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Abstract. Aluminium alloy 6063-T5 plates were joined by frart stir welding technique. The
fatigue crack growth (FCG) in the thermo-mechaniféécted zone (TMAZ) and in the heat
affected zone (HAZ) of the welding was examine@@Q°C. Although the grain microstructure
of the TMAZ was significantly refined in compariserith that of BM, the FCG rate in TMAZ
and base metal was shifted a comparable amount thieetest temperature was elevated from
room temperature to 20C. In the metallurgical view, the FCG rate in theefgrain TMAZ was
higher than that in coarse grain HAZ and base nsétl
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1. INTRODUCTION

Aluminium alloys are one of the key materials pesg®y several advantages such as light
weight, relatively low cost, heat treatable, higiedfic strength. Thus these alloys have been
applied in the wide range of applications, espgcial the aviation field [1]. However, one of
the most challenges in using these alloys assaciaii their welding. Friction stir welding
(FSW) is emerging as a preeminent technology fouirsp this obstacle. This FSW is suitable
for joining light weight alloys such as aluminiurthogs for both similar and dissimilar welding
[2,3]. Furthermore, this FSW is recognized as semgreechnique in metal joining with high
energy efficiency and versatility. This welding leique has been found to be a key joining
technology in the near future. Since the welding ba obtained at the temperature below the
melting point and thus it can be used to join theya which recognized to be unweldable by
traditional fusion welding methods. However, it ugell known that the FSW is thermo-
mechanical processing and the result of severdipldasformation and microstructure changes.
The welded zone possesses various inhomogeneousstnicture features and mechanical
properties [4,5]. With aluminium alloy 6063, a h&atatable alloy, beside the microstructure is
recrystallized severely during welding, the effectemperature on mechanical properties during
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welding and/or during testing is unavoidable. letfaduring the welding process, the FSW
temperature in AA6065-T5 is up to 580 [4], significantly higher than that of the disstidn
point of this alloy (about 256C [5]). Furthermore, it is well known that the tésmperature
significantly influences on fatigue crack growthC@E) rates that deal with microstructural
evolutions, mechanical property changes, and/aduas stress relaxation [6 - 9]. In order to
explore the effect of the elevated temperaturehenRCG resistance in the representative areas
in and around the FSW of AA6063-T5, two objectiveas are addressed in which one is located
in the heat affected zone outside the stirred zokanother is located in the thermo-mechanical
affected zone or the stirred zone. The FCG resutbmpared to that of base metal (BM). The
FCG tests were performed at 2 and the FCG rates are compared with those testesbm
temperature (RT). The microstructure, the hardreess residual stress in and around the welded
zone are considered.

2. EXPERIMENTAL PROCEDURES

The butt-welded joints of AA6063-T5 with 5.0 mm dkiness were fabricated by friction
stir technique using a NC milling machine. The weldl geometry applied in this work is a
scrolled shoulder tool and a truncated cone pih #ié pin diameter of 5.0 mm at the middle pin
length, the pin height of 4.5 mm, and the screwhpif 1.0 mm. The pin was aligned at a tilt
angle of 2.0 deg. In the plane containing the pis and center weld line. The tool tip was kept
at a distance of 0.2 mm from the backing anvil. idas regimes of weld parameters were
performed by combining the tool rotation speed tredweld speed. An optimized FSW joint
was selected by relying on its highest tensile ertips and was used to conduct the FCG tests.
From a 5.0 mm welded plate, transverse center adtdhtigue specimens were extracted
perpendicular to welding direction so that the logdaxis of the fatigue test and the crack
propagation direction are transverse and longitldio the welding direction, respectively
(Figure 1). In this work, the FCG in two objectigeeas in the welding was addressed; those
were the heat affected zone (named HAZ) and therniirenechanical affected zone or stirred
zone (named TMAZ). The former possessed a compagidlin microstructure and the later
possesses a fine microstructure in comparison tétBM. For the FCG test purpose, an initial
notch of each FCG specimen was introduced in th& (& 8.5 mm apart from weld center) and
in the TMAZ (at weld center) by electro dischargacimning, as illustrated in Figure 1. The
length and radius of notch were 7.0 mm and 0.1 mespectively. The FCG in the base metal
site was also tested for comparative purpose. T3 tests were conducted at Ziand at RT
in laboratory air at 25Hz load frequency and logdiatioR=0.1 by means of a servo-hydraulic
testing machine, followed th&STM E647 standard [10]. The length of cracks was monitored
from both sides of the specimen surface by mearmstveling microscope. Residual stress in
and around the weld zone was measured by X-rayadifon (XRD) sifi%‘method, following
the Standard Method for X-ray Stress Measuremeopgsed by The Society of Materials
Science of Japan [11]. Residual stress measurememés collected at a Bragg angle of 139.5
deg. Corresponding to diffraction at the (311) panThe hardness in and around the welded
zone of as-welded and tested specimens is measyr@diamond indentation with 50 g loading
and 10 sec. hold time. The microstructure is olesehy scanning electron microscope (SEM).
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3. EXPERIMENTAL RESULTSAND DISCUSSION

After fabricated, the microstructure in the weldingas mechanically polished and
chemically etched to observe the microstructureaimd around the welded zone. The
microstructure in the thermo-mechanical stirredezasas refined remarkably (Figure 2a). Grain
size in the HAZ was comparable to that of base h{&l), see Figure 2b&c. The residual
stress was measured in a diffracted area of 2x2° mm the specimen surface after
electropolished. Attention was paid to HAZ and TMAhere correlate with the FCG areas.
Here the residual stress component which paratielshe fatigue loading direction was
measured. The residual stress in HAZ and in TMAZu#e small and it is tensile in HAZ
(+13.1 MPa) and compressive in TMAZ (-1.5 MPa). ther, the residual stress component
which perpendicular to the fatigue loading directivas also measured for reference purpose.
This component of residual stress in HAZ and in TM&vas also quite small and it is
compresive in HAZ (-5.2 MPa) and tensile in TMAZ4(8 MPa). Each value of the residual
stress was averaged from the three measuremenis.rd@didual stress result provided an
important view that this FSW joint possesses aedoiv residual stress. Here, the residual stress
in this welding is below 10 % of the parent metald stress and this value is hardly to be
obtained by the fusion welding techniques. A laswftened zone in the FSW was formed after
welding and it became softened uniform after teate2D0’C.

Thermo-mechanical affected zone

HAZ TMAZ :
V7 V) ?
_AA
28 TMAZ
ge 15 Shoulder limits
=< HAZ ‘—ﬂ
‘ j—@ 2 Fatigue loading axis
« — =3 13 A A -—
L AT A o

Retreating side Advancing side

90

Figure 1. Geometry of the specimen used and the notch totsti
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Figure 2. Microstructure in the cross section of FSW (aJ MAZ, (b) in HAZ, and (c) in base metal site.
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The results of FCG tests were presented on thearthip between FCG ratda/dN, and
stress intensity factor rangdK, in which 4K was calculated by an equation applied for the
center notch FCG specimen followed th8TM E647 standard [10]. The results of the FCG at
200°C compared to that at RT in each zone, including &®! presented in Figs. 3-5. The FCG
rate in TMAZ and in HAZ compaed to that in the Bkesat 200C is displayed in Figs. 6&7.

The degraded fatigue strength of the parent matée6065-T5 under the elevated
temperature can be seen in Figure 3, where the la@®f the BM site tested at 2@is about
a half order higher than that done at RT. In Figlishows FCG resistance (ability to resist the
crack growth) in TMAZ is also degraded in a simitgamount with that in BM site. Whilst the
FCG behavior in TMAZ and in BM shows an usual manitebecomes unusual in HAZ. Here
the FCG rate in HAZ is significantly decreased whies test temperature is elevated to°200
The rate in the HAZ tested at 2is about half order lower than that done at REE (8igure 5).
Interestingly, the elevated temperature test sdenenhance the FCG resistance in this joint.
The results of the FCG at the elevated temperatufdMAZ and in HAZ tested at 20Q and
compared with that in BM in the same test condi{ee Figure 6). It can be seen that while the
FCG rate in TMAZ is about a half order higher thhat in BM, that in HAZ is comparable to
that in BM site (see Figure 6).

In the mechanical view, the effect of the residstadéss and the non-uniform mechanical
properties across the weld must be considered.rdleeof the dissolution and/or coarsened
precipitates in the FCG rate of the FSW was stuthdtle previous work [12] and founded that
it has a minor effect. The residual stress in TM#Zs measured and found that it was in
compression and quite small (-1.5 MPa). This valfieesidual stress is believed to have no
effect on the FCG rate in TMAZ under both testadperatures. Obviously from this view, the
role of the mechanical factors in the FCG rate MAE is insignificant. In the metallurgical
view, the elevated temperature accelerated the fa@&Gn TMAZ and in BM with a comparable
amount, see Figure 7, even thought they possesemiarkable different microstructure feature
as seen in Figure 2.
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Figure 3. Fatigue crack growth rates in BM at RT and 2G0
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Figure 4. Fatigue crack growth rates in TMAZ at RT and 200
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Figure 5. Fatigue crack growth rates in HAZ at RT and 200
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Figure 6. Fatigue crack growth rates in SZ and in BM undé&raRd 200°C.
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Figure 7. Fatigue crack growth rates in TMAZ, HAZ and BM2&10°C.

Figure 8. Fracture surfaces of (a) BM at RT, (b) TMAZ at,Rd) HAZ at RT,
(d) BM at 206C, (e) TMAZ at 206C, and (f) HAZ at 206C.

In the HAZ, the role of the residual stress is ad&®d. The residual stress in HAZ of the
virgin FSW was measured and it is found to be isiten and approximate to 13.5 MPa [12].
This tensile residual stress is believed to enhdme&CG rate in HAZ. When the HAZ is tested
at 200°C, the residual stress release occurred and le@dtde reduction of the FCG rate in
HAZ as seen in Figure 5. Furthermore, this residti@ss is considered to be low (below ten
percent of the base metal yield stress) and tkidual stress is expected to be mostly released at
200°C test. The results in Figure 6 showed clearly that~CG resistance in HAZ and in BM is
quite comparable at the elevated temperature. &wrtlh should be noted that the grain
microstructure in the HAZ is comparable with thatBM (see Figure 2b&c). The effect of the
dissolution and/or coarsening of the precipitateshe FCG rates in this FSW is found to be tiny
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[12]. From this view, it can be inferred that tHéeet of the elevated temperature on HAZ and
on BM is similar.

Figure 8 presents the fracture surface in HAZ, MAE and in BM site under two tested
temperatures, RT and 20Q. It can be seen whilst the fracture surface inZHakd in BM is
viewed in a common feature, it is quite special MAZ. Here, the fracture surface in TMAZ
with fine microstructure associates with some grt@nular fracture feature whereas it associates
with a dominant transgranular feature in HAZ andBM. This special feature on the fracture
surface of TMAZ migh associate with the lower FG&3istance in the TMAZ in comparison
with that of BM and HAZ under elevated test tempae

4. CONCLUSIONS

The effect of the elevated test temperature o-@®@ in the TMAZ and HAZ of AA6063-
T5 FSW joints was studied. The FCG rate in eacle zeas sensitive to the test temperatures.
Eventhougt the TMAZ possessed a fine grain micuostre, the FCG rate in this zone was
higher than that in the coarse grain zones. Theabthe residual stress kept a important role in
the different behavior in TMAZ and HAZ. In the miagical view, the influence of the
elevated temperature on the FCG rate on the redligsgd TMAZ and BM site was similar. At
200°C test, FCG rate in HAZ was comparable with thaBM, the rate in TMAZ was about a
haft order higher than that in BM.
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