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The ductility of Al alloys is dictated by the nucleation, growth and coalescence of small internal voids
originating from intermetallic particle fracture and from the presence of pre-existing porosity. The
ductility is degraded when intermetallic particles are large and clustered. A low ductility adversely
impacts both forming operations and the integrity of structural components. Local stirring using a
friction stir processing (FSP) tool is shown here to very significantly increase the fracture strain of the Al
alloy 6056 sometimes by more than a factor of two while making it more isotropic. Three reasons for the
ductilization are unravelled based on 3D microtomography: (i) FSP breaks the large intermetallic par-
ticles into smaller, and thus stronger, fragments, (ii) FSP closes the pre-existing porosity; (iii) FSP ran-
domizes the particle distribution. Hence, FSP positively impacts three of the main causes of ductility loss
in metallic alloys. From an applicability viewpoint, this method has the potential to locally improve
ductility of sheets at locations where forming involves large strains or of structural components at stress
concentration points.

© 2017 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Ductile fracture is characterized by the nucleation of microvoids,
followed by stable growth until coalescence of neighboring voids
[1—6]. The accumulation of void linkage leads to the formation of a
macroscopic crack that finally propagates until final failure.
Micron-sized iron-rich intermetallic particles constitute the main
source of damage in Al alloys. These particles fracture or undergo
interface decohesion [4—8]. Additionally, voids may be already
present from processing or from hydrogen or can also nucleate,
usually at large strains, on smaller size dispersoids [4]. Factors like
particle clustering, particle morphology and size have a first order
impact on the fracture strain [6,9]. It remains an important scien-
tific and technological challenge to improve the ductility of Al alloys
especially in high strength condition resulting from peak aging heat
treatments.

Friction stir welding (FSW) is a solid-state welding process
developed to bypass limitations associated with local melting and
solidification involved in most conventional welding processes. It is
particularly suitable for high strength Al alloys [10,11]. Friction stir
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processing (FSP) is a process derived from FSW [12—39], involving a
non-consumable tool with complex features to locally modify the
microstructure through solid state mixing. The rotating tool pen-
etrates the material until the shoulder gets into contact with the
upper surface and is then displaced along the surface at a controlled
velocity and rotation speed (see Fig. 1a). The heat generated by
friction and deformation leads to a malleable state that promotes
material flow from the front to the back of the tool and around the
pin. The strain level during FSP is in the 5 to 10 range and the strain
rate level is on the order of 10—400 s~ ! [19]. FSP leads to a decrease
of the grain size by dynamic recrystallization [20]. Kumar et al. [21]
have shown a grain size reduction by a factor close to 40 in an Al-
Mg-Sc alloy. These fine grains tend to be unstable during subse-
quent solution heat treatment, typically above 450 °C in Al7010
[22]. Abnormal grain growth is likely to occur at high temperature
in grains free of dislocations or free of pinning phases [22,23].
Grains as large as a few millimeters have been reported in FSPed
7xxx series [22,23] and cast Al alloys [24].

FSP has already been applied to cast Al alloy for the sake of
improving properties. Cast Al alloys present large amount of po-
rosities due to gas involved in the molten state, or due to solidifi-
cation shrinkage defects. FSP has been shown to decrease the
microporosity [12,25—32] owing to the large pressure applied by
the tool at high temperatures, e.g. 0.1%—0.02% in A356 [26]. Such
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porosity reduction significantly improves the ductility [26,31,33].
The cast microstructure is also homogenized and refined by FSP due
to the redistribution, erosion and breakage of large particles
[26,28,34] improving the strength and ductility [31,35], e.g. a total
elongation improvement from 1.1% to 20% in Al-7Si-0.5 Mg [31].
The fatigue performances of FSPed cast materials are also impres-
sively improved [12,36—38], e.g. 80% increase of fatigue stress level
in a cast A356 alloy [12].

The application of FSP to improve wrought Al alloy has not yet
been widely studied. In wrought alloy the amount of initial
porosity is much smaller than in cast alloys, but the potential for
improvement could come from the impact on the intermetallic
particles. Cavaliere [39] has shown a promising increase in fatigue
resistance for a 2014 Al alloy. Nevertheless, to the best of the
authors knowledge, no detailed analysis is available yet in the
literature about the impact of FSP on damage resistance of
wrought Al alloys. In a previous study [6], we characterized and
modelled the ductile failure process of three 6xxx series Al alloys
(6005A, 6061 and 6056). The key element controlling the
magnitude of the fracture strain in these alloys was the effect of
particle size distribution and spatial distribution on the void
nucleation and coalescence process. The presence of pre-existing
voids has also been shown to have a first order effect on the
fracture strain.

The goal of the present study is to investigate, based on
microtomography and detailed image analysis, the potential of
friction stir processing (FSP) to improve the ductility of Al 6056
plates through the fracture of the large second phase particles into
smaller and more resistant fragments, the closing of the existing
initial porosity and the homogenization of the particle spatial
distribution.

2. Materials and experimental methods
2.1. Materials and FSP

Cold rolled 6 mm thick plates of Al 6056 were used in T4 initial
condition. Up to six overlapping FSP passes (see Fig. 1(a)), were
performed with a tool rotation rate of 500 rpm and a traverse speed
of 200 mm/min along the rolling direction (RD) (except for the case
of six passes performed also in the transverse direction (TD)). The
tool was composed of a 20 mm diameter scrolled shoulder pro-
longed by a 5 mm long cylindrical M6 threaded Triflat pin, see
Ref. [34]. After FSP, all samples were kept at room temperature for
at least 1 month to allow natural ageing. The as-FSPed samples
were then heat treated at 180 °C, and some of them at 350 °C as
well. Heat treatments were systematically followed by water
quenching.

2.2. SEM and X-ray microtomography

Cross-sectioning of the weld along a plane perpendicular to the
FSP direction was performed for metallographic observations
(Fig. 1). After standard polishing, the intermetallic particles were
characterized based on images taken with a Field Emission Gun
Scanning Electron Microscope (FEG-SEM) operated at 15 kV under
electron backscattered mode and analyzed using the software
Image] [40]. X-ray synchrotron microtomography were performed
at the TOMCAT beamline of the Swiss Light Source [41]. The sample
is probed by X-ray beam tuned to 20 keV using a double crystal
multilayer monochromator. 2160 projections were recorded in
absorption mode using 16 bit PCO.edge CMOS detector coupled
with a 40X optical magnifying lens to a 5.9 pm thick LSO:Tb scin-
tillator. The observed region is cuboid in shape, with dimensions
265 um x 265 pm x 160 um, and isotropic voxel size of

160 x 160 x 160 nm?>. Intermetallic particles and cavities observed
in the reconstructed volume were segmented by manual thresh-
olding. Labelling and parameters measurement was then per-
formed using a dedicated image processing plugin implemented in
Image] [42].

The shape and the orientation of the particles are defined based
on the best-fitting ellipsoid with its three semi-axes R; Ry, R3
(R > R> > R3). The particle aspect ratio W), is defined as
W, = Ry/+/RyR3 and the orientation of the particle is defined by
the angle between the major semi-axes R; and TD (see Fig. 1(a)).

2.3. Uniaxial tensile tests

Uniaxial tensile tests were performed on a screw-driven uni-
versal machine under displacement control with 1 mm/min ve-
locity. Cylindrical specimens, 4 mm in diameter, were machined
along the FSP direction and along RD and TD for the base material
(BM), see Fig. 1(a). The initial gauge length was equal to 30 mm. The
initial yield stress oy is extracted from the stress-strain curves. The
true fracture strain defined as e = In (Ap/Ay) is determined from
broken specimens, with Ag and Afbeing respectively the initial and
final cross-section area.

A number of tensile tests on specimens extracted from the BM
and from the six passes FSPed material were interrupted prior to
necking and polished down to mid-thickness along the transverse
section in order to analyze the fraction of damaged particles. If the
particle is broken, its surface is reconstructed by manually merging
all fragments together. Approximately 2000 particles have been
analyzed for each interrupted test.

One interrupted tensile test of the BM loaded in RD and one of
the FSPed material (6 passes) have also been characterized by
microtomography. These tensile tests where both interrupted at a
stress level of approximately 400 MPa. The samples have been
extracted in the center of the specimens, see Fig. 2. A method for
reconstruction of broken particles observed within the 3D images is
proposed in order to quantitatively study the fragmentation of each
particle, see Fig. 2. After segmentation of the particles, a second
segmentation of the cracks appearing in the broken particles was
performed. These cracks are then dilated and any particles which
are connected though a crack, i.e. particles which share at least one
voxel with one same crack, were merged into a single particle.
However it has only been possible to apply the reconstruction al-
gorithm on the sample extracted from BM. Indeed, it was not
possible to perform such segmentation for the broken particles in
the FSPed material due to the very small size of the particles and
hence, of their cracks.

3. Results and discussion
3.1. Intermetallic particles

Fig. 3 shows 3D perspective of intermetallic particles as
observed by microtomography' The volume fraction of particles Fp,
is always ~0.5%. Indeed, FSP breaks-up the intermetallic particles
but does not dissolve them. The BM contains some very large
particles and the particles are preferentially aligned with RD. After
1 FSP pass, some large particles still remain intact but their spatial
distribution is modified. After 3 and 6 passes of FSP, the mean
particle size is clearly reduced and the spatial distribution gets
more homogeneous.

1 The color code will be explained later and can be ignored at present time.
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Fig. 1. (a) Schematic of the FSP configuration and the geometry of extracted tensile and tomography specimens, (b) micrography of the cross-section of the weld in a plane
perpendicular to the processing direction with visualization of the tensile (red) and tomography (green) specimens location, the SEM micrographs are taken in the RD-TD plane
represented by the blue line in the cross-section. (c) Angle between the major axis of the particle and the transverse direction and (d) equivalent diameter of the particles observed
on the SEM micrographs. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

3.1.1. Intermetallic particles size, shape and orientation

Fig. 4 presents the cumulative size distribution (volume-
weighted) for the intermetallic particles based on 3D X-ray
microtomography images (see section 2.2) as a function of the
number of FSP passes (Npsp). The equivalent diameter D.q corre-
sponds to the diameter of a sphere with the same volume as the
particle. The fracture and abrasion of large brittle particles is known
to depend on the nature of the pre-existing flaws in these particles
and thus on their volume, since the largest defects are more likely
to be found in the largest particles [6,43]. The stress level within the
particle depends on the flow stress of the matrix, on the aspect ratio

of the particles W), [44] as well as on the local particle volume
fraction (due to cluster-induced stress concentration [45]).

Fig. 5(a) presents the volume-weighted aspect ratio distribution
of the particles. FSP breaks the large particles into smaller and more
rounded fragments; i.e. the proportion of particles with an aspect
ratio close to one increases with Ngsp. This trend is explained by
Fig. 5(b). In the BM, the coarse particles are more elongated, i.e. Deg
increases with W), Since the large particles are more likely to
contain defects, they are more prone to break and the proportion of
elongated particles decreases with increasing Ngsp Fig. 5(c) and (d)
illustrate that the large and elongated particles in the BM tend to
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Fig. 2. Schematic of a tensile sample loaded in the RD up to 420 MPa (left figure) and visualization of a sub-volume (right figure) extracted from the total volume scanned by
tomography in the base material after automatized particle reconstruction. The unbroken particles are in blue and the fragments corresponding to a fragmented and further
reconstructed particle are shown with the other colors (one color per particle). (For interpretation of the references to colour in this figure legend, the reader is referred to the web

version of this article.)

align along RD, i.e. have an angle close to 90° with TD. Again, since
these large particles are more prone to break, this preferred
orientation is progressively eliminated with the increase of FSP
passes. A minimum of 3 passes of FSP is required to generate sig-
nificant changes.

3.1.2. Spatial distribution of intermetallic particles

3.1.2.1. Short-range neighboring. A 3D “finite body” tessellation
[46,47] was applied on the microtomography images in order to
quantify the spatial distributions of the particles (voids are
excluded). Indeed, a more classical Voronoi tessellation based only
on the centroids of the particles is not well suited for particles with
irregular shapes [46]. The finite body tessellation consists in the
following procedure: (i) segmentation by thresholding and label-
ling of the particles, (ii) computation of the 3D Euclidean Distance
Map (EDM), (iii) computation of the 3D watershed from the EDM.
The procedure is illustrated in 2D in Fig. 6(a—c) for clarity and its
result is shown in 3D in Fig. 6(d). It results in a network of cells such
that every point within a cell is closer to the corresponding particle
than to any other [46,47].

Indicators of the distribution homogeneity are computed based
on post-processing of the tessellated cells. The local volume frac-
tion Fﬁ’ca' is defined as the ratio of the particle volume to the volume
of its associated cell. Neighbors are defined as the particles asso-
ciated with cells that directly share one face with the cell of the
given particle. The nearest-neighbor d,, and near-neighbor d,
distances can then easily be calculated as respectively the mini-
mum and mean distance between the particle and all neighbors.

The line entitled ‘All particles” in Table 1 compares the mean
Fﬁ’c"’ of all cells. The standard deviation of Iip"cal for all particles is
given also as an indicator of the degree of homogeneity of the
distribution [48]. As expected, the mean value of Ff,f’“" is close to
0.5% in each case, i.e. similar to the global volume fraction. Indeed,
FSP breaks-up the intermetallic particles but does not dissolve
them and the global volume fraction remains unchanged. If

compared with BM, the standard deviation of F® i slightly higher
for one pass of FSP and then reduced for 3 and 6 passes. This is a
first indication that the degree of clustering is reduced by FSP, but
only after a minimum of 3 passes.

Fig. 7 gives the distribution of d,,; and d,, as a function of Ngsp. All
distances given in the following analysis correspond to true particle
spacing (the size of the ligament of matrix), i.e. the minimum
Euclidian distance between two voxels from each particle, and not
the distance from centroid to centroid. Section 3.1.1 demonstrated
that large intermetallic particles are fragmented by successive FSP
passes. It means that the number of particles per unit volume p
increases and thus that the mean distance between particles de-
creases. In order to compare the homogeneity of the distribution on
a relative basis, the measured distances have been normalized by a
factor p—3. The “occurrence” is calculated as the ratio of the popu-
lation in the class divided by the total number of particles. The
distribution of dy;,; in BM shows that a lot of particles have at least
one neighbor in very close proximity. This corresponds to particles
located within a cluster. On the opposite side of the distribution, a
small fraction of particles are quite distant from all their neighbors.
This corresponds to isolated particles. As Ngsp increases, more and
more particles have a normalized d; around 0.5. As detailed by
Chandrasekar [49], the expected normalized d,, in a perfectly
random distribution of particles should be equal to 0.554. This in-
dicates that the distribution of particles gets closer to a random
distribution when Ngsp increases. The distribution of d, (see
Fig. 7(b)) shows that in the BM and after one FSP pass, a large
proportion of particles have a mean normalized distance to their
neighbors significantly smaller or significantly larger than one.
Again, this corresponds respectively to particles outside and within
clusters. After three and six FSP passes, the distribution becomes
more homogeneous.

3.1.2.2. Clustering analysis. In order to understand the influence of
clusters on the damage evolution, one should be able to distinguish
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Fig. 3. 3D microtomography perspectives of intermetallic particles distribution for the 6056 base material and for 1, 3 or 6 passes of FSP. White particles correspond to isolated
particles, and particles with the same color belong to the same cluster according to the definition given in section 3.1.2. RD = rolling direction, STD = short transverse direction. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Cumulative particle size distribution (volume-weighted) for the intermetallic
particles based on the 3D X-ray microtomography images.

clusters from the isolated particles [50,51]. An analysis proposed by
Achon et al. [52] was used here to further characterize the clusters
within the 3D particle field observed by microtomography (see
supplementary material for more details on Achon's method). A
particle is assumed to belong to a cluster if all of near-neighbors
identified from the tessellated particle field are within a distance
dcpster O less. The distance dcyseer should be an objective charac-
teristic of the particles spatial distribution. If the distance dcpyster
increases, the number of clusters increases. At some point, the
number of identified clusters starts to decrease because the dis-
tance dcpyster becomes so large that the clusters coalesce with one
another. The “clustering distance” of the distribution selected here
is the value of dcyyseer corresponding to the maximum number of
clusters identified within the particle field.

This procedure distinguishes isolated particles, i.e. particles that
are distant from all their neighbors by a distance larger than deyseer,
from particles belonging to clusters. However, some clusters
contain a low number of particles and no physical meaning in the
sense that they could be found in a random distribution of particles.
These random clusters are identified in the following manner: each
particle is randomly relocated within the analyzed volume, with no
overlap allowed. The analysis is then performed on this random
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Fig. 5. Morphological parameters of the particles for different number of FSP passes: (a) Distribution of the aspect ratio; (b) Equivalent diameter (D.q) as a function of the aspect
ratio (Wp); (c) Equivalent diameter (Deq) as a function of the angle between the major axis of the particle and the transverse direction (TD); (d) Aspect ratio as a function of the angle
between the major axis of the particle and the transverse direction (TD). BM = base material.

distribution with the selected clustering distance. The largest
number of particles which belong to a similar cluster within the
random distribution is defined as the minimum cluster size, i.e. the
mean number of particles per cluster. In other words, any particle
belonging to a cluster composed of fewer particles than the mini-
mum cluster size is considered as isolated.

Table 2 summarizes the main indicators resulting from the
clustering analysis carried out on the microtomography images.
The selected clustering distance decreases with Ngsp. Indeed, more
and more particles are fragmented and the number of particles per
unit volume increases. The mean distance between particles de-
creases and the clusters start coalescing with each other for a
smaller distance. The mean cluster size first increases for 1 FSP pass
and then decreases for 3 and 6 passes compared to the BM. The
percentage of particles within clusters decreases with Ngsp. Note
that the volume-weighted percentage of particles within clusters is
higher than the number-weighted percentage in every case. This
means that the large particles tend to be more clustered. These
large particles are more prone to fragmentation and this will
contribute to the reduction of clustering. The analysis differentiate
isolated particles from particles within clusters, and the mean local
particle volume fraction Ffo"ml of cells which belong to clusters

compared to those of isolated particles is given in Table 1. Clusters
correspond to a higher Fﬁ’cal than isolated particles. The mean local
particle fraction increases with Ngsp for isolated particles. Because
the particle distribution is progressively homogenized and more
and more cells have a ! similar to the global value. The mean
F},"“” within clusters increases after 1 FSP pass, in agreement with
the increased size of clusters, as large particles found in the BM
break into smaller fragments. However, the redistribution remains
local and is not sufficient to displace them far away from the parent
particles. These fragments contribute to increase the cluster length
to which the parent particle belongs and increase Fﬁ’“” after one FSP
pass.

3.1.2.3. Long-range neighboring. One drawback of the nearest
neighbor analysis is that it places more emphasis on the nearby
particles and ignores the longer range characteristics of the
arrangement. A classical way to analyze medium to large particles
spacing is to use the radial distribution function (RDF), i.e. the
probability for a neighboring particle to be located at a distance r, in
any direction [53]. However, clusters in the BM exhibit anisotropic
shape with particles preferentially aligned in the RD. As a conse-
quence the RDF analysis needs to be modified in order to take into
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Fig. 6. Example in 2D of the (a) segmented particles field, (b) distance map of the labelled particles with the distance visualized by greyscale, and (c) watershed cells and the
particles superposed. (d) Visualization of the result of the procedure applied in 3D to a sub-box of the microtomography image of the base material where particles are in blue and
cells are in purple. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1

Local volume fraction resulting from the finite body tessellation (“All particles”) and the clustering analysis (“Particles within clusters” and “isolated particles”).

Base Metal

All particles
Particles within clusters
Isolated particles

Mean local volume fraction F,
0.62%
0.15%

0.40 + 0.96%

1 pass of FSP 3 passes of FSP 6 passes of FSP
0.50 + 1.1% 0.46 + 0.64% 0.51 + 0.63%
0.93% 0.55% 0.6%

0.22% 0.3% 0.37%

account both distance and angular dependence of the particles
spacing. The extended pair correlation function (PCF) already pro-
posed in Refs. [53,54] is slightly modified here and directly applied
to the 3D X-ray microtomography images. The PCF function is
defined, in 3D, as the probability for a given point [x,y,z] to be
located inside a particle, given that another particle is located at the
origin [0,0,0]. Fig. 8 shows how the PCF function can be calculated
for a 3D volume extracted from the BM. The procedure is described
in the supplementary material.

For a perfectly homogeneous spatial distribution, the PCF would
be equal to 1 for each point. A PCF value smaller or larger than 1
corresponds thus respectively to a smaller or larger probability to
find a neighbor in the vicinity of a particle compared to a perfectly

homogenous distribution. The origin in the PCF plots is at the center
and has a value equal to 0 because the point has to fall in a
neighboring particle and not in the reference particle.

In order to interpret the PCF, Fig. 8(a) shows the 2D cross-section
through the center of the sub-volume in the plane RD-TD, TD-STD
and RD-STD for the BM. The area with the highest PCF is parallel to
the RD, due to the stringer-type clustering along RD, as already
qualitatively observed. On the opposite, the PCF is observed to be
smaller in the TD. Fig. 8(b) shows the RD-TD cross-section as a
function of Npsp. FSP randomizes the particles distribution and
make the spatial distribution of the particles in the material more
isotropic. After one FSP pass, regions of space with high PCF are still
observed, but the clustering is not anymore strongly oriented along
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Table 2
Indicators resulting from the clustering analysis.

Base Metal 1 pass of FSP 3 passes of FSP 6 passes of FSP
Selected clustering distance: dcjyster 6.4 pm 4.65 pm 4.3 pm 4.0 pm
Mean size of clusters 26 particles 35 particles 20 particles 15 particles
Percentage of particles within clusters volume-weighted 67.2% 61.4% 32.2% 15.6%
number-weighted 40.3% 44.3% 25% 10.7%

the RD compared to the BM. This indicates that clusters of particles
are still found after 1 FSP pass, but these clusters have a more
isotropic shape. After 3 and 6 FSP passes, the PCF approximately
ranges in the interval [0, 2] at each point of space, due to the strong
declustering.

3.2. Initial porosity

Fig. 9(a) and (b) respectively present the evolution of the vol-
ume fraction fp and mean equivalent diameter of the porosity
initially present, i.e. prior to testing. The initial porosity originates
from intermetallic particles fracture during the rolling process [50]
(see Fig. 9(c)) or from the gathering, during Al solidification, of the
hydrogen dissolved in liquid Al [55] (see Fig. 9(d)). FSP significantly
reduces the porosity volume fraction (see Fig. 9(a)) and the mean
equivalent diameter of the voids (see Fig. 9(b)). The closure of the
cavities by FSP is probably due to the complex nature of material
flow and the high shear strain within the deformed zone [19]. The
first steps of the closure of the void due to the material flow after 1
FSP pass is qualitatively presented in Fig. 9(e).

3.3. Summary about microstructural evolution upon FSP

The physical scenario schematically illustrated in Fig. 10
emerges from the microstructural characterization presented in
the sections 3.1 and 3.2:

(i) In the BM, intermetallic particles are preferentially aligned
along RD and this results in a stringer-type clustering. The
coarse particles are the most elongated.

(ii) After one FSP pass, the largest (also elongated) particles are
broken into smaller fragments but the redistribution of these
fragments remains local. The fragments remain within the
cluster to which the parent particle belongs with no reduc-
tion of the degree of clustering. However, this local redis-
tribution is sufficient to mitigate the preferred orientation for
particle clustering. The aspect ratio of the large intermetallic
particles is decreased by FSP due to their breakage perpen-
dicular to their long dimension.

(iii) After 3 FSP passes, the decrease of particle size progressively
saturates. This saturation is due to the fact that the small
broken fragments become very difficult to break. The frag-
ments get more homogeneously distributed and the degree
of clustering is reduced.

(iv) Performing more than 3 FSP passes (i.e. 6 FSP passes) pro-
vides little improvement in size reduction and homogeni-
zation of the distribution.

(v) FSP also reduces the initial porosity owing to the extreme
applied deformation.

3.4. Uniaxial tensile tests

3.4.1. Interrupted tensile tests

Fig. 11(a) shows the true stress-true strain response of the BM
in T4 state in RD and TD, as well as of a FSPed sample after 1h at
180 °C of heat treatment. This last heat treatment condition has
been selected because it provides almost the same hardening
behavior as the T4 BM, hence allowing comparisons of the damage
evolution at similar stress levels. The BM exhibits weak plastic
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anisotropy. Each point on the curves corresponds to a tensile test
interrupted prior to necking in order to limit the growth of
nucleated voids and to facilitate reconstruction of the broken
particles (see section 2.3). The variation of the fraction of damaged
particles measured on polished cross-sections is given in Fig. 11(b)
as a function of the applied stress. Particle fracture is the domi-
nant nucleation mechanism in BM. For the same macroscopic
stress, the fraction of broken particles in BM is significantly higher
when loaded along the RD. Indeed, as discussed in section 3.1.1,
particles are elongated and preferentially aligned along RD, which
increases the load transfer arising from the deformation
mismatch between the particle and matrix [44]. Furthermore, for
the same stress, the fraction of damaged particles drops in the
FSPed material. The large and most brittle particles in the BM have
been broken into smaller and more resistant fragments in the
FSPed material. Void nucleation by interface decohesion is now
observed in the 6 passes FSPed material for some particles (12%—
19% of the damaged particles when the stress increases from
353 MPa to 398 MPa). This could be due to a degraded interface
between the fragments and the matrix formed during FSP. It is
also likely that because the remaining fragments are the strongest
parts of the particles, these are more and more difficult to break.
However, particles fracture remains the main nucleation mecha-
nism indicating that for a majority of fragments the adhesion with
the matrix remains high.

As explained in section 2.3, reconstruction of the broken par-
ticles has only been possible on the microtomography images of
the BM. Micrographs of the BM and FSPed samples are given in

Fig. 11(c) for qualitative analysis only. The loading direction cor-
responds to RD. Large particles preferentially aligned with RD are
found within the BM broken perpendicularly to the loading di-
rection, at more than one location. In the FSPed material, the
intermetallic particles are smaller and quite homogeneously
distributed within the matrix. The fraction of broken particles is
much lower compared to BM and the cracks are formed in the few
larger particles not fragmented by FSP, as indicated by arrows in
Fig. 11(c).

Fig. 2 shows a sub-volume extracted from the tomographic
volume of BM (loaded in RD up to 420 MPa) obtained after
automatized particle reconstruction, see section 2.3. Unbroken
particles are in blue. Fig. 12(a) shows the fraction of broken par-
ticles as a function of the reconstructed particles size, obtained
from both SEM analysis and microtomography. The differences
between the two techniques are probably due to the difference of
ratio between resolution and feature size and to the fact that the
particles are not perfectly equiaxed. However, the trends are the
same. The microtomography analysis shows that particles with
Deqg < ~1 pm are almost never damaged while particles with
Deq > ~5 um are almost always broken. Fig. 12(b) also shows that
while most of the particles with Deq < ~3 um crack only once, the
number of cracks increases with particle size. This indicates that
the very large particles, i.e. larger than ~ 3—4 pm, are the most
detrimental as they tend to break into multiple fragments. As
shown in Fig. 4, the fraction of these large particles is highly
reduced after six FSP passes and this strongly reduces the volume
fraction of nucleated voids [6].
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3.4.2. Fracture strain

Fig. 13(a) shows, for the BM and for the FSPed material, the
variation of the fracture strains (gf) as a function of o corre-
sponding to the various heat treatments. First, ¢f of BM when
deformed along RD are compared with ¢ after 3 and 6 FSP passes
along RD. For the same o0y, ¢ is significantly larger in the FSPed
material. For the sake of a better physical appraisal of the differ-
ence, Fig. 13(b) presents the same data in terms of engineering
strain. It is remarkable that ¢ in TD is doubled after 6 passes. In the
LD, ¢ is improved by 20%. This is clearly due to the fact that FSP
breaks the large intermetallic particles into smaller and thus
stronger fragments (see section 3.1.1 and Fig. 12), that FSP closes the
existing initial porosity (see section 3.2 and Fig. 9) and that FSP
reduces the degree of clustering (see section 3.1.2, Table 1, Table 2
and Fig. 8).

While relatively low plastic anisotropy was observed (see
section 3.4.1 and Fig. 11(a)), the anisotropy in ¢ is significant in
BM: ¢ris larger by about 0.2 in RD compared to TD. The tessellation
analysis on BM revealed that the majority of cells are elongated in
RD, indicating that particle clustering is stronger along RD (see
section 3.1.2). Furthermore, the PCF analysis emphasized a
stringer-type clustering along RD, providing an easy percolating
crack path when loading in TD which is likely to lower ¢f. A higher
fraction of broken particles was observed in BM when loaded
along RD, which would be associated with a lower ¢ This means
that the effect of particle spatial distribution on coalescence is the
dominant parameter setting the anisotropy in the BM. After 6 FSP

passes, the anisotropy in ¢ is suppressed. This is in agreement
with the PCF and tessellation analysis, from which it was
concluded that FSP randomizes the distribution after a minimum
of 3 FSP passes.

After 1 FSP pass along RD, ¢ decreases compared to BM when
deformed along RD. Indeed, a lot a large particles (i.e larger than
about 3 pm) are still present after 1 FSP pass (see Fig. 4). Void
nucleation is thus not expected to be significantly postponed. The
fact that ¢feven decreases compared to BM can be explained based
on the PCF analysis (see Fig. 8). Indeed, when deforming BM along
RD, the coalescence process is likely to be postponed since the PCF
is lower than the one along TD. However, after 1 FSP pass, the
anisotropy of the PCF decreases and the coalescence process will be
faster.

4. Damage model

An elementary 3D damage model is proposed in order to semi-
quantitatively uncouple the effect of particle size and particle
spatial distribution. The X-ray tomography images of the BM and
FSPed material (see Fig. 3) are used as representative volume
element (RVE), involving the positions (x;y;z;) and the di-
mensions of the particles. The particles are assumed to be ellip-
soidal, with main semi-axes R; Ry and R3 (R; > Ry, > R3)
respectively aligned with RD, TD and STD, see section 3.1. The RVE
is a cube of 160 pm side, which corresponds to a particle field
ranging between approximately 4000 particles in BM up to
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approximately 14,000 particles after 6 FSP passes. The model is
applied for the T4 state only, exploiting the experimental data of
the interrupted tensile tests (see section 3.4.1). The initial yield
stress gy, the uniform strain &, and the strain hardening param-
eters are extracted from the true stress—strain curve (in T-direc-
tion only) based on an extended Voce law, see Ref. [6]. The same
hardening parameters are used in all cases, i.e. neglecting any
plastic anisotropy or effect of FSP on the plastic flow behavior (see
Fig. 11(a)). The presence of an initial porosity fy facilitates void
linkage and accelerates ductile failure. However, this effect is
attenuated for a hard matrix (T4 and T6 state) compared to a soft
matrix (over-aged state). Indeed, void nucleation is more signifi-
cant for particles surrounded by a hard matrix, attenuating the
impact of fy [6]. The effect of fy is thus also neglected in the present
analysis focused on the T4 state, see Ref. [6] for a more advanced
model.

The fraction of broken particles P(¢y,Vineqn) is assumed to be a
function of the flow stress gy and of the average particle size Viyeqn.
The possible effects of particle size distribution (i.e. the scatter
around the mean value) and particle orientation on the nucleation
rate are neglected. The experimental fraction of broken particles in
the interrupted tensile tests (see Fig. 11(b)) is then fitted using the
following probability function:

K.
P(Uyavmean) =1- EXD( — Ky Vinean (O'y) 2) (1)
where Vieqn is the only parameter that depends on Ngsp, i.e. the
same nucleation stress distribution versus particle size is used. A
reasonable fit of the broken particle fraction for the BM and 6 FSP

passes (see Fig. 14) is obtained with K; = 3.17e 2 and K> = 2.7. The
anisotropy of void nucleation in BM remains limited and the same
nucleation law gives an acceptable fit for both loading directions.
The nucleation process is cumulative and can be seen as a nucle-
ation front moving through the particle size distribution [56]. In
other words, for a given fraction of broken particles P(cy,Vmean)
voids nucleate on particles larger than a critical size V. Virir cor-
responds to the threshold size for which a fraction P(¢y,Viean) of
particles are larger than V. Fig. 14 shows that for a given applied
stress, the fraction of broken particles decreases with Ngsp due to
particle size reduction.

The nucleated void is assumed to appear in the middle of the
particle and is given by the intersection of the 3D particle with a
plane perpendicular to the loading direction. The equivalent radius
Req of the void corresponds to the radius of a circle with the same
area as the particle intersection. Void growth is modelled using the
Rice and Tracey [57] isotropic void growth analysis corrected by
Huang [58]:

dReq
Req

=0.427 T°% exp G T) de (2)

where ¢ is the effective plastic strain and T is the stress triaxiality
given by T = 1/3 (for e<ey) and T = 1/3 + 0.41 (e-¢) (for e>¢,), with
&y the uniform strain [59].

The Thomason's criterion [60] is used to predict void coales-
cence and is evaluated for each cavity with all its near-neighbors:
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where ¢y, is the stress component normal to the ligament between
the voids and ye is the effective void spacing. For simplification,
the void aspect ratio used in eq. (3) is taken equal to 1 (i.e. the two
voids are supposed to be spherical) since this assumption was
shown in a previous study [6] to have a limited effect on the value
of ¢ for this ductile Al alloy. Indeed, a significant amount of void
growth occurs before the coalescence criterion is fulfilled. When
this happens, the void shape is always close to equiaxed. The overall
stress component normal to the ligament ¢, is approximated by
on = 0y sin(«)?, with « the angle between the ligament and the
loading direction. The effective void spacing xf is given by:
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where L;., is the distance between void centers and R}; and RZ are
the mean radii.

The ratio of the number of cavities satisfying the coalescence
criterion over the total number of particles is an indication of the
number of microcracks developing within the material. The evo-
lution of this ratio is shown in Fig. 15(a) as a function of the applied
strain, orientation and Ngsp. The vertical lines indicate the experi-
mental ¢. A ratio of 10% of microcracks compared to the number of
particles corresponds reasonably well with the experimental &f(see
Fig. 15(a)). If this critical ratio is chosen as an empirical fracture
criterion, the model captures the anisotropy on ¢ for BM.
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Furthermore, the model predicts isotropic ¢ after 6 FSP passes,
owing to the particle distribution randomization (see section 3.2
and Fig. 8). The results of the model for 1 FSP pass indicates a

limited improvement of ¢fcompared to the BM, in good agreement
with the experiments. In the case of 3 FSP passes, ¢ is significantly
larger due to highly reduced particle size (see section 3.1.1). After 6
FSP passes, ¢ is not much improved because of particle size satu-
ration (see Fig. 4) and the similar spatial distribution after 3 and 6
FSP passes (see section 3.2).

This model allows decoupling the effect of the void size on
nucleation and of the spatial distribution on coalescence. Indeed, if
the mean size Viyeqn in eq. (1) is kept constant and equal to the value
of BM (i.e. if all samples have the nucleation law given by the red
curve in Fig. 14), the effect of the particle size on void nucleation is
not taken into account. Any change in ¢ is then related to the
particle spatial distribution only. Results of the model without the
size effect on void nucleation are provided in Fig. 15(b). Without the
effect of particle size on the void nucleation, ¢rof the FSPed samples
remains between ¢ of BM along RD and TD. Without FSP, the
clustering alignment along RD explains the low value of ¢ in TD.
This effect disappears after FSP. This analysis shows that the
improvement of ductility with Ngsp is mainly due to the delay on
void nucleation owing to the reduction of particle size.

5. Conclusions

Friction stir processing (FSP) has been performed on a 6056
rolled Al alloy. Detailed analysis of 3D high resolution X-ray syn-
chrotron tomography data of the BM and FSP after 1, 3 and 6 FSP
passes have provided the following information:

o The intermetallic particle size decreases with the number of FSP
passes.

o The large intermetallic particles are also initially more elongated
and are rounded up by FSP due to their breakage by the large
deformations involved in the process.

e FSP homogenizes the particle distribution, as quantitatively
demonstrated by the tessellation, clustering and pair correlation
functions analyses.

o The initial porosity present in the BM is first reduced in size and
then suppressed by an increasing number of FSP passes.

o A simple FSP pass is not sufficient to ensure the full potential of
the process to break the intermetallic particles and to homog-
enize their distribution.

Tensile testing and interrupted tensile tests of BM and FSPed
samples have provided the following key results:

e The fracture strain of FSP samples is improved by almost 100% in
the best cases compared to the BM tensile samples at identical
yield strength.

e The nucleation stress for the fracture of intermetallic particles
(i.e. the source of damage in these alloys) increases in the FSP
samples.

e Friction stir processing leads to an isotropic fracture behavior.

A simple damage model has been used to uncouple the effect of
particle size and spatial distribution. The homogenization of the
particle distribution is the main reason for the isotropy of the FSPed
material. The reduction in size of the intermetallic particles,
retarding void nucleation, explains the improvement of the damage
resistance of the FSPed samples. Void nucleation retardation has
been quantitatively characterized based on ex situ tensile test in X-
ray microtomography. Earlier works have shown that miniature
tensile specimens can be used to determine the mechanical and
fracture properties of the weld [61,62]. Future work will consider in
situ tensile testing of such miniature specimens in order to quan-
titatively characterize the evolution of the damage process. It will
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allow validating the effect of FSP on void nucleation and gain
insight on its impact on the void growth and the coalescence
process.
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