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In this paper, the influence of welding speed on tensile properties of AA2024-T3 fibre laser welds was
investigated by monitoring the deformation behaviour during tensile loading. In-situ micro-tensile
testing combined with a high-resolution optical microscope and DIC was used to measure strain dis-
tribution in narrow weld regions showing characteristics of fibre laser beam welding with limited
metallurgical modifications. A chemical etching technique was used to generate a micro-scale random
speckle pattern by revealing the weld microstructure. Such pattern enabled a sufficient spatial resolution
of strain while keeping the weld seam visible during deformation. The results of microstructural and
mechanical properties determined under numerous welding speeds indicated that increasing the
welding speed led to the transition of weld pool shape from circular to elliptical to teardrop with a
greater fraction of equiaxed dendrites. The weaker strength of the weld, as measured by local lower
micro-hardness values, constrained significant plasticity development locally within the weld. Tensile
tests revealed that increasing the welding speed resulted in greater yield strength and ultimate tensile
strength, whereas, total elongation to failure dropped. The tensile properties improved with increasing
welding speed as the fraction of equiaxed dendrites increased.
© 2018 The Authors. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co., Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
1. Introduction

Aluminium alloy 2024-T3 is considered difficult to weld by
fusion welding due to problems associated with cracking, poor
weld appearance and defects such as porosity and undercut [1,2].
Alternative welding technique such as friction stir welding (solid
state) is often used to achieve defect-free welds or use the con-
ventional method of riveting instead to produce differential
structures. However, these techniques cannot meet the increasing
demands of high-capacity productions in the aircraft industry due
to slow processing speed and limitations to producing high toler-
ance complex structures [3]. Recent developments in welding
technologies have led to the innovative use of material forms and
advanced joining methods such as high-power fibre laser beam
welding to produce highly integrated structures [6], which are very
effective in reducing weight and fabrication time and costs. The
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issues with integral welded structures, unlike differential riveted
structures, are considerable changes in the microstructure, metal-
lurgical state and associated material properties. For AA 2024-T3,
the weld metal including the fusion zone (FZ) is the most critical
region due to softening of the material after welding and so the
integrity of the welded component is largely controlled by the weld
seam [4e7].

Fibre laser welding is a relatively new welding process with a
huge potential use in aircraft components as it offers significantly
improved beam quality, output power and efficiency. Ahn et al.
[1,2,8] showed that good quality defect-free fibre lased welded
aluminium alloy 2024-T3 can be produced via parametric optimi-
sation, yet the current lack of understanding of its tensile properties
prevents the exploitation of their potential applications.

There are several techniques available for investigating the weld
mechanical properties including micro-tensile testing of weld
specimens extracted from the weld region, micro-hardness
indentation testing, and testing of HAZ and FZ produced by Glee-
ble thermo-mechanical simulation. In this paper, a speckle
patterning technique using chemical etching method was devel-
oped for Digital Image Correlation (DIC) analysis of local strains in
Ai Communications Co., Ltd. This is an open access article under the CC BY-NC-ND
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Table 1
Chemical composition of AA2024-T3 (Wt. %).

Material Al Cu Mg Mn Cr Si

AA 2024-T3 91.9 5.9 1.2 0.6 0.1 0.3
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the weld at a microscopic scale during an in-situ tensile test. Global
and local strain and stress full fields in for the parent material, FZ
and HAZ were determined using DIC. The resolution of the weld
mechanical properties obtained was evaluated and discussed to
optimise material performance.

Typically, a random speckle pattern as shown in Fig. 1 is applied
on the specimen surface to perform DIC and measure displace-
ments but covers the weld seam, making it difficult to accurately
locate different regions within the weld during the test. In this
investigation, the weld microstructure revealed by chemical
etching was used instead as the speckle pattern to keep the
microstructure visible. Such pattern did not have detachment
problem which is frequently observed at high strains in typically
applied speckle patterns [9] but also met the requirements of suf-
ficient speckle size covering several grains, density and contrast to
limit errors.

The influence of welding speed on weld tensile properties was
investigated to find the optimum welding speed which maximises
productivity while ensuring that welds meet quality standards. It is
generally believed that a stronger weld strength can be achieved by
welding using a fast welding speed, where a fine dendritic structure
is promoted. On the other hand, it is also known that using a fast
welding speed can lead to problems associated with hot cracking,
where the fast solidification rate quickly induces thermal shrinkage
strains, intensify rate of crack initiation and stress gradient, and
shorten the time for residual melt along grain boundaries to suf-
ficiently back-fill any crack [10]. Therefore, it was necessary in this
investigation to identify the welding speed range upper limit to
minimise the chance of forming transverse cracks due to the
elongated temperature distribution in welding direction [11], as
well as the lower limit to ensure that a sufficiently wideweld width
can be obtained to lower crack sensitivity while keeping both the
heat input and solidification rate low.

Fourteen samples were welded using various welding speeds
and, one moderate and one high laser powers. The microstructural
examination was conducted using standard sample preparation
and imaging techniques. DIC was employed during in-situ micro-
tensile testing to monitor the strain development.

2. Experimental procedures

2.1. Materials and process parameters

AleCueMg alloy 2024-T3 was used, where the T3 temper was
obtained via solution treating, cold working followed by natural
ageing at room temperature. The thickness of the sheet was
3.0mm. An energy dispersive X-ray spectroscopy (EDX)was used to
measure the chemical compositions at an accelerating voltage of
15 kV, an emission current of 76 mA, a working distance of 6.8 mm,
an elevation of 35� and a live time of 50s as listed in Table 1.

A 5 kW Yb-fibre laser with a 300 mm processing fibre and
300 mm focal length, the focal beam size of 630 mm, Rayleigh
length of 23 mm and beam parameter product of 2.50 mm mrad
was used. Argon shielding gas was supplied from both front, side
and root to completely shroud the melt pool. Table 2 lists the
welding parameters selected to bead on plate weld with the results
as shown in Fig. 2. Bead on platewelds were chosen over butt joints
as they were easier to prepare and eliminated the need of accurate
Fig. 1. Application of speckle pattern on weld tensile dog-bone sample surface.
clamping and resulted in almost zero distortion. While there may
be some differences between these two welding configurations,
laser welding requires a very narrow gap tolerance matching the
spot size even in butt joint configuration so specimen preparation
for tensile test was easier in bead on plate configuration as the
specimens were in a perfect geometry. It was ensured that the
chosen processing parameters led to full penetration of the sheet to
induce welding imperfections such as undercuts and re-
inforcements typically observed in butt joints. A constant focal
position of 0 mm was used throughout the welding trials. The
surface of the sheet was thoroughly cleaned chemically and me-
chanically ground using a steel wire brush to remove oxide layers
and surface contaminants which are sources of porosity.

Visual inspection was performed was performed to assess the
surface appearance of the weld seams and levels of imperfections
[12].

Weld sample preparation for themetallographic studywas done
by according to both ASTM E3 [13] and BS EN 1321 [14]. The pol-
ished specimens were chemically etched to reveal the weld
microstructure. Keller's reagent was used by immersing the sam-
ples for 10 s. It was composed of 95% distilled water, 2.5% nitric acid,
1.5% hydrochloric acid and 1.0% hydrofluoric acid.

Inspection of weld cross-sections was performed according to
BS EN 1321 [14]. The macroscopic inspection was done using 25�
magnification, while microscopic examination was done using
50e500� magnification.

Micro-hardness was measured to assess the extent of weld
softening in the FZ and HAZ according to ASTM E384 [15] as well as
BS EN ISO-22826 [16]. A Zwick Z2.5 indenter was used with a load
of 100 g and a hold period of 15 s at a rate of 60 mm/s selected to
obtain the hardness profile across the sample.

Micro-tensile tests were also performed using a Deben in-situ
dual lead screw micro-tensile testing stage with maximum
loading to 2 kN and a cross-head speed of 0.2 mm/min controlled
by a stepping motor. The tensile module was fitted to an optical
microscope and the deformation during tensile testing was
captured as digital images composed of 1600 � 1200 pixels every
0.5 s using the built-in Zeiss Axiocam microscope CCD camera at
50� magnification. An initial load of 1 N was applied to avoid the
influence of any initial nonlinearity in the output of the miniature
test. Miniature flat welded tensile samples with a width of 5.0 mm,
the thickness of 0.4 mm and 8.0 mm gauge length as illustrated in
Fig. 3, were wire cut from welded joints using electrical discharge
machining (EDM).

2.2. Digital image correlation

In-situ micro-tensile tests were performed using the DIC system
to analyse the evolution of strain field during loading and to obtain
the mechanical properties of welded specimens. The small and
varied size of different microstructural regions of the weld makes it
difficult to accurately determine the local mechanical properties
from standard tensile specimens. Also, as the plastic strain distri-
bution in the standard tensile specimen is inhomogeneous over the
gauge length, the tensile properties are highly dependent on the
chosen gauge length at which they were measured [17,18]. The
advantage of using chemically etched micro-tensile specimens was
that it was possible to obtain a close view of the entire weld zone at
high magnifications and resolution and also observe the



Table 2
Parameters for autogenous laser beam welding with different welding speed and laser power.

Sample Number Laser Power (kW) Travel Speed (m/min) Power Density (MW/cm2) Total Heat Input (J/mm)

V-1-1 4.5 5.1 2.83 0.88
V-1-2 4.5 4.5 2.83 1.00
V-1-3 4.5 3.9 2.83 1.15
V-1-4 4.5 3.3 2.83 1.36
V-1-5 4.5 2.7 2.83 1.67
V-1-6 4.5 2.1 2.83 2.14
V-1-7 4.5 1.5 2.83 3.00
V-2-1 3.0 5.1 1.89 0.59
V-2-2 3.0 4.5 1.89 0.67
V-2-3 3.0 3.9 1.89 0.77
V-2-4 3.0 3.3 1.89 0.91
V-2-5 3.0 2.7 1.89 1.11
V-2-6 3.0 2.1 1.89 1.43
V-2-7 3.0 1.5 1.89 2.00
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deformation directly from the clearly visible etched FZ and HAZ
without the need to apply speckle patterns on their surfaces. The
difficulties in accurately measuring strain in the micro-tensile
specimens due to their limited size were solved by using the DIC
which allowed determining both global and local strain field of
each individual regions from the examined surface area.

To optimise the resolution of DIC images, the facet step was
chosen to be a quarter of the facet size to make adjacent facets
overlap. Each facet centre was assigned x and y coordinates and
characterised by a grey scale distribution. The facets of the initial
imagewere matched to positions in successive images after loading
to obtain displacement vector for all points in the specimen. Full
field displacement data was then obtained. Cross-correlation was
used to identify the movement of the speckle pattern from an
image series and determined the deformation strains and vectors.
The algorithm measured full-field displacements by searching for
the best correlation between subsets, which was defined in the
reference image. Optimisation techniques were used to find its best
match in the deformed image and repeating this process gave the
displacement field.

3. Results and discussion

3.1. Speckle pattern and microstructure

Variations in macrostructures of weld surfaces with welding
speed are shown in Fig. 4. The weld pool size, shape and solidifi-
cation patternwere controlled by the heat transfer in the vicinity of
the molten pool and the nature of the molten pool fluid motion
[19]. Other than thermo-physical properties of the material,
welding speed and heat input significantly influenced the solidifi-
cation behaviour of the welds. The formation of dendrites in the
Fig. 2. Autogenous bead on a plate welded AA2024-T3 of different welding speeds.
weld including its shape and size varied according to steep thermal
gradients and rapid solidification rates. The welding speed affected
the alignment of grains, where high speed led to lower local melt
flow rate and temperature gradient within the weld pool and faster
solidification or cooling rate. A finer dendritic solidification
microstructure was formed by raising the speed.

Fig. 4 shows the effect of welding speed on weld solidification
microstructure. The arrows inside the weld pool indicate the di-
rection of grain alignment during solidification. At a slow welding
speed of 1.0 m/min, a circular pool shape with similar leading
(melting) and trailing (solidifying) end shapes was observed as
shown in Fig. 4 (a). Also, both circular and straight ripple marks
(solidification front) were found at the weld centreline. The solid-
ifying grains grew from the fusion line towards the centre of the
weld, with the solidifying ends (arrow) being perpendicular to the
melt pool boundary (circle). At 2.1 m/min, the molten pool became
elongated and elliptical with the long axis parallel to the welding
direction, with V-shaped ripple marks and grains growing
perpendicular to the elongated pool boundary. At 3.9 m/min, the
weld pool became tear-drop shaped with a long tail and the grains
grew almost perpendicular to the welding direction.

The solidification microstructure was controlled by a tempera-
ture gradient (G) and solidification rate (R), where G/R determined
the solidification mode and the G$R determined the grain size and
morphology [20]. The grain morphology changed from planar and
cellular dendritic at the fusion line G/R was relatively high, to
columnar dendritic and equiaxed dendritic towards the weld cen-
treline where G/R became lower. Increasing the welding speed
resulted in a lower thermal gradient but a faster cooling rate due to
the drop in the total heat input and peak temperature in the weld
Fig. 3. Micro-tensile specimens extracted from the mid-section of a weld seam and
mounted on a micro-tensile testing rig under an optical microscope.



Fig. 4. Effect of changing speed on weld surface appearance and weld solidification microstructure showing flow patterns at (a) 1.0 m/min, (b) 2.1 m/min and (c) 3.9 m/min given
4.5 kW.
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pool surface, so G$R increased but G/R decreased. Hence, the for-
mation of a fine dendritic structure with smaller dendritic arm
spacing was promoted at faster welding speed.

As Fig. 5 (a) and (d) shows, the solidification front is planar along
the fusion line and transforms to columnar dendritic as the weld
centreline is approached as shown in Fig. 5 (c). Theweld centrewas
dendritic with both equiaxed fine columnar grains as shown in
Fig. 5 (b). The number of equiaxed dendrites increased with
increasing speed. Increasing the speed promoted a fine dendritic
structure and grain sizes due to constitutional super-cooling
resulting from a low G/R. The columnar grains growth was
epitaxial at faster speeds. On the other hand, at lower speeds, the
columnar dendrites curved away from the perpendicular to the
welding direction and aligned parallel to the direction of heat flow.
The measured HAZ width was less than 0.1 mm due to the steep
temperature gradient, low heat input and rapid solidification rate
which were characteristics of fibre laser beamwelding with limited
metallurgical modifications.
Fig. 5. Microstructure of fibre laser welded AA2024-T3 processed given 3.0 kW and 3.9 m
dendrites in FZ 200� and (d) HAZ 500�
Figs. 6 and 7 show the welded micro-tensile specimens after
chemical etching loaded on the micro-tensile stage. The observed
weld width decreased with increasing speed, where slow speed led
to high heat input and wide weld width. The bottom reference
images show the weld surfaces overlaid with initial blue facet el-
ements (matrix of pixels) containing several grain variations,
assigned by the DIC software to allow determination of displace-
ment and strain in a plane parallel to the image plane of the optical
microscope. The use of etched microstructural features as random
speckle pattern allowed accurate monitoring of strain evolution in
different microstructural regions of the weld.

3.2. Full field strain mapping during tensile testing

The displacement and strain fields for each specimen was
determined by capturing multiple images during deformation and
through subsequent analyses. The resulting strain field parallel to
the tensile axis for specimens of different welding speeds just
/min showing (a) weld seam 25�, (b) equiaxed dendrites in FZ 200�, (c) columnar



Fig. 6. Chemically etched welded micro-tensile specimens processed using various
welding speeds given 4.5 kW at the beginning of the tensile test and DIC facet ele-
ments in the reference image determined on the etched microstructure.
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before rupture during the tensile test is shown in Figs. 8 and 9 for
the laser power of 4.5 and 3.0 kW, respectively. To maximise
contrast, the lower and upper limits of the colour scales for each
welding speed was chosen independently. While the 2D DIC
technique allows calculation of all three in-plane strain compo-
nents, the contributions from shear strain and the strain compo-
nent perpendicular to the tensile axis was negligible.

Throughout the test, the strain was confined to the FZ, clearly
revealing higher localised strain than the surrounding parent ma-
terial where the blue contour indicates mostly elastic strain during
the test, at all speeds. This was due to localised strains in softened
weld zone resulting in a relatively low ductility. The size of the
localised strain region as illustrated by the strain contour map in
red, became enlarged with increasing speed. A gap in the strain
map as shown in Fig. 9 (c) was caused by excessive levels of plastic
deformation, where cracks started growing in the FZ, thus dis-
torting the subset geometry and preventing from tracking the
subsets in the subsequent image series. A trend was found where
the peak strain reached in the FZ prior to failure dropped with
increasing speed. At lower speed, columnar dendrite growth was
preferred and reduced the likelihood of forming equiaxed den-
drites, resulting mostly in columnar dendritic structure and the
Fig. 7. Chemically etched welded micro-tensile specimens processed using various
welding speeds given 3.0 kW at the beginning of the tensile test and DIC facet ele-
ments in the reference image determined on the etched microstructure.
weld width became wider. A wider weld pool size reduced the risk
of solidification cracking and decreased the stress levels across the
weld seam during solidification. On the other hand, the maximum
strain decreased from around 14%e7% when reducing the speed
from 2.1 to 1.5 m/min, given 4.5 kW, where the total heat input
increased from 2.15 to 3.00 J/mm so the excessive heat input at
1.5 m/min had a negative effect on the ductility. Such phenomenon
was not observed at the same speeds given 3.0 kW as expected
because the total heat input was equal to 1.45 and 2.00 J/mm at 2.1
and 1.5 m/min, respectively, which were less than 3.00 J/mm so the
maximum strain reached at these two welding was similar, of
around 16%. For both laser powers, the lowest maximum strainwas
measured at 5.1 m/min. These results were in close agreement with
the findings of Ahn et al. [21] who reported that centreline solidi-
fication cracking was observed above a total heat input of 2.5 J/mm
for fibre laser welded 3.0 mm thick AA 2024-T3 sheets, as a result of
excessive heat input in the molten weld pool, where more molten
material led to larger contraction strain and caused larger cracks to
form. In addition, reduced solidification rate due to increased total
heat input caused impurity elements to diffuse into themolten pool
and the resulting weakened weld microstructure become more
susceptible to cracking. On the other hand, power density of less
than 1.2MW/cm2 and total heat input of less than 1.0 J/mm resulted
in incomplete penetration. According to Janasekaran et al. [22],
who examined the effect of low power laser welding with total heat
input values ranging between 0.2 and 0.4 J/mm, the pull force
required to fracture T-joint welded specimens increased with
decreasing welding speed from 21 mm/s to 12 mm/s. Such trend
was caused by the lower heat input at faster welding speed, which
reduced the width of the FZ, the depth of penetration and
decreased the amount of smaller grains in the FZ and therefore,
increased the ductility by allowing larger amounts of slip to occur.

3.3. Fracture behaviour

Fractography on micro-tensile specimens revealed that cracks
initiated and fractured in the FZ as depicted in Figs. 10 and 11.
Unlike the unwelded parent material which underwent significant
necking before failure, the welded specimens failed with much less
macroscopic necking in the FZ. At high welding speed, the fracture
path was jagged with several cracks growing parallel to the tensile
axis, following the grain growth direction and ripple marks
perpendicular to the welding direction. Hence, a mixed failure
mode including the weld centreline as well as the fusion line was
observed. The cracks propagated towards the fusion boundary
where the property gradient was the steepest. Increased welding
speed resulted in a fine grain size by limiting grain growth and
narrow weld width which increased the stress levels across the
weld seam during solidification but minimised microstructural
modification or loss of strength by melting or coarsening of pre-
cipitates in HAZ and reduced low boiling point alloying element
evaporation due to increased cooling rate and reduced time
exposed to peak temperatures for grain coarsening [23]. Micro-
cracks were observed on the fracture surface along equiaxed
grain boundaries at high welding speed which was assumed to be
solidification cracks which tend to form at high welding speed. At
low welding speed, the strain was concentrated in the columnar
dendrites and failed in this region.

3.4. Mechanical properties

For each sample, the strain distribution near the laser weld at
different times during the tensile test was found as shown in
Figs. 12 and 13. The strains displayed significant heterogeneities in
strain distribution across the weld, indicating the transition from



Fig. 8. 2D DIC full field axial strain maps for various speeds given 4.5 kW at the onset of fracture.

Fig. 9. 2D DIC full field axial strain maps for various speeds given 3.0 kW at the onset of fracture.
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Fig. 10. Micrograph of fractured micro-tensile weld specimens showing the failure location and behaviour for various speeds given 4.5 kW.

Fig. 11. Micrograph of fractured micro-tensile weld specimens showing the failure location and behaviour for various speeds given 3.0 kW.
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Fig. 12. Development of local axial strain distribution across the weld seam relative to the failure time for various speeds given 4.5 kW.
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parent material to HAZ to FZ. The failure strain values at 99% of the
time to failure was relevant in the FZ where the failure took place
and served as the lower limit for the HAZ and the parent material.
Therefore, the weaker strength of the FZ reduced plasticity devel-
opment within theweld. Strain localisation in the FZmeant that the
full plastic deformation in the other regions was precluded when
the least ductile FZ failed to result in a comparatively low overall
macroscopic strain so it was possible that these regions had greater
ductility than the FZ. As mentioned above, the strain value in the
unaffected parent material was typically less than 2% showing that
thematerial was still under elastic loading, whereas, the total strain
reached at least 6% and up to 16% in the FZ prior to failure. The
maximum local plastic strain distribution within the weld was
found to decrease with increasing welding speed from above 14% at
2.1 m/min to around 5% at 5.1 m/min. Increasing the speed reduced
the heat input and caused the finer dendritic structure to formwith
a higher equiaxed ratio and grain sizes in the FZ.

The true constitutive behaviour of different microstructural re-
gions of transverse weld specimens, including the softened local FZ
Fig. 13. Development of local axial strain distribution across the weld
and the HAZ surrounded by the BM, were determined by assuming
the weld as a composite material deforming under an iso-stress
condition and property gradients are not huge. By matching the
localised strain field obtained using the DIC with the remotely
applied global load, it was possible to determine the local stress-
strain response in the FZ and the HAZ as there was no uncer-
tainly regarding whether the selected tensile data was represen-
tative of the material in the weld. The local strain value was
calculated in the FZ, HAZ as well as globally from hundreds of time
steps. The observed stress and strain response for different welding
speeds are shown in Figs. 14 and 15. As expected, strain localisation
occurred at the weakest component of the composite material
loaded in an iso-stress configuration, which was the weld seam.

The softened weld zone clearly displayed a very different
response compared to the parent material, where on average the FZ
had a 0.2% proof stress of less than 250 MPa for a range of welding
speeds, which was much lower than the parent of around 390 MPa
as shown in Fig. 16. At fast welding speed, the strainwas lower than
0.2% plastic strain in the HAZ and overall, indicating that the local
seam relative to the failure time for various speeds given 3.0 kW.



Fig. 14. Local and global constitutive properties of welded samples including FZ and HAZ determined with DIC method for various speeds given 4.5 kW.

Fig. 15. Local and global constitutive properties of welded samples including FZ and HAZ determined with DIC method for various speeds given 3.0 kW.
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FZ yield strength was considerably greater compared to the global
failure stress. The results show that the use of conventional tensile
testing with a macroscopic extensometer would be incapable of
discerning the difference in material behaviour between the weld
and the parent. It is interesting to note that grain growth was
limited at high speed so the YS and UTS increased with increasing
speed, whereas, ductility decreased. As the fraction of equiaxed
dendrites became greater with increasing speed, the weld tensile
properties at the cost of reduced plasticity.

Dissolution of strengthening precipitates by welding resulted in
its softening and the effect was more pronounced in the FZ than the
Fig. 16. (a) Stress and strain response of welded versus unwelded tensile specimen and (b) m
weld metal (power 4.5 kW, speed 2.1 m/min, focused beam).
HAZ due to higher temperatures experienced and so a greater
dissolution of strengthening phases occurred as a consequence
[4,5,24]. Fig. 16 (a) shows a large difference in stress and strain
behaviour between the weld metal and the parent material. A
considerable loss of yield and tensile strength to around 60% as well
as global ductility to 30% was observed due to strain localisation in
the softened FZ which led to premature failure. However, a similar
ductility to the parentmaterialwas recorded in the localised FZ,with
the highest value of around 0.16 at 2.1 m/min for both laser powers.

Fig. 16 (b) illustrates the typical transverse micro-hardness
profile across the weld seam at mid-thickness produced using a
icro-hardness distribution profile for the AA 2024-T3 weld exhibiting softening in the
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laser power of 4.5 kW and a welding speed of 2.1 m/min. The
distinct degradation ofmicro-hardness in the FZ of less than 100HV
and 110e120 HV in the HAZ compared to over 130 HV in the parent
material was due to loss of strength (softening) in the FZ when
exposed to high temperatures during welding and subsequent
change in weld solidification microstructure due to dissolution of
precipitates. It was also possible that the change in weld chemical
composition due to vaporisation of low boiling point alloying ele-
ments, especially magnesium during welding at laser high power
density, contributed to the lower hardness. The T3 temper after
welding in the FZ corresponded to the as-fabricated fully annealed
and soft condition, since no temperature control was performed
during and after welding for solution heat treatment and natural
ageing.

4. Conclusions

Troubles in monitoring local strains due to the small size of
different microstructural regions of AA 2024-T3 fibre laser welds
was solved by using digital image correlationwith chemical etching
method to create random speckle pattern for in-situ micro-tensile
testing on miniature specimens. The etched weld microstructure
had a high-quality patternwith good spatial resolution and allowed
precise measurement of local strain variations to relate them with
microstructural heterogeneities within the weld.

Welding speed influenced the alignment of grains, where
increasing it led to lower local melt velocity and thermal gradient in
the weld pool and faster solidification rate. The grain morphology
changed from planar and cellular dendritic at the fusion line where
the ratio of G and R was relatively high, to columnar dendritic and
equiaxed dendritic towards the weld centreline where the ratio
became lower.

The maximum strain dropped with increasing speed from
around 16%e7%, whereas, at a very low speed of 1.5 m/min, the
resulting excessive heat input had a negative effect on the ductility.
The weaker strength of the weld constrained plasticity develop-
ment locally within the fusion zone.

Tensile tests revealed that the YS and UTS increased with
increasing speed, whereas, total elongation to failure decreased. As
the fraction of equiaxed dendrites increased with increasing speed,
the weld tensile properties improved. The optimum processing
conditionwithin the investigating domainwas therefore, found at a
welding speed of 2.1 m/min, both for the laser power of 3.0 and
4.0 kW, where a sufficiently low welding speed and heat input (or
laser power) was obtained to lessen the effect of solidification
cracking.
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