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Precipitate-hardened aluminum (Al) alloys are being actively developed to
further improve their fundamental mechanical properties, namely Young’s
modulus (Y,,), and strains for both existing and future applications. Their
development critically depends upon figuring out the structure—property
correlations (SPCs) between the microstructure and the mechanical proper-
ties. Various techniques can be used to establish SPCs between the deter-
mined microstructure and the observed mechanical properties of the alloys. In
this paper, we review techniques that allow the measuring of the alloy prop-
erties under both “direct” and “in-direct” categories. In the former, the prop-
erties are measured by applying loads, while for the latter case, they are
measured without applying loads. However, for both categories, the regions of
the determined structure are directly related to the same regions where the
properties are measured. It was found that the validity of the established
SPCs depends on the length scales, and that often a combination of techniques

is required to complete the task.

INTRODUCTION

Metals including aluminum and iron are in
abundance on earth,’ and therefore their use is
found to be ubiquitous in our daily lives.>® The
metal industry is an ever-expanding business which
demands high strength, lighter weight, and
increased efficiency. With additional requirements
of being corrosion-resistant and environment
friendly, aluminum (Al) metal alloys have come to
light as one of the most important materials for the
automobile chassis and space-craft industry.
Although Al alloys cannot compete with the high
strength of structural steel (400 MPa), they rule in
terms of a higher strength-to-weight ratio (Al is
about half the weight of steel), making it an
excellent choice for applications where a lightweight
material is highly desirable. Moreover, Al alloys
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also exhibit high corrosion resistance through the
effect of passivation, and therefore have several
applications in the field of corrosion-resistant mate-
rials. The most frequently used Al alloys are Al-Cu
(2xxx), Al-Mg-Si (6xxx), and Al-Mg-Zn (7xxx), with
other elements added as precipitates to enhance
their mechanical properties. These precipitates
exhibit diverse morphologies, demanding complete
characterization techniques in terms of their atomic
configuration. Remarkable efforts in Al alloy
research and development involve the characteriza-
tion of microstructural features and varying com-
positions at the mnanoscale, using microscopy
techniques to understand structure—property corre-
lations (SPCs).

The transportation industries constantly strive to
achieve minimum weights to cut fuel consumption
and to improve overall performance. Different inno-
vative design strategies have been placed and
directed toward weight reduction, combined with
retaining or enhancing the mechanical behavior. In
this context, Al-based alloys play a key role in
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modern engineering and are widely used because of
their light weight and superior mechanical proper-
ties. They have been widely used in automotive,
aerospace, and construction engineering due to
their good corrosion resistance, superior mechanical
properties, superior machinability, easy weldability
and relatively low cost.*® The progress in practical
applications has been determined by the intensive
research and developmental work on such alloys.
For the past several decades, Al alloys have been
the primary material choice for structural compo-
nents of aircraft and automobiles. Well-known
performance characteristics, known fabrication
costs, design experience, and established manufac-
turing methods are the reasons for the continued
confidence in Al alloys, ensuring their use in
significant quantities for the rest of this century.®
However, in the early years, Al alloys were devel-
oped by trial and error. For the time being, the
improvement of Al-based alloy has been performed
based on the understanding of the relationships
among compositions, processing, microstructural
characteristics, and properties.

Metal alloys can be synthesized to have certain
properties superior to original metals by selecting
proper alloying elements, and processing method
during their mixing with host metals. For instance,
Al-Li alloys are lighter and have high tensile and
yield strength compared to the conventional high-
strength aluminum alloys. But these alloys possess
low toughness and poor ductility as mentioned.
When Al is alloyed with lithium, for every 1 wt.%
addition of lithium (Li), there is an approximately
3% reduction in alloy densitér and an increase in
stiffness of approximately 6%.’ On the downside, Al-
Li alloys suffer from low toughness, poor ductility,
and poor weldability,® which make these alloys an
unattractive material for engineering applications.
To overcome these difficulties, various modifications
in alloy chemistry and fabricating techniques have
been used to improve ductility while maintaining
high strength. Copper (Cu), magnesium (Mg) and
zirconium (Zr) solute additions have been shown to
have beneficial effects.® Mg and Cu improve the
strength of Al-Li alloys through solid solution and
precipitate strengthening, and can minimize the
formation of precipitation-free zones near grain
boundaries.” In the context of customizing the
material properties to very specific applications, a
series of high-strength Al-Li-Cu alloys containing
minor additions of Mg, silver (Ag), and Zr, called
Weldalite, have been developed. This series of alloys
shows good characteristics of density and modulus
with damage tolerance and corrosion properties to
equivalent formerly used materials.'® Moreover, the
Weldalite family exhibits significant strength—
toughness combinations upon application of heat
treatment.'’

The relationship between the fundamental
mechanical properties (Young’s modulus) and the
microstructure of Al alloys depends strongly upon
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their elemental composition, and their thermal
processing. The thermal processing includes several
parameters, such as aging temperature, annealing
time, storage time at room temperature, and heat-
ing/cooling rates. Generally, the microstructure of
the Al-Li-Cu system consists of a number of phases,
the most important being the T;Al;LiCu phase.
However, depending on the alloy composition and
processing conditions, other minor phases can be
precipitated, such as 0 (AlyCu), o (AlsLi) and
B (AlsZr) phases. The addition of minor elements
can result in a diversity of precipitates. For exam-
ple, the addition of Mg to the Al — Cu — Li alloy
promotes the formation of phases in the Al — Cu —
Mg system. In Al alloy, as a class important
engineering material, subtle variations in chemistry
can strongly influence the decomposition of the
supersaturated solid solution and hence result in
the development of different precipitate phases, as
shown in Figs. 2 and 3. Numerous important
advancements have already been made on estab-
lishing the SPCs for Al alloys by applying micro-
scopy-based techniques. For instance, nano-
indentation experiments of metal alloys in trans-
mission electron microscopy (TEM) allow the estab-
lishment of a dynamic correlation between the
evolution of their microstructure and the applied
load. With the application of such techniques, the
entire emphasis of this review in on correlating the
acquired image of an area with the mechanical
property (e.g., Young’s modulus and/or strain) mea-
sured from the same area. Granted that the imaging
area and mechanical property determinations some-
times require very different techniques, it may
become a difficult task to apply both of techniques
exactly on the same area. For instance, the imaging
is carried out using optical, electron, and scanning
probe types of microscopy techniques. While the
mechanical properties such as Young’s modulus
(Y,,) are determined using the nano-indentation
(NI) technique which provides information at the
spatial resolution of several tens of nanometers.
Even though Y,, is a macroscopic mechanical prop-
erty of materials, it is independent of size in the
linear elastic regime. However, at the nanoscale, it
has been observed that the behavior of mechanical
structures cannot be explained by using macro-
scopic theory and a constant value of the Y,,.
Therefore, the Y,, of nanomaterials changes to
Y,._ef which can be larger or smaller than the bulk
counterpart. Several factors can contribute to
change the Y,, of materials at the nanoscale.'? The
most important and predominant factors are resid-
ual stress (RS), couple stress (CS), grain boundaries
(GB), surface stress (SS), surface elasticity (SE), and
nonlinear (NL). It is to be noted that all of these
factors may or may not be affecting Y,, at the
nanoscale for a given materials system. Generally,
it is either two or three of these factors that are at
play for a given nanomaterial. This is why it is
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important to determine Y,, .4 in the vicinity of
precipitate/Al matrix interface. For isotropic and
homogeneous materials, elastic moduli are indepen-
dent of their position within the solids. Therefore, in
the linearly elastic regime, they are reduced to the
special form of Hooke’s law which is represented by
the equation:

o=Y,¢ (1)

This equation implies that the applied stress distri-
bution in the materials depends upon the strain, but
it scales with Y,,. The Y,, is usually a constant in
Hooke’s law at bulk scales. However, as stated
above, it can change at the nanoscale, and thus the
yield strength of nano-precipitates may differ from
the values predicated by Hooke’s law. In this way,
the determined distribution of stresses will not
represent the actual situation. Therefore, as a
solution to this issue, both Y,, and ¢ should be
determined experimentally by using independent
techniques to obtain an accurate stress map. Gen-
erally, ¢ and ¢ are vectors and Y,, is a scalar
quantity in the equation.

This paper reviews the techniques that allow
correlating, in the macro- to nano-range of lengths,
the microstructure (S) of the Al alloys with their
fundamental mechanical properties (P) as given in
the equation. These properties are Y,, and ¢ and
only those techniques are included that allow
establishing a direct correlation between the mea-
sured properties and the microstructure. The direct
correlations or established SPCs represent situa-
tions in which the imaging of the microstructure
and the property measurements are carried out on
the same areas of the samples. A schematic showing
the sought SPCs is given in Fig. 1.

The presented schematic is quite general and
implies that several experimental techniques will be
required to establish a direct correlation between
the microstructure and the mechanical property of
the alloys. Further, there will no single technique to
image the microstructure and measure the property
that will work in the entire range of macro- to
micro-scales. In fact, it will be seen from the
proceeding sections that different techniques will
also be required to image the microstructure. In this
review, the emphasis is only on the fundamental
mechanical properties, namely Young’s modulus
and strains. Broadly speaking, the mechanical
property measuring techniques are divided into
two main categories, namely direct and indirect.
For the case of the direct category, a load (or o) is
applied to generate tensile strain ¢p. This way, the
ratio of applied stress and measured strain give rise
Y,, in the linear elastic regime, whereas, for the case
of the indirect category, the residual stresses (og)
are measured by determining the Y,, and residual
egr. The spatial resolution, sensitivity, and applica-
ble range of each applied technique is discussed
here at length. For example, NI is the only direct
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Fig. 1. Schematic of a method for directly correlating the
microstructure with the mechanical properties of Al alloys. Different
imaging techniques, and likewise mechanical property measurement
techniques, are required to image the microstructure, and to
determine the mechanical property of the alloys at different spatial
resolutions, respectively.

category technique which allows the determining of
both ¢ and Y,,,. Similarly, nanobeam electron diffrac-
tion (NBD) combined with electron energy loss
spectroscopy (EELS) are the only indirect category
techniques that allow the determining of both ¢ and
Y,, simultaneously. All other techniques provide
either ¢ or Y,, but not both. The details and the
characteristics of these techniques are discussed in
the following sections. First, the details that provide
information at bulk scale are presented and then
the techniques that work at the nanoscale are
presented. In the end, the future outlook of this
field is discussed by looking at the latest develop-
ments which have occurred recently in both fields of
electron microscopy and atom probe tomography
(APT) such as four-dimensional scanning TEM
(4DSTEM).

The local elemental composition of the alloys
dictates their microstructure and mechanical prop-
erties. Therefore, the control of compositions or
phases of the precipitates is central to achieving the
desired mechanical properties of the alloys. That is
why, for the sake of completeness, the role of
composition in the Al alloys has been discussed
here before talking about the SPCs. In a historical
sense, the composition of the precipitates had been
found indirectly by determining the phases of the
precipitates by using diffraction-based methods of
conventional TEM techniques, namely dark-field
TEM and bright-field TEM. These methods not only
provide the information on the phases of the
precipitates but also enable the determining of their
orientations with respect to a particular grain
orientation of the host metal. In spite of the success
of these methods, currently, it is a desirable thing to
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simultaneously visualize the orientation of the
precipitates along with their elemental composition
at atomic scales. This is typically achieved by using
the advanced techniques such as APT and aberra-
tion corrected scanning TEM (STEM) in conjunction
with energy-dispersive x-ray spectroscopy (EDS). In
this context, APT provides one of the most spectac-
ular microscopic information on existence of precip-
itates in the alloys by giving a three-dimensional
(83D) image at the atomic scale with single-atom
sensitivity. Moreover, each atom or isotope in the
image can also be identified as well. The fundamen-
tal data format is the 3D position and identity of
individual atoms in a volume that contains poten-
tially millions of atoms; thus, different information
about the analyzed material can be extracted. A
detailed information about APT can be found else-
where.!®1* It is to be noted that atom probe studies
have provided a range of information on the differ-
ent types of precipitates present in Al-Li-Cu alloys.
Specifically, the APT analysis of complex Al alloy
can reveal the composition and orientation at
nanoscale of precipitates in the Al matrix. The
typical morphologies of the precipitates exist in
small thickness (between 1 and 2 nm) and closely
spaced to each other (= 9 nm), as can be seen in
Fig. 2. It all leads to the approach of an optimal
situation which corresponds to the high hardness
value (215.5 + 8 HV) and, hence, a high level of
strengthening would be expected.'®

That is because the maximum hardening is
usually associated by the spacing between particles
equal to 10nm.'® The nominal chemical composition
of this alloy is as follows: 4 wt.% Cu, 1 wt.% Li, 0.36
wt.% Mg, 0.28 wt.% Ag, 0.14 wt.% Zr, and 94.22
wt.% Al. The maximum hardening occurs due to the
presence of the T (AloLiCu) phase. This type of an
optimal situation arises from the presence of the
precipitate particles that are not that small to be
shared by dislocations and yet are too closely spaced
to allow bypassing by dislocations. According to APT
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analysis in Fig. 2, the increment of the aspect ratio
(Iength to thickness ~ 20-22) causes the formation
of a closed network of platelet precipitates which
entraps gliding dislocation. This is how the manip-
ulation with second-phase precipitates in the
microstructure is an important option to control
the mechanical behavior of the complex Al alloy.
Applying a plastic deformation prior to artificial
aging has been highlighted as an important tool for
this manipulation. In summary, it can be stated
that APT makes a unique contribution within the
field of light Al alloys and can be used for the
developments of Al alloys in the future.
Atomic-resolution spectroscopy in the aberration-
corrected STEM mode is another way of determin-
ing the morphology and composition of the precip-
itates in Al alloys at nano-scale resolutions. It is
becoming a common technique to correlate the
composition and structure of precipitates with the
host matrix. The atomic-resolution spectroscopy
generally involves EELS and EDS. Owing to the
fast acquisition and information-rich spectra, EELS
is a dominant technique for carrying out the spec-
troscopy analysis of the Al alloys. It can give
information on thickness, oxidation state, chemical
bonding, mechanical, and optical properties in addi-
tion to elemental composition, whereas EDS only
measures the elemental composition and requires
exposing a specimen to a vast number of electrons to
produce enough signal to extract atomic-resolution
information. Wenner'” has outlined several key
characteristics of STEM-EELS and STEM-EDS
(80 kV aberration-corrected) mapping techniques
on ordered precipitates in aluminum alloys. For
instance, first, it allows the carrying out of mapping
experiments of thicker specimens (= 150 nm) if
electron beam broadening and de-channeling is not
too severe. Second, the spatial resolution is typically
better than with EELS, as very localized (< 1 nm)
higher energy peaks are available for elemental
mapping.'® Third, some carbon contamination can
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Fig. 2. APT analysis of AA2195 at 1 % deformation level (aged for 10 h at 150 ° C) (a) Top view of the reconstructed volume showing the nice
distribution and dimension of the nano-features. (b) Composition profile proxigram of the observed Ty platelets. Reprinted with permission from

Ref. 15.
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be tolerated, where it would completely devastate a
high-loss EELS spectrum. Four, overlap between
different elemental x-ray peaks is rare, and, even in
case of overlap, the peaks can be deconvoluted due
to their simple Gaussian shape. Five, modern silicon
drift detectors have a negligible and Poisson-dis-
tributed dark noise, which means that each ele-
mental peak can be straightforwardly integrated
but also summed across multiple spectra, with
increasing signal-to-noise ratios for longer acquisi-
tions. Six, any dwell time can be used with EDS,
while EELS requires some time for spectrum read-
out, preventing fast multi-frame scanning. STEM-
EDS analysis of the Al-Mg-Si—Cu alloy is per-
formed to correlate the composition of precipitates
with the phases of the alloys. The performed
analysis is given in Fig. 3, showing the summed
EDS maps of the Q" phase with no averaging over
symmetries. The Q phase, which is isostructural to
the equilibrium Q phase, seems from the symmetry-
averaged images to have the composition
AlgMgeSi7;Cus. This fits with the compositional
framework found for the Q phase by x-ray diffrac-
tion, AlxMgis Si7Cuy with x = 6; or by density
functional theory calculations; AlsMgoSi;Cug(x = 3)
with x = 3. The particle is uniform throughout the
image, except for a few unit cells to the left, where a
compositional change was observed. In the Q” model
in Fig. 3, the two sites labeled A and B are occupied
by Al. In the marked areas in the Al map in Fig. 3b,
only three out of these six sites are bright. In this
part of the precipitate, Al occupies either site A or B
within one “ring” of the Al/Mg columns, and tran-
sitions between A«—B occupation are evident in
neighboring “rings”. The remaining three columns
are not present in the very clear Si and Cu maps,
and should therefore be occupied by Mg. This is
consistent with the change to a less bright atomic

number contrast in the ADF images, and can be
observed as a dark line marked in the overview
image (Fig. 3j). Figure 3i also shows the Fourier
transform of the Si image in Fig. 3d. In addition to
the clear hexagonal structure, a weaker, longer-
range periodicity can be discerned. The spots corre-
spond to the lattice parameter of the Q  phase.
Copper is left as the only element which has a
uniform intensity across all its designated columns.

THE DETERMINATION OF YOUNG’S
MODULUS

The Direct Methods

NI is a commonly used and widely accepted
technique for determining the hardness and elastic
modulus of a wide range of materials.'® This is
because it has several advantages for measuring the
mechanical properties, including the minimum
preparation for the experiments and because the
experiments can be redone several times on the
same specimens.?’ It is a contact-based technique
and thus the shape of the contacting tip with
material during the experiments is very important.
A sharp pyramid-shaped diamond with a tip of a few
tens of nanometers radius is pressed onto the
sample. The applied load and nano-scale displace-
ments in the sample are recorded and the mechan-
ical properties are analyzed from the load-depth
curves. Yu and co-workers made experimental
observations of a high-speed NI of a rigid pyramid-
shaped tip into the Al substrate and explained the
acquired results by using molecular dynamics sim-
ulations, and the critical indent stress value of the
pure Al was estimated to be 6 GPa.?! They also
investigated other mechanisms possibly occurring
during the NI experiments, such as local melting,
tip substrate bonding, indentation force, and

(a) ADF

(b) Al-Ka
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() Mg-Ka

(d) Si-Ka (e) Cu-Ka

(i) Si Fourier
transform

Fig. 3. (a—e) Full aligned and summed ADF and EDS images of the Q' phase in the AI-Mg-Si—Cu alloy. (f—h) Close-ups and model of an
example area where the “Al ring” has composition AlzMg; instead of Ak. (I) Fourier transform of the Si image. The inner spots arise from the
intense Si columns at the corners of the Q’ unit cell. (j) Overview image taken before the scan, showing a dark line where the structure is Mg-rich.
The scan area is indicated with a yellow dashed square. Reprinted with permission from Ref. 17 (Color figure online).
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material orientation. It was noted that higher
temperatures and indent forces lead to higher
indent depths because the dislocations move easily.
The Y,, of the materials to be investigated is
generally determined in the reduced form given by
Eq. 2.

1 1-=® 1--f
Y. Yo

= (2)
Yoefr

where Y,,_.¢ is the effective Young’s modulus of the
material and indenter, Y,,, is of the indenter. v the
Poisson’s ratios of the material, and v; is the
Poisson’s ratios of the cantilever. The applied load
as a function of displacement graphs are generated
in this way (see Fig. 4). In the model being refer-
enced, the Molecular Dynamics simulation were
carried out with the ParaDyn code. A small-time
step of 0.001 ps was used, and the atomically sharp
tip was moving into contact with a flat Al substrate.
The movement is normal to the Al substrate surface.
The tip was equilibrated and the substrate for 3 ps
at the desired temperature. Then, the tip was placed
at 6 above the substrate, so that there is no
interaction between the tip and the substrate at
the beginning, and a constant force is applied to the
top layer of the tip, accelerating it towards the
substrate. The typical maximum velocity is 3 ps~1,
or 300 ms~1. The slope of the generated enable
determining the effective Young’s modulus in the
equation:
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1 /=ndP

meeﬁ" = ﬁ K%

(3)
where f§ is the geometrical factor, A is the contact
area of the indenter with the sample surface. The
various NI techniques have been used to see large
variations in the hardness and Young’s modulus of
Al alloys. In Ref. 22, the quasi-static indentation
and the dynamic modulus mapping methods were
used to study the complex nanostructure of Al foam
cells. The results obtained from several NI
approaches were compared, exhibiting consistent
values of effective elastic modulus and intrinsic
properties of the individual phases. This is because
of the appropriate arrangements of the NI experi-
ments (each indentation technique is able to eval-
uate the mechanical properties at different scales),
in terms of correct calibration, indenter type,
imprint size, and loading parameters. In Ref. 23,
complex intermetallic phases in an Al-Si alloy
system were investigated by using the same tech-
nique. Hardness and modulus values for a range of
alloy compositions were observed in that case. The
presented results showed that the NI technique is
able to detect the enhancement in the mechanical
property with increasing ratio of nickle (Ni) in Al-
Cu-Ni phases. Additionally, the authors correlated
the enhanced elastic modulus with the high forma-
tion temperature of the intermetallic phases. In
another test on a nanocrystalline Al-Mg alloy, the

Force [ImN]

H

—eo— Measurement

—e—Simu lation
=

Displacement [nm]

Fig. 4. Typical force versus displacement curves, a comparison of NI curves for experimental measurement and corresponding simulation.
Reproduced under the terms of the Creative Commons CC-BY license (http://creativecommons.org/licenses/by/4.0)%°
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acquired data were analyzed by using two different
techniques proposed by Dao and co-workers.?* and
Ogasawara and co-workers.?”> The obtained values
of elastic modulus, hardness, strain-hardening
exponent, and yield stress confirm the applicability
of both Dao’s and Ogasawara’s models.?® N is also a
useful tool in characterizing the uncertain areas of
welded Al alloys as reported in Ref. 27. In this
study, the residual stress was measured in two
commercially available Al alloys and tension in the
weld zone was reported in both the longitudinal and
transverse directions. Moreover, NI tests have been
commonly used to see the complex morphologies
which are hard to test due to their size. The
limitations and strengths of the two NI on
approaches (constant load test and constant strain
rate test) were explored by Shen and co-workers.?®
Mechanical properties of Al alloys are strongly
dependent on the elastic and shear moduli of the
second phases, which are critical to test in NI as
they penetrate the matrix during the test. To
circumvent this issue, an efficient approach to test
the mechanical characteristics of the second phases
was adopted in Ref. 29. The millimeter-scale bulky
second phases were prepared through calculation of
phase diagrams and directional solidification. Reli-
able NI and Vickers hardness tests were then
performed to determine the elastic moduli and
hardness of the «-AlFeSi, [(-AlFeSi and MgsSi
phases. The spatial resolution of both image and
NI area can be dramatically improved by moving
nano-indentors inside SEM and/or TEM instru-
ments. Both allow measuring various mechanical
properties at the nanoscale in addition to providing
the images of corresponding areas at similar
resolutions.

In a recent study of intermetallic particles of the
2024 Al alloy, it was observed that the NI test gives
different results for a particle with similar mechan-
ical properties depending on its depth in the tested
surface, leading to different force versus displace-
ment characteristics. A typical load—displacement
curve is shown in Fig. 4.2° They also obtained
hardness and Young’s modulus along with the
optical microscope images (see inset in Fig. 4) of
the examined particle.?® Although impressions
made by NI can be captured using an optical
microscope, complex microstructures and strain
measurements at the nanoscale can be better
observed by using electron microscopy, which allows
inspection at the atomic scale, replacing optical
microscopes with superior spatial resolution. The
load—displacement curves and high-resolution
images have been obtained in Ref. 31 using a
combination of NI with SEM, as shown in Fig. 5).
The images were extracted from an SEM video
recorded during the indentation test, and corre-
spond to the letters indicated in the curve. Image (a)
corresponds to the initial point of contact; (b) to
peak load; (c) to delamination of the film from the
substrate; (d) to immediately after the film has
released from the diamond; and (e) to just after
completion of the test. The most obvious aspect of
the studies presented in Fig. 4 is that along with the
conventional load—strain data, the optical images of
the corresponding areas are also presented. These
images allow the establishing of the correlation
between the microstructure and the property. Albeit
at a low spatial resolution of about 300 nm which is
inherently provided by the optical microscopy tech-
nique. To further improve the spatial resolutions of
both microstructure and Y,,, the NI experiments

1500 +

1000 4

Force (UN)

500 -

T T T

-20 4 2 .
40 4 I 4

T

¥ T L] L] T
200 220 40 280 %0

—

100 200 300
Displacement (nm)

Fig. 5. Force—displacement curve acquired during a displacement-controlled test: (a—e) were extracted from an SEM video recorded during the
indentation test and correspond to the letters indicated in the curve. Reprinted with permission from Ref. 31.
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can be carried out in a TEM. In these experiments,
the tip size of the indentater can be further reduced
to enhance the spatial resolution. TEM enables
imaging the microstructure at highest resolution
possible. In situ TEM experimental results of mea-
suring the Y,, of Al alloys is shown in Fig. 6. The
hardness values were calculated for the Al alloy
deformed with different deformation levels of 0 %
(non-stretched), 1 %, 2 %, 3 %, 4 % and 5 %. It was
noted that the hardness values are somewhat high
at the beginning and then decrease followed by
increasing to the peak hardness value. At the end of
the curve, the hardness values decrease to relatively
stable values.'® The obtained hardness values were
in the range of 114 + 5 HV/1.96 to 215 + 4 HV/1.96.
It can be seen that compression from the indentater
leads to the generation of applied load versus
displacement plots that lead to the determination
of Y,, for the alloys.?? The strain fields and Young’s
modulus (Y,,) of the hardening precipitates in Al
alloy in [00 — 1],; and [-110],; directions was esti-
mated in the range of + 0.1 % to &+ 0.16 % for the
thin and thick T precipitates, 0.2 % to 0.05 % for
the ﬁ' precipitate, and in the range of 0.01 % to 0.02
% for the Al matrix.*® The mapping of Y}, in the Al
matrix around each type of hardening precipitates
within the alloy microstructure yielded the values of
67.41 £+ 1.1 GPa, 65.1 + 1.1 GPa, 70.41 £+ 1.1 GPa,
and 69.13 £+ 1.1 GPa for the Al matrix near the thin
T platelet precipitate, thick 7 platelet precipitate,
[3/ spherical precipitate, and Al matrix, respectively.
The hardness evolution during the heat treatment
of the alloy for different temper conditions were also
estimated.'® The first feature of interest is that an
Al alloy in T8 temper has a higher hardness of 160.3
+ 7 HV/1.96 than those of the specimens in the T4
and T6 tempers. During T4 and T6 tempering, both
specimens experience a significant and quite similar
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hardening response. The minimum hardness value
is reached in T6 tempering with value of 112 + 5
HV/1.96. During the natural aging of the sample in
the T4 temper, no significant change of hardness is
observed with the value of 125.2 + 9 HV/1.96. This
behavior can be attributed to the presence of
different nanoscale structural features after the
conducting of each heat treatment temper.

The Indirect Methods

The dynamic measurements such as impulse
excitation technique (IET) of the Y,, is an alterna-
tive to conventional tensile tests. The strain interval
used for the dynamic measurement of Y,, is small,
which means in turn that stresses are small enough
to ignore dislocation activity, as is the build-up of
internal damage. The sample then behaves more
truly as a linear elastic solid. Another advantage of
this low amplitude method is that particles are kept
in compression (due to thermal internal stress upon
cooling), and therefore possible cracks in the parti-
cles remain closed. For these reasons, the measure-
ment is expected to yield a higher and more
accurate value compared to conventional tensile
measurements from mechanical tests. Among the
dynamic testing methods, the IET consists of sub-
jecting a specimen to an external mechanical
impulse and recording its resonant frequencies.
Elastic properties can then be computed from these
harmonic frequencies, knowing the geometry of the
specimen and its density.?®?* Strictly speaking,
these are “dynamic” elastic moduli but,, for the
sake of brevity, we will omit the word “dynamic”.
Practical application of the method has been
reported for various composite materials. Y,, is
measured by applying the free longitudinal vibra-
tion of a beam that engenders longitudinal exten-
sion and compression of the beam and some lateral
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Fig. 6. (a) Depth-controlled load—displacement curve exhibiting several sudden load-drop events as the indenter moves into the Al grain. Inset
initial portion of the loading segment. Arrows point to two barely discernable load transients corresponding to the first two dislocation bursts within
the grain. Star indicates the start of the first major load-drop event. (b, ¢) and (d, e) Sequential TEM movie frames from the first and second

dislocation bursts, respectively. Reprinted with permission from Ref. 32.
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deformation. The latter can be neglected when the
bar is long compared to its cross-section. Under the
conditions of the first fundamental harmonic (f1)
and geometrical corrections, the Y,, can be deter-
mined by using Eq. 4:

l4
Y,, = O.946f12pﬁ (4)

where p is the density of the material, and / and A
are the length and height of the beam, respectively.
The task imaging the areas where the IET testing is
performed is also carried out using optical micro-
scopy. A typical optical image of an Al alloy and the
determined relative Y,, for various alloys are shown
in Fig. 7. The IET technique has similar limitations
on spatial resolutions when it is combined with
optical imaging. That is, the resolution of the
acquired images also lies in the range of 300 nm
or higher, whereas the spatial resolution for the
determination of Y,, lies in the range of a micron or
higher.

Spatial resolution of Y,, for the case of “indirect”
category can be enhanced by carrying out the IET in
the in situ SEM. The setup and data on Al alloys for
carrying out the IET experiments as well as the
microstructure imagin% is presented in Fig. 8. Bar-
tolomé and co-workers®® measured not only Y,, by
applying the IET signal but further utilized it to
investigate the crack formation in the alloys. The
evolution in the microstructure under IET in in situ
SEM is presented in Fig. 8b-e. The amplitude of the
oscillating rod as a function of the voltage frequency
was measured from the images on the SEM screen.
The frequency was tuned to find the resonance of
the oscillating rod, and the Young’s modulus was
then determined from the elasticity theory, as
shown by Eq. 5:

_ f;2477:2L4pSB
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(5)
where f; is the fundamental resonance frequency, L
the length of the rod, p the density, Sg and Iy are
the section and the second moment of inertia at the
base of the rods, respectively, and « is the correction
factor, which depends on the geometry of the rod.

Despite measuring the strain fields around the
precipitates at the nanoscale, the engineering
strain—stress curves cannot be utilized without the
measurements of the Y, independently in alloys at
the same spatial resolutions. As mentioned earlier,
the low-loss EELS technique allows the determining
of theY,, values in metal alloys. The combined
application of EELS with the dark field STEM mode
enable mapping of Y,, at the nanoscale of the same
regions of alloys from where the strain fields are
determined. The low-loss EELS method relies on
the fact that the bulk plasmon energy (E,) in the
acquired EELS of metallic alloys is related to the Y,
of the matrix alloy. The complete theory of correla-
tion between plasmon energy (E,) and different
elastic properties of various alloy materials has
been completed, as already demonstrated by using
TEM-EELS.*® As is known, the volume E, varies
with the valance electron density (n) of a material,
and hence various equations relating E, to the bulk
modulus (B,,), Y,, and shear modulus (G,,) have
been developed.?®*” The value of Y,, for Al alloys
was determined from its £, by using Eq. 6, showing
the relationship between E, and Y,,:

Y,, = 0.08E,*° (6)

The application of the method galvanizes around
the objective of extracting the value of bulk plasmon
frequency or energy pixel-by-pixel from the acquired
STEM-EELS hyper-detests. Next, the shift in the
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Fig. 7. Measurements of Y}, using an indirect method. (a) Optical micrographs of PRMMCs with a 25um polygonal. (b) Relative Young’s modulus
measured by IET (calculated according to DIN 1048) and compared with analytical models. Different types of composite are referred to with
different symbols: Al an Al matrix, AICu an Al-Cu alloyed matrix, a and p angular and polygonal particles, respectively. Reprinted with permission

from Ref. 33.
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Fig. 8. Young’s modulus measurements using IET methods inside SEM. (a) Experimental setup for in situ scanning electron microscopy
mechanical resonance measurements. Reprinted with permission from Ref. 34. (b—e) Micrographs for evolution of the main crack under different

loading cycles. Reprinted with permission from Ref. 38.

plasmon energy also needs to be determined pixel-
by-pixel, as shown in Fig. 9b. Once such an image
containing the shift in the plasmon energies in the
AL matrix is generated, then the much sought after
Y,, map can be generated, like the one shown in
Fig. 9d, after the application of Eq. 6. This is how
the Y,, maps are generated with the application of
Eq. 6 in a pixel-by-pixel manner in the acquired
STEM-EELS datasets. This type of Y, mapping in
the dark field STEM mode has been completed by
Khushaim and co-workers.?® Figure 9 describes the
complete methodology and data generation steps.
One of the biggest advantages of applying STEM-
EELS for the determination of mechanical proper-
ties is the simultaneous enhancement in the spatial
resolutions for both the images and the Y,,. A
typical resolution of better than one nanometer for
the image and about a couple of nanometers for the
Y,, has been demonstrated.

DETERMINATION OF STRAINS
Direct Methods

In many applications of metals in the field of
mechanical engineering, loads are applied in a
dynamic or impulsive manner which means that
the strain rate ¢ can be changed dramatically over
time while conducting the experiments. That is why
all the components must be designed to operate on a
wide range of strain rates. Conventional mechanical
tests are generally capable of providing the strain
rates up to 103s~ 1. Furthermore, an appropriate set
of experimental data needs to be collected and then

a corresponding elastic—plastic constitutive model
also needs to be chosen to achieve reliable results
from the simulations. The engineering as well as the
true stress—strain curves, describing the strain
hardening behavior up to large strain rates, are
the fundamental information among the elastic—
plastic parameters. In the present research, the
static (strain rate about 1073s71) and dynamic
(strain rate about 5 x 102s~1) mechanical behavior
of AA6016 alloy sheets has been determined in T4
and T6 temper conditions.*® The data were fitted by
using the Swift—-Voce hardening model. The data
are presented in Fig. 10, in which a and b contain
optical images of the specimens after necking has
taken place after applying the load, whereas
Fig. 10c shows the engineering stress versus engi-
neering strain curves for each case. It should be
noted that the included specimens were of three
types, i.e., the first was cut in the transverse, the
second in longitudinal, and the third in the diagonal
plate rolling direction. The comparison of the tensile
curves among the three tested directions show a
substantial overlap, thus evidencing a nearly iso-
tropic behavior. The correlation of the microstruc-
ture and property is carried by acquiring the images
with an optical microscope. Therefore, only the
morphology (or shape) changes can be determined
from the images in Fig. 10.

The spatial resolution of the images can be
significantly improved if the same type of tensile
testing fits the existing SEM and even TEM stages.
In this way, these techniques are labeled as in situ
SEM and in situ TEM for the mechanical testing of
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Fig. 9. Mapping of Yy, in the AA2195 alloy using STEM-EELS.(a) HAADF-STEM image containing Ty platelet precipitate, 5 spherical precipitate,
and Al matrix. (b) EELS spectrum from an Al matrix region. Inset plot having overlaid Al plasmon peaks from Al matrix alone, and the matrix
having T; and f precipitates. (c) Absolute thickness map acquired for Al matrix. (d) Mapping of Y, by applyi 3g9 NLLS to STEM-EELS.
Reproduced under the terms of the Creative Commons CC-BY license (http://creativecommons.org/licenses/by/4.0).

metals. They enable making the observations of a
complete tensile test during the experiment, along
with accurate stress—strain curves. The in situ SEM
and TEM allow the applying of the mechanical
characterization of freestanding thin films with
thickness of the orders of nanometers to microme-
ters, and under uniaxial tension. The material
under test is first patterned on the silicon substrate
using lithography. It is then released from the
substrate. A force sensor is also fabricated with the
specimen and the whole tensile-testing setup can
easily fit existing SEM and TEM stages. Hague and
co-workers fabricated a 200-nm -thick, 23.5-um-
wide, and 185-um-long freestanding Al spemmen
and tested it in an environmental SEM chamber.*

An SEM image of the tensile test chip and the SEM-
ready experimental setup are shown in Fig. 11(a
and b, respectively. During the test, the specimen
was continuously monitored in the SEM as shown in
Fig. 11c-h, depicting a few frames that were cap-
tured in the video. Such experiments are rapidly
growing as they offer a cheap and easily fabricated
platform to test a variety of nanoscale samples.
Similarly, mechanical testing inside the TEM cham-
ber with atomic resolution has been reported in.*?
The authors presented a uniaxial tensile test setup

that co-fabricated nanosized freestanding speci-
mens with force and displacement sensors, which
can also be accommodated by a TEM straining
stage. Overall, it is evident that both SEM and TEM
imaging analyses provide higher spatial resolution
than an optical microscope, i.e., nanometers to deep
sub-nanometers. Therefore, the quality of observing
the changes in the microstructure of samples is
dramatically enhanced during applied loads. As a
consequence, more fundamental structure-to-prop-
erty relationships can be established using in situ
SEM and/or in-situ TEM.

Tensile testing to measure &7 in the in situ TEM
can be utlhzed at the highest spatial resolution
possible.*> The experimental setup along with ep
results on Al alloys are presented in Fig. 12. The
alloy specimen is prepared using a focused ion beam
and strained by applying tensile load. This leads to
the generation of applied load versus ¢p plots shown
in Fig. 12e. The fitting of the plot and then calcu-
lation of the slope leads to the calculation of Y,, of
the alloys. In addition to measuring the mechanical
er, the in situ TEM is also used to image the
microstructure of the alloys at atomic scales, there-
fore, allowing the establishment of SPCs for ¢r at
the nanoscale.
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Fig. 10. Samples at the end of the static (a) and dynamic (b) tests. (c) Representative engineering stress—strain static curves of tensile
specimens in T4 and T6 temper conditions. Reproduced under the terms of the Creative Commons CC-BY license (http://creativecommons.org/
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Fig. 11. (a) SEM image of the tensile test chip, (b) SEM-ready experimental setup. Crack propagation: (c) crack visible for the first time (0.0 s),
(d) after 56 s, (e) zoomed view after 73 s, showing void coalescence ahead of the crack front at the 45° angle, (f) after 86 s, showing more nuclei
of void growth and coalescence, (g) after 116 s, and (h) crack front is large enough to grow normal to the tensile axis. Reprinted with permission
from Ref. 41.
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Indirect Methods

The strain measurements using indirect methods
give rise to the determination of structural or
residual strains. Therefore, also combining these
with Y,, results in the determination of residual
stresses. Interestingly, residual strains are gener-
ally determined using techniques that give the
results in the nanometer range. This is because,
unlike tensile strains, the residual strains are
closely linked with the microstructure of alloys.
The structural characterization at the nanoscale is
often enough to determine the residual strains. This
is carried out using indirect and non-destructive
methods such as electron backscattered diffraction
(EBSD) and nanobeam diffraction (NBD) having
residual strain maps with nanometer-range spatial
resolutions. EBSD and NBD setups used in a SEM
and a TEM for strain mapping of smaller areas
using forward scattered diffraction space are given
in Fig. 13. EBSD is a powerful tool which is more
site-specific, utilizing the electrons with a wave-
length much smaller than that of x-rays. This
technique has been widely accepted due to its
potential to quantify residual strains at the nanos-
cale. Both elastic and plastic strain effects can be
clearly observed in EBSD patterns. It also provides
microstructural features, grain boundary orienta-
tion, grain size and shape, and other material
characteristics, allowing characterization at the
sub-10 nm scale. However, to obtain high-quality
EBSD patterns, careful sample preparation is
highly required as EBSD is a surface-sensitive
technique. A detailed review of strain analysis using
the EBSD tool has been reported in Refs. 44-46.
Furthermore, dislocations due to the growth of
grains,*” mechanical properties of Al 2024 after
severe plastic deformation, and non-isothermal
annealing,’® the microstructures of laser-deposited
Al 2024 samples®® and the texture of various

burnished subsurface layers of Al alloys®® have all
been explored by using the EBSD tool.

As mentioned above, NBD is a TEM-based tech-
nique that also allows the determining of residual
strains. In a conventional TEM, it allows the deter-
mining of the strains in materials with a spatial
resolution that can be either close or higher than
EBSD. However, the field-of-view (FOV) of the
acquired datasets is significantly smaller for the case
of NBD than EBSD, as can be confirmed by looking
at the ranges of EBSD and NBD images in Fig. 13.
The crystal structure and strain analysis with the
help of the NBD tool has been reported in Ref. 51,
obtaining diffraction patterns from a 1- to 10-nm
region of the specimen. However, to date, TEM is a
most efficient investigation tool that permits crystal
orientation, and lattice parameter and quantitative
strain measurements, in nanograin structures with
significant resolution. A nanoscale strain character-
ization in the Al 2024 alloy was realized in Ref. 52 by
using TEM-based NBD technology. Generally, the
EBSD setup is used in SEM for strain mapping of
large areas using backscattered diffraction space.
Overall, by using these techniques, it is possible to
establish between the residual strains and
microstructure of materials.

The determination of residual strain fields in the
Al matrix surrounding the precipitates is often
desired but requires higher spatial resolution than
either the EBSD or NBD techniques provide. This
task can also be carried out in TEM by applying
elaborate image processing routines on the acquired
high-resolution TEM or high-resolution STEM
(HRSTEM) images of the alloys. One of most
commonly used image processing techniques is
called geometrical phase analysis (GPA) and it
basically allows the determining f the atomic dis-
placements in the acquired images with respect to
reference regions that ultimately are represented
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Fig. 13. (a) Schematic of EBSD setup in SEM for strain mapping of large areas using backscattered diffraction space. (b) Schematic of NBD
setup in TEM for strain mapping of smaller areas using forward scattered diffraction space.

in the form strain fields.!?%3%* Its algorithm is

based on the implication of atomic resolution on
the Fourier space technique.!'’ Measurements of
strain fields with the GPA technique yield a 0.003-
nm sensitivity and has been applied to a wide
variety of materials including metallic materials.®*

For the case of Al alloy materials, the calculation
procedures for the strain fields around the observed
hardening precipitates require (1) HRSTEM images
of the precipitates in Al matrix, (2) calculating the
fast Fourier transformation (FFT) of the obtained
images, (3) selecting different diffraction spots along
different lattice directions, (4) obtaining the inverse
FFT of the obtained images, (5) calculating the
geometric phase image by using the relationship
between the phase of the local Fourier component
(P4)®) and the component of the displacement field
(u(r)); this relationship can be expressed by (
P,(r) = —2ngu))®, where g is a reciprocal lattice
vector,!' (6) calculating the displacement field
using the relationship for two independent phase
images Pg1)® and Pgo)®; in this case, the two-
dimensional displacement field can be calculated
by Eq. (7):

(u) -1 (glx g1y>1<Pg1) )
Uy 2n 8ox 82 P, g2

where g,, g, are two parameters of g in the
reciprocal space, and u,, u, are atomic displacement

fields in normal coordinate, and (7) obtaining the
strain field by differentiating the displacement field
as shown by Eq. 8:

Ju du 1/0u, Ou

Exx :6_;(’ Eyy :8—;7 by =g <8_xx+8—yy> (8)
Based on above theoretical framework, the experi-
mental results on Al2024 alloys are shown in
Fig. 14.°° In this work, the authors applied the
HRSTEM technique to investigate the sequence of
precipitate formation in the alloy. GPA was also
applied on the corresponding HRSTEM images to
map the residual strain field in the Al matrix
surrounding the precipitates. It can be confirmed
from the results that HRSTEM in conjunction with
GPA is capable of measuring the residual strains at
high spatial resolution as well as the sensitivity that
can be directly correlated with the microstructure of
the precipitate and alloys.

FUTURE OUTLOOK

In recent years, efforts have been made to com-
bine microstructure imaging and property measur-
ing techniques. This has led to the acquiring of
different types of datasets in a simultaneous man-
ner from the same regions of alloys. In this way, the
acquired results can be utilized to establish the
correlated SPCs in an improved way. One way or
another, improvements have been made to acquire
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Fig. 14. STEM and GPA characterization results of a specimen with 2-h ageing treatment. (a) Layered S phase structure with segregation at the
end, (b) single- and double-layered structure with step-shaped variation, (c) magnified image of red dashed square in (b) and line plot of image
intensity along the arrow, and (d) morphology and atomic structure of solute segregation and co-cluster. The projection direction of the four STEM
images is parallel to [100]Al; (e) and (f) are the GPA measurement results corresponding to (b) and (d), respectively. Blue arrows in (e) represent
the positions of defects. Bar in (f) is the GPA intensity with a relative value from —0.1 to 0.1. Reprinted with permission from Ref. 55 (Color

figure online).

higher quality data from pretty much all of the
techniques mentioned above. However, the
advancements made for the cases of TEM and APT
are particularly noteworthy. Regarding TEM, the
so-called 4DSTEM technique allows the combining
of various TEM based techniques into a single
technique, and hence has become a promising way
of determining various material properties includ-
ing residual strains and elastic modulus. 4DSTEM
refers to recording 2D images of a converged
electron beam over a 2D grid of beam positions.
The resulting datasets are 4D, hence the term
4DSTEM. In other words, all forms of scattering
measurements that are present in 2D images of a
STEM probe are recorded. This is done either in real
or diffraction space for a 2D grid of beam positions.
The complete history, name conventions, and some
recent developments on the 4DSTEM technique can
be found from.?® One of the weaknesses of conven-
tional STEM imaging; namely that the bright and
dark field detectors must be physically positioned at
some angle from the optical axis. Moreover, those
detectors cannot be changed relative to each other
during the measurements. Under this scheme, after
carrying out a conventional STEM measurement,
electrons within the scattering range are grouped
together and can no longer be further separated by
the scattering angle. The illustration of this fact is
mentioned in “Indirect Methods” section for the case

of NBD. The 4DSTEM technique allows this weak-
ness of NBD to be overcome for determining the
strain of materials simultaneously at a high spatial
resolution and signal sensitivity. It allows the
production of strain maps by providing “virtual”
detectors that can be added (or subtracted) to some
subset of the pixels in the diffraction patterns at
each probe location.

The application of the 4DSTEM technique for
strain measurements has an inherent trade-off
between the resolutions in real space and reciprocal
space. A larger convergence angle will generate a
smaller probe, giving better resolution in real space.
However, this will also decrease the strain mea-
surement precision due to the overlapping of the
diffracting peaks. To circumvent this problem, the
convergence angle can be decreased, leading to an
increase of the STEM probe size in real space. A
4DSTEM measurement under these conditions will
have a somewhat lower spatial resolution but
certainly an improved strain precision. Relatively,
a smaller FOV is generally a limitation to the
advancement of strain measurements using TEM
modalities. 4DSTEM offers a solution to this by
using millisecond readout times with direct electron
detectors. In this way, the FOV can be increased, as
demonstrated by Miiller and co-workers.?” The data
acquired under this scheme show that 4DSTEM
strain measurements present several advantages
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over strain measurements made with NBD.*¢ For
instance, it was demonstrated that the 4DSTEM
enhances the FOV equal to EBSD’s FOV but at a
higher spatial resolution. Second, the heterogeneity
could also be addressed by acquiring the 4DSTEM
data under precession electron diffraction (PED)
conditions for various types of materials, including
single-crystalline semiconductor multilayers and
poly-crystalline materials. Third, Ebner and co-
workers®® showed that it was possible to measure
this structural variation in metallic glasses. By the
same token, Austl. and co-workers and Redman and
co-workers utilized the 4DSTEM technique to mea-
sure residual strains in samples with lar%e FOV and
poly-crystalline materials, respectively.®*¢® Using a
method that combined PED with 4DSTEM experi-
ments and performing the subsequent experiments
with a fast detector, Gammer and co-workers®! were
able to map the strain distribution in metallic glass
samples that were machined into a dog-bone geom-
etry for in situ mechanical testing. The acquired
results showed an intermediate time step where the
sample was under mechanical load, while the mean
image data revealed the characteristic “amorphous
ring” which was a good fit for every probe position to
determine the relative strain maps, referenced to
the unloaded sample. With all these advancements
within the reach, it is just a matter of time before
the results of the strain measurements of Al alloys
using 4DSTEM will appear.

Another aspect of current efforts includes the
advancements made in the field of 4ADSTEM data
processing. Almost every study described in this
section uses computational imaging in some capac-
ity. The digital recording of microscopy images and
diffraction patterns has quickly replaced the previ-
ously used photographic film technology, because it
made it easy to use computers to analyze the
acquired data. There are several packages that are
currently being developed for 4DSTEM data anal-
ysis. These include HyperSpy, pyXem, LiberTEM,
Pycroscopy, and py4DSTEM. Because so many of
the 4DSTEM methods and technologies mentioned
here are being actively developed, it is expected that
the software landscape will change considerably
and will also be applied to the analysis of 4DSTEM
datasets from metals and their alloys.

In the context of using different techniques and
correlating them, a well-established approach that
allows a direct comparison of APT and small-angle
(x-ray) scattering (SAXS) performed on the same
material was presented in Ref. 62. Comparing
between techniques was carried out for a range of
Al alloys. By this approach, an accurate analyzing
property-enhancing particle in the nanosize range
and below would be possible. As has been frequently
highlighted, APT has progressively become promi-
nent as a tool for analyzing the composition of
microstructural features that are precipitate fea-
tures in the nanometer-size range and below.®%%*
This is particularly true for solute clusters.®
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However, there are still debates as to how to define
a solute cluster and whether it is possible to
distinguish between a random fluctuation and a
“real” cluster. Additionally, the question of the
effective spatial resolution for APT in the analysis
of particles has never been addressed. To address
this question, De Geuser and co-workers®” reported
on the results obtained by using SAXS and APT
techniques performed on the same material. SAXS
allows the detection of compositional fluctuations on
the smallest scale and does not suffer from the same
artefacts as APT. It has been demonstrated that the
effective spatial resolution of APT in the context of
the metrology of small objects is worse than often
reported, which will particularly impact the mea-
surement of solute clusters and small precipitates.
Thus, when approaching 1nm in radius, the
measured values of the size and composition of
particles by APT should be considered highly ques-
tionable. Possible routes for more reliable results on
very small objects can be obtained by using statis-
tical methods such as radial distribution functions-
based analyses and including the effect of the point
spread function in the interpretation of these
analyses.

SUMMARY AND DISCUSSION

In this section, the qualitative problem statement,
presented by the schematic shown in Fig. 1, is re-
presented in more substantive and quantitative
shape. This is presented in Fig. 15 and is completed
by giving an overall summary of the quality on the
established SPCs by performing correlations
between the measured mechanical properties as
well as the determined microstructure of the alloys.
It can be seen from Fig. 15 that the SPCs can be
divided into three regions based on length scales,
namely macro-, transition, and nanoscales. Strictly
speaking, these scales work for the microstructure
but, qualitatively, the spatial resolution of the
mechanical properties also increases as we move
from macro- to nanoscales. It is also abundantly
clear that, for either the “direct” or “indirect”
categories, a combination of minimum two or three
techniques is required to established the SPCs at a
specific length scale. For instance, for the direct
category and at macroscale, the establishment of
SPCs requires a combination of three techniques,
namely NI, tensile testing (T'S), and optical micro-
scopy (OM) for Y,,, tensile strain, and microstruc-
ture, respectively. Several conclusions can be made
from the schematic given in Fig. 15.

— NI is used to determine Y,, under direct category
(or under applied load conditions) at bulk
scales.’ Similarly, under the same category
and scales, the ¢ is determined using the bulk
tensile testing method. In either case, the com-
mensurate imaging of both NI-investigated and
tensile tested regions is performed with OM.
This is how the SPCs can be established by
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Fig. 15. Summary of the techniques capable of providing microstructure—property correlations for direct and indirect categories in different length
scales. Each combination represents a set of techniques that provide information on the Yy, ¢r or ¢g, and microstructure. Each combination of
microstructure measuring technique and mechanical property determining technique is presented in microstructure technique-mechanical
property technique manner. This combination is written above the oval containing Y, property and whereas below the ovals containing ¢ and ¢g
properties.

analyzing the data presented in Figs. 4 and 10.
It is to be noted that the OM-determined evolu-
tion in the microstructure of the alloys is prac-
tically reduced to morphological changes
recorded under compressive and tensile load
conditions. It is worth noting that only the
microstructure of the alloys is recorded in
images (or 2D maps), whereas both mechanical
quantities are measured in the form of plots,
which means that the determined Y,, will be a
scalar number.

For the case of the indirect category and bulk
scales, the situation is quite different. First,
strain without the application of tensile load will
reduce to ez and there is no technique that is
capable of providing data on residual strain
under indirect conditions. Therefore, only the Y,,
under these scales and category can be deter-
mined. This is done using the technique of TET.
The results presented in Fig. 7 show that IET
provides the Y,, in the form of a plot, while the
microstructure is determined using OM. Due to
the inherent technique limitations of OM and
IET, the acquired results possess micron-scale
spatial resolutions.

At the transition length scales, the established
SPCs have spatial resolutions in deep submicron
scales. Such resolutions can be in the
microstructure and/or the mechanical proper-
ties. For the case of the direct category, the
experiments of applying both compressive (NI)

and tensile (TS) loads are moved to SEM, as
shown in the Figs. 5 and 11, respectively. By
doing so, the spatial resolution of the microstruc-
ture improved to a few nanometers. Further-
more, the spatial resolutions also improved
significantly in the data acquired for both Y,,
and ¢ due to a reduction in the size of specimens
needed to investigated inside SEM. Even having
higher resolutions of the microstructure (i.e.,
down to individual grains), the data on the
mechanical properties is still acquired in the
form of plots. Consequently, the established
SPCs under this category and length scales will
have higher spatial resolutions but smaller
FOVs.

Next, at the same transition scales but for the
indirect category, the IET experiments can be
carried out inside SEM to improve the resolution
of the microstructure data (Fig. 8). Thus, the
established SPR for Y,, under category will have
similar characteristics as the direct category in
the same length scales. However, in the indirect
category &g is measured by using the EBSD
setup in SEM, as shown in Fig. 13. EBSD allows
the generating of maps or 2D plots of ¢z with a
range of tens of microns as opposed to 1D plots
by using TS. The typical spatial resolution of the
generated 2D maps of &z is in the range of 3-10
nm per pixel which is close to the spatial
resolution in the images of the corresponding
microstructure. To have an enhanced spatial
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resolution (i.e., 1-3 nm) in both microstructure
and ¢g, but at a smaller FOV, the experiments
can be performed in TEM by setting it in NBD
mode (Fig. 13).

For the direct category, the highest spatial
resolution, i.e., one nanometer or below, in both
the microstructure and property is possible by
performing the NI and tensile experiments
inside the TEM. The method allows imaging
the microstructure near atomic resolutions dur-
ing the indentation and/or tensile experiments,
and the results from these techniques are pre-
sented in Figs. 6 and 12, respectively. The deter-
mined Y,, and ¢ are scalar numbers determined
from the 1D plots under schemes mentioned in “
The Direct Methods” and “Direct Methods”
sections, respectively. The independent determi-
nation of both properties results in the estima-
tion of applied stress in the alloys.

For the indirect category and the highest
spatial resolutions, the determination of both
microstructure and property are possible by
carrying out HRSTEM imaging and STEM-
EELS experiments, respectively. The methodol-
ogy for determining Y,, is presented in Fig. 9. It
is to be noted, using STEM-EELS, that the Y,
results can be presented in 2D plots or maps.
GPA on HRSTEM enables the generating of &g
maps in addition to providing the high-resolu-
tion details of the microstructure (Fig. 14). It is
clear that the combination of STEM-EELS and
HRSTEM-GPA is unique in the sense that it is
the only way to provide 2D plots (or maps) for
both strain and Young’s modulus. As mentioned
earlier, the Y,, at the nanoscale is different
than at the macroscale for the materials There-
fore, this combination gives the opportunity of
determining a size-dependent Y,, for the Al
alloys. Furthermore, finding out Y,, this way
will help to investigate whether other mechan-
ical properties of the alloys increase, decrease,
or remain constant, as has been observed for
other materials.?%® As a result, it will become
possible to find out whether Hooke’s law and
Euler—Bernoulli theory for the elastic behavior
of materials are sufficient to explain the prop-
erties of Al alloys at the nanoscale or the
dependence of Y,, on the size must be in-
cluded.®

CONCLUSION

Overall, the schematic of a general SPC pre-
sented in Fig. 1 has been given a quantitative
representation in Fig. 15. This turned out to be
a combination of techniques that work for
different categories of mechanical properties
and microstructure. Moreover, a specific com-
bination is valid for a given length scale of the

Zafar, Khushiam, Ravaux and Anjum

three mentioned here, i.e., macro-, transition,
and nanoscales.

It was thus demonstrated that the combina-
tion of a microstructure measuring techniques
and a particular property determining tech-
nique dictate the quality of established SPCs.
The nature and validity of the established
SPCs depends on the size in the same way as
the mechanical properties and microstructure.
It can also be concluded that NI belongs to the
direct category technique which allows the
determining of Y,, independently at different
scales.

Similarly, tensile testing (TS) enables the mea-
suring of the tensile strains or ¢ at different
scales for the direct category. Under this testing
scheme, the applied stresses can be linked to the
independently measured Y,, and e7. It is to be
noted that no combination of these techniques
gives either Y,, or ¢7 in the form of 2D plots or
maps. On the other hand, the microstructure at
the same length scale can be recorded in 2D
plots or images. The spatial resolution of the
acquired images increases with decreasing the
scales because the imaging technique is chan-
ged for each case.

For the indirect category, there is no technique
that allows measuring the residual strain of ¢z
at bulk scales. In this category, only IET can be
employed to measure Y, at these scales.
However. the spatial resolution of the
microstructure recorded images will be limited
by the optical microscopy which can be
enhanced to the nanometer scale by perform-
ing IET experiments in SEM.

The EBSD datasets acquired in SEM allow the
determining of the ¢z at transition scales, i.e.
between the bulk- and nanoscales. The gener-
ated strain data are in the form of 2D strain
maps with a spatial resolution of about 5 nm.
In the same transition scales, the spatial
resolution of ¢z maps can be enhanced a little
by acquiring the NBD datasets in the STEM of
a TEM.

Clearly, the highest resolution containing ¢g
maps can only be generated by applying GPA
on the acquired HRSTEM images of the alloys.
By the same token, the STEM-EELS is the
only indirect category technique that allows
the determining of Y,, at the nanoscale with
nanometer spatial resolution. Furthermore,
STEM-EELS is the only technique among all
the techniques available in either direct on
indirect categories that can give the Y, in the
form of 2D plots or maps.

It was contended that in the direct category
both Y,, and &7 are measured as scalar num-
bers by carrying out NI and TS experiments in
the in situ TEM, whereas, for the indirect
category, Y,, and ¢y are measured as two plots
by carrying out STEM-EELS experiments and
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STEM-GPA data processing. 4DSTEM can be
developed to apply on small grain sizes or
amorphous Al alloys.

9. The application of a certain technique from
either category will depend on the specific
information required. For instance, residual
stress is a kind of internal deformation coor-
dination of materials, which is caused by
constraints or non-uniform deformations, and
is an important factor for evaluating deforma-
tion materials. Similarly, tensile strain-based
techniques will be chosen if the requirement if
to measure the mechanical strength of alloys.

10. In the end, it is important to note that no
single technique can do it all when it come to
correlating the mechanical properties with the
microstructure of the alloys. For example, NI
experiments combined with in situ TEM pre-
sent the best solution for studying the disloca-
tion motions under applied loads. Similarly,
STEM-EELS offers the best option to deter-
mine the Young’s moduli and residual strain in
the metal alloys at the nano scale.
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