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Abstract

Characterisation of macrostructure, microstructure, hardness, residual stress and cyclic deformation
behaviour of 2024-T351Aluminium Alloy FSW joints has been conducted in ordeto characterise the
critical areas for fatigue crack initiation. Inhomogeneous micreparameters that govern the non-
uniform residual stresses and cyclic strength are then discussed. The cyclic strength of the weld
micro-regimes are controlled by grain size and distribution of precipitates achieved during the weld
process. The comprehensive information of micro and macro mechanics gathered is used to assist in
understanding the mechanism that governed the fatigue crack initiation, propagation, and life of this
weld.
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Introduction

Friction stir welding is a solid state welding6061 (Murr et al, 1998),6013(Heinz et al,
process that has received worldwide attentioB000), 6063 (Sato and Kokawa, 2001), 1050
particularly for joining aluminium alloy®awes, (Kwon et al, 2002), 110qMurr et al, 1998;
1995;Williams, 2001)There have been numeroud-loreset al, 1998),and 1080 and 508Fato
attempts on characterisation in terms of macret al, 2001). Nevertheless there has been no
structure, microstructure, hardness and residugaistematic attempt to investigate the natural
stress distribution in connection with the FSWrack initiation site in FSW

of aluminium alloys such as 202Balle Donne In this paperthe comprehensive charac-
andBiallas, 1999Booth and Sinclaj2002; Sutton terisations of micro and macro mechanics of
et al, 2002; Bussu and Irving, 20Q3j075 FSW 2024-T351 were performed based on
(Mahoneyet al, 1998), 7050 (Jatet al, 2000), the macrostructure, microstructure, hardness,
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The experimental procedure that is used to  o,(e)= E

residual stress, and cyclic deformation behaviour
l—u[

1 d. . ed,
——e ”+4—34.?] @
extract the information of the characterisation 2 d, n €
work is detailedwith systematic characterisation,
the information gathered will be used to assist ifjpere i, =&, +ve,
modelling the effect of the macrostructure, i e
microstructure, hardness, residual stress, and 2%y X
cyclic strength on the fatigue behaviour of FSW L )
in connection with the natural crack initiatior®: (€ = Iongltgdlnal re3|duaI.sFr'esse§sa (€) =
site, propagation, and life. transversg re&dugl stresdes, initial thickness,
e = remaining thickness after removale =
. removed layer thickness® = thickness of
Experimental Procedure removed layer e v = Poisons$ ratio,E =

The investigation was performed on a 13 erofjl,“us of elasticityd; = i1aer = T1peroe »
thick plate of 2024-T354! Alloy. The FSWivas iz = i2ater ~ 120 & = deformation along the
provided byAirbus UK Ltd. Chester Manches- ransverse axis after removal, agd- defor-
ter. Plates 75 x 60 x 13 mm were welded alodgation along the longitudinal axis after removal.

their long edge with the weld direction parallelto !N order to investigate the cyclic defor-
the longitudinal (rolling) orientation. mation behaviour for each microstructural regime

Weldswascharacterised in terms of theirin FSW fully reversed pure cyclic bending tests

macrostructure, microstructure, hardnes¥/ere performed under displacement control for
1% and 2.5%. The value for the

residual stress, and cyclic deformation behaviodtr@in ranges 0.

For optical observation purposes, cross sectioff@! cyclic straing , and surface cyclic stress,
of the welds were mechanically polished to a % Were calculated by the following equation
micron finishand lightly etched in Kelle’s (Nadai, 1950):

reagent in accordance withSTM E340-00

(1999). Hardness measurements were in accor- . _ 20y

dance withASTM E92-82(1989). Residual 3 ©
stresses were measured in a longitudinal welded

specimen after surface skimming about 0.5 mm M

thick. The measurements used the hole-drilling o= 219—(2) @)
strain gauge techniques in accordance with Pt

ASTM E837-99(2000). In order to determine

the longitudinal residual stresses through thgherey = the vertical distance from the centroid
thickness of the weld, the slicing and layesf the specimenp = the half-angle of the bend,
removal techniques with a compliment of defort. = the specimen gauge length= the bending
mation strain gauges were applied to the back fomentn = the strain hardening exponent, and
the test specimen to measure the deformatigr: the specimen thickness.

along the longitudinal and transverse directions.
The longitudinal and transverse residuaﬁ:-
stresses were calculated by using the following
equationgLu, 1996):

xperimental Result

Macrostructure

. d s Figure 1(a)shows a transverse macro-
o le)= L[_ LI ~3ef _] ()  sectionofa FSW joint. The most obvious feature
1-v{ 2 d, e is the weld-defined nugget (N) in the centre of

the weld. Ontop of the N, it is possible to identify

a flow arm () region between the N and the

top surface on which welding was carried out.

h
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Further out, about 10 mfrom the plate jointline microstructure size of the order of 5 - 10 pm.
(PJL) is the thermo-mechanically affected zon€he FA region also has a fine equiaxed grain
(TMAZ). The size of this region is up to0dmm  structure up to 15 pm, close to the microstruc-
wide on the top welding surface anchérrows ture size as in the N region. It is worth noting
down throughout the thicless of the 10.5 mm that the microstructure presence in the TMAZ
of the plate. Next to the TMAZ region is the heavas an elongated grain structure which is
affected zone (HAZ). The size of this region i®elieved to be due to severe plastic deformation
up to 4 mm narrow on the top welding surfacerhich takes place during welding and the
andit widens down throughout the thickness oftirring action causes the flat grains of the
the plate. It is worth nothing that the TMAZparent metal to be drawn into the weld nugget
region is absent on the bottom of the weld armbne. The grain size the TMAZ is about 200 -
the entire regios'size is not symmetrical on both400 um, slightly bigger than the parent material.
the right and left sides due to the pin rotationdlhe grain structure in the HAZ and parent plate
direction. The coordinate boundaries of eachppears to have a similar size in the order of
macrostructural zongvere mapped by using 150 - 200 um. The anomaly of the grain size in
optical Poly\arMet microscopy as shown in each region depends on the material and process
Figure 1(b). parameters of the FSW joint itself. The non-
uniform microstructure existing in the FSW joints
is believed to have led to having a different
Figure 2 represents a microstructure of ftigue strength for each zone of the weld.
FSW joint for each region. The finest micro-
structure size is found in the N region with 5'

Microstructure

ardness

Figure 3 showkardness profiles measured
on the top and bottom surfaces across the weld.
Obviously the hardness on the top and the bottom
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Figure 1. The transverse cross section in an
as-welded FSW2024-T351Al Alloy
joint and the mapping of boundaries Figure 2. The microstructures of a FSW joint
between each macrostructural zone for each macro structural region
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were not similar due to having the differenit goes to the TMAZ region; after that it gradu-

macrostructure and microstructure. The hardnesly increases towards the depth in the HAZ re-

on the bottom weld is lower than the top, espgion. The hardness in profilds 5 and 6 were

cially in the N region. The lowest hardness wasonstant and there is no significant drop when it

found at the boundary between the TMAZ andpproaches towards the depth.

HAZ regions which was about 118 Hv1 in th ;

range of 11 - 14 mm from the PJL. The hardneegzseSIduaI Sress

increases towards the N with a slight decrease  Figure 5(a) shows the position where the

for the area closest to the PJL. The higheBple was drilled for measuring the residual stress

hardness was found in the HAZ region whic®n the top and bottom of the weld. Figure 5(b)

was about 167 Hv1 in the range of 18 - 21 mhows the longitudinal residual stress profile

from the PJL. The parent material hardness @ong the weld measured from the top and

constant; it fluctuates due to partial recrystallibottom sides of the weld. It is worth noting that

sation in the range of 25 - 100 mm from the PJithe longitudinal residual stress reveals an ‘M’
In order to investigate a possible variatiofike shape and it agrees with many previous

of hardness from the top surface through tH#dings on characterising the residual stress in

depth, a microhardness test was performed 68W Residual stress found on the top and the

several profiles at different distances fronpottom surfaces of the weld were not simi@n

the PJL as shown in Figure 4(a). Six profilethe top of the weld the residual stress is highly

numbered 1 - 6 were chosen based on differdansile at osition of 12 mm from the PJL, which

microstructural types as shown in Figure 4(al$ about 95 NPa, and it was located in the TMAZ

where the prof”es 1 and 2 were located in the Nzgion.TensiIe residual stress also found at 12

region, prof"e 3wvasin the A, TMAZ, and HAZ mm from the PJL, which is about HPa, and it

regions, profiles 4 and 5 were in the HAZ regio@!so fall in the TMAZ region.

and profile 6 is in the parent plate region. Figure

4(b) shows a microhardness result through the

depth of the FSW for thentire six profiles. . @)

It can be seen that, the hardness in profile it N P e PR o

Thickness ¢ X

gradually decreases towards the depth, whilst = =
profile 3 the hardness beginsth 135Hvgin @
the FA region then decreases tb01Hv, ; when B I W) W ey L
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Microhardness Vickers through the depth of the FSW 2024-T351 as welded

(b)

Hardness (Hv1)
HVos

0 2000 4000 6000 8000 10000 12000

Depth (um)

Distance from PJL (mm)

Figure 4. Microhardness Vickers through the
Figure 3. Vickers hardness traverse across depth of the FSW 2024-T351Al
the FSW2024-T351Al Alloy joint at Alloy joint at several distances from
various positions in the section PJL
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From these two locations the tensiléension to compression when it approach the
residual stresses decrease in the parent plai@ section of the thickness.
adjacgnt o the HAZ as v_veII as the N, Whic'& clic Deformation Behaviour
contains compressive residual stresses at about
-41 MPa.With increasing distance from the PJL, In cyclic bending tests, the specimens were
the residual stress then gradually changes irggt-off from each microstructural regime with
the initial stress state of the parent material whi¢hfferent cross section sizes as shown on Figure
is about zero. On the other hand, the bottom sidé2). The specimens were numbered according
residual stress was compressive at -17 and tortheir regime as N, Composite of TMAZ and
mm from thePJL whichis about -40 NPaand -50 HAZ, HAZ, and Parent plate with number 1,
MPa respectivelyand it was located in the HAZ 2, 3, and 4. Figure 7(b) shows the photograph
region. The maximum tensile residual stress in
the bottom side was found atR¥m from PJL
about 25 MPa which is located in HAZ regiom
order to investigate the residual stress furth: bR et (g)
through the depth, the specimens were slict s S
into small strips as shown in Figure 6(a). Th,
strain gauges were placed at the back of ea
strip and the layers were removed gradually witi= , ,
a 1 mm depth rate of removal. Figure 6(b) shov T T ceronmsssne ey om
the residual stress profile throughout the Hep
of the weld. The surface residual stress wz Y
agreed withthe hole drilling technique. The
residual stress gradually decreases from hi
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Figure 6. Slicing scheme and the residual
stress profile in the FSW 2024-T351
Figure 5. The residual stress profile along the through the depth obtained from the
FSW 2024-T353Al Alloy weld Layer RemovalTechnique
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showing the specimen clamped on the bending 20y

machineTheA hysteresis loops plotted by X-Y T ©)

plotter forParent FSW plate is shown in Figure

8. A cyclic stress strain curves generated fovherey = the vertical distance from the centroid

Parent regime in FSVE024-T351Al Alloy is  of the specimenp = the half-angle of bend and

shown in Figure 9. Plain strain fracture surfack = the specimen gauge length.

was obtained as shown in Figure 10. The total bending moment, taking into
The work considered the rectangula@ccount the symmetrical contribution to the

cross-section specimen subjected to a reverdegnding moment of the sections above and

bending momenM and assume that originalbelow the neutral axis is

plane sections remain plane under bending. The

amplitude of surface strain at a distagdeom Ve

the neutral axis of the specimen is given by M=2 (Joybdy 6)

whereb = the specimen thickness. Because of
the non-linear stress-strain behavipthre
(@ material is assumed to follow a power law

N
-

3 \ . o=kl )

Expressing the stress in terms of its equiva-
lent strain from Eqns. (5) and (7) gives

i Side () y PARENT

;&: = Vmax .
e M =2 [k(e) ybdy @®)
\lelul | YﬂLHHQLIIHn 0
Distance From Plate Joint Line (FJL) (mm)
e 20y
M=2 | k(Ty ybdy )
0

(b)

Specimen

VA
, '{‘
A

. 2
j '}
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\

Figure 7. Cutting scheme and photograph of
specimen loaded on the bending Figure 8. A hysteresis loops plotted by X-Y
cyclic machine plotter for Parent FSW plate
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Integration to the limit ofy = ymax in Whereognais the maximum surface tensile stress,
Eqgn. (9), the maximum bending moment i&knowing the hardening exponent it can be

expressed as computed as follows
2bk (20Y . .M
M = — o-max R AN
n+2[ LJ max (10) 2b ( 2) (12)
n+2 "
Since

Results from the cyclic pure bending tests
., are summarised ihable 1. Following a regres-
i k( 2Dy, j 1) sion of all the data points, Ramberg-Osgood type
- L equations in terms of, respectivetiie elastic
and inelastic strain range were produced:

Table 1.The result of cyclic tests in pue bending

Regimes Modulus of Srain Hardening Cyclic
Elasticity (E) Hardening Constant Yield
Exponent (n) H) Srength
(00)
GPa MPa:
Parent Material 68 0.086 770 340
HAZ 68 0.055 719 410
TMAZ 68 0.1413 800 250
(Composite35% TMAZ+
65%HAZ)
N 68 - - -

Cyclic stress strain curve for Parent
FSW 2024-T351 Al Alloy

600

500 4

400 -

300 4

200 o

@  Expeimenta Data

Cyclic stress amplitude (MPa)

—— Ramberg-Osgood Equation

100 4

T T T T T T T
0.000 0.002 0.004 0.006 0.008 0.010 0.012 0.014 0.016

Cyclic strain amplitude

Figure 10. Smooth flat fracture surface of
Figure 9. Cyclic stress strain curves of Parent broken sample show a plain strain
regime in FSW2024-T351Al Alloy controlled
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E=¢,+¢, (13)  respect to the weld and tool directions.
The hardness measurement on FSW joints
o=Hs, (14) indicate that:
| 1. The hardness of the top weld surface is
. o (o higher than the bottom surface, which agreed
give =7+ (ﬁ) (@5 with Bussu, 2000 and Heiezal, 2000. The lower

hardness at the bottom surface is good for
fatigue and that provides more ductilitphe
different hardness between the top and bottom
is governed by the microstructural size, and
strengthening precipitates distribution affected
by the heat that causes overaging during the stir
weld operation.

2. The maximum hardness (167 Hvl)
Discussion hgs_ been observe_d within the H_AZ_, and the
minimum (118 Hvl) in the TMAZ which is due to
grain orientation and Cu precipitates distribu-
tion, rather than the grain size.

The macrostructure and microstructure During welding the material undergoes
observation in the FSW joints shows that:  frictional heating and stirring by the weld tool

1. Even as a solid-state process, FSWction from the top surface. High temperatures
produced enormous changes in the grain strust450 - 4,800C (Dawes, 1993)illiams, 2001)
ture as well as in the plasma or fusion weldegbmbined with the stirring action allow thermo-
joints which have been observed in the welthechanically-induced recrystalisation, which
regime. The grain size found also agreed witxplains the presence of the fine grain observed
the results obtained by Benavidesal, 1999, in the N and KA. The elongated and bent grains
Booth and Sinclaj2002, Suttoet al, 2002 and in the TMAZ indicate a large amount of plastic
Bussu and Irving, 2003 in which the oval N andeformation. Moreoverthe through-thickness
FA exhibit finer grains (5 - 10 pm) than the paremiardness gradient within the N would indicate
plate (150 - 200 pm). the respective regions of material through the

2. The severe elongated grain structurgeld-thickness undergo different thermo-
of the TMAZ which is about 200 - 400 pm wasnechanical cycles. The asymmetry in size and
absent at the bottom of the weld surface singgrdness suggests that the regions of materials
the size is narrow down through out the thickon the both sides of the PJL undergo different
ness of 10.5 mm of the plate from the top surfacgiermo-mechanical cycles, with respect to
It shows that the severe plastic deformatiogin rotation and weld directions. The drop in
region is reduced when friction stir weld thickhardness in the fine grain regimes is believed to
plate. be governed by the precipitat@istribution, and

3. The N and R exhibit the finest grain TEM analysis would be required in order to
dimension and intermetallic particle distributionestablish the precipitate distribution and
whilst the TMAZ is coarsened which agreed witltharacteristic.

Floreset al, 1998; Mahonet al, 1998;Jata
and Semiatin, 2000; Jaghal, 2000;Booth and
Sinclair, 2002; Suttoret al, 2002;Bussu and Residual stress reveals an ‘M’-like shape

Irving, 2003, and Litynskat al, 2003. and is in agreement with residual stress measured

4. Due to the pin rotational direction, thein aluminium FSW joints reported in other works
asymmetrical micro-regime size in both the righfDalle Donneet al, 2001 Websteret al, 2001).
and left sides was produced. This will lead tdlevertheless, residual stresses measured from
inhomogeneous macro mechanic properties withe top and bottom surfaces are different and are

whereg = total cyclic straing, = cyclic elastic
strain,&,= cyclic plastic straing = cyclic stress,
H = constant value at at & =1, n = strain
hardening exponent, and = Modulus of
Elasticity

Sructur e and Hardness

Residual Sress
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due to absence of tidMAZ and FA regimes at initiation will take place, specifically (a) high
the bottom surface. The TMAZ regime exhibitéensile residual stress, (b) low cyclic yield
the maximum tensile residual stress (95 MPagtrength, (c) low hardness and (d) a highly elon-
In the interpretation of the residual stresgated grain structure with coarsened in an inter-
measurements it should be considered thabetallic particle distribution.

measuring two directions, the longitudinal and 2. The strength and ductility of the weld
transverse residual stresses are not sufficientrtiacro-regime are controlled by the grain size and
satisfy the internal equilibrium, the perpendicuthe presence of the coherent intragranular
lar residual stress need to measure to complgiecipitates.

description of the residual stress distribution 3. The residual stresses distribution is
across the weld. Furthermore, the layer removimhomogeneous and exhibits a gradient in the
technique gives an average longitudinal residul@ingitudinal direction and across the thickness.
stresses reading compared with the hole drilling 4. The asymmetry in size, hardness, and
that provide a point or localised measuremenesidual stress within each micro-regime could
From a combination of both hole drilling and layebe associated with the FSW processing attributes
removal technigues, the residual stresses dissiich as tool rotation direction, clamping forces,
bution in FSW is inhomogeneous and showsveeld speed, weld direction, and friction forces
gradient in the longitudinal direction as well ashat produced sufficient heat to weld the plate.
across the thickness of the weld. The TMAZ 5. The critical area for fatigue can be
which comprises highly tensile residual stress determined by addressing the role of the micro
the best candidate to initiate a fatigue cracknd macro mechanic properties from the initia-
compared with N and TMAZ regimes thation stage to fracture.

contain slightly compressive residual stresses. 6. The information from this characteri-
sation work is useful for devising an engineer
towards understanding the fatigue damage

The material behaviour of each microhehaviour of FSV2024-T353Al Alloy joints.
structural regime of longitudinal FSW joints can

be extracted from cyclic bending tests. It i%
important to understand that the loading history
in fatigue is a cyclic type of loading. The HAZ,The authors wish to thankirbus UK for
with the highest hardness, exhibits higher cycligaterials supplyA. Ali was sponsored for this
yielding point (410 MPa) whilst the TMAZ with study through a Malaysian Ministry of Science
the lowest hardness exhibit the lowest cycligscholarship.

yielding point (250 MPa). This provides the

information that yielding will take place at the

first hardness minima (the TMAZ) and theReferenceS
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Cyclic Deformation Behaviour
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