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Friction Stir Welding of aluminium alloy 2024 T351
Miroslav M. Mijajlovié, Dragan. S. Mitié

Univeristy of Ni§, Faculty of Mechanical EnginegyiNis, Aleksandra Medvedeva 14, 18000 Nis, Serbia

Summary

Aluminium alloys from class*¥x are strong, limitedly machinable and non-weldafmletallic materials widely
used in shipbuilding, railway, automotive and aerdustries. Representative of this class is allog£T351,
used in aircraft structures, especially wing anddiage structures under tension. However, alloy420351 is
limitedly weldable by gas tungsten arc welding psxcand very poorly by shielded metal arc weldirggss.
Friction stir welding is a solid state welding tesue primarily used for welding of aluminium arnsl alloys.
This paper is giving an overview on friction stielding process applied on welding of plates made of
aluminium 2024 T351.

1. INTRODUCTION
Friction stir welding (FSW) is a solid-state welditechnique introduced during 1991-1992 by TWI Lomnd
First application of the FSW was welding of longrainium sheets used for railway vehicles in Japéter that
FSW was introduced by marine, aero, space, autdenabd other industries around the globe. From tthred,
FSW is widely known as welding technique mostlydug® welding of aluminium and its alloys. However,
there are numerous examples of steel, bronzeoatted by FSW [1].
FSW is widely used for the joining of softer metalsch aluminium and aluminium alloys are. Aluminium
alloys are always a challenge for welding, withcarhcern on weldability of base metal. Like otheraelding
processes, FSW is applicative for welding k% and &xx series of Al alloys but its advantages over other
processes are seeable when weldiwg<2class of Al alloy. A representative of thexx class is alloy 2024 and
it is widely used in FSW processes.

1.1. Alloy 2024 T351

Aluminium alloy 2024 is an Al alloy, with Cu and Mas the alloying elements. It is used in applicegio
requiring high strength to weight ratio, as wellgasod fatigue resistance. It is not weldable, aad &iverage
machinability. Due to poor corrosion resistancas ibften clad with Al or Al-Zn for protection, albugh this
procedure may reduce the fatigue strength. It lenaity of 2.73 g/cm3, Young's modulus of 73 Gérass all
tempers, and begins to melt at about 500 °C. Bectnesmaterial is susceptible to thermal shock4282ised
in qualification of liquid penetrant tests outsafenormal temperature ranges.

Table 1. Chemical composition and mechanical propgiof alloy Al 2024 T351

Chemical composition Mechanical properties
Chemical element Mass %

Al 0 0

S 012 0.2% Proof StresBp » 266-274 N/mrh
Fe 0.28

Cu 4.52
Mn 0.65 ,

Mg 1.60 Tensile StrengtiR;, 404-424 N/mnh
Cn 0.01

Zn 0.09

Ti 0.016 .

0,
B 0.009 Elongation A 22.00%
N 0.02

Data in Table 1 is taken from the Approved Cewificdata: Alcoa International, inc, No 47831, fheet of
2100 mmx 6000 mmx 8mm, material EN AW 2024 T351 used for the FSWepss (experiments).
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1.2. Principle of the FSW

At the beginning of the welding process, weldingl is mounted into the rotating head of the machpieced
above the joint line on the fixed welding platesl grobe tip barely touches the top of the welditatgs
(Figure 1, a). The main rotation axis of the wedginol is perpendicular with welding plates and jiiat line.
In that position, welding toll starts to rotate revolutions per min). Probe of the welding tooig{Ffe 1, b)
plunges in the welding plates (base metal, worlgsigat the start point on the joint line. Frictiogtween probe
and the welding plates initiates heat generatiagiding plates soften in the area of friction cohtaetween tool
and plates and thread on the probe stirs the rabténivelding plates. When shoulder tip touchesiimgl plates
and probe tip is very close to the backing plakenging of the welding tool into the welding plaigsmse metal)
stops and tool starts translation along the jairg. IMoving along the joint line, weld tool's probeats material
from the welding plates, cuts and stirs layers fiband creates a vale of mixed and plasticizedamehich
hardens and creates monolith connection betweedinvggbieces — weld. Shoulder tip confines uppefasar of
the weld while backing plate holds welding plates! @onfines lower surface of the weld as well. Weid
process is finished when welding tool stops tramsiaand after pulling out the tool from the jolimte weld is
completely finished.

plunging force  diroction of welding —

My

rotation direchon jont Ime

AdTaRCTRg Sids

weld v
refreqting side e
= 2
- a _.H. y
R
sfioededer Hip s} Kﬁ‘ -

probw side (ps)

probe tip (ph)
prse metal backing plate a) L7

Figure 1 Friction stir welding: a) principle of theSW, b) welding tool and its active surfaces [2]

2. FSW applied on the 2024 T351

Experimental studies (welding of plates preparedekperimental researches) were performed on plaitks
dimensiond. x B x H =160 mmx 55 mmx # 6 mm, at welding length d£100 mm. There are various designs
of the FSW welding tools [1], however, Zivkéwias shown that best results on FSW welding orOR42T 351
are achieved with welding tool with the cone praloeinded thread on the probe side and confinedigotip
[3]. For study of heat generation during FSW expental researches were been started with the tikereht
types of welding tool - theoretical (cylindricalgire, no thread, marked as A19, schematic showiguré-2)
and welding tool given by Zivko¥i(marked as A19, schematic shown in Figure 2). Bgles of welding tools
are made of steel 56NiCrMoV7, annealed and tempered

D

""-""'-Ill.l"' | - '.I'. -||':l"||'|||||'|'

i i - d=5 mm, “z_lcf'
. | i o . a:.l' ) -_..-'l:..||.| ; D=20 mm, H_B§8 y
T e e h=5 mm, —emm,
k- ...I-.l-l --I:.ll-' L'i =] Lm h,=35 mm Hma=6 mm,
T ¥ 1 prvesiee. N T R " ’ P=1,5 mm
_I'.'::“.|=|' II'."C:-I:I ,'_II':_____,T’i"._ 1 II_H.II:;_l-I!I::_-Iu

Figure 2 Schematic of welding tools [2] used inemmental studies

As expected, welding tool A19 has cracked duringtfivelding and further experimental studies were
conducted only with the welding tool A10.

Experimental studies had three main directiongmesion of parameters important for heat genergbimcess

in FSW, measuring intensity and trends of thesarpaters and creation of qualitative weld on 20&ayallt
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was concluded [2] that axial force on welding tdotgue, welding force, friction coefficient andrtperature of
workpieces and welding tool are the most imporgarameters that have to be experimentally detexmine
Due to the complexity of the FSW kinematics, se&ldqiarameters and dimensions of the measuringrequip
it was concluded that welding should be perfornmedoinfiguration where axis of the welding tool @rikontal.
Such a demand has point out the lathe as the wprkiachine, what is, probably, the first applicatmithe
lathe for FSW. Figure 3 gives a schematic of thezbatal working place and measuring configuratfon
torque and axial force{direction).

Figure 3 Measuring configuration for torque and alxforce: 1-workpiece, 2-welding tool, 3-anvil, £ding
tool's spindle, 5-bolts, 6-backing plate, 7-for@nsor, 8-torque sensor, 9-machines tool rest, liatéearing,
11-clutch, 12-machine’s spindle, 13-fundamentatsol

Other mentioned parameters were measured at the sesrking place, with minor adaptations of the
equipment.

Technological parameters of the FSW process (trspeéd, tool rotation speed, tilt angle etc.) wsalected
from the range of suggested values [3]. Welding wagormed with the “try and error” principle: tHiest
attempt was with minimal technological parametavben finished weld was inspected visually and with
ultrasound and new parameters were selected fandiveattempt. After seven attempts, optimal tecbgio&l
parameters were found what resulted in qualitatvelded joints. Table 1 is giving some main
recommendations for technological parameters, telegptimal technological parameters and maximhlesa
of torque, axial force and welding force achievadry welding.

Table 1 Proposed technological parameters for wejdf Al 2024 T351 [3, 2]

Recommended diapason Optimal values Maximal medstalues
Tool rotation speed750-1180 RPM 910 RPM Torquiet; =35 Nm,
Plunging speed, |no recommended value not determined Axial force: F, = 15 kN,
Travel speed 46-150 mm/min=0,77-2,5 mn3s062 mm/rev.=0,9403 mnj¥elding forceF,=510 N,
Tilt angle <5° 10-2° Friction coefficientu=0.9
. max = 394°C at workpieces
Welding lengthlmi, {50 mm =100 mm T = 464°C at welding o0l

Figure 4 shows working machine with equipment f@asuring, welding tool and workpieces. Figure Sxsho
typical diagram of measured torque, plunging fof@dal force) and mechanical power (integrated frive
torque).

111



Dan varilne tehnike 2012

Figure 4 Working machine with mounted equipmentelding, measuring, welding tool and workpiecés (a

24 T T T T T T T | | I T 1 T i
. n=910 rpm 7tst=78-25 V11| Epse=1028 s t5=184.9s| |

|s= 0.062 mm/rev [ [ 11 ik [T [ 1

1 | 1 |

20 tool: K11 | | | t,=179.8 s |

18 | i T i |

N | TR [ 27967 s t3=1696s| | |

216 | B =dds) | |
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Figure 5 Typical diagram of torque, plunging for@ial force) and mechanical power

3. INSPECTION OF WELDED JOINTS

Since experimental studies and welding of 2024yalieere performed before publishing of first FSW
international standards [4-9], dimensions of thecgpens used for non-destructive testing as weilltlie
destructive testing, were not of standard valueheBatic, position in welded plates and dimensiohs
destructive test specimens used in studies arerslmwigure 6. Before specimen cutting, all weldeuhts
were visually inspected, ultrasoundly tested anahes@f joints were radiographically tested. Cut gpens
were macro and micro inspected, tested for hardiessile and root/face bend tested.

All welded joints that were welded with the axiairée higher than 14 kN during welding phase [2]ehav
showed no cavity or incomplete joint penetratiomnts were tilt angle of welding tool was less tHarhave
shown significant flash on face of the weld (likeFigure 4, b).
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Figure 6 Schematic, position in welded plates amdedsions of destructive test specimens

Hardness of the specimens was different from spatino specimen. Since weld nugget (specific
microstructure of the weld, located approximatalyhie middle of the weld) has showed variationimehsion
(larger at specimen 1, smaller at specimen 2 aradleshat specimen 3, near the end of the joixpeeted “W”
shaped hardness distribution along workpiece’siwislithanging shape and dimensions (Figure 7aadtr)

a) specimen 1

b) specimen 2

Table 2 Results of the tensile testing and dimesid the weld nugget

C) specimen 3
Figure 7 Hardness of the FSW weld, thermomechdwgieald heat affected zone, and parent material

Ultimate tensil

Dimensions of

the nugget

Intern welding| Specimen |Experiments Cross section  strength | byxhy [mmxmm]
mark number breaking of the = "
(experiment | (accordingto force specimen | Rye =i hj 1“"."1 Comment
number) | the Figure 6) Fye[KN] A, [mm? Ay e
[Nmm? | TS
\.\ 10 L_.--"’r"
1 30,6 255 6 x 4.5
K1119roo 2 32 266, 7 4.8x 3.8
3 40,3 335,8 3.8x3.5 )
1 29,5 245,8 6x4.2 Spemm_en
K1120roo 2 35 4 6x 20 = 120! 205 52x39 destruction
. a : : happened in th
3 42 350 4.2%x 3.5 weld
1 26,5 220,8 5.8%x45
K1121TO0 2 38 316,7 4.6x4.3
3 41,3 344,2 4x3.8

D
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Dimensions of the weld nugget in specimens 1, 23arck shown in Table 2 as well as details abautdhsile
tests on specimens. All specimens have crackeetln, \at the boundary of the weld nugget (Figura)8]nitial
cracking might be on the root of the weld — all@pens cracked at straight line at the root side iaicro
cracks less than 0.2 mm long might have appearedadthe incomplete joint penetration (Figure 8, b)

Root of the weld

Figure 8 a) Tensile specimen — destroyed at thentiary of the weld nugget, b) micro cracking at robthe
weld

Tensile tests have shown that efficiency of thedweries from specimen to specimen. However, tveas the
same for every experiment number: specimen 1 hesldgeefficiency of app. 55%; specimen 2 has tensil
efficiency of 60%-65% while specimen 3 has tensifeciency of 70%-80%.

Face/root bending test has shown disastrous bemedfiegency of 0%-12%. Bending angle for the roaté was
maximally 1F while bending angle of the parent metal (pure w&ée specimens) was880°.

4. CONCLUSIONS

For purposes of development and verification ofiydital model for estimation of amount of heat gexied
during FSW numerous experimental studies on weldirguminium alloy 2024 T351 were performed. Sésdi
were brief and included various methods and tddie primary goal of experimental studies was testigate
parameters that dominantly influence heat generatighile the secondary, but not less important firamary,
goal was to perform welding on non-weldable all®22 T351 and achieve satisfactory quality of thédwe
Achieved results show that 2024 T351 alloy is diffi for welding, even with the FSW. Strength o theld is
questionable: welds show no imperfections, satisfgdensile strength and poor bending strengtis. possible
that weld nugget is dominantly influencing the sg#h of the weld — welds have much better propesiben
weld nugget has smaller dimensions. Further reBearshould be pointed out in direction of weld retgg
dimensions decrease and investigation of the bgrutmperties of the weld.
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