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Abstract

This work focuses on the strain and damage analysis of a micro tensile experiment of a
AA6061-AA7075 dissimilar friction stir weld. Scanning electron microscopy combined with
high resolution digital image correlation has been performed at two different scales to analyse
strain fields and damage in the AA6061-AA7075 mixed region of the stir zone. Local alloy
composition was identified as the critical parameter affecting the meso-scale strain
distribution. At a finer scale, intermetallic particles also lead to strain localization within each

individual alloy.
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1. Introduction

The friction stir welding (FSW) process enables the joining of metals in a solid state through
friction and mechanical stirring [1]. A rotating tool is plunged at the interface between two
clamped plates on either identical (similar welding) or different alloys (dissimilar welding) [2,
3]. The central stir zone experiences large plastic strains responsible for dynamic
recrystallization [2, 4]. In dissimilar FSW of aluminium alloys, the stir zone exhibits strong

heterogeneous alloy mixing resulting from the material flow associated to the tool complex



geometry. Both base materials are thus highly interconnected see e.g. Ref. [5] in 2024-7075
welds, or Ref. [6] (in particular their Figure 1) and Ref. [7] (in particular their Figure 6) in Al to
Ti dissimilar welds. Dissimilar FSW has promising applications especially in the aerospace
industry [2]. Extensive research has been conducted in the FSW literature to assess basic
mechanical properties (hardness, yield strength, ultimate tensile strength, etc.) and

sometimes studying fatigue properties [1,2,3].

Generally, digital image correlation (DIC) based techniques are employed to assess
strain distribution under tension. Using a paint based marking technique and an optical
camera setup, it is possible to generate strain maps at the macroscopic scale on the cross
section of tensile samples of welded joints [8-29]. Suthar et al. [23] specifically studied strain
localization in similar AA6061-AA6061 and dissimilar AA6061-AA7075 welds using optical
camera DIC. In general, researches exploiting macroscopic scale DIC evidence the significant
effect of strain localisation in the heat affected zone (HAZ), often the weak zone (e.g. in 6061
alloy [23]), on the tensile response. Hiscocks et al. [29] performed dissimilar magnesium FSW
welds and were able to reach a slightly better resolution (> 240 um) using improved optical
cameras. This allowed them to evidence some heterogeneous deformations inside the nugget
zone of their dissimilar welds but with large zones of uncaptured strain localisation. The
research studies in Ref. [30—-31] exploited a higher resolution DIC performed using optical
cameras that can reach a resolution of typically 20 um. However, no results are available at
the scale of the bands of dissimilar materials that are typically observed in the stir zone of
dissimilar friction stir welds nor at the scale of damage. This requires a DIC resolution below 1

pum or even below 100 nm and is the aim of the present paper.

To reach such a resolution, some micro or even nano-scale digital image correlation
(DIC) experiments have been developed using scanning electron microscopy (SEM) rather than
optical cameras [32—34]. Such high resolution analysis (called HR-DIC) is of great interest for

studying localized strain distribution and damage mechanisms.

Our study investigates the local strain and damage distribution in a dissimilar
aluminium 6061-7075 FSW joint and the effect of the mechanical properties and alloying
elements of the base metals. To the best of the author’s knowledge, high resolution SEM

based DIC has never been performed on dissimilar FSW joints.



2. Material and methods

A dissimilar weld 160 mm long composed of 6 mm thick AA6061-T651 and AA7075-T651 rolled
plates are manufactured using a dedicated FSW machine. AA7075 is richer in Zn (5.29 wt%)
than AA6061 (0.06 wt%). FSW parameters are optimized to avoid any major defects such as
wormbholes or kissing bonds, both being common in dissimilar FSW joints [35]. Pin length,
rotational speed, advancing speed and vertical force are controlled to reach 5.75 mm, 400
rpm, 120 mm/min, and 10 kN respectively. Vickers hardness measurements were performed
at mid-thickness of that weld on the transverse section with 1mm distance between indents
and using a 200g load. As depicted in Figure 1(a,c), a single 55x6x1 mm?3 sample is extracted
from the weld stir zone using a micro-cutting machine and has been polished up to 1 um using
a classical polishing routine. The analysed area has been selected to study strain partitioning
between the two mixed alloys inside the stir zone. The sample is extracted from the cross-
section orthogonal to the welding direction (Figure 1(c)). Different marking techniques are
employed to perform the HR-DIC at two different scales, to capture strain at various scales, in

between bands of aluminium alloys and at the scale of intermetallic particles:

1) In the central region of the weld, a gold pattern (Figure 1(d)) is deposited on a 600 umx600
um region using lithography. Diamond shaped markings spaced by 1 um are used to form the

pattern. A central 200 umx200 um square region is left empty.

2) The 200 umx200 um central region of the micro-grid is studied at a finer scale (Figure 1(d),
zoom in blue square) using another pattern composed of randomly scattered 50 to 100 nm

diameter tin speckles, and carried out via metal vacuum evaporation [36].
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Figure 1: (a) Cross section of the weld and the selected DIC area. (b) Loading path with macroscopic stress/strain

curve and imaging steps. (c) Sample extraction from the weld. (d) Gold micro-grid and tin random pattern (blue

square).

The in situ tensile test is carried out by using a tensile machine inside a SEM. The measured
macroscopic stress/strain curve is presented in Figure 1(b). SEM is used to acquire a total of
12 Back-Scattered Electron (BSE) images at different targeted steps of the deformation
process. The BSE images are acquired in the cross section of the welded joint (Figure 1(c,d))
before applying the DIC markings. To minimize electronic noise generated by the tensile
machine during the image acquisition process, the sample is elastically unloaded (Figure 1(b)).
The gear mechanism used to apply the tensile load does not have a locking mechanism, thus
the tensile machine cannot be shut down during sample loading. However, the electrical
current in the tensile machine generates noise on the BSE images. Consequently, the samples
must be unloaded to properly power off the tensile machine and acquire quality images. High
resolution strain fields are computed by using a custom-made Correlation Manual Value
(CMV) HR-DIC software [37]. The acquired BSE images are overlapped to the identified strain

fields in order to associate strain and alloys distributions.



Figure 2(a,b) shows the Zn energy-dispersive X-ray spectroscopy (EDX) map in the stir zone.
On EDX maps, the contrast gives an information on the local element composition. A brighter
spot means more analysed element is present. Figure 2(b) shows how BSE contrast (Figure
2(a)) allows to qualitatively assess the local Zn content, and is sufficient to differentiate
between AA6061 and AA7075 phases locally. Moreover Figure 2(c) shows a magnification of
an area exhibiting both types of intermetallic particles present in AA6061 inside the stir zone:

Mg-Si rich and Fe rich in black and white respectively in the BSE image.
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Figure 2: (a) BSE image taken in the centre of the stir zone between AA6061 and AA7075 and (b) EDX map showing
the Zn distribution which enable to differentiate the AA7075 and AA6061 alloys. (c) A magnified zone from (a)
showing two types of intermetallic particles: Fe rich (white) and Mg-Si rich (black) identified by the corresponding

EDX maps.

3. Results and discussion

Figure 3 shows the hardness profile of the sample taken at the centreline of the cross section

of the welded joint. A sharp difference in hardness values between the AA6061 (right) and



AA7075 (left) side of the welded joint is highlighted by a red circle. In the stir zone (evidenced
by two vertical red lines), a local maximum is observed at a “distance from the centre of the
weld” equal to 3 mm. This is the location where the HR-DIC sample was extracted. This
hardness local maximum, coupled with the mixing of aluminium alloys on Figure 1(a), is the

motivation to study local strain localization in that zone.
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Figure 3: Hardness profile taken at the centre line of the studied AA6061-AA7075 FSW joint. The HR-DIC sample

has been extracted in the red-circled zone.

BSE contrast in Figure 2(a) shows the AA6061 in a darker grey compared to the lighter AA7075,
which reveals a mixing phase pattern composed of alternating layers of AA6061 and AA7075.
This contrast allows the phase identification of Figure 4(a). A pattern with 1 um spaced
diamond shaped markings is well adapted to capture strain in both alloys while the finest
speckle pattern in the central area is used to capture the local strain field at the micro Mg-Si

and Fe rich particles scale.

Figure 4(a) shows the phase identification resulting from grey scale thresholding made with
Image J software (AA6061 in red and AA7075 in blue). Using the diamond pattern,
macroscopic strain fields in the stir zone are first measured (Figure 4(b)). Using Figure 4(a), an
alloy composition can be attributed to each pixel of the image. A plastic strain value was also
attributed to this pixel, using the DIC software. Figures 4(b) shows that the strain distribution
is associated to the alloy’s distribution pattern of Figure 4(a). A statistical analysis

complements this observation, and box-plots representing plastic strain distribution for each



alloy at each loading step are provided in Figure 4(c). In the T651 state, yield strength (and
ultimate tensile strength) are 240 MPa (290 MPa) and 460 MPa (540 MPa) for AA6061 and
AA7075 respectively. As the yield strength of AA6061 is lower than the yield strength of
AA7075, the AA6061 exhibits a higher mean value of plastic deformation for a given applied
strain compared to the AA7075 when reaching the onset of plasticity (Figure 4(c)). This justifies
the qualitative association between Figures 4(a) and 4(b). In addition, first and third quartiles
enables to quantify in each alloy the statistical dispersion of plastic strain. As shown in Figure
4(c), this dispersion is qualitatively associated with the alloy’s distribution pattern as it clearly
increases with the applied stress for both alloys, but more significantly for the alloy with the
lowest yield stress (i.e. AA6061). However, the significant strain heterogeneity taking place
inside each alloy (and not only between both alloys) suggests that strain localization arises at
a lower scale in each alloy. To support this impression more quantitatively, a simple variance
decomposition of the plastic strain distribution is presented in Figure 4(d) to measure to what
extend the alloy phases explain the strain dispersion. During elastic loading (i.e. steps 1 to 5),
with similar elastic properties in both alloys, strain distribution is unaffected by the phase
pattern (explained variance of 0%). Then, plastic strains gradually increase (i.e. steps 6 to 11),
and tend to localize in the softest alloy. Consequently, the phase pattern explains an increasing
part on the variation of strain accommodation, but partially as it only reaches 7% before
fracture. Thus, most of the strain dispersion is due to strain localization among each phase,
while only 7% of the strain dispersion occurred due to the fact that one alloy is softer than the

other.
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Figure 4: (a) Alloy distribution in the diamond shaped lithography area obtained by image segmentation. (b)

Plastic strain field at step 11 in the diamond shape area. (c) Box-plots of plastic strain for each grade and for each

loading step. (d) Percentage of the strain distribution variance explained by the phase pattern.
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Figure 5: BSE imaging of Mg-Si (a) and Fe rich particles (c) along with their respective local strain maps (b,d).
Multiple damage behaviours are identified and numbered: 1) Mg-Si rich inclusion decohesion from the Al matrix,
2) Mg-Si rich inclusion fracture, 3) Strong plastic strain localization, 4) Unbroken Fe inclusion, 5) Low plastic strain

within a cluster of Fe rich particles.

Thus, local intragranular mechanisms likely explain the remaining part of the strain
distribution variance. This is demonstrated here by the finer scale analysis within the AA6061
using the finer HR-DIC central grid (Figure 1(d)). Mg-Si and Fe rich particles are identified in
the stir zone as shown in Figure 2(c) and 5(a,c). Local strain heterogeneities reported in Figures
5(b,d) are clearly associated to these intermetallic particles. On the basis of Figure 5, multiple
deformation and damage mechanisms may explain the strain distribution: 1) decohesion
between Mg-Si rich particles and the Al matrix, and 2) fracture of Mg-Si rich particles (highest
strain values being located where decohesion and cracks appear), 3) strong plastic strain
localization surrounding intermetallic particles, 4) unbroken hard Fe inclusion inducing a
strong localization in the Al matrix, and 5) areas of relatively low plastic strain within clusters
of Fe rich particles. Additionally, high plastic strain values are also observed in areas without

9



large intermetallic particles. Most likely, these plastic strain localization patterns are the result
of the underlying microstructure, and particularly grain orientation and size [38]. However, no
Electron Backscatter Diffraction (EBSD) data is available for this sample to make more than a

hypothesis that grain size and orientation could explain this phenomenon.
4. Conclusions

A SEM in-situ tensile experiment conducted on a dissimilar AA6061-AA7075 assembly
obtained by FSW is presented. High resolution digital image correlation has been performed
at two different scales in the weld to characterise strain localization as a function of
microstructural features. Mixing patterns of both Al alloys were quantitatively correlated with
observed strain distribution and localization. However, this distribution explains only up to 7%
of the variance just before failure. Thus, as the local AA6061 and AA7075 distribution is not
sufficient to explain strain distribution, a finer scale damage analysis in the softest alloy
revealed local damage and strain localization mechanisms, associated to Mg-Si and Fe rich

particles.
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