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Abstract: Double-V butt TIG welding process was performed on two plates of AA6061-T6 using ER5356 filler. The microstructure,
mechanical and nanomechanical properties of the joint were evaluated in as-welded and after post weld heat treatment (PWHT) using
XRD, FESEM, EBSD, nanoindentation and tensile tests. The results show that PWHT led to microstructural recovery of the heat
affected zone (HAZ) in addition to the appearance of f-phase (Al;3Mg,) at the grain boundaries of weld zone. The hardness (Hy,p,) in
all zones increased after PWHT while the elastic modulus (£,,,,) was improved from 69.93 GPa to 81 GPa in weld area. All results
indicate that PWHT has created a homogenous microstructure in the weld zone in addition to outstanding improvement in
mechanical properties for the weld zone which surpass the base metal.
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1 Introduction

Aluminum alloys have been increasingly applied in
different industries, therefore, several research works
on the manufacturing processes of these alloys have been
developed over the time such as joining processes.

AA6061-T6 alloy is one variation of aluminum
alloys, which is a heat treatable alloy that is used widely
in shipbuilding, acrospace and automotive industries [1].
Despite the development in friction stir welding (FSW)
as a solid state welding [2,3], fusing welding is still
vastly applied for thick joint design. Furthermore, solid
state joining such as FSW is not applicable for positions
such as overhead, horizontal and vertical.

The main issue associated in welding AA6061-T6
aluminum alloy is the tendency of the weldment to
overage which leads to deterioration in its mechanical
properties. The high heat generated in the welding
process and the resultant thermal cycle and cooling rate
in parent metal lead to inhomogeneous heating and
cooling in the surrounding area of the joint creating the
so-called heat affected zone (HAZ). This can pose

detrimental effects on the microstructure and
consequently on the mechanical properties of AA6061-
T6 weldment [4—7].

Totally, there are three main zones in the
TIG-welded joint of AA6061-T6 which are investigated
in this study.

1) The weld zone: This zone can include subzones
with different microstructures depending on the number
of welding passes.

2) The heat affected zone (HAZ): The HAZ can be
divided into two subzones. The first zone is near to the
weld pool, called HAZI in this work, and this zone can
mostly experience the solution temperature 803—843 K
(530-570 °C). Whereas, by decreasing the temperature
toward the base metal, the second subzone appears that it
is called HAZ?2 in this work. This zone is exposed to the
temperature under solution temperature and overaging
that occurs at temperature of 373—573 K (100—300 °C) is
the dominate experience. The famous reaction that
occurs in HAZ2 is where the incoherent Mg,Si (/)
phase appears after permutation from semi coherent
needles (f') and rods (8”) Mg and Si mixture as the
following [1,4,7-9]:
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3) Base metal: The existence of zones and subzones
with different microstructures in a confined area at small
scale requires the implementation of specific
characterization of each zone and subzone. One of the
methods for mechanical characterization is the
instrumented indentation that has been utilized to achieve
local characterization of welded joints [7,10,11] as well
as phases in metals and materials [12]. Recently,
nanoindentation, which is an advanced method of
indentation, has shown significant progress for
measuring the local mechanical properties [13—16].
Some research works have been done on applying
nanoindentation in measuring the mechanical properties
of weld joints and this process has been known as
nanomechanical characterization [17—-19]. Until now,
there is no remarkable work that is concerned about
nanomechanical characterization for AA6061-T6 in TIG
welding.

Oliver—Pharr (O&P) method in analyzing the
nanoindentation tests results has been used effectively to
determine the local nanomechanical properties of solids
such as elastic modulus (£) and hardness (H). This
method was based on analyzing the initial slope (S) of
the unloading curve in the load—displacement curve [16].

Post weld heat treatment (PWHT) is applied in
order to efficiently improve the mechanical and chemical
properties of the fusion-welded joint by relieving the
residual stresses and modifying the microstructure in the
heat treatable alloys such as aluminum alloys [20—22].
For fusion welded AA6061-T6 alloy, some studies have
done full T6 heat treatment as PWHT that includes
solution and age hardening (artificial or natural) [20,22],
while age hardening or different tempering were applied
in others [21]. Consequently, different mechanical and
microstructural properties were resulted by using these
two different methods of PWHT. It is worth knowing that
in the multi pass TIG welding of AA6061-T6 alloy, HAZ
experiences the biggest microstructural deterioration due
to the high heat input. By applying subsequent passes,
the weldment is exposed to a temperature in the solution
range then overaging range [4,5]. The HAZ gets worse
by adding a new pass (new thermal cycle) in the joint
design and, therefore, there should be more emphasis on
applying post weld heat treatment (PWHT) to overcome
the effect of the multi thermal cycles in AA6061-T6
alloy [23].

Furthermore, the filler metal (ER5356) plays a role
in the microstructural alteration due to the emerging
Al/Mg compounds in the weld zone under the influence
of repeated thermal cycles during the subsequent
passes [24—29]. It is, therefore, expected to have
variations in the mechanical properties after each

subsequent pass and after PWHT.

Accordingly, investigating and comparing the
mechanical and nanomechanical properties of the weld
zone before and after PWHT are highly important.

In this study, nanoindentation tests have been
performed on the three main zones (weld zone, HAZ and
base metal) in as-welded and after PWHT conditions at
four welding passes, and their results have been utilized
to calculate the hardness and elastic modulus for TIG
double-V butt welded AA6061-T6 alloy. PWHT
microstructures of weld zone and HAZ in as-welded and
after PWHT conditions have been also investigated using
optical microscopy, FESEM, EBSD and XRD.

2 Experimental

2.1 Welding and PWHT

In this study, an AA6061-T6 welded plate with
thickness of 10 mm was used in this work. Table 1 shows
the chemical compositions of the parent alloy and filler
metal. The two plates were fabricated in butt joint design
double-V with bevel angle of 80° and dimensions of
300 mm x 150 mm x 10 mm. The joint design (Fig. 1)
was welded with ER5356 filler metal with diameter of
1.6 mm in 4 passes. Current of 200 A was applied in the
first two passes and 160 A has been used in the third and
fourth passes. Before performing the second pass, the
back of weld was ground to remove probabilistic flaw of
root pass. The macrostructure morphology of the welded
joint is shown in Fig. 2. The welding specimens were
separated in as-welded and PWHT samples for
characterizations.

As for PWHT, the weldments were heated at 833 K
(560 °C) for 1 h soaking time in an electric furnace, and
then quenched in water at a temperature of 323 K
(50 °C) followed by artificial aging at 448 K (175 °C) for
8 h soaking time and finally they were quenched in water
at a temperature of 298 K (25 °C).

Table 1 Chemical compositions of materials (mass fraction, %)
Mg Cu Fe Mn Cr Zn Ti Al

Material  Si

AA6061-
T6

ER5356 0.11 4.89 0.20 0.28 0.10 0.15 0.08 0.14 Bal.

0.54 0.96 0.27 043 0.05 - 0.02 0.02 Bal.

10 mm

Fig. 1 Joint design and welding sequences
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Fig. 2 Macrograph of weldment in as-welded condition

2.2 Microstructure and mechanical inspection

In order to study the microstructure, the welded
joints samples (in as-welded and after PWHT conditions)
were cut perpendicularly to the weld bead. After grinding
and final polishing down to 1 pm using diamond paste,
the samples were etched in Keller’s reagent for 2 min.
Lecia light microscope was used to ensure the
appearance of the microstructure of weld zones in all
samples, whereas FESEM (Nova NanoSEM 230) with
EDS was used for microstructural analysis of all
samples.

To identify the precipitation and phases, XRD
analysis was carried out on the samples using Philips
X’pert equipped with Cu K, lamp with wavelength of
0.154 nm.

For further characterization of the microstructure of
the welded joints, EBSD analyses were applied to
studying the grain boundries and orientations. In order to
prepare the sample for EBSD analysis, they were further
polished to 0.5 pm using colloidal silica on VibroMet®2
vibratory polisher for 6 h. The EBSD analyses were
performed using variable pressure SEM and data were
acquired using the EDAX TEAM software.

The Vickers microhardness measurements were
carried out on the samples in different zones on the
cross-section perpendicular to weld direction using a
square-base diamond pyramid indenter fixed on a
microhardness tester at a load of 500 g at every | mm
with a dwell time of 10 s.

Tensile tests were done at room temperature using a
100 kN Instron universal testing machine at fixed cross
head speed of 2.0 mm/min. The number and dimensions
of the samples used for tensile testing were selected in
accordance with ISO 4136. The fractured surfaces were
investigated using FESEM (Nova NanoSEM 230).

2.3 Nanoindentation

Nanoindentation tests were carried out using
Hysitron© Triboindenter 750 Ubi system with Berkovich
diamond tip. The results were then applied to calculating
the hardness and the elastic modulus of the weldments.
As for sample preparation, all samples were polished
down to 1 pum with diamond paste followed by 0.5
colloidal silica. There were 2 measurement lines in each
sample as shown in Fig. 2. Line 4 passes the weld joint

from top to bottom, while line B passes horizontally
along HAZ, weld zone and base metal.

The applied load was fixed for all measurements at
2500 mN with loading and unloading time of 30 s and
holding time of 10 s. The hardness and elastic modulus
were obtained based on the difference in displacement
for each point which is known as Oliver—Pharr
method [16].

The unloading stiffness (S) is firstly determined by
calculating the initial slope of the unloading curve and
then applied to the following equation to obtain the
non-constant indenter-surface contact area (4.):

A, =A(h—g€j (1)

where A is the area of the indenter, ¢ is the indenter’s
geometry constant which equals 0.75, and 4 is the total
displacement in the test. Then, the hardness can be
determined using the following equation:

pmax
H = fmax 2
y 2

C

where P, refers to the peak load of the indentation. On
the other hand, the reduced elastic modulus (E;) can be
determined using the following equation:

poln S
T 2 yAc
The reduced elastic modulus which refers to the

elastic deformation in both sample and indenter can also
be expressed in the following equation:

gt 20w A=)
E E

1 S

3)

)

where S refers to the contact stiffness determined from
the unloading curve, E and v refer to the elastic modulus
of workpiece and Poisson ratio, respectively. The
subscripts i and s denote indenter and sample,
respectively. In fact, Berkovich’s diamond tip has elastic
modulus of 1140 GPa and Poisson ratio of 0.07 while
Poisson ratio for AA6061-T6 alloy is 0. 33.

3 Results and discussion

3.1 Microhardness (Hyir,) and microstructure of

weld zone and HAZ

Macrostructure of the weld metal and HAZ
(including  solution area—_HAZ1 and overaging
arca—HAZ2) of AA6061-T6 TIG welded in as-welded
condition are shown in Fig. 2. The sequence of welding
passes was indicated in Fig. 1. There is no clear border
between HAZ1 and HAZ2; however, the changes in
microstructure were observed roughly in the middle
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distance between fusion line and base metal which was
also confirmed by Hy,, measurement. Microhardness
tests were done at cross section of weld in as-welded and
PWHT samples and the results are illustrated in Fig. 3.
As shown in Fig. 3(a), the highest hardness belongs to
base metal whereas HAZ?2 has the lowest hardness due to
overaging of Mg,Si [4,5] in as-welded sample. The
difference in the hardness value between HAZ1 near to
dilution line and the base metal is almost HV 20 whereas
this difference between hardness in HAZ2 (the lowest
value in as-weld sample) and in base metal is HV 60. By
doing PWHT, the hardness in HAZ and base metal
shows a uniform trend and the lowest value of hardness
belongs to weld zone as shown in Fig. 3(b). The last pass
has the lowest hardness and the first pass shows the
highest amount in as-welded sample. PWHT changed the
hardness in weld zone and increased it to HV 81 and
made uniform hardness profile in comparison with the
as-welded sample.

Figure 4 shows the dendritic microstructure which
forms by the high solidification and cooling rate [30,31]
in the center of pass 4 in weld zone. This microstructure
was reported in pervious works which used Mg-rich
filler metal [24—26].

However, emersion of second phase, in worm
shape, in the first, second and third welding passes, can
be seen in Fig. 5(a) that presents the microstructure of
the second pass of welding, whereas, this microstructure

is nearly repeated in the first and third passes as well.
Figure 5(b) presents the microstructure of the first pass,
while the first pass was undergone 3 welding thermal
cycles of the second pass to the fourth pass; it is
observed that the second phases are connected to each
other in some areas and are shaped like grain boundaries.
The zones which are indicated by P in these 2 figures
show the poropsity in weld zone. Due to relatively high
diffusion of hydrogen aluminum, the
exsistence of porosity in weld zone is unavoidable in
fusion welding. However, these prosities should be
greater than 700 um to overcome the surface tension of
the solid/liquid interface. Additionally, a low
solidification rate is needed to allow the gas bubble
coalescence and reach mentioned value (700 pm).
Nonetheless, the high solidification rate in TIG welding
does not allow the hydrogen to get big enough and exit
from welding pool [32].

The worm shape appeared phase (4 in Fig. 5) which
emerged from dendritic structure was investigated by
EDS and the result presented in Fig. 6 shows the
presence of Mg and Al in this phase.

Consequently, by doing XRD characterization for
weld zone (Fig. 7), the formation of AlI-Mg compounds
was confirmed by the existence of Al;Mg, (f-phase)
intermetallic compound in the weld area. The appearance
of f-phase is a result of welding thermal cycle, which
imposed tempering to ecach previous welded passes;

in melted
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Fig. 3 Distribution of microhardness: (a) As-welded sample; (b) After PWHT
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Fig. 4 Microstructure of last pass (pass 4)

Fig. 5 FE-SEM images of weld zone in as-welded sample:
(a) Second pass; (b) First pass

however, due to the high cooling rate and insufficient
time in welding, interconnected network of grain
boundary is not formed. The heat input of welding and
applied thermal cycle for each pass not only can
influence the microstructure of base metal (AA6061-T6)
but can change the microstructure and morphology of
previous welded passes of ER5356 by changing f-phase
spreading in matrix [27-29]. The effect of heating is
noticeable in Al;Mg, distribution in 5356 aluminum
alloy [28,33,34] and consequently any changes in the
distribution and redistribution of S-phase can affect the
mechanical and metallurgical properties [28,34—36].

Al

3 4 5 6 7 8 9 1011 12
ElkeV

MgL
2

01

Fig. 6 EDS spectrum of point 4 in Fig. 5(a)

Al
AlMg,
A apMg,
Mg
@ )
Al
Al
AlsMg,
AlMg,
M,
O ;
20 30 40 50 60 70 80
20/(°)

Fig. 7 XRD patterns of weld zone: (a) As-weld; (b) PWHT

Indeed, in the Al-Mg binary phase diagram, the
maximum solubility of Mg in Al is 18.6% at the eutectic
temperature of 723 K (450 °C) and 5356 aluminum alloy,
which has 4.9% Mg, can include a-phase (Al) and
f-phase (Al;Mg,) at room temperature till about 473 K
(200 °C). The p-phase Al;Mg, intermetallic compound
entirely dissolves into the Al matrix when the
temperature is higher than 723 K (450 °C) (at eutectic
line). Therefore, the peak temperature 833 K of PWHT
in solution (560 °C)) is enough for the Al;Mg, to
completely dissolve into the matrix [37,38]. However,
this alloy can encounter the formation of « and f phases
by doing age hardening at 448 K (175 °C), whereas the
f-phase forms at grain boundaries. The presence of
p-phase (AlsMg,) at grain boundaries is in agreement
with findings of CHOI et al [34] and SCAMANS
et al [39,40]. This means that although ER5356 is not
categorized as a heat treatable alloy, post weld heat
treatment for the weldment has changed the entire
microstructure of weld zone where S-phase (Al;Mg,)
formed as an interconnected grain boundary in all four
passes of welding; however, there are some f-phase
particles inside each grain. This uniformity of
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microstructure can confirm the hardness homogeneity of
weld zone in PWHT sample as shown in Fig. 3(b).
Figure 8 shows equiaxed grains which were formed in
the first pass after PWHT. The EDS spectrum of 4 in
Fig. 8(a) matched with that of as-welded sample as
presented in Fig. 6.

(b)

Al

Mg
IISIiJlIIIJIIII
01 2 3 4 5 6 7 8 9 1011 12
ElkeV

Fig. 8 FE-SEM microstructure (a) of weld zone after PWHT
(pass 1) and EDS spectrum (b) of point 4 in (a)

As mentioned, the first pass has capability to create
higher amount of Al;Mg, due to the thermal cycle of the
2nd , 3rd and 4th passes. However, the exposure time to
heat is not enough to complete emerging process for
Al;Mg,. The presence of this phase at grain boundaries
can be completed by applying longer time in age
hardening of PWHT. This difference can be seen in
Fig. 9 which displays higher magnification of the first
pass in as-welded (Fig. 9(a)) and PWHT (Fig. 9(b))
conditions.

The variations in microstructure in the HAZ before
and after heat treatment are different from the weld zone
as already mentioned in the introduction. The HAZ in
as-welded sample has two subzones: HAZ1 which is
near to the weld zone and HAZ2 which is close to base
metal. The solution was experienced by HAZ1 whereas
over aging occurred in HAZ2 (also shows lower
hardness). Figure 10(a) shows thicker grain boundaries

4

HITACHI 20.0kV 5 3mm x1.00k BSECOMP' 14/28/2014 % Tm

Fig. 9 Microstructures of first welding pass: (a) As-weld;
(b) PWHT

(immigrated precipitations) due to solution of
precipitation (denoted as A in Fig. 10(a)) in HAZI1 [5]
while in HAZ2 thinner grain boundaries and bigger
second phases (precipitation coarsening) [5] occur
(denoted as B in Fig. 10(b)). The transformation from /"
to f' and finally # (Mg,Si) precipitates occur by an extent
and repeated thermal cycle of each welding pass. These
findings are consistent with the previous works done by
other researchers [4,5]. The EDS of B in Fig. 10(b)
confirmed Mg, Al and Si in second phases (B) in
Fig. 10(b) whereas in coarser phases (C) the mass
fraction of Si was further valued.

Figure 11 shows the EBSD images of HAZ2. The
colouring shows the crystallographic orientations of
grains with an orientation code triangle being displayed
below Figs. 11(a) and (b) whereas the guide of
misorientation of grain boundaries is indicated by lines
in different colours. There are some low angle grain
boundaries (thinner black line) which are referred to
precipitation coarsening and segregation to nucleate
new grains [41,42] due to high heat input of welding in
Fig. 11(a). However, the PWHT for HAZ of TIG
welded AA6061-T6 alloy removed and eliminated low
angle boundaries inside the grains via solution
and reprecipitation in aging temperature as shown in
Fig. 11(b). The grain boundary misorientation can
affect  the  microstructure  and  subsequently
mechanical properties. Therefore, the changes in high
angle misorientation fraction from 0.497 to 0.903 due to
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MSi
001 2 3 45 6 7 8 91011 12
ElkeV

Fig. 10 FE-SEM images of HAZ in as-welded sample: (a)
HAZ1; (b) HAZ2; (c) EDS spectrum of point B in Fig. 10(b)

PWHT ( Fig. 11) have significant role in mechanical and
nanomechanical properties of HAZ. The comparison
between Figs. 11(a) and (b) indicates the uniform
microstructure of HAZ after PWHT.

Microstructural changes in weld zone and HAZ and
the existence of secondary phases in as-welded and
PWHT samples can affect the local mechanical
properties of each zone and pass in as-welded and
PWHT samples [7].

100 um

Boundaries: Rotation angle

Min Max Fraction Number Length

— 1° 15° 0503 5194 3.00 mm
— 5% 180° 0.497 5130 2.96 mm
*For statistics, any point pair with misorientation
exceeding 1° is considered a boundary

total number=10324, total length=5.96 mm

Boundaries: Rotation angle
Min Max Fraction Number Length

— 1° 15° 0.097 768  443.40 microns
— 59 180° 0903 7165 4.14 mm

*For statistics, any point pair with misorientation
exceeding 1° is considered a boundary
total number=7933, total length=4.58 mm

111

001 101
Fig. 11 EBSD orientation images and their corresponding

boundary map: (a) HAZ2 of as-welded sample; (b) After
PWHT

3.2 Fractoghraphy

Tensile tests of as-welded and PWHT samples were
performed at room temperature and the results are
presented in Table 2. Increase of 54% was observed in
yield strength (70.3 to 130.8 MPa) whereas ultimate
tensile strength (UTS) was improved from 137.7 MPa to
204.4 MPa (50%). These improvements in yield and
ultimate strengths are the outcome of PWHT [43].
However, the plastic strain was significantly decreased in
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PWHT sample (3.6% elongation compared with 13%
elongation). The failure location in as-welded sample
was in HAZ2 (overaging area) while the necking was
observed during tensile test. However, in the PWHT
sample, failing occurred in weld region and the noticable
necking was not seen in this sample. Both failings
happened in hardness minima of as-welded and PWHT
weldments.

Table 2 Results of tensile tests

Sample UTS/ Yield Elastic Elongation/
MPa strength/MPa modulus/GPa %
As-welded 137.7 70.3 60.3 13
PWHT 204.4 130.8 76.9 3.6

Figure 12 shows the fracture surfaces of as-welded
sample with low and high magnifications. As can be
seen, the morphologies of fractures include a great
number of fine dimples which are distributed uniformly
on the fracture surface. A ductile fracture was resulted in
as-welded sample accompanied with a good plastic
deformation.

Due to the less elongation in PWHT, the brittle
fracture or brittle—ductile fracture was expected for this
sample. Figure 13(a) exhibits a fracture surface with
dominant brittle features including cleavage facets (A)
and shallow and big dimple-shape features (B) which
introduce a brittle—ductile fracture [44,45]. However, in
shallow dimples that indicated in Fig. 13(b), microcracks
can be observed. EDS shows the AI-Mg composition in
these area. This may prove that during the tensile test,
microcracks form in the f-phase (Al;Mg,) connected
networks at grain boundaries of weld region due to lower
resistance to deformation compared with matrix [33]
whereas the better plasticity of aluminum in matrix
stopped the propagation of these micocracks.

3.3 Nanoindentation hardness (H,.,,) and elastic
modulus (E}an0)

The nanoindentation tests were performed along
lines 4 and B (Fig. 2) in both as-welded and PWHT
samples. The precipitation size in T6 condition has been
mostly reported around 50 nm [1,8—9]. Therefore, the
Berkovich nanoindenter which has 6 um in dimension in

Fig. 13 Fractographs of PWHT sample: (a) Low magnification; (b) High magnification
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base and 1 pum in height [14] cannot disturb the
nanoindentation results significantly. However, in
overaging condition, the size of precipitation has been
reported more than 250 nm [1,8,9] and in solution
condition, the thickness of boundaries can affect the
nanoindentation data. For the purpose of minimizing the
error caused by the contact between Berkovich indenter
and metal precipitation during nanoindentation tests, at
least 16 tests were done in each zone and the non-
consistent values were then removed. After that,
Figs. 14—17 were provided and illustrated.

3000
(a) HAZI1 HAZ2

Weld zone
2500k Base mffal \ o

2000

1500

Force/pN
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f i i r iy 4
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Fig. 14 P-h curve of nanoindentation tests: (a) Along

as-welded sample; (b) Along welding passes in as-welded
sample; (c) PWHT sample

24

(a)
201
= L6}
o
Q
g 1.2}
oF
D = — As-welded
e —PWHT
04+
0 ; ; ‘ L
Weld zone HAZI HAZ2  Base metal
1.6
(b)
Lab T T—
L2F
£ 10} '_\_//-
]
208
T 0.6}
04r » — As-welded
e —PWHT
0.2
Pass 1 Pass 2 Pass 3 Pass 4

Fig. 15 H,,,, profile: (a) In weldment along line B of Fig. 2
(as-weld and PWHT); (b) Along welding passes (as-welded and
PWHT)

100
95
90 +
85+
80+
75+
70+
65+
60 = — As-welded
55+ e — PWHT
50

E/GPa

Base metal

Weld zone HAZI HAZ2

100
951
90

851
Qo - [E— . ¥

75} ?
70 F
651 = — As-welded

601 «—PWHT

551
50

(b)

E/GPa

Pass 1 Pass 2 Pass 3 Pass 4

Fig. 16 Elastic modulus profile: (a) In weldment along line B of
Fig. 2 (as-weld and PWHT); (b) Along welding passes
(as-welded and PWHT)



Firouz FADAEIFARD, et al/Trans. Nonferrous Met. Soc. China 26(2016) 3102-3114 3111

Pile-up
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Fig. 17 Cross section of pile-up in HAZ2

In Fig. 14(a), the results of the nanoindentation tests
which were carried out along line B in Fig. 2 that
includes weld zone, HAZ1, HAZ2 and the base metal of
as-welded sample are displayed in force—displacement
(P—h) curve. Different zones of weldment show different
displacement when the same force of 2500 uN is applied.
In fact, the displacement was increased due to lower
surface resistance (hardness) of each investigated zone in
moving to left side of the curves. The highest
displacement, which belongs to HAZ2, shows significant
difference in base metal which experienced the lowest
displacement. However, the total displacements of base
metal and HAZ1 present a close trend. Although, the
total displacement in base metal is about 8 % less than
HAZ]1 (around 15 nm ) but the effective displacements of
both, which resulted from interruption in the
displacement axis and unloading curve [14,16], show
smaller difference around 5% (less than 10 nm). Even
though total displacements in some cases have
insignificant difference, the base and foundation for
differences in the local mechanical properties (Hpan, and
F) comes from the unloading stiffness, S [14—16]. It can
be seen in the following that H,,,, variation for this 2
zones is more than 20 %. The displacement curve of the
weld zone is located between the displacements of HAZ1
and base metal.

Figure 14(b) shows the P—A curves for different
welded passes in the weld zone of as-welded samples.
The minimum displacement belongs to the first and
second passes which experienced higher tempering and
thermal cycling of welding process. However, the
highest displacement was for the last pass which has a
complete dendritic microstructure unlike other passes
where f-phase (AlsMg,) presents which have lower
displacement.

Nanoindentation tests were carried out on PWHT
sample and the results are presented in Fig. 14. It is clear
in Fig. 14(c) that the HAZ of as-welded sample after
performing PWHT shows a suitable sameness in total
displacement and unloading stiffness compared with
base metal in Fig. 14(a). After PWHT, P—/ curves for all
four passes of welding have almost become similar. The
H,.o that is obtained from P-4 curves in Fig. 14 is
shown in Fig. 15.

The changes in the H,,,, results along line B (Fig. 2)
in as-welded and PWHT samples are shown in Fig. 15(a).
The lowest Hp,,, in as-welded sample was in HAZ2
whereas in the lowest H,,,, in PWHT was in weld zone.
The non-uniform sketch of as-welded sample is related
to dissolution of precipitations in the HAZ1 and
overaging of precipitation in the HAZ2. Indeed, this
variation in H,,,, 1S ascribed to the microstructural
transformation of A" to f' and finally f (Mg,Si)
precipitates. When HAZ1 presented 1.6 GPa H,,,, in
value, base metal showed 1.91 GPa. After applying
PWHT, the H,.,, changed from the value 0.816 GPa in
HAZ2 of as-welded to 1.93 GPa in PWHT sample. The
main reason for hardness variation in AA6061-T6 is
backing to precipitation size and distribution [1,7-9].

Figure 15(b) shows the H,,,, of the weld zone. The
highest hardness values in the weld zone of as-welded
sample is equal to 1.12 GPa while after PWHT and the
formation of the equiaxed grains the H,,,, shows a
noticeable rise to 1.5 GPa. Different chemical
composition of weld zone which produced by ER5356
is the main reason correlated to variation of H,,,, in weld
zone compared with HAZ and base metal.

The results of H,,, show a similar trend in
comparison to the Hy, results, although in Hpyic,
characterization data in HAZ2 and weld zone are closer
in comparison to the H,,,, of HAZ2 and weld zone.

Figure 16 shows the results of E,,, in as-welded
and PWHT samples along line B (Fig. 2). The HAZ2 has
elastic modulus of 66.51 GPa, which is the lowest,
whereas the maximum £ belongs to base metal having a
value of 74.52 GPa due to their different composition
and microstructure in weld zone and base metal. As it is
indicated in Fig. 16(a), the solution zone (HAZI)
presents higher elastic modulus compared with the
overaging zone (HAZ2). This indicates the role of
homogeneousness of microstructure in elastic properties
of materials and elastic modulus [20,46—48]. In fact,
inhomogeneous and dissimilar  arrangement of
precipitation in these two zones can evince different
plastic deformation for applying each nanoindentor and
any changes in plastic deformation during loading and
unloading of nanoindentation can result different elastic
response [49]. The other fusion welding can impose
residual stress in the vicinity of weld zone [50] and
presence of stress demonstrates the significant strain in
that area. Effect of pre-strain on the elastic modulus has
proved by ABDEL-KARIM [48]. Therefore, the
difference in elastic modulus of HAZ and base metal is
associated to the influence of residual stress on the HAZ
while, in PWHT, similarity in E,,, was resulted by
terminating residual stress.

The elastic modulus of each pass in as-welded and
PWHT conditions of TIG welded AA6061 alloy is shown



3112 Firouz FADAEIFARD, et al/Trans. Nonferrous Met. Soc. China 26(2016) 3102-3114

in Fig. 16(b). It can be seen that pass 4, which has
dendritic microstructure, has the lowest value in elastic
modulus of 69.93 GP. However, in PWHT sample the
similarity of elastic modulus in each pass can be seen to
reach 81 GPa.

The importance of the contact area (4. for
estimating £ and H is clear from the equations used to
obtain the H,,,, and E,,.,,. However, the contact area is
influenced by the so-called phenomenon of pile-up or
sink-in. When pile-up refers to the projecting material
around the indent, sink-in is the immersion of the
material surrounding the indent as a result of the indenter
vertical movement [14,15,46,47]. The relation between
mechanical properties, such as creep, tensile strength,
compression strength, hardness, residual stress and
elastic modulus which affected by pile-up and sink-in
phenomena have been discussed in numerous
works [14,15]. In this project, pile-up has been observed
due to the low strain hardening tendency of AA6061-T6
alloy which indicates the high plastic deformation in the
workpiece [47]. Pile-up formation, which is inevitable in
AA6061-T6 alloy, can affect the results by making an
error in the actual 4, and consequently overestimating of
Eoano [46,47]. Figure 17 shows the effect of the
nanoindenter in HAZ2 of as-welded samples. Pile-up can
be seen clearly in the cross section view in Fig. 17. The
height of the pile-up in base metal and PWHT samples is
lower than that in HAZ1 and HAZ2.

Since the failure of as-welded sample occurred in
HAZ2, by comparing E., (65.91 GPa) and elastic
modulus (60.3 GPa) in Table 2, there are less than 10%
overestimating. However, in PWHT, there is almost 20%
difference for these two values in weld zones (failing
location). The elastic modulus of AA6061-T6 alloy is
almost 65 GPa resulting from tensile test. The
indentation stress is a complex mixture of tension,
compression and shear in indented area whereas the
tenile test is done in only tention condition. Due to the
comperesive effect of indenter, the elastic modulus
which resulted from indentation characterization has
been emphasized to bulk modulus instead of elastic
modulus by CHICOT et al [50] and AMBRIZ et al [7].
However, it has been trying to minimize the shear and
compression effect by using minor rate of force (uN) in
nanoindentation characterization and unloading elastic
analyzing. Anyhow, the difference in E,,,,, either elastic
modulus or bulk modulus, is an indicative factor for
changes of mechanical properties in each zone of
weldment.

4 Conclusions

1) p-phase (Al;Mg,) at grain boundary was resulted
from the transformation from dendritic microstructure to

equiaxed microstructure as a result of PWHT in weld
zone.

2) In the solution zone (HAZI1) of AA6061-T6
alloy, the grain boundaries are thick, whereas in
overaging zone (HAZ2), the grain boundaries are thin
but the secondary phases (coarsening precipitation),
which form low angle boudaries in grains, are bigger.
However, the low angle grain boundaries in HAZ2 was
vanished after PWHT.

3) The UTS and yield strength in PWHT increased
whereas the elongation decreased. The fracture locations
were in HAZ2 (overaging area) and weld zone in
as-welded sample and PWHT sample, respectively.
While the fracture surface of as-welded sample showed a
ductile feature, PWHT sample had brittle/ductile surface.

4) The lowest Hp.,, value in as-welded sample
belongs to HAZ2 while in PWHT sample it is in the weld
zone. Overall, PWHT samples show better uniformity
and higher H .

5) The value of nanoindentation elastic modulus
(Enano) and the obtained elastic modulus of tensile test in
oveaging area of AA6061-T6 alloy showed relatively
high similarity. In PWHT, there is 20% difference in
elastic modulus of nanoindentation test and tensile test of
fracture location in weld zone.

6) The composition can influence the FE 0
(comparing weld zone and base metal) when the E,,
can be effected by microstructure (comparing HAZ1 and
HAZ2).

7) Uniform hardness was achieved by doing PWHT,
which can outcome the homogenous microstructure and
relieve the residual stress.
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