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Effect of microstructure on fatigue crack deviation in AA2050-T84
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o Fatigue crack deviation in AA2050-T84 mostly occurs at GBs;
o GBs in T84 state are weakened by PFZ and/or solute GB segregation;

e Grains in AA2050-T84 have "layered" strained structure favourable for crack deviation inside the grains.
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ABSTRACT

Precipitation hardened AA2050 exhibits an unusual crack deviation phenomenon during fatigue
testing: when the intended crack propagation direction is not parallel to macroscopic rolling direction,
after initial propagation perpendicular to the loading direction, the crack deviates and further abnor-
mally propagates in other direction which can be parallel to the direction of applied loading. Such a
behaviour renders difficult the prediction of cracking in AA2050 and, thus, of AA2050 fatigue lifetime.
In the present work using multi-scale microstructure characterization (SEM/EBSD/EDX, transmission
electron microscopy (TEM) and atom probe tomography (APT)) of AA2050-T84 after fatigue
tests, the effect of different microstructure parameters on crack deviation is carefully investigated
keeping constant the macroscopic mechanical conditions (sample geometry, loading direction and
amplitude, frequency). The respective influence of grain structure (including that of grain boundaries),
intermetallics and precipitate-free zones is evaluated. The grain boundaries with misorientation angle
ranging from 40 to 60° are observed to be the origin of the deviation phenomenon: the principal
crack deviates at grain boundaries and further propagates along grain boundary. Numerous Fe- and
Mn-rich intermetallics found in the volume of AA2050-T84 do not represent the major cause for the
crack deviation, although, fostering it (only 25% of cracks were observed to deviate in the regions
containing the intermetallics). The cause of failure at grain boundaries was deduced from APT results
and TEM observation of precipitate free zones comparing T84 and T34 states (the latter do not reveal
the crack deviation). In addition, it was observed that because of unrecrystallized state of AA2050-
T84, the grains feature "layered" strained structure favourable to deviation inside the grains when a

critical internal misorientation is reached along the crack path.

1. Introduction

One of the biggest challenges faced by aerospace en-
gineers is designing innovative aluminium alloys which
are lighter and possess better mechanical properties than
existing alloys. The use of Al-Li system for aerostructures
provides great advantages due to their reduced density com-
pared to conventionally employed aluminium alloys. These
emerging alloys have enhanced mechanical properties such
as increased stiffness and fracture toughness, higher fatigue
crack growth resistance and corrosion resistance [1]. The
widespread interest for Al-Li alloys is driven by potential
for weight reduction by lithium addition: 1% wt. of Li leads
to 3% of alloy weight reduction and in parallel increases the
Young modulus by 6% [2]. However, Al-Li alloys exhibit an
unusual failure mode which still limits their use in aerospace
industry [3-6].

Different parts of aeronautic structures are subjected to
repetitive loadings due to, for example, successive take-offs
and landings. It can lead to rupture by fatigue. The first stages
of fatigue crack initiation and micro-propagation are still not
well understood although they represent an important part of
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the service lifetime of the parts. In Al-Li alloys, during crack
propagation under fatigue conditions in the direction which
is not parallel to the rolling direction and perpendicular to the
applied force (mode I), the crack deviates and might prop-
agate along the direction of the applied force [7, 8]. Such a
phenomenon in AA2050-T8 was naturally and almost exclu-
sively studied using a mechanical approach. Nevertheless,
the multiscale character of aluminium alloys microstructure
might have a direct effect on the origin of crack deviation.
However, very few data on microstructure influence on crack
deviation in aluminium alloys are available in the literature.

First, the impact of hardening phases on fatigue crack
deviation phenomenon relies on the nature of precipitates,
being either shearable or not shearable by dislocations. It
is admitted that shearable precipitates do not disturb planar
dislocation glide and, hence, should not impact the crack
propagation direction [9]. On the contrary, in the case of non-
shearable precipitates, cross slip can occur which might lead
to further crack deviation [10, 11]. AA2050-T8 is mostly
hardened by T;-Al,CuLi [12] phase which can be both
sheared and bypassed [13—17]. The presence of hardening
phases is usually accompanied by the formation of precip-
itate free zones (PFZ) close to high angle grain boundaries
due to solute consumption in the adjacent bulk areas required
for precipitate formation at grain boundaries [18, 19]. The
width of the PFZ, whose formation is diffusion controlled,
depends on temperature, time and alloy composition [20].
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Crack deviation in AA2050-T84

.(I:-E:::iial composition (wt. % and at. %) of AA2050 used for the present study.

Elements Cu Li Mg Ag Zr Zn Si Fe Ti Al
wt. % 3.2-39 0.7-1.3 0.2-0.6 0.2-0.7 0.06-0.14 <0.25 <0.08 <0.1 <0.1 bal.
at. % 1.4-1.7 2.7-5.0 0.2-0.7 0.05-0.17 0.02-0.04 <0.1 <0.07 <0.05 <0.06 bal.

Such PFZ were shown to decrease the performances of
AA6165-T6 (Al-Si-Mg-Cu) during tensile tests [21]. More-
over, the toughness was decreased as well in the presence
of PFZ due to crack propagation along grain boundaries.
It can thus be expected that PFZ have an effect on fatigue
crack deviation. Second, even for the alloy with shearable
precipitates, fatigue crack deviation can be observed due
to different grain crystal orientation (no crystal texture).
In Al-Li alloys, cracks usually follow {111} dislocation
slip planes and, in the case of non textured materials, the
crack will naturally change the propagation direction at grain
boundaries moving from grain to grain [9, 10, 22]. Finally,
Al alloys can contain several (often harmful) intermetallic
inclusions due to presence of impurities, like Fe. They are
formed during processing and are not eliminated during the
final heat treatment. These inclusions can reach the size
of several microns and often be grouped and aligned with
the rolling direction [23]. They can be the site for fatigue
crack initiation leading to rupture [24]. However, the effect
of the intermetallic inclusions on crack deviation is not
investigated in detail.

Therefore, the aim of the present work was to evaluate
the respective role of different microstructure features on
crack deviation in AA2050-T84 under the same fatigue crack
propagation conditions (same charge, amplitude and charged
direction) and for a given microstructure (the mechanical
behaviour is not reported).

2. Material and Methods

The studied AA2050 was produced by Constellium and
supplied as 100 mm-thick sheets in overaged T84 state. The
chemical composition is given in Table 1 in wt. % as well
as in at. % for the sake of simplicity. The Young’s modulus,
yield and ultimate tensile strength at room temperature were
77 GPa, 495 and 522 MPa, respectively.

Fatigue tests were carried out in lab air using compact
tension (CT) samples with a thickness of 10 mm, machined
at the quarter thickness of the initial sheet. The maximum
force of 6 kN with R=0.1 was applied along the rolling
direction (RD) and the crack was intended to grow along the
normal direction (ND) to the RD-TD rolling plane (TD is the
transverse direction)) (Figure 1). A particular attention has
been paid to the location of CT-samples machining to have
exactly the same residual stresses for every used sample, as
it can affect crack propagation phenomenon [25].

After fatigue tests performed until sample failure, multi-
scale microstructure characterization was carried out. Grain
structure was analyzed using scanning electron microscopy

- microstructure
_at crack deviation

Figure 1: CT sample after fatigue test which led to crack
deviation. Different areas used to machine samples for mi-
crostructure analysis are indicated.

(SEM) S-FEG FEI Nova NanoSEM 450 and electron backscat-
ter diffraction (EBSD) using an acceleration voltage of
20 kV. The intermetallic inclusions were observed using
the backscatter electrons (BSE) mode and their composition
was evaluated by electron dispersive spectroscopy (EDS).
The samples were prepared by standard metallographic
procedure which consisted in machining in different CT
sample areas (Figure 1), nickel electrodeposition to protect
the fractured surface, embedding in resin, grinding and
polishing. For EBSD analyses, the samples were additionally
polished during 24 h using vibrating polisher and colloidal
silica. The obtained EBSD maps were analyzed with OIM
7.0 software taking 5° as a cut-off value to distinguish two
adjacent grains [26, 27]. As the grains are large (as will be
shown later), their size was measured using index quality
(IQ) maps superposed with grain boundary (GB) maps from
EBSD and applying the intercept method. The "strain" state
was analyzed using both grain orientation spread (GOS)
and Kernel Average Misorientation (KAM) criteria [26, 28].
Grains with a GOS value less than 2° were considered as
not strained, since only conventional (not high resolved)
EBSD analyses were carried out [29]. The microstructure
observation at the nanoscale level was performed using FEI
Tecnai F20-ST transmission electron microscope (TEM)
operating at 200 kV. To prepare TEM thin foils, cylinders of
3 mm in diameter were first obtained by electron discharge
machining (EDM) (Figure 1). Second, 300 pm-thick discs
were cut and further mechanically thinned down to about
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100 um. The final step consisted in electrochemical jet
polishing in a mixture of nitric acid and methanol (1:3) at
-30 °C using a voltage of 9 V.

To investigate the chemical composition of grain bound-
aries, atom probe tomography (APT) was chosen as it gives
access to the 3D solute distribution with a nearly atomic
scale resolution. APT relies on the field evaporation of
atoms located on the surface of a needle-shaped speci-
men exhibiting a radius of curvature less than 100 nm.
A site-specific lift-out procedure was applied to prepare
APT specimens using a ThermoFisher, Dual Beam Helios
G4 Cxe plasma focused ion beam scanning electron mi-
croscope (PFIB/SEM, Leibniz-Institut fiir Werkstofforien-
tierte Technologien - IWT, Bremen, Germany). The wedge
was extracted from a region containing a grain boundary,
mounted onto standard Si micro-post coupons from Cameca
Instruments and cut into individual mounts. The latter were
sharpened using a low acceleration voltage of 8 kV and
a decreasing current ranging from 1 nA to 10 pA. The
last cleaning step was applied at 5 kV and 10 pA in order
to remove the contaminated top layer of the thin needle-
shaped specimen. During the PFIB-milling and sharpening,
transmission Kikuchi diffraction (TKD) measurements were
performed iteratively in order to trace the grain boundary
within the specimen and adjust the annular milling pat-
terns in such a way that the grain boundary is preserved
from being milled by the focused Xe-plasma ion beam. The
needle-shaped specimens were analyzed by a LEAP 5000XR
APT (Leibniz-Institut fiir Werkstofforientierte Technologien
- IWT, Bremen, Germany), using the voltage pulsing mode,
at 50 K, a detection rate of 0.5 % (0.005 detected ions per
pulse), with a high voltage pulse amplitude of 15% of the
DC voltage applied to the specimen and a pulse repetition
rate of 125 kHz. The obtained volumes were reconstructed
and processed using the commercial Cameca’s APSuite (6.1)
software, using standard algorithms as described in [30—
32]. The measured composition of Al-Li and Al-Mg based
alloys by APT is known to be affected by the temperature
and the pulse fraction due to preferential evaporation [33],
especially when the laser-pulsing mode is used. In this work,
only the high-voltage mode was employed to ensure the
reliability of the results, and great care was taken in the
choice of the analysis parameters described above, in line
with [33].

3. Results

To get insight into the effect of microstructure on crack
deviation in AA2050-T84, first, a multiscale characterization
of the as-received T84 state was carried out.

3.1. AA2050-T84 in as-received state

The CT samples for crack propagation tests were ma-
chined from the 100 mm-thick sheets of AA2050-T84 after
all processing steps, including rolling. First, to characterize
the microstructure corresponding to the as-received state,
the grain structure, as well as the intermetallic inclusions,
were investigated along different planes in relation to RD, far

<001> <101>

Figure 2: Pseudo-3D grain orientation map obtained by EBSD
for AA2050-T84 in as-received state. Each colour gives the
orientation in the normal direction of respective plane.

from the crack growth region (see Figure 1 for the location
of machined samples).

3.1.1. Grain structure

The grain structure was essentially characterized using
EBSD which gives access to grain size and morphology,
crystal texture as well as the residual deformation state inside
the grains in the form of lattice curvature [28]. A pseudo-
3D orientation map of grains in AA2050-T84 is shown
in Figure 2, where each color gives the orientation in the
normal direction of the respective plane. One can clearly see
that the grain morphology and the orientation are different
in different planes. The grain size was carefully measured
along the three main planes using the intercept method and
the maximum, minimum, mean values together with the
standard deviation (std) were obtained along different direc-
tions. To characterize the grain size anisotropy, the aspect
ratios (ratio of the mean grain size along the two principal
perpendicular directions for a given plane) were calculated.
The results are reported in Table 2. One can see that the
mean grain size varies from about 30 to about 300 pm and
the grains are extremely elongated along RD in the RD-ND
plane, with an aspect ratio of 10. It is worth reminding that
ND was chosen as the initial crack propagation direction,
with the load applied in the direction parallel to RD.

A more detailed EBSD analysis of the microstructure in
the RD-ND plane is given in Figure 3, where the orientation
map together with GB, GOS and KAM maps are shown.
The variation of crystal orientation for a given grain can be
observed in the orientation map (Figure 3a). It suggests the
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Figure 3: Microstructure analysis of AA2050-T84 using EBSD in RD-ND plane: (a) orientation map according to normal direction
to RD-ND plane, (b) GB map superposed with index quality (IQ), (c¢) GOS map and (d) KAM map.

Table 2
Grain size (pm) in AA2050-T84 in different planes relative to
rolling direction (RD).

Plane TD-RD TD-ND RD-ND
Direction TD RD TD ND RD ND
Mean 67 213 106 26 289 28
Maximum 74 250 144 32 373 31
Minimum 56 167 89 23 207 25
Std 8 24 20 3 56 2
Aspect ratio 3 4 10

presence of some residual strain in AA2050-T84 in the as-
received state (after all the processing steps). The GB map
reveals a number of sub-grain boundaries, mostly situated
close to high-angle GBs (Figure 3b). A more detailed analy-
sis using GOS and KAM maps (Figure 3c and d), reveals
a very strained state of grains with 70% of grains having
interior misorientation between 5 and 15° which is more
or less homogeneously distributed. Only a very low portion
of grains and regions appear as not strained, with a GOS
value less than 2°) and a KAM value close to 0 respectively.
These results clearly indicate the non-recrystallized state of
AA2050-T84.

3.1.2. Intermetallic inclusions
As many aluminium-based alloys, AA2050 contains in-
clusions of intermetallic phases inherited from the alloy

processing, which cannot be dissolved during the solutioning
treatment. An exhaustive study of their morphology, size and
spatial distribution was carried out by Nizery et al. using 3D
X-ray tomography [23]. According to these results, AA2050
contains only Al-Cu—Fe—Mn intermetallic compounds, with
the largest size along RD that can reach several tens of
microns.

A micrograph showing typical inclusions of intermetal-
lic phases in the studied AA2050-T84 is shown in Figure 4.
According to EDS analyses, they can be divided into two
groups: Fe-rich and Mn-rich. The former seems to corre-
spond to the Al;Cu, (Fe,Mn) phase often found in aluminium
based alloys [34, 35] and to be significantly larger than
Mn-rich intermetallics. Fe-rich intermetallic particles were
observed as packets and were cracked during the processing
along the direction perpendicular to RD [23] while Mn-rich
intermetallic particles were mostly aligned along RD.

3.1.3. Hardening precipitates and PFZ

AA2050 was subjected to an ageing treatment to induce
precipitation hardening and thereby obtain the T84 state.
After ageing, the alloy should mostly contain T,-Al,CuLi
second phase precipitates, which are known to be both
sheared and bypassed by dislocations. These precipitates
are formed as platelets in {111} planes of the aluminium
matrix. Despite their small size (which was evaluated to
be of 150 nm in diameter), these precipitates could be first
observed using SEM (Figure 5a). One can see both well

V.A. Esin et al.: Preprint submitted to Elsevier

Page 4 of 15



Crack deviation in AA2050-T84

Mn-rich -

Figure 4: Inclusions of intermetallic phases in AA2050-T84 as
observed by SEM/BSE in RD-ND plane.

organized bulk precipitates, together with continuous chains
of GB precipitates. The advantage of SEM observations
lies in the high number of grains and GBs that could be
analyzed. More detailed analyses using TEM revealed that
even several sub-grain boundaries constitute precipitation
sites for the T, phase, which can clearly follow sub-grain
boundary steps (Figure 5b). The correlation between the pre-
cipitation at sub-grain boundaries and their properties, e.g.
misorientation angle and thus energy, could not be clearly
established. It is worth noting that, due to increased grain
size in the studied AA2050 (Table 2), only very few GBs
were contained in each TEM sample. Nevertheless, PFZ
were systematically observed close to GBs. These PFZs, as
compared to other aluminium based alloys, could be ob-
served on one side of the GB and exhibited an uncommonly
low width of 40 nm (Figure 5c), without shedding any doubt
on their presence. However, a recent work by Mansouri
Arani et al. showed that strain localization is observed even
for such narrow PFZ [36].

3.2. Microstructure at crack deviation

To carry out post-mortem studies of the effect of mi-
crostructure on crack deviation, a specific experimental pro-
cedure was established for the microstructure characteriza-
tion in the region where the crack deviation takes place.

3.2.1. Fractographic observations

First, the fracture surface was observed at low magni-
fication (Figure 6). The surface is rather smooth close to
the notch and becomes wavier towards the crack deviation.
To get insight into the crack propagation and deviation phe-
nomena, SEM observations using SE and BSE regimes (to
reveal the presence of intermetallic compounds) were done
in different regions of the fracture surface. Close to the notch,
the surface is almost flat, with some classic fatigue strips
and very few intermetallic inclusions (Figure 7a). When
approaching the crack deviation, in agreement with Figure 6,
the surface becomes wavy and more intermetallic particles
can be observed. Moreover, micro-cracks can be clearly seen
whose number, length and opening seem to increase when
moving closer to the crack deviation (Figure 7b and c). Such

micro-cracks were observed as well during fatigue load of
AA2090 (Al-Cu-Li family) [3]. For the present AA2050-
T84, these cracks can be associated with the intermetallic
inclusions, as shown in Figure 7b, but also be situated or
developed in the regions without intermetallic particles.
Such an increase in the number of intermetallic inclusions
onto the fracture surface when moving from the notch to
the crack deviation, as well as the micro-cracks associated
to these inclusions, might suggest an important role of
intermetallic inclusions in the crack propagation mechanism
and, therefore, crack deviation in AA2050-T84.

From the fracture surface observation, one can conclude
that the principal crack deviation, leading to sample rupture,
is preceded by a number of micro-cracks formed along the
direction perpendicular to that of the initial crack propaga-
tion, and then propagated along the same direction as the
principal crack deviation. It is thus reasonable to assume
that the reasons for the crack deviation "location" (i.e. the
distance from the notch) is mainly defined by mechanics
while the microstructure features responsible for crack de-
viation should be the same for micro-cracks and for the
principal crack. Accordingly, a deep microstructure analysis
was performed in the regions close to micro-cracks in order
to look for the common microstructure parameters. Such
postmortem analyses are not straightforward in the region
of the main deviation, since a number of artifacts can be
induced during the sample preparation of fracture surfaces
of the initial CT sample. Interrupted crack propagation tests
could not be carried out in the present work. Therefore, the
effect of microstructure on crack deviation in AA2050-T84
was further mainly studied using 2D observations performed
using the samples prepared, according to the scheme shown
in Figure 8. To get more insight into the 3D character of the
studied phenomenon, a high number of 2D observations was
done to increase statistics.

3.2.2. Effect of intermetallics

As it was shown before, Fe- and Mn-rich intermetallic
inclusions were observed in AA2050-T84: they are aligned
along RD over several hundreds of microns (Figure 4). To
study the role of intermetallic inclusions in crack deviation,
a number of observations was carried out in the RD-ND
plane on samples prepared according to Figure 8. Since the
studied phenomena is in 3D, at least 30 micro-cracks in 2D
micrographs were observed, to be able to draw reliable con-
clusions. The zone of the initial crack propagation is situated
at the bottom part of the micrographs presented in Figure 9.
The thick bright layer in the bottom part corresponds to the
nickel coating deposited to protect the crack propagation
surface during sample preparation, as explained in Material
and Methods section. As the intermetallic inclusions and the
nickel layer have a very close contrast in SEM/BSE regime,
EDS measurements were systematically carried out to dis-
tinguish between the intermetallic inclusions and the nickel
layer, thereby avoiding misinterpretation of experimental
results. Such observations using SEM revealed that in about
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Figure 5: Observation of hardening precipitation of T,-Al,CuLi phase in AA2050-T84: a) precipitates in grains and at GB observed
using SEM, b) sub-grain boundary precipitates observed using TEM (zone axis close to <101>) and c) GB precipitates and PFZ

observed using TEM.

Crack deviation

Notch

~ facies facies
Figure 6: Fracture surface after fatigue crack propagation test
which led to crack deviation.

75% of cases, the micro-cracks were formed far from inter-
metallic inclusions (Figure 9a). Moreover, the alignments of
these intermetallic inclusions could be completely "ignored"
by micro-cracks in several cases (Figure 9b). For 25% of
observed micro-cracks, they were formed along the inter-
metallic inclusions aligned with RD, as shown in Figure9c.
Therefore, one can conclude that the intermetallic inclusions
are not the main initiation site of the crack deviation in
AA2050, although they can contribute to the phenomenon.

3.2.3. Effect of grain structure

According to the microstructure analysis of AA2050-
T84 in the as-received state, the grain structure is very
anisotropic, the largest grain size of about 400 um was ob-
served along RD and the grains were remarkably elongated
in the RD-ND plane, as compared to other planes (Table 2).
Such a grain structure anisotropy is expected to have an
effect on the crack growth during the fatigue test and further
crack deviation. Grain structure in the RD-ND plane of inter-
est in the CT sample areas containing micro-cracks was ac-
curately investigated using EBSD after the crack propagation
test has been finished, and the sample fractured. The same
sample preparation methodology, as described in Figure 8
for investigation of intermetallic inclusions, was applied for
2D observations using EBSD. Once again, due to the 3D
character of the studied phenomena, a number of EBSD

acquisitions was carried out at both CT sample surface and
at mid-thickness, allowing for general conclusions.

First, all the micro-cracks were observed to propagate
along GBs for depths in the vicinity of the initial crack
propagation path (which corresponds to the first moments
of micro-cracks formation) at both mid-thickness and CT
sample surface (Figure 10). Therefore, GBs seem to be the
preferential micro-crack initiation site and might be the ori-
gin of the final crack deviation. One can observe as well that,
after propagation along GBs, the micro-cracks can deviate,
propagate perpendicularly to the initial GB until reaching the
neighboring GB and deviate again, forming a step-like prop-
agation path at both mid-thickness and CT sample surface.
It is thus concluded that the same microstructure features
govern crack propagation and deviation at mid-thickness and
CT sample surface. The discussion can henceforth be limited
to the phenomena observed at the CT sample surface.

A more detailed analysis of micro-cracks gives insight
into microstructure parameters which can lead to their devi-
ation and, therefore, the deviation of the main initial crack.
One can see that the micro-crack on the right-hand side in
Figure 10b initiates at a GB, then propagates along RD,
changes its propagation direction and, finally, reaches again
the same GB. The micro-crack on the left-hand side in
Figure 10b has a more complex step-like propagation path
with two "steps". Further EBSD analyses, performed with
an acquisition step of 200 nm (much finer than 1.5 um used
to obtain Figure 10) were carried out in the regions where
the two steps (or deviations) were observed. The orientation
maps together with the GB misorientation angle maps are
shown in Figure 11.

One can notice that the "upper" deviation is preceded by
micro-crack propagation along GBs parallel to RD, then the
micro-crack propagation changes and follows the trajectory
almost parallel to ND and then, perpendicular to the initial
propagation path (Figure 11a). A sawtooth morphology of
crack propagation path can be seen, which seems much more
pronounced for the lower part of the micro-crack fracture
surface. Finally, the micro-crack reaches the neighboring
GB, deviates and propagates along GB parallel to RD.
Over the course of the micro-crack propagation along a GB
parallel to RD, a second "step" is observed (Figure 11b). The
crack deviates in a direction between ND and RD showing
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Figure 7: Fracture surface observation using SEM/BSE in different regions: a) close to the notch, b) close to crack deviation and

c) at crack deviation.

Main crack propagation direction

Main deviation

slice i | femrcececeeceeees

Micro-cracks Main crack deviation

leading to failure

Figure 8: Scheme for sample preparation for 2D microstructure
characterization in the areas close to micro-cracks.

a sawtooth morphology (once again much more pronounced
for a lower fracture surface) before deviating again and con-
tinuing along RD; the last deviation does clearly not occur at
GB. Moreover, the micro-crack deviation is not affected by
the presence of intermetallic inclusions, indicated by black
arrow in Figure 11b, suggesting their secondary effect on
crack deviation in AA2050-T84. It is thus concluded that
despite the initial GB propagation along RD, the micro-crack
can deviate several times.

Figures 1lc and d represent GB misorientation angle
superimposed with IQ maps for the same areas shown in
Figures 11la and b, respectively. The "upper" micro-crack
deviation occurs in the grain with a lot of sub-grain bound-
aries due to the non recrystallized state of AA2050-T84 (Fig-
ures 11c). However, the "lower" deviation is observed in
a grain with no sub-structure (Figures 11d). Therefore,
sub-grains and sub-grain boundaries, formed during the
processing and further heat treatment, do not seem to be
the origin of crack deviation phenomena in AA2050-T84. It
should be mentioned however that such a conclusion might
be mitigated by 3D effects.

4. Discussion

The fatigue crack growth tests of AA2050-T84 carried
out in the present work in RD-ND configuration (where
RD is parallel to the load direction and ND is parallel to
initial crack propagation direction) led to crack deviation
always observed along RD. The results obtained in this work
reveal the critical role of GBs in crack deviation. The initial
crack meets a GB every 25 pm along ND, whereas much
less often along RD (every 289 um) (see Table 2). It is

worth noting that the crack propagation tests carried out
with AA2050-T84 where the initial crack propagation was
parallel to RD (which corresponds to elongation direction
of grains (Figure 2)) did not lead to crack deviation [7, 8]
which agrees with the conclusion on the importance of GBs
on crack deviation phenomena in AA2050-T84. The inter-
metallic inclusions seem to contribute to the crack deviation
but they are not essential to induce the phenomenon, since
only % of observed micro-cracks paths were associated to the
inclusions of intermetallic compounds (Figure 9). However,
even though a micro-crack can grow along GBs parallel to
RD, it can further deviate several times forming a "step-
like" propagation path (Figure 11a and b). The reasons for
such a deviation have to be carefully examined since they
can reveal the mechanisms on micro-scale level of the initial
crack deviation leading to the CT sample rupture.

4.1. GB misorientation angle

First, the GB misorientation angle was analyzed in the
region of occurrence of micro-cracks with help of the OIM
7.0 software. The two micro-cracks observed in Figure 10a
initiate at GBs with a misorientation angle of 47 (on the left-
hand side) and 52° (on the right-hand side), respectively.
For the micro-crack observed on the right-hand side in
Figure 10b, this angle is of 38°; the micro-crack observed on
the left-hand side initiates at one GB and almost immediately
deviates to propagate along another GB. The misorientation
angles for these GBs are 59 and 52°, respectively. Therefore,
it seems that micro-cracks (and the deviation of the main
initial crack) take place at general high-angle GBs with
misorientation angle ranging from 40 to 60°.

4.2. Mean grain and local misorientation

The as-received T84 state of AA2050 indicates that the
alloy was strained during the processing: first, after the
homogenization treatment and quenching and, second, after
ageing to peak hardness. Such a quite complex processing
route resulted in a non-recrystallized state of AA2050-T84
where the grains were observed to have more or less pro-
nounced internal misorientation (Figure 3). The effect of
such grains on micro-crack initiation was investigated using
GOS maps for regions in Figure 10 where the micro-cracks
were observed. The grains with a GOS value less than 2°
were considered as not having internal misorientation [26,
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Figure 9: Effect of intermetallic inclusions on micro-crack formation during crack propagation test of AA2050-T84: a) micro-crack
formed far from intermetallics (for 75% of the micro-cracks observed), b) no micro-cracks formed despite intermetallics alignments
and c) micro-cracks formed along intermetallics alignment (for 25% of the micro-cracks observed). A thick bright layer in the
bottom part of micrographs corresponds to nickel coating used to protect initial crack propagation surface. The micrographs were
obtained with the same magnification and in the same RD-ND plane.

main crack deviation
main crack deviation

<001> <101> <001> <101>

Figure 10: Orientation maps in TD for the same CT sample
after crack propagation test: a) at mid-thickness and b)
close to sample surface. The micro-cracks initiation sites are
indicated by white arrows, the main crack propagation and
deviation direction are also shown (the upper ("black") parts of
the figures correspond to the fracture surface of the samples).

29]. GOS maps shown in Figure 12a and c for the micro-
cracks presented in Figure 10 indicate that the micro-cracks
can initiate and propagate between the grains exhibiting
similar GOS values: between 2 and 5° in Figure 12c. The
micro-crack on the right-hand side in Figure 12a initiates
between the grains with different GOS values. For the micro-
crack on the left-hand side in Figure 12a, the initiation
takes place between "highly strained" grains (with increased
similar GOS values from 5 to 15°), then the micro-crack
propagates between grains with different GOS values and

TD
<001> <101>

Figure 11: EBSD analysis with acquisition step of 200 nm
in the two regions of micro-crack deviation observed in
Figure 10b. Orientation maps in TD for a) "upper" deviation
and b) "below" deviation and c) and d) corresponding GB
misorientation angle superposed with IQ maps.

finally between the grains with the same low GOS value
from 2 to 5°. Therefore, no clear correlation between micro-
crack initiation at GBs and internal misorientation of the
adjacent grains can be observed.

The strain-induced local misorientation can be investi-
gated using KAM maps which are often related to the so
called geometrically necessary dislocations (GND) [27, 37—
41]. While GOS criterion is a grain property, KAM gives
information in a localized area inside the grain [28]. KAM
maps considering the first neighbor and a cut-off value of
5° were obtained for the areas for which orientation and
GOS maps were already discussed (Figure 12b and d). The
micro-cracks turn out to initiate in both high KAM value
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(thus, of higher dislocation density) and low KAM value
regions. Therefore, no correlation with local misorientation
and micro-crack initiation at GBs and propagation can be
unambiguously established.
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Figure 12: Strain analysis using EBSD in the areas where the
micro-cracks were observed to initiate and propagate: a) GOS
and b) KAM maps for the area analysed in Figure 10a and c)
GOS and d) KAM maps for the area analysed in Figure 10d.
The micro-cracks initiation sites are indicated by white arrows,
the main crack propagation and deviation direction are also
shown.

4.3. Intragranular misorientation

The orientation map obtained with an acquisition step of
200 nm shown in Figure 11b reveals a continuous variation
of crystal orientation inside the same grain, associated to
the non-recrystallized state of AA2050-T84. To understand
the physical reasons for the micro-crack deviation (and thus
for the main initial crack), the evolution of intragranular
orientation was investigated along the crack propagation
path. For this, the orientation maps for the same analysis
area were determined along the direction parallel to RD
(which corresponds to micro-crack propagation along GB,
Figure 13a) and along the direction parallel to ND (which
corresponds to micro-crack propagation after deviation, Fig-
ure 13c); the orientation map in Figure 11b is plotted ac-
cording to TD. Several orientation profiles were plotted as
well for both orientation maps (Figure 13b and d). These
orientation profiles give the misorientation of the given pixel
as compared to the first pixel in the profile.

When analyzing the orientation evolution along RD (Fig-
ure 13a and b), one can see that it continuously increases
from the first analyzed pixel towards the area where the
micro-crack deviation takes place (profiles 1-3 in Fig-
ure 13b). These observations suggest that the crack deviation
occurs when a critical misorientation in the same grain is
progressively reached. According to the results obtained
along RD, it can be estimated to be close to 5°. The
orientation map of the same area, plotted along ND, clearly
reveals layered-like crystal structure of the grain: an increase
in the misorientation is continuously observed from one GB
to another along ND, but the grain is composed of layers of
almost constant crystal orientations (Figure 13c and d). As
for the crack propagation along RD, it seems that a critical
misorientation value exists, leading to crack deviation. For
ND, according to the profile 3 in Figure 13d, it is close to 8°.
It is worth noting that the crystal misorientation along ND
(propagation direction of the initial crack) can reach 15° (!)
inside the same grain (profile 4 in Figure 13d) which is quite
a high value. Such intragranular evolution of crystal orien-
tation has a direct impact on the mechanical response: the
crack, when propagating along ND, experiences a different
mechanical behaviour of the grain due to the evolution, for
example, of slip plane orientation. The critical effect of the
intragranular misorientation along ND is emphasized by the
second micro-crack deviation in Figure 13c observed before
the micro-crack reached the GB. Interestingly, the sawtooth-
like character of micro-crack propagation seems to correlate
with the crystal structure of the grain. It is worth noting
that the edges of the "sawteeth" correspond to traces of the
{111} aluminium crystal planes, which are the dislocation
slip planes in fcc metals.

4.4. Grain boundary brittleness

It seems that GBs represent weakened areas for the crack
propagation in AA2050-T84 since the crack systematically
deviates at GB (like it was observed for AA2297 [1] and
other Al-Li alloys [3]). To get insight into the crack deviation
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Figure 13: Orientations maps for the region of micro-crack propagation analysed in Figure 10a plotted a) in RD, b) in ND with
corresponding c) and d) orientation profiles which give the misorientation of the given pixel as compared to the first pixel in the

profile.

Figure 14: Grain structure analysis in AA2050-T34 using EBSD: a) orientation map in TD and b) corresponding GOS map.

phenomenon, the AA2050-T34, exhibiting a different mi-
crostructure, was produced and tested under the same fatigue
crack growth conditions as previously applied for the T84
state. Indeed, this paper focuses on the lone effect of the
microstructure on crack propagation and its mechanics is
beyond the scope of the current work. Fatigue tests of the
AA2050-T34 sample did not reveal crack deviation, contrary
to the AA2050-T84 sample. First, T34 and T84 states differ
in terms of yield stress, as the former did not undergo ageing,
directly related to the microstructure. As discussed previ-
ously, AA2050-T84 exhibits hardening precipitates corre-
sponding to the T phase, GBs with precipitates and thin PFZ
close to GBs (Figure 5). In the same way, the microstructure
of AA2050-T34 was characterized using EBSD and TEM.
EBSD analyses revealed no significant difference of the
grain structure in terms of morphology and size (Figure 14a
and Table 3). Moreover, T34 and T84 states have a very
similar strain state, according to GOS criteria (Figure 14b).
Therefore, the difference in crack propagation behaviour
between the T34 and T84 states of AA2050 should be
explained by other parameters. TEM investigations using
selected area electron diffraction (SAED) show that no T

Table 3
Grain size (pm) in AA2050-T34 in different planes relative to
rolling direction (RD).

Plane TD-RD TD-ND RD-ND
Direction TD RD TD ND RD ND
Mean 85 253 106 28 301 35
Std 18 45 9 1 62 2
Aspect ratio 3 4 9

second phase precipitate is present in the T34 state (Fig-
ure 15). GB crosses the view field and can be observed due
to darker contrast as compared to adjacent grains. Quasi-
spherical particles observed in Figure 15 were identified
as dispersoids (formed during the processing and present
in T84 state as well) with a particular role to limit grain
growth during the processing and further heat treatment.
GBs are free of precipitates and therefore no PFZ is observed
either (Figure 15). The existence of the PFZ was suggested
to lead to crack formation and propagation in GB containing
areas of AA6165 [21]. Therefore, this mechanism can be
excluded in the case of the T34 state.
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125 nm’

Figure 15: Observation of AA2050-T34 microstructure using
bright field analysis in TEM in GB containing area.

On the other hand, GB brittleness can be also dependent
on their own composition, as a number of segregating
solutes are known to induce alloys embrittlement. Increased
solute segregation in AA2050-T84 can be indeed expected
as compared to AA2050-T34, since the ageing treatment
carried out to obtain peak hardness might be favorable to
GB segregation. To measure the local enrichment in solutes
within and in the vicinity of GBs in the T34 and T84
samples, APT was employed, as it gives unique insights into
the composition of microstructural defects, when the latter
are chemically different.

As described in the Material and Methods section, TKD
measurements were performed iteratively with the sharpen-
ing steps of APT samples in order to guarantee the presence
of the targeted GBs within the final needle-shaped speci-
mens. Figure 16 shows the obtained inverse pole figure (IPF)
maps overlaid with the image quality (IQ) maps for both
the T34 (Figure 16a) and the T84 (Figure 16b) states. The
TKD maps reported here were obtained at an intermediate
step of the FIB sharpening, as the number of the transmitted
electrons onto the diffraction camera screen, i.e. the signal,
decreases as the specimen gets thinner.

Figure 17a shows the distribution of Cu, Li, Mg and
Ag in the 3D reconstructed volume of the T34 state. These
3D maps illustrate Cu, Mg and Ag enrichment at the GB
positioned edge on. A closer analysis has been carried out
on the GB and its surrounding to understand the distribution
of Li. The signature of the GB going through the specimen
(indicated with the red arrows in Figure 17b) can be clearly
seen on the detector multiple hit map presented (top), ob-
tained for the whole analyzed volume and in agreement with
the IPF map presented in Figure 16a. The single hit map
(Figure 17b, bottom), where the crystallographic directions
(poles) are readily identifiable, shows the presence of a
pole next to the GB, as encircled in white and black. This
pole is associated with the Cu-rich line going along the
needle-shaped specimen and the depletion in Li along this
same direction (Figure 17c and d). Solute enrichment or
depletion at crystallographic poles observed by APT is a

@ T34 (©) T84

]:PF_Z 111
e Gl
o G2
001 101 001 101

Figure 16: Inverse pole figure (IPF) crystal direction maps
overlaid with image quality (IQ) maps, displaying the high-
angle grain boundaries obtained by FIB/TKD in (a) the T34
state and (b) the T84 state.

well-known phenomenon resulting from the ion trajecto-
ries aberrations inherent to crystalline materials subjected
to field evaporation [42-44], and corresponding to the
deviation of atoms on the edge of the terraces forming a
pole [45]. Correspondingly, the slight decrease in Li content
observed on the left side of the GB (Figure 17a and on
the one-dimensional composition profile in Figure 17e) is
only due to the aberrations inherent to the physics of the
field evaporation process and should not be interpreted as
reflecting the actual Li distribution in the material of interest.
Figure 17e demonstrates that the Li content is different from
one grain to another, going from approximately 2.5 at. %
on the left side of the GB to approximately 1 at. % on
the right side of the GB. As the current work focuses on
solute segregation on GBs, Li distribution at the mesoscopic
scale is beyond the scope of the present paper. Interestingly,
Figure 17e and corresponding values reported in Table 4
also reveal that, already at the T34 state, the GB is slightly
enriched in Li, Cu and Mg with contents reaching 3.3 +
0.093, 2.3 +0.073 and 1.4 + 0.061 at. % respectively.

The same protocole has been applied to the APT analysis
of the T84 state sample, in order to determine the chemical
composition of the GBs after overageing (in the GB areas
free from the precipitates of T; phase). The results are shown
in Figure 18, where the distribution of Cu, Li, Mg and Ag
(as depicted in Figure 18a) show a strong enrichment in Cu,
Mg and Ag. Here again, the behaviour of Li requires more
investigation to be understood.

First, the iso-concentration surfaces within the GB are
reported in Figure 18b, from an edge-on view on the left
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Figure 17: Results of APT analysis of GB composition in
AA2050 in T34 state: (a) 3D distribution maps of Cu, Li,
Mg and Ag atoms; (b) detector multiple (top) and single
(bottom) hit maps obtained over the whole volume of analysis.
Distribution of Cu atoms overlaid with the iso-concentration
surfaces of Cu and Li, viewed (c) from the top and (d) rotated
by 90° to show the grain boundary edge-on and the region
of interest used to calculate the one-dimensional composition
profile in (e).

side and from the perspective of the GB normal (in-plane
view) for the Zn, Ag, Mg, Li and Cu. The calculation of
these iso-concentration surfaces reveals that these elements
form solute-rich islands that are spread across the GB plane.
Figure 18c presents the one-dimensional composition profile
computed perpendicularly to the GB plane, as indicated with
the green arrow in Figure 18b. The concentration evolution
across the GB accounts for both the solute-rich isolated
islands and the less rich regions of the GB, and thereby
gives the average solute content within the GB. The core
composition of the small solute-rich islands is given in
Table 4. The Cu concentration reaches 9.7 + 0.087 at. %,
i.e. 6 times of that in the bulk of the grain. Li and Mg
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Figure 18: Results of APT analysis of GB composition (in
the areas free from precipitates of T, phase) in AA2050 in
T84 state: (a) 3D distribution maps of Cu, Li, Mg and Ag
atoms; (b) distribution of Cu atoms overlaid with the iso-
concentration surfaces of Cu and Li, viewed with the grain
boundary positioned edge-on (left) and from the perspective
of the GB normal (in-plane view) (right) to show the Zn,
Ag, Mg, Li and Cu rich isolated islands spread across the
grain boundary. The light green arrow indicated on the left
corresponds to the region of interest used to calculate the one-
dimensional composition profile in (c).

segregation is also significant, exhibiting a core concentra-
tion of 5.3 + 0.063 and 6.6 = 0.070 at. %, respectively.
Besides, a significant segregation of Ag and Zn occurred.
Their content in solute-rich isolated islands within the GB
(2.1 +£0.039 and 0.52 + 0.019 at. % respectively) reaches 90
and 15 times, respectively, their content in the bulk (0.023
and 0.034 at. % respectively). The chemical composition of
these islands is significantly different from that of T phase
and they were clearly formed due to solute GB segregation
induced by overageing (since no solute-rich islands were
observed at GB in T34 state). Such islands (or clusters) and
solute redistribution at GB have been recently observed in
different metallic alloys and different theoretical treatments
of the phenomenon were proposed [46—54]. The nature, the
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Table 4

Chemical composition (at. %) of GBs in AA2050 in the T34 and T84 states. The values given for the T84 state correspond to
the core concentration of solute-rich islands present within the GB.

State Cu Li Mg Ag Zn
T34 2.3 + 0.077 3.3 +£0.093 1.4 + 0.061 0.11 + 0.017 0.11 £ 0.017
T84 9.7 +0.087 5.3 +£0.063 6.6 + 0.070 2.1 +0.039 0.52 + 0.019

properties and the effect of these GB islands on properties
of AA2050 should be further investigated.

Generally, the segregation of an element to GB is ac-
companied by the depletion of this same element near the
GB, before reaching the bulk concentration value as moving
away from the GB. In the present case, the depletion is
observed on one side of the GB only (Figure 18c). This
observation is in good agreement with the TEM observations
reporting the presence of a PFZ on one side of the GB only
as well (Figure 5¢). The relation between the asymmetry of
Li composition profile and the existence of a one-sided PFZ
needs to be studied further.

‘We can conclude thus that despite similar grain structure
as compared to T34 state, AA2050 in T84 state possess
GBs enriched by alloying elements as well as precipitates
of T phase leading to the formation of PFZ. All these
microstructure features should have a significant effect on
resistance of GBs to crack propagation.

Finally, it is worth mentioning that the comparison of the
T34 and T84 states and their response to crack propagation
behaviour under fatigue conditions cannot be only based on
their microstructure, since they possess different mechanical
properties that might influence the crack propagation path.
Besides the naturally increased yield strength and mechan-
ical resistance of the T84 state, as compared to those of
T34 state, different plasticity homogeneity can be expected.
Deschamps et al. showed for AA2198 and AA219 that the
presence of T; second phase precipitates in the peak aged
or overaged state leads to much more homogeneous and
reverse plasticity when compared to T351 state (without
T, precipitates) [17]. Moreover, the presence of T, precip-
itates decreases the strain hardening rate. Such a result was
explained by specific interactions between dislocations and
precipitates. The dislocation activity at a crack tip is a well
known phenomenon in ductile materials [55, 56]. Therefore,
modification of dislocation motion might affect, as well,
crack growth and deviation.

5. Conclusions

The fatigue crack deviation in AA2050-T84 was investi-
gated and the main conclusions of the present work can be
summarized as follows:

e the crack deviation is observed when the fatigue test
is carried out in the RD-ND configuration (where the
load direction is parallel to RD and the initial crack
propagation direction is parallel to ND);

e numerous micro-cracks form along ND on the princi-
pal crack propagation path and are the precursors of
the main crack deviation;

e the crack deviation is of GB character and occurs at
high-angle GBs with misorientation angles ranging
from 40 to 60°;

o the intermetallic inclusions are not responsible for the
crack deviation phenomenon but can facilitate crack
growth (only 25% of cracks were observed to form in
the regions containing the intermetallics);

e the crack deviation can occur inside the grains when
a critical crystal misorientation angle (between 5 and
10°) is reached along the crack propagation path due
to the non-recrystallized state of AA2050-T84;

e GBs seem to be weakened by PFZ and/or solute GB
segregation in AA2050-T84, as compared to AA2050-
T34, where no crack deviation was observed.
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