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Summary

The image contrast of sheared needle-like 8” precipitatesin the
Al-Mg-Si alloy system is investigated with respect to shear-
plane positions, the number of shear-planes, and the active
matrix slip systems through multislice transmission electron
microscopy image simulations and the frozen phonon approx-
imation. It is found that annular dark field scanning transmis-
sion electron microscopy (ADF STEM) images are mostly af-
fected by shear-planes within a distance ~ 6—18 unit cells from
the specimen surface, whereas about 5—10 equidistant shear-
planes are required to produce clear differences in HRTEM
images. The contrast of the images is affected by the Burgers
vector of the slip, but not the slip plane. The simulation results
are discussed and compared to experimental data.

Introduction

Zone axis annular dark field (ADF) scanning transmission elec-
tron microscopy (STEM) is a focus-sensitive Z-contrast imag-
ing technique that is very sensitive to the initial part of the
specimen (Pennycook &Jesson, 199 1; Hillyard & Silcox, 1993;
Hillyard et al., 1993; Klenov & Stemmer, 2006; Martinez et al.,
2018), whereas zone axis high-resolution transmission elec-
tron microscopy (HRTEM) is a thickness-sensitive technique
that contains information about the entire projected crystal
potential (Cowley & Moodie, 1957; Van Dyck & Chen, 1999;
Van Aert et al., 2007; Xu et al., 2010). Images of crystals with
through-thickness variation in structure and/or composition
are therefore challenging to interpret, and image simulations
are required to understand the effect such variations has on
the final images. In this work, frozen phonon multislice image
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simulations are used to investigate the contrast in images of
sheared needle-like 8" precipitates (Poole et al., 2005; Misumi
et al., 2014; Christiansen et al., 2019b) in the age-hardenable
Al-Mg-Si alloy system.

When a coherent or semicoherent precipitate is sheared by
a dislocation, a number of crystal defects may form both in the
precipitate phase and in the surrounding matrix, or at the in-
terface. Such defects include dislocation loops, interface steps
and local crystalline disorder (Ardell, 1985). The strengthen-
ing contribution of the precipitate phase will depend on which
of these defects are formed, and thus will depend on the crys-
tal structure of the precipitate, the active slip system and the
distribution of slip. Transmission electron microscopy (TEM)
can be used to investigate the defects after they have formed,
and is an important tool for gaining more knowledge of these
industrially important alloys. Hence, it is also important to un-
derstand how TEM images of sheared precipitates may appear
in various cases. In this work, we investigate three cases:

(A) How the distance from the specimen surface to the first
shear-plane affects ADF STEM images.

(B) How the number of shear-planes influence HRTEM im-
ages.

(C) How different slip systems affect the final images.

The goal of this study is not to answer questions regarding
the physical processes of 8” shearing directly, but rather to
understand how certain aspects of sheared precipitates affect
the image forming processes.

The three case studies are motivated by the incompatibil-
ity between the Al matrix slip systems, (110) o}/{111} o}, and
the B” precipitate crystal structure. Because the B” precip-
itate crystal phase usually has a monoclinic unit cell with
a=1516A,b=4.05A,¢c=6.74 A and g = 105.3° (Ed-
wards et al., 1998; Andersen et al., 1998; Saito et al., 2018),
the matrix slip systems are not valid for the precipitate and
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Table 1. Approximate equivalent lattice planes and directions between
Al and variants of 8” with corresponding deviation angles A6.

Al Ba” A0 [°] Bs" A0 [°]
Planes (111) (112) 1.4 (112) 4.6
(111) (511) 1.1 (510) 3.3
(111) (511) 1.1 (510) 3.3
(111) (112) 1.4 (112) 4.6
Directions ~ 1[110] [ 041 2.7 [ 01] 0.5
i[110] [foz;i}] 0.1 [lllozib] 0.7
% 1 —61 1131 ’ —51 1131 '
o IR e mial oo
2 23 2 4 ‘ 11 2 6 :

the precipitate crystal structure must change locally when
sheared. The semicoherency of the precipitate phase makes
the precipitates appear as long needles along (100) with
(001) A1 Il (010)r, [310] A1 I [001]g» and [230] ;|| [100] 5~
(Edwardsetal., 1998; Andersen etal., 1998; Saitoetal., 2018).
This orientation relationship gives two different orientations
of the precipitate phase, 8/, and B. 8/} is oriented according to
the previous orientation relationship, and g7, is oriented with
[320] Al I [100]g~. From these orientation relationships, it is
possible to calculate approximate lattice planes and directions
in the precipitate phase that correspond to the matrix slip sys-
tems, as shown in Table 1. It is clear that the different matrix
slip systems will produce different sheared precipitate struc-
tures, and it is therefore interesting to investigate how these
different structures will appear when imaged by ADF STEM
and HRTEM. In principle, such investigations may enable fu-
ture experimental work to establish whether precipitates are
more easily sheared on some slip systems than others.

Methods

Models of rigidly displaced B” segments in a matrix of alu-
minium were prepared using a combination of density func-
tional theory and molecular dynamics. The precipitate struc-
ture and size were set up using bulk values for 8” calculated
from density functional theory (Ninive et al., 2014). Several
atomistic models with different shearing configurations were
prepared by rigidly shifting the precipitate accordingly, and
subsequently relaxing the surrounding matrix (but keeping
the precipitate fixed) using molecular dynamics with LAMMPS
(Plimpton, 1995) and the Al-Mg potential by Liu & Adams
(1998). Precipitates are rigidly sheared on n planes by N
Burgers vector shifts on a given matrix slip system in differ-
ent configurations. One of the models are shown in Figure 1.
HRTEM images are simulated for the complete model (with a
bandwidth of 2/3 to reduce aliasing effects). When presented
however, the HRTEM images have been cropped to aid read-
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Fig. 1. One of the models used in the study. The B” precipitate embed-
ded in an aluminium matrix has been sheared n times on a certain slip
system at regular intervals (in this case, n = 10 and the slip system is
sh 101/(001) Al)- The visualization was performed with the open visual-
ization tool OVITO (Stukowski, 2010). Al atoms are shown in transparent
grey, Mg in green and Si in brown.

Table 2. Multislice simulation parameters.

Parameter Value
Acceleration voltage 200kV
Detector response homogeneous
Potential sampling 2048 x 2048
Model size 80.64 x 80.64 A2
Model thickness 4032 A
Slice thickness 2.025A
Temperature 300K
Number of phonon configurations 20

STEM HRTEM
Convergence semi-angle 27 mrad -
Defocus Cq Onm —57 nm
Spherical aberration C3 —300 nm 1.0 mm
Inner collection semi-angle 48 mrad -
Outer collection semi-angle 206 mrad -
Image pixel size 0.162 A 0.039 A

ability. Subregions of the models are used for STEM simulations
in order to reduce calculation time.

Frozen phonon multislice simulations were carried out us-
ing the MULTEM software and the scattering potentials by
Lobato et al. (Lobato & Van Dyck, 2014, 2015; Lobato et al.,
2016). Due to the nature of the problem, relatively large mod-
els are required, which calls for fast and efficient comput-
ing. Simulations were therefore performed on a cluster using
NVIDIA TESLA P-100 GPUs (Sjédlander et al., 2019). Large
models are required in order to fit a precipitate of reason-
able size and to prevent the sheared segments from interfering
with each other due to the inherent periodicity in the x—y
plane of the simulations. HRTEM and ADF STEM simulations
were carried out using the parameters shown in Table 2 and
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with Debye—Waller factors for Al, Mg and Si from Peng et al.
(1996). The simulation parameters are similar to correspond-
ing experimental values used in Christiansen et al. (2019b).
In addition to the ADF angular interval, bright field and high-
angle ADF intervals (0—40 mrad and 100-206 mrad, respec-
tively) were also used to validate the results. The ADF images
appeared qualitatively similar to simulated high-angle ADF
images, indicating that the ADF collection interval produces
images with sufficiently incoherent contrast. Spatial and tem-
poral incoherency are neglected in the STEM simulations, but
ADF STEM images are filtered with a Gaussian kernel (1 A full
width at half maximum) to approximate the effect of source
incoherency. The effective source size was not measured ex-
perimentally, but adjusted to fit experimental images and lies
within a reasonable source size range (Maunders et al. 2011;
Kirkland, 2010). For the HRTEM simulations, a spatial inco-
herence of 0.0072 Al was used. The present study is limited
to a qualitative comparison between experimental and sim-
ulated images, as quantitative comparisons are considered
challenging due to the large number of possible permutations
of shear configurations. However, singular value decompo-
sition by robust principal component analysis (Zhou & Tao,
2011) and blind source separation (Hyvérinen & Oja, 2000)
routines are used through the HyperSpy (de la Pena et al.,
2019) python package to perform a more statistically based
analysis of the through-thickness development of fast Fourier
transform (FFT) power spectra of HRTEM results.

Results and discussion

A — The effect of shear-plane position on ADF STEM images

The first task is to investigate the depth-sensitivity of ADF
STEM in order to understand the range of shear plane depths
that give observable contrast. To answer this, we have per-
formed multislice image simulations of models with a single
shear-plane at a certain distance z below the surface. For sim-
plicity, the shear-plane was chosen parallel to the specimen
surface as (001) 4. Figure 2 shows simulated ADF STEM im-
ages where the z position of the shear-plane is varied. For
shear-planes close to the specimen surface (z ~ 6 unit cells),
the beam is able to channel along the atomic columns of the
second segment and the final STEM image shows the 8” unit
cell of this lower segment rather than the first segment. For
intermediate distances (z ~ 12 unit cells) from the surface,
the image appears like a superposition of the displaced crystal
structures. Finally, for greater distances (z ~ 18 unit cells and
more), the ADF STEM image is dominated by the signal from
the initial segment. This means that only shear-planes within
a range ~ 6-18 unit cells below the surface will affect ADF
STEM images. If more shear-planes occur further down, this
may of course reduce channelling and reduce the contrast of
the final image further, but the atomic columns are unlikely to
be resolved. Thisis briefly investigated further in later sections.

B — The effect of the number of shear-planes on HRTEM images

For investigating how precipitates with several shear-planes
may appear in HRTEM, we have performed HRTEM image sim-
ulations of atomistic models with various numbers of shear-
planes through the thickness. In principle, the z-position of
the shear-planes should also be investigated as in the pre-
vious section, but this gives too many variables to cover in
the present work. We will therefore limit ourselves to models
with near-equidistant shear-planes. This also means that, be-
cause of the contrast reversals of HRTEM images, the direct
contrast in the simulation results are somewhat arbitrary.
However, the FFTs of the images should reveal how various
B” spatial frequencies are transferred for different numbers of
shear-planes. Figure 3 presents HRTEM images of models with
5 and 10 shear-planes distributed along the needle axis, along
with HRTEM FFT power spectra. With fewer than five shear-
planes, no marked change occurred in the fast FFT power
spectra of the HRTEM images and are therefore not shown. It
is clear that some expected precipitate frequencies of sheared
models are transferred whereas others are not. Frequencies
in bands perpendicular to the Burgers vector ([110] Al in
this case) that pass through {110} 4] frequencies are trans-
ferred, leaving frequencies in-between these bands weak. For
instance, this makes the (20I)g- and (401) g frequency compo-
nents remain, whereas the (20]) s and (40I)- frequencies are
weakened. The orientation of the band of weak frequencies in-
dicates that the weakening is related to the active slip system.
In the next section, this is investigated further, along with the
effect of active slip systems on ADF STEM simulations. Before
investigating the different slip systems however, the through-
thickness development of the band-like weakening of Fourier
components is discussed.

Closer inspection of how the images evolve through the
thickness (not shown, but data and plots are provided in Chris-
tiansen et al., 2020) reveals that the frequency components
start to weaken about half-way through the specimen, i.e. af-
ter about four or five shearing events. The through-thickness
stacks of FFT power spectra were separated into 11 principal
components by principal component analysis (Zhou & Tao,
2011) and the two major components were subsequently sep-
arated by singular value decomposition through blind source
separation (Hyvérinen & Oja, 2000). This analysis, available
through Christiansen et al. (2020), shows that the FFT power
spectra of unsheared precipitates are quite well-described by
one component representing the 8" frequency components,
and a component of ring-like FFT-features. For sheared precip-
itates, one of the independent components is a mix of the per-
fect 8” FFT power spectrum and the ring-like FFT-features, and
starts out with a significant contribution to the total signal but
decreases steadily until it settles to a relatively constant contri-
bution after half the thickness. This decrease coincides with an
increase in the other independent component, which relates
to the band-like weakening of precipitate frequencies seen in
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Fig. 2. The effect of the z-position of a single [110] Al shear-plane in a 8 precipitate in an aluminium matrix on ADF STEM image formation. ADF STEM
images of models with a shear-plane at 2, 4, 6, 12, 18, and 24 unit cells below the specimen surface are shown in A to F, respectively, and is indicated by
the number in the top-right corners of each image. White and red boxes indicate location of the 8” half-unit cells above and below the shearing planes,

respectively, with the corners corresponding to the centres of the 8" ‘eyes’.

the final images. The statistical analysis of the through-stack
evolution of the FFT power spectra of HRTEM images there-
fore shows that each shear-plane contributes to the band-like
weakening of 8” frequency components. It also shows that five
to six shear-planes are sufficient to develop this band-like ap-
pearance, as the independent componentsincreased in the first
halfofthe specimen and saturated after five to six shear-planes.
Although blind source separation of principal components of
a dataset should be interpreted with care, this statistical mea-
sure provides more support for our results and interpretations
and offers an alternative to the qualitative interpretation in
the previous section.

C— The effect of slip systems on ADF STEM and HRTEM images

The effect of various slip systems should produce different
atomic column arrangements, and we have performed mul-
tislice simulations of precipitates that have been sheared on
different slip systems to investigate their effect on ADF STEM
and HRTEM images. Because shear-planes only have a signifi-
cant effect on HRTEM images if there are enough of them, and

ADF STEM images are only sensitive to shear-planes close to
the specimen surfaces, we show only results of models with
10 shear-planes here as these satisfy both conditions. Further-
more, we have investigated both (111) 4] and (001) 5} shear-
planes, and the difference is negligible in both ADF STEM and
HRTEM. This is mainly because the sheared precipitates were
created by rigid translations without relaxation due to alack of
suitable molecular dynamics potentials. However, it is unlikely
thatthe shearing planesthemselves are the main source of ADF
STEM and HRTEM contrast, because of their relatively small
volume compared to the full specimen volume. In addition, as
the next section will show, much of the contrast in experimen-
tal images can be explained by the through-thickness position
of the first shearing plane, and the total number of shearing
planes. We therefore focus on different Burgers vectors here.
Figure 4 shows how some slip systems appear in ADF STEM
and HRTEM images. Different Burgers vectors have a major
impact on HRTEM and ADF STEM contrast. The bands of
weak Fourier components in HRTEM FFT power spectra are
perpendicular to the active Burgers vector, and the superposi-
tion of atomic columns in ADF STEM images also changes for
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Undeformed

5x[1T01/(001)

10x[1T0]/(001)

Preserved bands

Fig. 3. Simulated HRTEM images of B” precipitates in an aluminium matrix with different number of shear-planes distributed through the thickness.
(A) shows the HRTEM image of a model with no shear-planes, whereas (B) and (C) show models with shearing planes at z = 14, 31.5, 48.5, 65.5, 83
andz = 6.5, 15.5, 25, 34.5,44, 53, 62.5, 72, 81.5, 90.5 unit cells below the specimen surface, respectively. The initial and last segment positions are
indicated by the white and red boxes, respectively. FFT power spectra are given for each HRTEM image in (D)—(F). Circles in (E) and (F) mark reduced
Fourier components, whereas the dashed lines mark bands of preserved Fourier components.

different Burgers vectors. Weak elements of the 8” unit cell,
called a B” ‘eye’ can be seen in precipitates sheared by
%[101] Al but the contrast is overall poor. Burgers vectors
with 1[110]4 produces even poorer contrast, and the g”
unit cell can hardly be recognized at all. On the other hand,
%[1 10] A] Burgers vectors produce what appears like a super-
position of images from the first and second precipitate seg-
ments, as shown previously in Figure 2. The contrast is a little
weaker with 10 shear-planes than with a single shear-plane,
which is probably because of reduced channelling through the
thickness when there are several shear-planes. Nevertheless,
the superposition of the first and second segment indicates that
the atomic columns of a precipitate sheared along [110] allow
for better channelling conditions. The reason why different
Burgers vectors produce such different ADF STEM image con-
trasts is seen from Table 1. A %[1 10] A] Burgers vector corre-
sponds to a shift of[%lO%]ﬂn, i.e.along[201]s whichisarel-

atively high symmetry direction. A %[1 10] A] Burgers vector,
however, corresponds to a shift along [1—110_71] g ~ [106]4,
which is a direction with less symmetry.

Comparison with experimental data.  Figure 5 presents some
experimental ADF STEM images from undeformed and 20%
compressed specimens of the Al-Mg-Si alloy AA6060 in peak-
hardness condition where most precipitates are of the 8” phase
taken from Christiansen et al. (2019a). Precipitates in the de-
formed state can either appear like precipitates in undeformed
specimens, with sharp 8” unit cells in parts of the cross-section
(Fig. 5B), or with contrast features such as the one shown
in Figure 5C. The fact that precipitates in the same speci-
men can appear either sharp or like the one in Figure 5C
can be explained from the position of the shear-plane closest
to the specimen surface. In particular, the similarity between
the simulation in, for example, Figure 2D and the magnified
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Fig. 4. The effect of slip systems on ADF STEM (A—C) and HRTEM (D-F) images of sheared 8" precipitates in an aluminium matrix. FFT power spectra of
the HRTEM images are given in (G)—(I). Each column refers to the [101]/(111),[110]/(001) or [110]/(001) slip systems. White and red boxes indicate the
first and last precipitate unit cells (for ADF STEM) or cross-section outlines (for HRTEM), respectively. For ADF STEM, the vertices of the boxes correspond

to centres of B” ‘eyes’.

region in Figure 5C indicates that a shear-plane with Burgers
vector [110] A lies close to the specimen surface in Figure 5C.
The more blurry region of Figure 5C and the blurry regions in
Figure 5B, on the other hand, are not likely to be reproduced
by simulations because of the many different possible shearing
configurations in real specimens. With several active slip sys-
tems producing different atomic configurations of precipitates,
the number of possible shear configurations is very high and it
is highly unlikely that exact configurations can be determined

from combining experiments and image simulations. Never-
theless, it is important to realize that even for such complex
configurations, the shear planes must be relatively close to the
specimen surface to be visible in ADF STEM. For the precipitate
imaged in Figure 5C for example, the different contrast regions
might be explained by an inclined shear-plane very close to the
specimen surface rather than a parallel one.

Because many precipitates in deformed specimens exhibit
some sort of modified ADF STEM contrast experimentally, the
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Undeformed 20% compressed

2 nm

Fig. 5. Experimental ADF STEM images in undeformed (A) and in 20% compressed (B, C) specimens acquired on an aberration corrected JEOL ARM200F
(convergence semiangle « = 27 mrad, collection semiangles 48—206 mrad, acceleration voltage 200 kV, and spherical aberration C3 ~ —300 nm) from
Christiansen et al. (2019a). The images are through-stack averages of nonrigidly aligned images in a stack of fast acquisitions (SmartAlign; Jones et al.
(2015)) and have been Gaussian-filtered (full-width at half maximum 1 A) to remove noise.

Undeformed

20% compressed

Fig. 6. Experimental HRTEM images of 8” precipitates in an aluminium matrix and corresponding FFT power spectra in undeformed (A, C) and in 20%
compressed (B, D) specimens acquired on a JEOL JEM2100F (acceleration voltage 200 kV, and spherical aberration C3 ~ 1 mm) from Christiansen et al.
(2019a).
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probability of finding a shear-plane close to the specimen sur-
face is relatively high. Because this probability increases with
the number of shear-planes (and inversely with the segment
lengths), this modified contrast also indicates that precipitates
in Christiansen et al. (2019b) are sheared relatively many
times and that the shear-planes are distributed through the
thickness. This also agrees with the experimental HRTEM im-
age shown in Figure 6. In this figure, Fourier components
in the FFT power spectra are weaker in the deformed spec-
imen compared to the undeformed specimen. Although it is
challenging to directly compare FFT power spectra of the simu-
lations and the experiments (as aresult of the choice of apodiza-
tion in the experimental image for example), the experimental
power spectrum in Figure 6D seems to exhibit the same weak
bands of Fourier components as the simulations in, for ex-
ample, Figure 41. Hence, the experimental HRTEM images of
deformed specimens are also in agreement with precipitates
sheared several times.

An interesting point is that the bands in Figure 6D are per-
pendicular to [110] A]» Which indicates that this is the most
active Burgers vector for this precipitate. The ADF STEM image
in Figure 5C is from a different precipitate, but also indicates
that the most active Burgers vector is [110] Al- Whether it is
purely coincidental that two different precipitates appear to be
sheared by the same Burgers vector remains to be investigated,
but it might indicate a preferential Burgers vector for shearing
B’ precipitates. In the future, it might be possible to determine
whether precipitates of a given orientation are more likely to
be sheared by some Burgers vectors than others (the other
Burgers vectors might instead result in a looping process for
instance) and thus provide valuable insight into the shearing
process of B” precipitates.

Conclusions

Shear-planes in 8” precipitates are detectable by ADF STEM if
they lie ~ 6-18 unit cells from the specimen surface. A cer-
tain number of shear-planes >5 are also needed to produce
notable effects in HRTEM images. Compared with experimen-
tal data, these results indicate that 8" precipitates are sheared
several times at different locations along their lengths. Dif-
ferent Burgers vectors produce different contrast features in
both ADF STEM and HRTEM, as long as the previous condi-
tions are met, whereas (111) and (001) slip planes cannot be
distinguished.
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