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ABSTRACT

The present work is aimed to study the friction stir welding and process for the
aluminum alloy 2024-T3, a threaded pin with a diameter of 6 mm and a concaved
shoulder of 18 mm welding tool was used. The single pass friction stir welding
(FSW) process was performed with clockwise tool rotation at different speeds and
variable feeding speeds. The specimens were tested to determine the best ultimate
tensile strength (o) and compared with the as received metal. In addition to friction
stir welding (FSW), another phase of welding named friction stir process (FSP) was
used. The best condition out of the FSW variables was selected in order to examine
the double pass wedding processes. It was found that the best result is in forward
welding travel and counterclockwise tool rotation. The maximum tensile strength
achieved at friction stir welding process was 72% of the base metal and didn’t
improve in the FSP process. On the other hand, the fatigue endurance limit was
improved for FS weld ment when followed by FSP, where the reduction in fatigue
endurance limit for FSW specimen was 36% while for FSP specimen was 15% of the
base metal.
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Notations

AS Advanced side

cw. Clock-wise

c.cw. Counterclockwise

FSP  Friction Stir Processing

FSW  Friction Stir Welding

N¢Number of Cycles to Failure( Cycles)

R Stress Ratio

RS  Rereating Side

osFatigue strength(M Pa)

ogL. Fatigue Endurance Limit(MPa)

our Ultimate Tensile Strength(M Pa)

INTRODUCTION AND LITERATURE REVIEW

invented at The Wdding Institute (Cambridge, UK) in 1991. [1]. This

technique is wdl suited for welding heat treatable aluminum alloys, especialy
for the 2xxx series, which is usually considered as unweldable by conventional
welding processes [2].This joining process has gathered a great amount of interest in
a variety of applications in aerospace, automotive, marine, railway, and construction
industries [3, 4].

The maximum temperature measured during friction stir welding of aluminum
aloys falls between 0.7 and 0.9 of meting point [5]. That meansthat the metal
reaches a temperature enough to soften but not met, so that the welding defects and
large distortion commonlyassociated with the fusion welding are minimized or
avoided [6].

Figure 1 illustrates the schematic diagram of FSW as applied to a butt joint of two
plates. The workpiece to be welded is supported by a backing plate and clamped
rigidly by an anvil to prevent the lateral movement during the welding [7]. A rotating,
non-consumable tool consisting of a small-diameter pin extending down from a larger
diameter shoulder is plunged into the joint line and is then traversed along that line
[8].The shoulder is slightly concave. The concavity is designed to provide a reservoir
of material above the original crown surface of thewdd, facilitates transport of
material around the tool, and reduces plate thinning in the weld zone [9].The
advancing side (AS) is the side where the veocity vectors of the tool rotation and

Friction stir welding (FSW) is a reatively new solid state welding process
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traverse direction are similar and the side where the veocity vectors are opposite is
referred as the retreating side (RS)[10].

In most of the published researches that utilizes friction stir welding, singlepass

Welding process was used to fabricate the joints [1-5, 8, 10].Only few researches
concerned with double pass welding process. H. Jin e a [11] focused on the
diffusion and microstructure ofthe metals at the interface of Iron — Nickd double pass
butt welded joints, while for L. Dubourg et al [12], a partial overlap of theadvancing
sides of the welding passes was used as a double pass welding process to fabricate lap
joints of AA7075-T6 stringers on AA2024-T3 skin.
The aim of the current work is to study the parameters affecting the friction stir
welding for AA2024-T3 sheats of metal and the effect on some mechanical
properties. In addition to that, the work is concerned with the influence of an
additional pass denoted as friction stir process (FSP), i.e, (double pass weding
process) on some of mechanical properties.

EXPERIMENTAL WORK

A rolled section of 5 mm thick sheet of a heat treatable aluminum alloy
n AA2024-T3, was used in the as recadved condition as the base materia in this
investigation. The chemical composition and mechanical properties listed in Table 1
and 2.The sheet was cut and machined into rectangular welding samples of 200mm
long by 100mm wide. Every two samples were secured into a carbon sted backing
plate using specially designed mechanical clamps to avoid separation or lateral
movement from the joint line during the welding process. The welding samples were
then longitudinally butt-welded perpendicular to sheet rolling direction using a
vertical type milling machine. During the welding cycles, the tool was rotating in the
clock-wise direction and was tilting 2 degrees with respect to a vertical axis.
Thedownward pressure of the tool was kept constant throughout the experiments by
keepingthe plunging depth of the tool shoulder fixed.

Four sdected rotational speeds (370,475,650, and820) rpm were used in the
welding process with welding travel speeds of (24, 42, and 74) mm/min. The best
condition for the above test variables base on tensile test was chosen to study the
mechanical properties as well as to run FSP. Four conditions were carried out with
the two directions of toal rotation and welding orientation.

The friction stir welding tool was fabricated from tool sted (X12M) with a hardness
of 58 HRC. The tool had an 18mm diameter concaved shoulder (8°), while the tool
pin is of 6mm diameter with a right hand threads of (1) mm pitch and have a round
bottom. The overall height of the pin is (4.7) mm, making it slightly shorter than the
sheet thickness Fig (2).

Tensile testing was carried out on samples cut perpendicular to the weding
direction to determine the tensile properties of the welded joints for both single and
double pass of welding, where the size of the tensile specimens was carried according
to ASTM B557M [13].Tensile properties of each joint were evaluated at room
temperature and constant crosshead speed of 5mm/min using the computerized
(Zwick/Rodl 100 KN) Universal testing machine at Technical College Baghdad. All
tensile tests were carried out at a constant crosshead speed of 5 mnvmin.
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Microhardness measurements were taken 2 mm below the top surface of the
specimens, perpendicular to the weding direction. Microhardness (HV0.05) testing
of the wedded joints was conducted using a Zwick/Rodl microhardness testing
machine at Central Organization for Standardization andQuality Control with a load
of (50 g) and loading within (15 sec) according to ASTM-E384 [13].

Bending fatigue tests were carried out through fatigue machine (Avery Dension Ltd
Fatigue Testing Machine type 7305)at Central Organization for Standardization
andQuality Control, with stress cycles 1420 rpm. The tests were carried out at room
temperature. The shape and dimensions of the fatigue specimens prepared according
to DIN 50113 are shown in figure (3). Completedy reversed loads of an opposite sign
were applied at stress ratio R=-1. Eight specimens were tested for each kind of joint
and base metal. The range of maximum stress was varied from 384 MPa to 196 MPa
for the base material as unweded. In a different way, the range for the joints with a
single pass was from 274 MPa to 140 MPa, and for the joints using a double pass
welding process, the range was from 265 MPa to 136 MPa. The number of cycles to
fracture was recorded or the test was stopped at 10” cycles without break down of
joint.

RESULTS AND DISCUSSION
Tensile Test Results

Two stages of tensile tests were carried on, the first for welding trials with a single
pass welding process and the second with a double pass welding. Table3 lists the first
stage tensile test results of friction stir welded joint. The table shows the variation of
tensile properties according to test variables. The heat input which is mainly affecting
the welding parameters plays an important role in the tensile properties. In addition to
heat input, the tensile properties are also dependent on the welding defects. The
maximum ultimate tensile strength which gives the best welding efficiency of (72 %)
occurred in a combination of370 rpm tool rotational speed and24 mm/min welding
travel speed.

Table 4 shows the tensile properties of the joints welded using double pass process
at different welding orientation and tool rotation direction, the tool rotational speed
and travel speed are maintained constant and taken from the best welding parameters
for the single pass process. This table indicates that the best ultimate tensile strength
of (332 MPa) and dongation of (4.84% ) with a weld efficiency of ( 69% ) can be
achieved when using a double pass with a welding trave in the same direction and a
clock wise tool rotation for the first pass and a counter clock wise tool rotation for
the second pass. So, the double pass process increases the ductility of the welded joint
with a little decrease in the ultimate tensile stress (about3%). The higher
elongationoccurred in the samples indicates that the metal was homogenously stirred
throughout the welded joint. For those samples with limited eongation, a separating
area between the stir zone and the base metal were found in the fracture surface of the
welded joint, as shown in figure (4).In other words, the hest that is generated due to
stir, will not be sufficient to produce the welding process, as a result, defects will
appear in form of separation cracks at the welding zones. On the other hand, the
feeding speed (welding travel speed) also affect the strength of the welded joint .It
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was found that when the welding trave speed is too fast, a wormhole defect will
appear which is caused by insufficient time for stir metal in front of the tool pin to
replace the cavity created behind the pin as it moves forward along the welding line.
The effect of these defects will appear as a sudden fracture in specimens, i.e,
reduction in éongation, fig. (5).

Most of the specimens fractured in the tensile test through the HAZ of the
advanced side, fig (6), and that conforms to G. R. Babu [4].This ismaichS. R. Ren &t.
al. [14] who clarifies that the fracture usually occurs in the HAZ due to the significant
coarsening of the strengtheningprecipitates.

Microhardness Results

According to the results of the tensile test, the best condition for the
sdlectivevariable in the process is 370 rpm rotational speed, while the travel speed is
24 mm/min to study the microhardness distribution 2mm below the top surface cross
the welded joint, i.e, perpendicular to the weding direction. Fig (7) shows the
microhardness distribution across the FSW join for single pass and double pass.

The hardness of the base metal was recorded to be about (160 HV0.05), while the
minimum hardness recorded for single pass welded sample at the HAZ was about
(106 HV0.05) which accounts about 66% of the base metal, and the minimum
hardness recorded for the NZ was about (114 HV0.05) which account about 71% of
the base metal. The welding process affected the microhardness values by reducing
them significantly, and when compared with that of the base metal, the difference
should be due to the amount of heat generated in the welded zone which caused
softening of the nugget, TMAZ, and HAZ due to dissolution and coarsening of the
strengthening precipitates during the welding process [15]. Most of the specimens
were fractured in the tensile test through the HAZ and that fracture is due to the
distribution of microhardness values, in which the lowest value recorded in the HAZ,
and this fact meets the conclusion of A. Barcdlona et. al. [16], who concluded that
thelocal material softening which occurred in the weld area.

After the FS process the minimum hardness achievedwas (92 HV0.05) at HAZ. It is
clearly observed that the microhardness values were increased dightly in the nugget
as compared to those of single pass due to the effect of the recrystelyzation of the
nugget and the more fineness of the grains, while at the HAZ the microhardness
decreased because of generating a high homogeneity in the grains in both sides of stir
pin (i.e, the retreat and advance sides). The ratio of decreasing microhardness was
(13 %) for double pass.

Fatigue Test Results

The SN curves for the base metal, single pass (FSW), and double pass (FSW and
FSP) weded joints are shown in fig (8).From the experiments when the value of
bending stress decreased, the number of cycles increases where the life of the base
metal sample at (384 MPa) was (132x10° cycle) and it would be more than 107 cycle
when the applied bending stress was (196 MPa) (without failure).

For FS welded specimens with single pass, it was found that there was a decrease in
the life when compared with the base metal. This reduction in life may be caused by
the grain refinement in stirred zone as well as the change in micro hardness through
the weldment. This means that there will be a significant change in the residual
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stresses which play an affective role in the life of the joint.For all fatigue specimens,
the crack propagates observed in the nugget zone due to the presence of some defects
like wormhole. However, the aluminum alloy 2024-T3 shows a low fatigue behavior
at high stress amplitude, it can be considered an unexpected result because the tensile
strength has shown a good performance. Therefore, it seems to be that the welding
parameters have a direct impact on the fatigue behavior for high and low stresses and
that matches the results of P. Cavaliere . al.[17].

For the third group of specimens that are welded with double pass process (FSW
and FSP), the results showed improvement in life when compared with single pass
weldment. One of the reasons for improving the fatigue life was the toal rotation in
c.c.w. and resulting in changing the position of the advance and retreat sides, i.e, it
leads to make the region more homogenous and at the same time assists to
redistribute the residual stresses around the nugget. On the other hand, the elongation
was improved by 29% rdative to the single pass, becauseof the additional
compressive load caused by c.c.w. direction of the tool rotation in double pass
welding process which helps to treat the defect. This reduction in defect may be
another reason for fatigue life improvement.Most of the failures in the fatigue
specimens were at the region outside the HAZ, while some of them were propagate at
HAZ and the crack grew outside the HAZ towards the base metal, and the others
were propagate in the base metal. These results came from the nature of the residual
stresses in the region around the nugget, the results lead to compressive residual
stresses, playing a role in improving the life, and it requires more experimental
investigation.

The fatigue curve equations are as follows:

For base metal ormpa= 1724NF 0080 1)
. _ -0.139
For single pass Oimpa= 1306 Nf ((ycles) ~ wovvveeee (2
- ~0.095
For double pass Oimpa)= 864 Nf(cycles)  «rovvereees 3

After substitution the value of Nequal to 10’cycles in each equation, the fatigue
endurance limit (og_ )values were 219 MPa for the base metal, 138 MPa for single
pass, and 186 MPa for double pass. By comparing the value of fatigue endurance
limit in each weding process with that of the base metal, there is about 36%
reduction in fatigue endurance limit in single pass process and about 15% reduction
in fatigue endurance limit in case of double pass, which gives a clear indication that
there is improvement in fatigue endurance limit for double pass process compared
with single pass.
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CONCLUSIONS
The FSW is a process suitable to weld the aluminum alloy that is not weldable and
achieves about 72% of the ultimate tensile strength of the base metal.

1. Most of the failuresin stir welded tensile test specimens occurred on the
advanced side.

2. The fatigue endurance limit is improved for FS weldment when followed by
FSP(about 21%), where the reduction in fatigue endurance limit for FSW
specimen was 36% while for FSP specimen was 15% of the base metal.

3. A FSP follows a FSW dlightly affect the ultimate tensile strength (not more
than 3%), which means that the stirring process will not significantly affect
the grain refinement but it will apply additional compressive load on the
metal during the second pass process.

4. Most of the crackspropagated in NZ according to some defect likewormhole,
while in the specimen welded and followed by FSP, the crack propagated in
HAZ and B.M. where the NZ is defect free.
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Table (1) Thestandar dandactualchemical composition of AA 2024-T 3 Al alloy.

Component | S Fe Cu Mn Mg | Cr Zn Ti Ni Pb Sn Al
\S/t;::c(i;\rd 05 05 3.8- | 0.3- 12- ] 010 J 025 015 | 005 | 005 | 005 Bal
(ASM)Wit% Max Max | 4.9 0.9 18 M ax Max M ax M ax Max M ax

Actual

Values 0.092 | 0.194 | 410 | 0.644 | 1.31 | 0.011 | 0.142 | 0.018 | 0.012 | 0.006 | 0.003 | Bal.
W%

Table (2) Mechanical properties of the base metal .

Ui Elongation
Yieldstrength(M Pa) tensile 09/0 Har dness(HV0.05)
strength(M Pa)
350 480 19.87 160
563
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Table (3) Tensiletest results for single pass welding of AA 2024-T 3

. Welding travel | Average Yield | Ultimate
Toec:drotatlonal speed ° strenz]?h 0.2% | tensile strength | Elongation % Weld efficiency
sEE [y (mmimin) offset (MPa) | (MPa) %
Base metal 350 480 19.87
24 237 343 3.43 72
370 42 213 263 1.15 55
74 198 215 0.68 45
24 230 300 1.52 62
475 42 235 319 2.08 66
74 188 212 0.61 44
24 220 279 1.29 58
650 42 197 236 0.59 49
74 185 208 0.46 43
24 215 239 0.64 50
820 42 155 1938 0.56 41
74 156 156 0.32 32

Table (4) Thetensile test results for double pass welding process (FSW and FSP)

. Ayerage . Maximum .
First pass(FSW) Second pass(FSP) Yield Ultimate weld Tensile Reduction
strength | tensile Elongation s in  Weld
) ) 0.2% strength | % Sl Strength efficiency
Welding | Tool Welding Tool offset (MPa) % for Single %
direction | revolution | direction revolution (MPa Pass(M Pa)
Forward | c.w. Forward C.CW. 210 332 4.84 69 3
Forward | c.w. Forward C.W. 212 275 1.37 57 343 15
Forward | c.w. Backward | c.w. 216 313 2.31 65 7
Forward | c.w. Backward | c.cw. 203 294 2 61 11
Figures
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Figure (1) the schematic diagram of FSW.

564

PDF created with pdfFactory Pro trial version www.pdffactory.com

Figure (2) the configuration of the

tool used.



http://www.pdffactory.com
http://www.pdffactory.com

Eng.& Tech. Journal ,Vol. 30, No.4, 201 The Influence of Friction Stir Welding
and Process Parameterson the Static and
Dynamic M echanical Properties of 2024-T3
Aluminum Alloy Weldments

—  M.1E25 p—

5 7
e 1 |
-]
(T
ol
i i
15.08
- 5=
Ran, g a i
—
fall I L]
L3P

174625

Figure (3) Fatigue specimen (DIN 50113)

Figure (4) Fracture surfaces showing thesepar atingar eabetween
Stir zone and the base metal

Figure (5) sudden fracture dueto a (all dimensionsin mm).
W or mhole defect
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Figure (6) FSW jointsfailed at heat affected zone (HAZ) of
the advancing side (AS)
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Figure (7) Hardness distribution across FSW joint at 370 rpm tool rotational
speed and 24 mm/min welding travel speed for both single and double pass
welded joints
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Figure (8) The S-N curvesfor the base metal, single pass (FSW),
and doublepass (FSW and FSP) welded joints

567

PDF created with pdfFactory Pro trial version www.pdffactory.com



http://www.pdffactory.com
http://www.pdffactory.com

	Untitled

