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Abstract

Friction stir welding is a solid-state welding technology capable of joining metal parts without melting. The microstructure of the
material evolved during the process from columnar grain along the thermal gradient in the melt pool to fine equiaxed grains. A
significant decrease in microhardness in the stir zone was observed with the lowest hardness at approximately 3 mm from the
weld centre. The decrease in the microhardness is mainly attributed to the dissolution of hardening precipitates in the aluminium
matrix. Defects in the weld were observed due to insufficient heat input. Heat input could be increased with the increase in
rotational speed of the welding tool, with some improvements in strength.
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1 Introduction

Selective laser melting (SLM) is a powder bed fusion, an
additive manufacturing technique using a laser beam melting
powder layer by layer. With the aid of a CAD computer tech-
nique, a three-dimensional virtual object could be sliced into
many layers and sent to the SLM for layerwise production. A
thin layer of powder is laid onto the building platform before
the laser melts the powder. The laser melts the powder to form
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a solidified part. The laser will continue to trace and melt the
cross-sectional area of the layer. After the laser exposure, the
platform is lowered by a layer thickness specified by the user.
A new layer of powder is spread across the platform before the
laser shines the cross-section area of the next layer. The pro-
cess repeats and continues until the desired build part is com-
pleted. SLM is capable of producing quality parts with dimen-
sional accuracy, superior mechanical properties and complex
geometry. However, the SLM has a limited capacity to its
build volume. Moreover, residual stresses and thermal distor-
tion are more evident when printing large parts. Therefore,
welding presents a viable solution to joint SLM-printed parts
together.

Friction stir welding (FSW) is the solid-state joining tech-
nique consisting of a non-consumable rotating tool, a threaded
pin and shoulder, being inserted into the abutting edges of the
workpiece and traversing along the weld direction. During the
process, friction between the rotating tool and the workpiece
soften the workpiece permitting plastic deformation and dy-
namic recrystallisation process to occur, hence, welding the
workpiece without melting. The intense plastic deformation
together with the elevated temperature during the process re-
sults in fine equiaxed recrystallised grains in the nugget region
[1-3].

The union of the two different processes will enable the
fabrication and the joining of parts with complex features.
The scope of this study is to join aluminium parts printed
via SLM using FSW to weld the parts together. The objective
of this study is to examine the mechanical properties and the
microstructure evolution of the welded butt joint.
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2 Methodology

Gas atomised spherical AISi10Mg aluminium alloy from TLS
Technik GmbH Co. with normally distributed particle size
ranging from 20 to 63 pum was used. The SLM 250HL,
Germany, equipped with a 400 W YLR-Faser-Laser, a
Gaussian laser beam profile laser and spot size of 80 pm
was used in this study. Rectangular block measuring 100 x
60 x 10 mm was fabricated via SLM with chessboard scan-
ning strategy to provide even heating and reduction in thermal
distortion of the build parts [4]. The SLM fabrication param-
eters are tabulated in Table 1.

FSW was performed with a threaded conical probe with
three flats. The probe has a length of 6 mm and a base diam-
eter of 7 mm. The diameter of the tool shoulder is 15 mm. A
single pass weld was performed on the workpiece to join the
two parts together.

Metallographic samples were sectioned from the
cross-section of the weld and mechanically polished
using conventional methods before being examined with
the field emission scanning electron microscope
(FESEM), Joel JSM-7600F, USA, equipped with elec-
tron backscatter diffraction (EBSD), Oxford
Instruments, USA. EBSD was used to map the misori-
entation profile using Channel 5 software by HKL
Technology with a step size of 0.2-0.5 pum. Keller’s
reagent was used to etch the samples for optical micros-
copy. Vickers microhardness test was done along the
cross-sectional surface of the sample using 50-g force
loading.

Rectangular tensile coupons were cut out perpendicular to
the weld. Tensile testing was conducted in accordance with
ASTM EO08-04 standards with a cross-head displacement
speed of 1 mm min~'. A minimum of three “I” shaped rect-
angular sub-sized samples with gauge length of 25 mm and
width of the reduced section was 6 mm (Fig. 1). A fracture
surface analysis was done using FESEM on the fractured
surfaces.
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Fig. 1 Dimension used for the tensile specimen (units in mm)

3 Results and discussion
3.1 Grain structure evolution

Metallographic samples were observed under the FESEM.
For samples from the SLM process, distinct melt pools were
observed (Figs. 2a and 3a). Upon closer observation, alpha
phase dendrites with Si-rich eutectic constituents were ob-
served. The dendrites were also observed to grow in the di-
rection thermal gradient of the melt pool. This could be ex-
plained by the formation of continuous melt track formed as
laser shines and melts the layer of powder together with
the previous layer while traversing along the melt track.
The heat transfer is therefore in the radial direction from
the centre to the edge of the melt pool. Rapid solidifi-
cation occurs from the edge of the melt pool to the
centre as shown from the direction of the Si-rich parti-
cles in the melt pool. The edge of the melt pool could
be distinguished by very fine equiaxed grains forming a
band at the edge of the melt pool.

On the other hand, fine equiaxed grains were observed in
the weld nugget of the sample being welded via FSW
(Figs. 2b and 3b). Si-rich particles were observed to
have broken down during FSW and uniformly dispersed
into the aluminium matrix. This is mainly attributed to
the continuous dynamic recrystallisation caused by the
introduction of continuous strain coupled with rapid

Table 1 Processing parameters
for SLM and FSW

Material and processes SLM FSW-SLM with FSW-SLM with FSW-SLM with
low heat input high heat input higher heat input

Laser power, P (watts) 350 350 350 350

Scanning speed, v (mm s ) 1140 1140 1140 1140

Hatch spacing, # (mm) 0.17 0.17 0.17 0.17

Layer thickness, ¢ (nm) 50 50 50 50

Energy density, £ (107° J m ™) 36.12 36.12 36.12 36.12

Rotational speed (min ) - 1200 1200 1200

Travel speed (mm sh - 3 1 1

Tilt angle (°) - 2.5 2.5 4.5

Downward force (kN) - 3.75+£0.2 1.57+0.3 4.00+0.2
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Fig. 2 Cross-section FESEM
image of a AlSilOMg, b FSWed
AlSil10Mg (low heat input), ¢
FSWed AlSi10Mg (high heat
input) and d cross-section
FESEM image of FSWed
AlSil0Mg (higher heat input)

recovery and migration of sub-grain boundaries during
friction stir welding [5, 6]. Samples with low heat input
displayed finely dispersed Si-rich particles in the matrix.
With the increase in the heat input, significant growth in
the Si-rich particles were observed (Fig. 2c, d).

The grain sizes of the various samples were also examined
(Table 2); significant grain refinement of the grains was ob-
served after FSW. This is mainly attributed to dynamic
recrystallisation coupled with intense plastic deformation that
occurred during FSW.

Fig. 3 EBSD mapping of a SLM
AlSil0OMg, b FSWed AlSil0Mg
with low heat input showing the
grain structures, ¢ FSWed
AlSi10Mg with high heat input
and d FSWed AlSil0Mg with
higher heat input showing the
grain structures. For the boundary
misorientation, white lines:
between 2° and 5°, grey lines:
between 5° and 15°, black lines:
> 15°. (The colour in this figure
legend is explained in the web
version of the article)

Humphrey et al. suggested that grain growth after
recrystallisation could be explained using Zenner pining effect

[7]:

dR ayy, 3Fwp
—=MP-P,)=M|—-—
dt ( 2 ( R 2r

where M is the boundary mobility, P is the driving pressure
from the curvature of the grain boundaries, P, is the Zener
pinning pressure, R is the radius of the grain, 7 is the radius
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Table 2 Grain size

Material and AA6061-O SLM FSW-SLM with ~ FSW-SLM with ~ FSW-SLM with
process AlSil0Mg low heat input high heat input higher heat input
Grain size (1m) 23.25 6.0 2.1 2.8 2.76
Std. dev. 23.24 2.05 1.13 1.64 1.58

of the pinning particles, F, is the volume fraction, « is a small
geometric constant and ~b is the boundary energy.

Comparing Fig. 3b and c, significant coarsening of the
grains was observed and in agreement with the observation
by Mishra et al. [8]. This is mainly attributed to the significant
increase in the number of revolution made by the tool per unit
length transverse. This resulted in an increase in heat input
during the FSW process. It has reported that the heat genera-
tion can be increased via increasing the RPM [9, 10].
However, increasing the tilt angle does not have a significant
effect on the grain refinement mechanism as observed in
Fig. 3¢, d. However, significant coarsening of the Si-rich par-
ticles was observed (Fig. 2d).

Misorientation of the grains in the weld nugget was exam-
ined in Fig. 4. A significant increase in the high-angle bound-
ary was observed in the samples after FSW (Table 3). This is
mainly attributed the intense plastic deformation and stirring
of the material in the stir zone. It was also observed that an
increase in heat input via increasing the RPM to traverse speed
ratio resulted in the decrease in the high-angle boundaries
present in the weld nugget. However, increasing the tilt angle
has no significant effect on the misorientation of the material.
During FSW, the material underwent massive strain coupling
with rapid recovery at the grain/sub-grain boundaries due to
the rotating motion. This stored energy drove the dynamic
recovery and recrystallisation processes. Further grain defor-
mation led to the gradual lattice rotation associated with slid-
ing [11, 12] and grains with high-angle boundaries. By

Fig. 4 Misorientation histogram
distribution of grain/sub-grain
misorientation angles for (a) SLM
AlSil0Mg, (b) FSWed AlSil0Mg
with low heat input, (c) FSWed
AISi10Mg with high heat input
and (d) FSWed AlSi10Mg with
higher heat input
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applying the continuously rotating motion, grains with low-
angle boundaries in the base material were transformed into
grains with high-angle boundaries in the stir zone [3].

3.2 Microhardness

The microhardness of the SLM printed samples was observed
to be higher than that of AA6061-O (Table 4). This could be
mainly attributed to the SLM process. During SLM, the ma-
terial experiences rapid melting and cooling process. The rap-
id solidification process produces very fine grains compared
to conventionally fabricated AA6061-O samples as reported
in previous studies [13, 14]. The presence of eutectic constit-
uents could also have attributed to the increase in the hardness
values of the SLM printed samples. Moreover, the severe
thermal stresses leading to higher internal stresses and in-
creased microhardness.

However, comparing AlSil0Mg samples before and after
welding, there is a significant reduction in the hardness of the
material in the weld nugget region (Fig. 5). This could be due
the dissolution of hardening precipitated occurring during the
thermal cycle of friction stir welding process as reported in
another study [15]. High hardness in the SLM build could
result from precipitation hardening by reheating by the laser.
This agrees with the FSW results of aluminium by Sato et al.
[16]. FSW samples with high heat input were observed to
have a lower hardness as compared to FSW samples with
low heat input. This could be mainly attributed to the larger
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Table 3 Summary of the misorientation distribution
Material and process Mean grain Fraction of high-angle Fraction of low-angle Number
misorientation grain boundaries (> 15°) grain boundaries (< 15°) of samples
(1-5°) (1-15°)
AlSil0Mg 7.07 0.14 0.83 0.86 99,709
FSW-SLM with low heat input 2543 0.61 0.30 0.39 68,292
FSW-SLM with high heat input 21.80 0.52 0.37 0.48 53,217
FSW-SLM with higher heat input 20.04 0.49 0.39 0.51 56,795
Table 4 Microhardness result
Material and AA6061-O SLM FSW-SLM with FSW-SLM with FSW-SLM with
process [17] AlISilOMg low heat input high heat input higher heat input
Hvg 05 55+3 127 +1 82+1 65+7 71+1

grains as well as more dissolution of hardening precipitates
due to higher heat input. There were no significant changes
observed in the hardness values with the increase in tilt angle.
However, it is observed that the gradient of the slope de-
creased with increasing heat input. This could be mainly at-
tributed to the increase in the HAZ region with an increase in
heat input.

3.3 Tensile test

Tensile testing was conducted perpendicular to the weld direc-
tion. The tensile test results were tabulated in Table 5 and
Fig. 6. Comparing AlSi10Mg samples with and without
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Fig.5 Typical hardness curve across (a) FSWed AISi10Mg with low heat
input, (b) FSWed AlISil0Mg with high heat input and (c) FSWed
AlSi10Mg with higher heat input

FSW, there is a significant reduction in the UTS from 476 to
173 MPa. From the stress-strain curve of the welded
AlSi10Mg, a sudden drop in the stress followed by a short
plastic deformation region could be attributed to the presence
of welding defect.

Upon studying the cross-section of the weld, a faint zigzag-
line crack was observed near the retreating side of the stir zone
of the etched cross-sectional FSW (Fig. 7). This defect is also
known as “lazy-S” defect as reported in another study [18].
The wavy contour of the crack follows the flow and deforma-
tion of the material during the weld and mainly attributed to
the low heat input parameters. The material in the stir zone is
unable to completely flow from the advancing side to the
retreating side of the weld. The presence of the /azy S defect
creates a weak region leading to a crack during the tensile test
and poor mechanical properties. Therefore, increasing the heat
input for FSW would be required to eliminate the defect. Heat
input for FSW could be influenced by several FSW parame-
ters. Several studies report the increase in rotational speed
increased peak temperature [9, 19].

Heat input was increased by reducing the traverse speed of
the FSW, and significant improvement in the tensile test result
was observed as compared to samples with low heat input.
This could only be mainly attributed to the increase in heat
input allowing for better material flow during FSW. However,
lazy S defect was still visible in the weld. During the FSW of
AlSi10Mg with high heat input welding condition, flashing of
the material were also observed. This is an indication of hav-
ing too much heat input and the material in contact with the
tool shoulder has softened significantly to be spun out of the
shoulder. Thus, increasing the heat further via increasing the
RPM to transverse speed ratio will only result in further soft-
ening of the material and more flashing defect. The tool will
also sink deeper into the material due to the conservation of
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Table 5 Tensile test properties

Material and process Ultimate tensile Yield strength (MPa) Elongation (%)
test (MPa)

AA6061-0 [21] 125 55 25

SLM AlSil0Mg 451+10 265+5 6.26+1

FSW-SLM with low heat input 132+5 110+3 226+0.5

FSW-SLM with high heat input 236+5 128 +£2 6.1+1

FSW-SLM with higher heat input 240+8 146 £5 832+1

volume. Thus, to eliminate the lazy S defect, an increase in the
tilt angle was used. This led to an increase in the downward
force on the material. The increase in downward force forges
and increases the material flow in the stir zone, creating a
sound weld. From the tensile results, significant improvement
in the ductility was observed, but no significant improvement
in the tensile strength was observed.

Comparing AA6061-O with further (higher) heat input,
significant improvement in the tensile yield strength and ulti-
mate tensile strength were observed. This is many attributed to
the grain refinement of FSW and could be explained using the
Hall-Petch equation:

k

-y

Vd

where oy is the yield stress, od is a material constant for the
initial stress of dislocation movement, &, is the strengthening
coefficient and d is the average grain diameter.

The Orowan strengthening effect could have also tak-
en place due to the presence of Si-rich particles. Extra
energy is required for the dislocation planes to move past
the obstacles. After moving past, it creates an Orowan
loop around the particles increasing the resistance further
[20].

oy =04+

Fig.6 Stress vs strain curve of the 500

tensile test of (a) SLM AlSil0Mg,
(b) FSWed AlSi10Mg with low
heat input, (c) FSWed AlISi10Mg
with high heat input and (d)
FSWed AlSi10Mg with higher
heat input

Stress (MPa)
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3.4 Fractography

AlSi10Mg fracture without visible necking while fracture path
was perpendicular to the direction of the applied force.
Samples with low and high heat input fractured at the weld
defect. Sample with higher heat input fractured in the middle
of the weld. Significant necking was observed.

Observation of the fracture surface under the FESEM re-
views the fracture mechanism that took place at the fracture
site. Looking at fracture surface of the A1Si10Mg (Fig. 8a) and
AlSi10Mg after FSW (Fig. 8b—d), dimples were observed at
the fracture surfaces indicating ductile fracture mechanism.
The dimples of the AlSil0Mg were relatively elongated as
compared those of the FSWed samples. These could be due
to the microstructure of the different material. The grains of
the SLM samples are columnar and grow in the direction of
the thermal gradient in the melt pool. Therefore, crack propa-
gation could be along the grain boundaries resulting in elon-
gated dimples. Voids were also observed on the fracture sur-
face indicating the presence of small pores in the material.

On the other hand, the dimples of the FSW samples with
low heat input were observed (Fig. 8b) to be relatively smaller
and shallower, assembling the crack propagation along the
Lazy S weld defect (Fig. 7c, d). For samples with high heat

(a)
— —(b)

—--(c)

0.1

Strain
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Fig. 7 Cross-section of FSW
samples with a low heat input
showing lazy S defect and b a
close-up image of the “lazy-S”
defect before and ¢ after tensile
test; d fracture surface of the ten-
sile tested sample

input (Fig. 8c), deeper and larger dimples were observed. This
could be due to better welding with higher heat input.
However, the two pieces were not completely bonded togeth-
er, and crack propagated along the Lazy S defect. As for the
samples with higher heat input (Fig. 8d), a significant increase
in depth and size of the dimple were observed indicating a
very ductile fracture. During the tensile test, the slight plastic
deformation phase as seen in the stress-strain curve could be
due to the formation of microvoids at the grain boundaries.
These voids continued to grow as the stress increases. The

Fig. 8 FESEM image of the
fracture site of a AISi10Mg, b
AlSi10Mg after FSW-SLM with
low heat input, ¢ AlSil0Mg after
FSW-SLM with high heat input
and d AlSi10Mg after FSW-SLM
with higher heat input

[I—
100 um

voids eventually merged and formed cracks that led to the
failure of the material.

4 Conclusion

Butt welding using FSW has been successfully performed on
SLM printed AlSi10Mg. Microstructure evolution of the ma-
terial was observed from columnar grains along the thermal
gradient to fine equiaxed grains in the stir zone due to the
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continuous dynamic recrystallisation from the thermal cycle
during FSW. A decrease in the microhardness in the stir zone
was observed. The decrease in the microhardness is mainly
attributed to the dissolution of hardening precipitates in the
aluminium matrix. Defects on the weld were observed due
to insufficient heat input. Heat input could be increased with
the increase in rotational speed of the welding tool with some
improvements in strength.
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