of FSW, pres-
ence of finer ferrite (at first and third peak), cementite (at first
and second peak) and some martensite (at all three peaks) is
confirmed as shown in diffractograph Fig. 5(c). Similarly, in TIG
weld zone, there is martensite and ferrite on both two peaks as
shown in diffractograph Fig. 5(b). Martensite presence confirms
rapid cooling and solidification during fusion welding.

Table 5 shows the summary of obtained phases in XRD
analysis, its structure and respective lattice parameters (A).
Ferrite, cementite and martensite have cubic, orthorhombic and
tetragonal lattice structure respectively. Due to the tetragonal
lattice structure of martensite, weld zone hardness is more than
base which consists ferrite and pearlite (ferrite + cementite).

Peelamedu et al. [13] and Pandey et al. [14,15] suggested
amethod to find normalized intensity ratio (NIR) of phase present
in both weld zone and base. On the basis of given method, NIR
of a particular phase a is calculated by the following equation.

(N]R) — Il_Iback (8)
“ L+1L+1;-31,,

where, [, I, and /5 are the intensities of ferrite, cementite and
martensite, respectively recorded in XRD analysis and 7, is
the back ground intensity.

Calculated values of different phases obtained in XRD
spectrum are tabulated in Table 6 which gives the comparison
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Fig. 5. Diffractograph of mild steel (a) as received base metal, (b) weld fusion zone of TIG and (c) weld zone of FSW

TABLE 5

Structure and lattice parameters of phase identified in XRD analysis

between FSW weld, TIG weld and base metal. On a single peak
in XRD spectrum, there is a considerable overlapping of more

than one phases which causes some difficulties in calculation
i Lattice
S.No.| Jomnt Phase Structure e of NIR values.
type detected parameter (A)
. . a=2.8664 TABLE 6
Ferrite Cubic b =2.8664
L Base c=2.8664 Calculated NIR (%) for obtained phases in different joint types
metal a=4.5100 - h S
Cementite | Orthorhombic | b = 5.0400 S.No. |Jointtype| Phase | I | 1o | Is | loaoc | NIR (%)
¢ =6.7300 1 Base Ferrite 662 — | 0 50
a=12.8664 metal Cementite 662 | — | O 50
Ferrite Cubic b =2.8664 ’ TIG- | Ferrite | 223 — 10 50
2 TIG - c=2.8664 weld Martensite — 1223 0 50
weld a=2.8460 FSW Ferrite 278 — | 0 33.33
Martensite Tetragonal b =2.8460 3 | Martensite — | 2781 0O 33.33
_ weld -
¢ =3.0530 Cementite 278 | — | 0O 33.33
a=2.8664
Ferrite Cubic b =2.8664
c =2.8664 3.3. Hardness
—— a=2.8460
3 Martensite Tetragonal b =2.8460 . . . .
weld c=3.0530 In transverse direction at the center of weld joint, the micro-
a=4.5100 hardness was measured at 1 mm interval, as shown in Fig. 6(a-b).
Cementite | Orthorhombic b = 5.0400 The variation in hardness value for TIG weld joint is shown in
¢ =6.7300 Fig. 6(a). The hardness of as-received material was approximately
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Fig. 6. Hardness profile along transverse direction in; (a) autogenous TIG welding and (b) FSW

135+7 HV. The maximum hardness achieved was 200 HV. In
weld fusion zone, hardness varied from 180-200 HV while in
heat affected zone varied from 170-180 HV which was lower than
the weld fusion zone. These hardness results are partially in good
agreement with literature. However, Boumerzoug et al. [11] have
reported the hardness range of 178-250 HV for the SMAW joint.

For FSW, the hardness was measured from advancing side
towards base metal to observe the differences between different
zones of FSW as plotted in Fig. 6(b). The maximum hardness
was obtained in the stir zone as 204 HV. Nearly 20 mm wide
weld was obtained which has been the region of stir zone and
thermomechanically heat affected zone in which hardness varied
from 141 HV-204 HV. In HAZ region, little more hardness was
obtained than for advancing side than retreating side. This might
be due to little higher heat input in advancing side than retreating.
The similar hardness range for the FSW joint was also reported
by the Sharma et al. [9].

Along the thickness, hardness was recorded in friction stir
welded and TIG welded samples. Fig. 7 shows the hardness
profile from top to bottom with 0.5 mm distance between two
successive indentations. In friction stir welding hardness is of
decreasing nature from 200 HV to 180 HV. At the top of the weld,
hardness is more due to the contact of tool shoulder and work
surface. The mechanical strain was more on top due to which
aligned ferrite formed. At root portion of the weld, hardness was
observed to be lower. It is due to the less mechanical strain which
depends on distance between tool shoulder and work material.
In autogenous TIG welding of mild steel butt joint, hardness at
the top is lower than at the bottom surface.

3.4. Tensile properties

Tensile strength has been compared in both longitudinal (all
weld) and transverse direction. In the transverses weld samples,
the fracture is occurred in base material zone invariably. So,
for getting the strength of weld; all weld samples are extracted

—=— Friction welding process

210 4 +— Autogenous TIG welding process
200 - I :
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190 T
Z k"
I
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w
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160 - T
150 T T T T T T T T —T T 1
0.0 0.5 1.0 1.5 20 2.5 3.0

Distance along thickness (mm)

Fig. 7. Hardness profile along thickness in FSWed and TIG welded
samples

in the longitudinal direction. The strength of low carbon steel
is usually decided by the yield strength, thus yield strength is
tested. The comparison of tensile properties between base, TIG
weld and friction stir weld has been done in both orientation;
longitudinal and transverse. The joint type with the orientation,
tensile strength, yield strength (ductility), percentage elongation,
fracture point and joint efficiency are tabulated in Table 7. Tensile
strength of TIG weld is highest in transverse orientation and it
is followed by base and then friction stir weld. The engineering
stress-strain curve and true stress-strain curve for transverse
weld and longitudinal weld including base metal is depicted in
Fig. 8(a-b) and Fig. 9(a-b). Compared to base metal, the yield
strength of fusion zones of TIG welded and friction stir welded
joints are increased and this increment is significantly more in
friction welded than TIG welded. It can be seen that the elon-
gation in base metal specimen is more than friction stir welded
and TIG welded transverse specimen. FSWed has minimum



www.czasopisma.pan.pl P
=

elongation due to the presence of thermo-mechanical forces.
The elongation in TIG is more than FSW because of melting
and solidification and only thermal involvement. It is finalized
that the ductility decreases in order from base metal then fusion
welding and then solid state welding. Maximum true stress was
measured to be 683+12 MPa for longitudinal TIG weld. The
true stress value for different weld and base metal is depicted
in Table 7. Maximum variation in engineering stress and true
stress value was noticed for base metal and longitudinal weld.
For TIG transverse, the true stress was measured to be 8.9%
more than the engineering stress while for TIG longitudinal
weld, it was 13.45%.

The serrations was also noticed for both longitudinal and
transverse tensile test graph, as shown in Fig. 8(a) and Fig. 9(a).
Serration is defined as the abrupt drop in stress value below the

N www.journals.pan.pl
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general flow curve. The serrations flow was mainly noticed at
high temperature are low strain rate. In the low strain rate region,
serrations is characterized as repeated appearance of disconti-
nuities in the strain stress curve of deforming alloy and known
as Portevin-Le Chatelier (PLC) effect. Serrations are mainly
noticed at high temperatures and low strain rates. However,
sometimes serrated flow with few serrations was observed at
room temperature and low strain rate [16]. At low strain rate,
interaction between solutes atmosphere and dislocations may be
dominant. It was presumed that the dislocations are aged by the
solutes carbon from initial straining. When number of dislocation
reach a critical moving velocity, they can break away from the
carbon solutes atmosphere [17,18]. This resulted a rapid mobile
dislocations and hence the abrupt change in stress and finally
lead to serrations.

—— Base metal engineering stress-strain —— Base metal true stress-strain
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Fig. 8. (a) Engineering stress-strain curve for transverse weld sample with serrations mark, (b) Comparison of engineering stress-strain and true

stress-strain curve
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Fig. 9. (a) Engineering stress-strain curve for longitudinal weld sample with serrations mark, (b) Comparison of engineering stress-strain and

true stress-strain curve for longitudinal weld
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TABLE 7

Comparison of tensile properties of base and welded joints in differ-
ent orientation

. ultimate| iy | True | o
S. Joint Fracture | tensile
No. type location | strength strength | stress elo_n-
(MPa) (MPa) | (MPa) | gation
1 | Base metal 442+10 | 300+£12 |526+£10| 37+4
FSW Gauge
2 | longitudinal 8¢ | 52548 | 275+9 | 6108 | 28+3
. . length
orientation
TIG Gauge
3 | longitudinal e 602+12 | 43010 |683+12| 25+2
. . length
orientation
FSW
5 | transverse Weld 380+5 320+£6 | 390+5 | 10+£2
orientation
TIG
6 | transverse |Basearea| 45749 | 325+10 | 498+9 | 22+4
orientation

In FSW transverse tensile specimen, the fracture occurred
from the weld fusion zone. The most probable reason for the
failure occurred in weld zone is less penetration of stirring up
to the root. While in TIG welded transverse specimen, failure
occurred in base metal portion which confirms the higher
strength of weld zone due to fine columnar grains and presence
of martensite structure.

3.5. Comparison of residual stress

The residual stresses have been calculated from formu-
lations of ASTM ES837 in which calibration coefficients and
other constants are used. Measured residual stresses at different
locations are shown in Table 8. The magnitude of longitudinal
stress at weld line of TIG welded plate is more than friction stir
welded joint, having difference of 48 MPa and both are having
tensile nature (Fig. 10). The obtained magnitude and nature of
residual stress match theoretically for both fusion and solid state
welding. Thus, it is finalized that the residual stress is more in
fusion welding process than solid state friction stir welding
process. By observing the comparison between the residual
stresses between TIG and FSW, residual stress is 25.66% less
in FSW than TIG weld.

TABLE 8

Measured residual stresses and its nature at different
locations of weld

Residual stress Measured
S. No. . longitudinal Stress nature
measurement locations
stress (MPa)

1. TIG weld line 187425 Tensile

2. TIG heat affected zone 118+20 Tensile

3. FSW weld line 139+24 Tensile

4, Base metal 15+5 Compressive

200 -

180
160
140 -

Longltudinal residual stress (MPa)
\
\

120—-
100—-
80 -
50:
40 -

20 4

A\

N

I ! |
TIG weld line FSW weld line

Residual stress measurement locations

Fig. 10. Difference of longitudinal residual stress between TIG weld
line and FSW weld line

The measured residual stresses corresponding to place are
graphed in Fig. 11(a) and (b). For TIG weld, longitudinal residual
stress is measured at weld centerline and HAZ. At weld, it is
higher than HAZ and of the tensile nature. In friction stir welded
plate, at the weld centerline, the residual stress is of tensile nature
longitudinally which has lower value (139 MPa) than TIG. In
base metal, the measured residual stress is 15 MPa (compres-
sive), which is theoretically correct also. Base metal portion
of a weld mainly has compressive nature of residual stress as
shown in Fig. 11(b). Thus, it is finalized that the obtained results
of residual stress are fairly match with the theoretical pattern of
residual stress in arc weld and friction stir weld joints.

4. Conclusions

The following conclusions can be made from the present

research work.

1) Friction stir welded structural steel butt joint of thickness
3 mm was successfully produced with rotational speed
931 rpm and welding speed 20 mm/min without defect.
Defect free autogenous TIG welded structural steel butt joint
of thickness 3 mm was successfully produced with 140 A
welding current, 12 V welding voltage and 90 mm/min
welding speed.

2) Finer ferrite formation in the stir zone and coarse as well
as fine grain formation in HAZ of friction stir weld has
been confirmed for structural steel butt welds. Martensite
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. 11. Residual stresses for (a) TIG welds and, (b) Friction stir weld

formation percentage has been higher in TIG welds due to
rapid melting and solidification.

In friction stir welds, hardness of 204 HV in stir zone was
observed due to grain refinement. A similar trend was ob-
tained in TIG weld (200 HV) due to presence of martensite.
In tensile test, TIG weld exhibited highest tensile strength
of 457 MPa which was more than the welds produced by
FSW in transverse orientation. In longitudinal orientation,
TIG weld also exhibited the highest strength of 602 MPa.
The calibration coefficients (4 and B) for steel were
measured to be —11.43 x 10713 and —18.98 x 107! MPa ™,
respectively; and calibration constants (a and b) are 0.37
and 0.79, respectively. Residual stress was measured at
different locations in both welds by using three element
strain gauge rosette (FRS-2-11) which measured strain
relaxation in transverse, longitudinal and inclined (45°)
directions. The longitudinal residual stress in TIG welds
was higher than FSWed plate by 48 MPa (tensile). Base
plate has compressive nature of residual stress.
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