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Accepted: 20 June 2024 The damage mechanisms of ductile fracture under shear loading of an aluminum
alloy 2198T8R were studied using flat thin-sheet samples. One sample was loaded

© The Author(s), 2024 until 85% of the failure displacement and then unloaded, and another one was

loaded up to failure. To overcome the inherent shortcomings of nanotomogra-
phy concerning the investigation of flat samples, synchrotron nano-laminogra-
phy was applied to the pre-loaded sample and provided structural information
down to the nanometer scale, allowing ductile damage nucleation and evolu-
tion to be studied. The damage features, including flat cracks and intermetallic
particle-related damage, were visualized in 3D from the highly-deformed shear
band region. Using nano-laminography, no nano-voids were found. The dam-
aged shear ligament was also observed after polishing via destructive correlative
scanning electron microscope (SEM) and electron back-scatter diffraction (EBSD)
which suggests that the detrimental flat cracks were both intergranular and trans-
granular. The flat cracks were related to highly-deformed bands. No nano-voids
could be found using SEM analysis. Fractography on the second broken sample
revealed that the flat cracks contained hardly observable nanometer-sized dim-
ples. The final coalescence region was covered by sub-micrometer-sized dim-
ples, inside which dispersoid particles were present. The fact that no nano-void
was found for the pre-deformed sample implies that the nucleation, growth and
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coalescence of these sub-micrometer-sized voids occur at late stages of the load-

ing history.

Introduction

Since the second half of the last century, ductile frac-
ture has been studied at elevated levels of stress triaxi-
ality [1, 2]. Under these circumstances, the nucleation,
growth and coalescence of voids have been identi-
fied as governing damage micromechanisms [3]. In
some cases, high-strength Al alloys may also show
intergranular ductile fracture, where ductile damage
occurs on a very fine scale by nucleation of voids on
grain boundary decorating particles [3]. Ductile dam-
age models describe best the void growth stage for
which the stress triaxiality and the plastic strain are
identified as driving forces [1, 2]. Under shear, how-
ever, the stress triaxiality is close to zero, and classical
void growth models do not predict any failure. Since
the beginning of this century, research has focused on
ductile failure at such low levels of stress triaxiality.
Complex relationships between stress triaxiality and
strain to failure have been found [4-7]. It has also been
identified that the definition of strain to failure is com-
plex and critical. Micromechanistic damage modeling
of shear failure often involves the idea of shearing of
pre-existing voids that could lead to void rotation, flat-
tening and an associated softening effect [8]. However,
few engineering materials contain significant amounts
of pre-existing porosity. Fleck et al. [9] studied the
effect of a rigid particle on void nucleation and pro-
gression in a shear band using FE simulations. They
found that accounting for particle matrix contact was
important. The case of breaking particles has not been
extensively studied numerically but is certainly of
interest for Al alloys. Experimentally, the ductile dam-
age mechanisms under shear are not easy to access,
as the damage features are not growing substantially.
Different methods can be applied to generate locally
simple shear [10]. It was found in [11] that increased
intermetallic particle content reduced the ductility in
shear for a 6XXX series alloy. Through in situ SEM
studies, Gross et al. [12] found for an AA6061 T6 alloy
void nucleation though particle cracking under shear.
Achouri et al. [13] found particle decohesion and void
growth around the particle. In such surface studies,
the effects of surface preparation, growing surface
roughness during the test and neglected 3D effects
always question the representativeness of the results.

@ Springer

This makes 3D in situ studies appealing. With stick-
like in situ tomography samples, it is difficult to do
in situ shear loading, particularly for sheet materials.
Synchrotron laminography is suited to image regions
of interest in large flat samples at micrometer resolu-
tion [14-17]. Using in situ microlaminography, Roth
et al. [18] observed void nucleation and growth on
rigid hard particles in ferrite-bainite steel under shear-
dominant loading and validated shear damage phase
via a 2D RVE analysis. Voids were nucleated due to
particle-matrix decohesion, subsequently elongated
and aligned with the principal strain direction. For a
ductile Al alloy AA2024-T3, Tancogne-Dejean et al.
[19] observed and followed statistically intermetal-
lic particles and pre-existing voids under low stress
triaxiality proportional shear loading. It was found
that intermetallic particles broke with cracks normal
to the principal stress direction. Pre-existing voids
were shown to rotate and close, thereby suggesting a
limited impact of pre-exisitng voids on failure under
shear. Using 2198 T8 recrystallized for in situ microla-
minography, the identical material batch as in the pre-
sent study, Buljac et al. [20] showed that shear damage
micromechanisms included detrimental grain-related
flat cracks as major damage feature. They also found
the second type of damage features: intermetallic par-
ticle breakage normal to the maximal stress direction,
but with limited effect on the final crack. Void growth
was detected during shear since rigid particle debris
kept the voids open. Kong et al. [21] performed, again
on the same batch as in the present study, load path
changes from shear to tension on a cruciform-shaped
specimen in AA2198-T8, where the same two main
types of damage features were found: grain-related
flat crack and intermetallic particle crack. Damage
nucleation was observed at the end of shear pre-load-
ing at nearly zero stress triaxiality, and subsequently,
the nucleated damage continued to grow and lead to
final fracture during tension loading after the shear
pre-strain.

The aim of the present work is twofold. One is to
identify for the shear loading if the nature of the flat
grain-related cracks is intergranular or transgranular.
This will be done by a destructive manual sectioning
SEM/EBSD study. Another question concerns the sub-
micrometer-sized dimples on the final shear fracture



surface as seen in [19]. The question is if the nucleation
and growth of these sub-micrometer-sized voids are
a gradual process or if it occurs at the very end of the
failure process. To identify this, a shear sample test
is interrupted at 85 % of the total displacement and
scanned by nano-laminography with pixel sizes as low
as 100 nm. A second sample, tested up to failure, is
investigated by fractography.

Material and methods
Material and sample geometry

An aluminum-—copper-lithium alloy 2198 (2.9-3.5
wt.% copper and 0.8-1.1 wt.% lithium) in the recrystal-
lized state after T851 temper condition is chosen in this
study. It is referred to as AA2198-T8R in the following.
The raw rolled sheet with a thickness of 2 mm was
provided by Constellium Technology Center (C-TEC,
Voreppe, France). This alloy has a negligible pre-exist-
ing porosity (< 0.04 vol%) compared to other aerospace
aluminum alloys (e.g., AA2139 in [22] and AA2024 in
[19]). The mean volume fraction of intermetallic par-
ticles is around 0.34%, and they are shown in white in
Fig. 1c. The yield strength is 440 MPa, and the ultimate
tensile strength is 500 MPa [23]. Large pancake-shaped
grains can be found in the L-T plane in Fig. 1a, with
grain size as 82 ymin L, 80 pm in T and 20 pm in S
directions (L: rolling direction, T: transverse direction
and S: thickness direction). Moderate in-plane plastic
anisotropy was found in different loading directions
[23], which is consistent with the inverse pole figure in
LS plane in Fig. 1b. Moreover, the Lankford ratios (L;
~ 0.5 <1 [23]), defined as the ratio of the true in-plane

Figure 1 a Inverse pole figure indicating the 3D grain structure
of 2198T8R sheet material via EBSD (the crystal orientations are
given with respect to the normal of each plane), b pole figure of

strain in width direction ¢, over the strain through
the thickness g, show a significant plastic anisotropy.

A thin sheet of 1-mm-thick material in the so-called
smiley geometry from [5] was designed and produced
for shear loading, where a global tensile loading gen-
erates a local shear stress state in two ligaments with
dimensions of 1.5x1 mm? in Fig. 2b. The dimensions
such as notch offset or notch shape have been opti-
mized at the damage location in particular for the
AA2198-T8R [5]. Here, 1-mm-thick samples were man-
ufactured from 2-mm-thick raw sheet using electrical
discharge machining (EDM).

Nanoscale 3D X-ray synchrotron laminography

Three-dimensional X-ray synchrotron radiation com-
puted nano-laminography allows us to image the
regions of interest at very high resolution inside later-
ally extended samples, in particular in three dimen-
sions [14, 24]. One sample was loaded until failure as
shown in black curve in the loading history of Fig. 2a.
Another sample was then loaded until of the 85%
failure displacement and then unloaded as seen in
the blue curve, although it is less than 85% of local
strain to fracture according to [20]. One ligament of
the deformed sample was cut and imaged with KB
mirror-based projection microscopy at the beamline
ID16b (ESRF) [25] using nano-laminography [26]
with voxel sizes of 236 nm and 48 nm, respectively.
They are noted as high resolution (HR) and very
high resolution (VHR), respectively. The achiev-
able spatial resolution is limited by the mechanical
stability of the nano-laminography setup and corre-
sponds to 135 nm [26]. An X-ray energy of 29.7 keV
was employed, and 1500 projections were acquired.

©)

2198T8R and ¢ 2D slice of 2198T8R from high-resolution 3D
X-ray laminography in the L-T plane adapted from [23].
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Figure 2 a Load history curve in terms of nominal stress versus
displacement. b The region of one ligament was cut from ¢ the
deformed sample for 2D surface observations. Another ligament
was investigated by means of 3D nano-laminography at different

Phase maps have been reconstructed using a non-
linear single-distance cone-beam approach from the
measured Fresnel diffraction patterns [24], and suc-
cessive laminographic 3D reconstruction has been per-
formed using the tofu framework [27]. Additionally,
laminography-specific normalization [28] allowed for
an increased reconstruction volume. The final recon-
structed volumes have dimensions of 2160x2160x1600
voxels. Two scanned regions are equivalent as 510x
510x377 pm? for HR in Fig. 2d and 100x100x76 um3
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(c)

Very high resolution (VHR)

100 ym A
(e)

resolutions: d 510x510x377 pm? as high resolution (HR) with
the voxel size of 236 nm and e 100x100x76 um?> as very high
resolution (VHR) with the voxel size of 48 nm.

for VHR in Fig. 2e. Both are located in the central part
of the highly-deformed shear band region. This was
achieved by centering the region of interest using the
radiographies of the notches. The shear strain band
was measured to be more than 100 pm wide between
notches in [20].

Three phases including aluminum matrix in gray,
copper-rich intermetallic particles in white and void
in black are observed in the laminographic images.
For visualization, the data have been segmented and



classified based on the gray value distribution. Dam-
age such as voids and porosity is visualized in blue,
while intermetallic particles in gray. The statistics of
particle volumes and crack volumes, shown in Figs. 3

and 4, are calculated only from inclusions with vol-
ume sizes larger than 1.5x1.5x1.5 pm?®. This reduces
the influence segmentation uncertainties due to noise
and laminographic artifacts.
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Figure 3 a, b Three-dimensional overview visualization of a
chosen region of interest (ROI) from the HR scan ¢ 2D lamino-
graphic slice of a flat crack selected in red box of 52x24x14 ym?
and its visualization from different views: d top view, e top-front
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view and f front view with a voxel size of 236 nm. Here, interme-
tallic particles are segmented in gray and voids in blue. g, h Size
distribution of cracks and intermetallic particles detected in the
volume shown in (a, b).
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Figure 4 a, b Three-dimensional overview visualization of
another chosen ROI from the HR scan. ¢ Two-dimensional slice
of another long flat crack selected in red box and its 130x47x
14 ym? visualization from different views: d top view, e top-front
view and f front view with the voxel size of 236 nm. Here, inter-

Two-dimensional analyses via scanning
electron microscopes (SEM) and electron
back-scatter diffraction (EBSD)

The fractography was performed via scanning electron
microscopy (SEM) in a ZEISS Sigma 300 instrument
using a Everhart-Thornley secondary electrons detec-
tor. The postmortem surface of the broken sample
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metallic particles are segmented in gray and voids in blue. The
wavy structures parallel to the flat crack, visible in (c), are arti-
facts related to the X-ray imaging process. (g, h) Size distribu-
tion of cracks and intermetallic particles detected in the volume
shown in (a, b).

(black curve in Fig. 2a) was observed on the L-S plane
down to sub-micrometer scale.

The planar (L-T) features on surface of the deformed
specimen were observed in a FEI Nova NanoSEM 450.
Orientation maps of grain structures were obtained
from electron back-scatter diffraction analyses with
an EDAX-TSL Hikari camera and the OIM software
using a step size of 0.5 ym and an acceleration voltage
of 15 kV. A grain boundary is considered when the



misorientation angle between the two grains is less
than 15°.

The surface of the deformed sample was polished
incrementally (in a destructive way) until damage fea-
tures appeared. Considering the dimensions of dam-
age features, which were measured as less than 20 ym
in the 3D imaging and in order not to remove them, a
10 ym thick material layer was removed for each pol-
ishing step. The surface was polished gradually using
7 ym down to 3 ym and 1 ym polishing paste.

Results

Two volumes of ex situ nano-laminography exhibit
the 3D morphology of damage features inside the
deformed sample at high resolution (HR) and very
high resolution (VHR). The damage features from the
ligament were studied in a correlative way via addi-
tional 2D observations by SEM and EBSD.

Nano-laminography observations
of the damaged sample under shear

The microstructural features such as flat cracks and
particle cracks were found under shear using the
micrometer scale computed laminography in [20,
21]. They are likely to strongly contribute to the final
macro-fracture under shear loading. The 3D overview
visualizations of the deformed sample from high-res-
olution (HR) nano-laminography on two 510x510x
188 um? volumes close to the mid-thickness plane are
shown in Figs. 3a, b and 4a, b, where void in blue and
particles in gray. The two main damage features: flat
crack and particle crack, are both visualized as void
in blue.

Flat crack observed at high resolution (HR)

It is worth emphasizing that this shear-induced fea-
ture has not been observed before in the same geom-
etry for other alloys (FB600 steel in [18], AA2024T3
in [19]). In order to observe this detrimental damage
feature, a flat crack was selected in the red box having
a size of 52x24x14 ym? in Fig. 3a and b. The 2D slice
of the crack is given in (c). The segmented crack is
visualized in (d-f) different 3D views to specify the
damage mechanism in the deformed state. Three flat
micro-cracks with 15 ym length, 5 ym width and 10

um thickness were found. They are believed to grow
and coalesce to a larger flat crack up to 50 ym length at
the next stage, according to [19-21]. In addition, there
is no particle adjacent to the crack, which indicates
that the crack probably does not nucleate on a particle.

Another longer flat crack is chosen in Fig. 4a and b
in red frame. The subvolume of 130x47x14 ym? exhib-
its a coalesced flat crack feature in (c-f) at a later stage
compared to the previous one. The length of this dam-
age feature is up to 100 pm, and its width is less than
10 um as well as 14 ym thick, which is close to the
grain size of the present material.

Besides the described long cracks, the volumes con-
tain smaller cracks. The volume distributions of these
cracks are shown in Figs. 3g and 4g. It can be seen
that there is a large number of small damage features
(having volumes < 500 ym?) and very few large cracks
(having volumes of 1000-1500 ym?). As shown in
Figs. 3h and 4h, the volumes of the intermetallic parti-
cles are much smaller (having volumes of 50-200 ym?).
For the statistical analysis, only features with average
volumes larger than 1.5x1.5x1.5 yum3 have been taken
into account to avoid a bias due to noise and lamino-
graphic artifacts.

Particle crack observed at very high resolution (VHR)

The fracture of the secondary phase intermetallic par-
ticle is the second type of damage feature during shear
loading. The lengths of damaged particles range from
a few micrometers up to 10 micrometers. Thanks to
the very high-resolution (VHR, voxel size down to
48 nm) nano-laminography on the deformed sample,
the particle-related features including particle break-
ing and particle-matrix decohesion were segmented
and visualized in different views. The feature of det-
rimental flat crack was not captured in the small field
of view of VHR scan.

A damaged particle having an ellipse shape of 5
um diameter is shown in the 2D slice of Fig. 5a, b,
and a subvolume of 12.2x11.5x9.6 yum?3 is visualized in
different top views in (c) and front-top views in (d).
The particle was broken in the middle under shear.
Another particle with a similar shape and size as 5 ym
length is selected in (f) from (e) the 2D section. The
shear loading direction is illustrated in blue. The 3D
visualizations inside the subvolume as 5.8x5.8x4.0 u
m?3 present the particle damage linkage to the parti-
cle-matrix decohesion in Fig. 5g and h.
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(e) ) (9) (h)

Figure 5 Intermetallic particle damage feature of a 2D slice and and f its selected ROI with a size of 5.8x5.8x4.0 ym? from dif-
its b detailed ROI with a size of 12.2x11.5x9.6 ym? from differ- ferent views: g top and h right-top views, where the shear loading
ent views: ¢ top and d front-top views. e Two-dimensional slice direction is indicated in blue.

Two broken particles around micrometer length  of in situ data [19, 20]. Figure 6¢c and d presents the vis-
are exhibited in Fig. 6b and e. The rigid particles were ~ ualizations of the 6.4x8.2x3.4 um? sub-region includ-
likely to rotate and break into debris by the evidence = ing a particle in triangular shape of 2 ym. The particle

®) (9)

Figure 6 Intermetallic particle damage feature of a 2D slice and f its selected ROI of 6.2x5.8x3.4 um? from different views: g top
its b detailed ROI with a size of 6.4x8.2x3.4 ym? from different and h left-top views. The space between particles and voids is
views: ¢ top and d left-top views. e Two-dimensional slice and linked to segmentation uncertainties.
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fractured at the lower position under loading and the
porosity appeared as a small part of the particle was
separated. The tiny piece was torn apart before frac-
ture in (e). After the particle was broken, the cavities
probably grew under local shearing. The voids and
particle debris are visualized in Fig. 6f and g. The void
growth under shear is possible due to the rigid nature
of the particles that keep the voids open.

Microstructural origin of flat cracks studied
by SEM and EBSD

For the second ligament of the deformed specimen in
Fig. 2¢c, the surface was polished incrementally and
thereby in a destructive way until damage features
appeared for correlative SEM and EBSD observations.

Origin of the flat cracks

The size of the detrimental damage features, flat
cracks, ranges from several micrometer to 20 ym
length and was observed in the region of interest via
SEM. Since none of these cracks is linked to interme-
tallic particles, their nucleation might correspond to
grain boundaries or slip bands regarding their dimen-
sions. In order to verify the crystallographic relation-
ship, these surfaces were assessed by EBSD analyses.

Flat cracks are observed and labeled in Fig. 7. These
cracks were measured as around 10 ym in length and
less than 3 ym in opening. Each flat crack was noted
as F plus the index as illustrated.

These flat cracks are found to be located on the
grain boundaries (i.e., intergranular) in Fig. 8b and d
via EBSD. In addition to these flat cracks, several local-
ized bands in dark gray along the loading direction
are visible in the highly shear deformed region of 100
um width. The flat cracks F1, F2, F3 and F4 are exactly
situated on these strain localization bands proved
by (e) kernel average misorientation (KAM) figure.
Interestingly, the orientation of these bands changed
abruptly within the “purple” grain seen in Fig. 8b,
which proves that they are probably slip bands. The
two flat cracks named after F5 and F6 in Fig. 9 are
proved to be intergranular by EBSD as well.

Other flat cracks of similar dimensions are found
within grains as transgranular damage in Fig. 10. The
flat crack cluster is observed in Fig. 10a as F7 cluster
and other two flat cracks F8 and F9 shown in Fig. 11b.
The inverse pole figures of three different crystal
directions indicate that these linear damage features
lied both between grains of very close orientations
in three axes in (c-e), and thus, they are probably
transgranular.

The detrimental damage features, flat cracks, are
identified as half intergranular and half transgranular

(b) ©

(d)

(e)

Figure 7 Damage features of flat cracks observed by scanning electron microscopy (SEM): a four flat cracks noted as b flat crack 1

(F1), ¢ F2, d F3 and e F4 on one surface.
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Figure 8 The intergranular flat cracks in Fig. 7 via EBSD analy-
sis. Gray scale maps: image quality figures (a, ¢) and their related
color-coded maps: inverse pole figures (b, d), where (¢, d) pre-

with the information, tediously obtained in this study.
It is assumed that the flat cracks could grow and coa-
lesce to longer features up to 100 pm length as shown
by laminographic 3D imaging that led to the final
failure.

Intermetallic particle cracks
The other important damage features under shear are

the intermetallic particle cracks. Figure 12 shows the
cracks nucleated within the deformed particles of sizes

@ Springer
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sent the zoomed region of (a, b), respectively. e Kernel average
misorientation (KAM) figure of the zoomed region.

less than 10 ym X 10 ym via SEM observations. Three
ellipse-shaped intermetallic particles in Fig. 12a, b, d and
a stick-shaped one in (c) were found with cracks inside.
They probably rotated with respect to the rolling direc-
tion [20]. The crack opening orientation of four particles
is similar after rotation. As the major damage feature in
AA2024 [19] and AA2198 [20], they found the particle
failures oriented normal to the principal stress orienta-
tion. The void stays open (i.e., void locking) because the
second-phase particles are rigid. The aluminum matrix
seems to flow into the voids from both sides in Fig. 12d,
consistent with the low levels of stress triaxiality.



Figure 9 a Two flat cracks F5 and F6 on another surface where some dirts are included in the right in (c). The flat cracks are proved to

be intergranular in (b) via EBSD analysis.

Discussion

Fracture mechanism under shear
for AA2198T8R

Negligible amounts of pre-existing voids (less than
0.04% in [29]) are found in AA2198T8R. If voids are
present in the material, they were seen to elongate and
close under shear, as shown in AA2024T3 [19]. Impor-
tantly, the hydrostatic pressure as a main driving force
under shear loading is missing for void growth.

The evolution of each damage feature was illus-
trated in [20] from in situ micro-laminography for
AA2198T8R. The nucleated flat cracks grew and coa-
lesced to a longer crack, acting as a trigger for the final
macro-crack. Meanwhile, strong but brittle interme-
tallic particles rotated and then either broke or deco-
hered from the matrix, both resulting in voids in the
material. This is one of the main damage features for
AA2024T3 under shear [19]. Besides, due to a rela-
tively high pre-existing porosity (0.7%) for AA2024T3,
the deformation of the pre-existing voids was continu-
ously controlled by the matrix rotation and not prone

to any sudden event, even under large deformations.
Roth et al. [18] found that decohesion at the interface
between the particles and matrix leads to void growth
and micro-crack formation under shear for FB600
steel, whose initial porosity was also negligible down
to 0.05% as AA2198T8R in this study.

In this work, the nucleation of this detrimental flat
crack feature was studied via 3D and 2D high-resolu-
tion techniques. The observed flat cracks were proven
to originate from the grains or grain boundaries rather
than intermetallic particles. Indeed, two flat cracks
were proved to be intergranular in Figs. 8 and 9 while
another two flat cracks were found within the grains
(transgranular) in Figs. 10 and 11 via EBSD analysis.
The shear bands were found in the highly localized
region in Fig. 8¢, d, and these localized bands probably
resulted in the transgranular flat cracks. It would be
interesting to have more statistical data, but the infor-
mation is extremely hard to obtain.

Figure 13 suggests the shear damage mechanism
schematically in damage state. It schematizes the
two main features: flat cracks (green and red) and
particle cracks (yellow). The former feature is more
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Figure 10 Damage feature of transgranular flat cracks via SEM:
a a cluster of flat cracks noted as F7 cluster on surface. b The
zoomed-in region and ¢ kernel average miorientation (KAM) fig-

detrimental, which could be identified by correlative
EBSD and proved as transgranular crack (green) ini-
tiated on the localized shear bands in (a) and inter-
granular crack (red) initiated on the grain boundary
in (c). The second type of damage features, which is
the main damage feature for AA2024T3 [19] and for
FB600 steel [18], is related to secondary phase interme-
tallic particles. Two particle-related cracks are shown
in (d-e), where particles rotated and broke into debris
to open voids.

The scheme in broken state is shown in Fig. 14 from
(a) L-T and (b) L-S plane. From the fracture surface,
there are two main regions: (1) the detrimental flat
crack and particle-related crack, (2) the smooth region
with typical shear dimples in pink. The thickness (S) of
flat cracks can grow to more than 20 ym as observed in
(e) while the length (L) can be up to 100 ym in Fig. 4,
which is consistent with the grain size. The stretched
micrometer-sized dimples are found only next to flat
cracks and not found on the crack itself in (d-f). In the
flat cracks, they are even smaller nano-sized dimples.
At the high resolution down to nanometer, localized
bands are found on the side wall of flat cracks in (f).
On the bottom of the flat crack, a smooth surface with
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ure. The cluster of flat cracks are proved to be transgranular via
EBSD analysis in inverse pole figures of three d [100] e [010] f
[001] crystal directions.

the oriented and stretched feature is observed and
zoomed-in (d). The detrimental features are probably
initiated on the grain boundary or localized strain
bands. Secondly, the shear dimples were found from
sub-pum up to a few pym in length with nano-disper-
soids (white dots in (c)(g) and schematically in (b))
around 100 nm. The microscopic shear dimples might
initiate on these nano-dispersoids during final coales-
cence. This is supposedly happening during the final
unstable fracture where sub-micrometer void nuclea-
tion, growth and coalescence happen almost simulta-
neously for a very small (or even no [30]) macroscopic
machine displacement. Neither in the nano-laminog-
raphy observation nor for the SEM observation during
serial sectioning, damaged dispersoids were found.
The damage evolution was quantified as surface
void fraction in [20, 21] since the detrimental flat cracks
have a very low void volume fraction. The surface void
fraction grew steadily up to only 3% even the maxi-
mum equivalent strain reached more than 0.6. Cur-
rent models under shear-dominated loading [8, 18]
assume that shape changes of pre-existing voids or
decohesion of rigid particle rather than void nucleation
without the presence of particles (e.g., flat cracks). A
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Figure 11 Damage feature of transgranular flat cracks via SEM:
a two flat cracks named F8 and F9 (cropped in b) are proved to
be transgranular via EBSD analysis in inverse pole figures of

mechanism-based ductile model [31], which fully cou-
ples classical void growth at high stress triaxiality and
Coulomb fracture model at the slip system scale at low
stress triaxiality (shear), could be applied to predict the
proportional shear loading and even non-proportional
load path changes. A reduced texture methodology
(RTM) was used to provide computational efficiency,
and this approach involved a significant reduction of

Color Coded Map Type: Kermel Average Misorientatior]
Total  Partion
Min Max Fraction Fraction
EXo 15 0999 0999

®)

three ¢ [100] d [010] e [001] crystal directions and f kernel aver-
age misorientation (KAM) figure.

the number of representative crystallographic orienta-
tions. The damage nucleation along slip planes could
represent the observed generation of shear flat cracks.
This has been attempted in [32].

@ Springer



Figure 12 The damage
feature of intermetallic
particle cracks via SEM: a, b,
d ellipse-shaped and c stick-
shaped particles.

shear damage mechanism Intergranular

Figure 13 b A schematic Transgranular Da mage State

demonstration in damage
state with damage feature-
evidence on LT plane via
SEM observations: a, ¢ flat
cracks and d, e particle
cracks.
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Figure 14 A schematic shear damage mechanism demonstration
in broken state from a LT plane and b LS plane of EBSD grain

boundary outlines, as well as SEM fractography of a second sam-
ple: d the zoomed-in region of e a flat crack and f the zoomed-in

Conclusion

The damage nucleation under shear was studied for
an AA2198T8R alloy using a sample obtained by an
interrupted shear test and a broken sample. From

M @)

region at the border of the flat crack with no observable dimples.

¢ The zoomed-in region of (g) final coalescence zone with nano-
dispersoids.

the correlative 3D nano-laminography and destruc-
tive 2D SEM/EBSD observations, two main types of
damage features under shear were identified: grain-
related flat cracks and intermetallic particle cracks.
The former, whose direction is parallel to the loading
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direction (L), plays a major role in the final failure
[20]. The length can be up to 100 ym, and this feature
has not been observed so far in other alloys under
shear [18, 19]. Both damage features were observed
down to the nanoscale via ex situ nano-laminography
at high resolution (HR) and at very high resolution
(VHR) as well as via EBSD analysis after polishing to
study the link of the flat cracks to the granular micro-
structure. SEM fractography helped to understand
the final shear damage mechanism.

The principal conclusions can be drawn as follows:

e Two main damage features, flat cracks and
intermetallic particle cracks, were found in
AA2198T8R under shear loading. The former is
supposedly more detrimental as it covers rela-
tively large regions of the fracture surface.

e The detrimental flat cracks do not nucleate on the
intermetallic particles, and the gathered EBSD
data after successive polishing suggest that they
are both intergranular and transgranular. The flat
damage is located in the highly-deformed region
in the localized bands or grain boundaries.

e The intermetallic particles either break or deco-
here from the aluminum matrix, eventually lead-
ing to nucleation of voids and even growth, as
the stiff particles keep the voids open (i.e., void
locking).

¢ The sub-micrometer-sized shear dimples were
found in most of the smooth areas of fracture sur-
face, which might initiate on the nano-disperoids
during final coalescence associated to unstable
fracture. The fact that no damaged dispersoids
were found for the pre-strained sample suggests
that damage nucleation on dispersoids occurs at
late stages of deformation.
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Appendix
Finite element simulation

The finite element method offers the access to the stress
state (e.g., stress triaxiality). Due to geometry symmetry,
a quarter of the sample (half thickness and half width)
was meshed using quadratic hexahedral elements
(c3d8). The displacement is applied to the edges verti-
cally, which generates the shear state in the ligament
between notches. The material in this study was char-
acterized and modeled using an elasto-plastic behavior
with isotropic hardening and a yield criterion for plastic
anisotropy [23]. The simulation was performed using
the in-house finite element software Z-set [33].
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Figure 15 Stress triaxiality field in a the quarter of the geometry and b the highly-deformed region zoomed-in from the black square in

(a)

Figure 15 presents the stress triaxiality field under
shear loading when the vertical displacement is 0.3
mm. The nearly zero value between notches con-
firms the shear-dominated stress state in the highly-
deformed region as seen in (b).
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