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Recent investigations have indicated that compositional heterogeneity, which is compositional undulation of
alloying elements in single-phase solid solutions, can enhance the strength without sacrificing ductility, similar to
cluster strengthening, of single-crystal nano-pillars and bulk nanocrystalline metallic materials. However, the
impact of compositional heterogeneity on the mechanical properties of coarse-grained metallic materials is not
yet fully understood. In this study, we examine the influence of compositional heterogeneity on the tensile
mechanical properties of a Cu-9Al (at.%) alloy with a coarse-grained structure fabricated using wire arc additive
manufacturing and with an ultrafine-grained structure after further processing. Our results demonstrate that the
effects of compositional heterogeneity depend significantly on the grain size. Specifically, in ultrafine-grained
samples, there is a remarkable improvement in strength with only a slight reduction in ductility. However, as
grain size increases, the strengthening effect of compositional heterogeneity diminishes, resulting in softening
with a significant loss of ductility. These phenomena can be attributed to the behaviour of dislocations in the
materials. Overall, this study highlights the importance of understanding the relationship between compositional
heterogeneity, grain size, and mechanical properties in metallic materials, which can inform the design of new
materials with improved strength and ductility.

1. Introduction

It is well known that metallic materials can be strengthened by grain
refinement, work hardening, precipitation, and solid solution strength-
ening. Recent investigations revealed that compositional heterogeneity
presents a similar strengthening effect as cluster strengthening [1,2],
which enhances the strength without sacrificing the ductility of mate-
rials [3-8]. Most recent studies focused on investigating the effect of
compositional heterogeneity in multiple-principal-element alloys or
high-entropy alloys [4,5,8-12]. Experimental and theoretical results
suggest that the increasing degree of compositional heterogeneity can
overcome the strength-ductility trade-off and enhance the fatigue per-
formance of bulk materials [3,8]. The underlying mechanisms are
dislocation interactions and tangling, which are enhanced by
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compositional heterogeneities [3,5,9]. However, uncertainties remain in
the detailed role of compositional heterogeneity on properties. For
example, the alloy systems studied so far usually contained at least three
alloying elements [4,5,8-11]. This has made it challenging to clarify
how an individual alloying element contributes to the degree of local
compositional heterogeneity. Further, it remains unknown if the re-
ported sluggish dislocation slip in multiple-principal-element alloys is
caused by the large lattice distortion [13] or by compositional hetero-
geneities. Meanwhile, most mechanical tests were conducted on either
nanocrystalline materials [3,5] or single crystal nano-pillars [9,10].
Little evidence has been provided on whether this strengthening
mechanism can be applied to coarse-grained (CG) binary polycrystalline
materials. For nanocrystalline materials, the low work hardening rate
and minimal dislocation accumulation limit their ductility [12-15]. In
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contrast, there is sufficient room for dislocation accumulation inside of
the grains of CG materials. To investigate this further, we studied a bi-
nary single-phase face-centred cubic (FCC) Cu-9Al (at.%) solid solution
alloy. This alloy is free of precipitation of any secondary phase, ensuring
that only one variable determining tensile strength and ductility will be
systematically changed in this study.

Wire arc additive manufacturing (WAAM) was used to fabricate the
Cu-9Al alloy. Additive manufacturing of metallic materials offers
distinct advantages over traditional manufacturing techniques, which
include design freedom, less tooling requirements, near net or net shape
production, efficient use of materials, short lead time, and substantial
cost savings in many cases [14,15]. It can also be utilized to manufacture
some alloys that would otherwise be impossible to produce using
traditional metallurgical methods [16]. Due to the feasibility of
economically producing large-scale metal components with relatively
high deposition rates by WAAM, significant progress has been made in
advancing the understanding of this process [17]. Cu and Al wires were
used as the raw materials for the fabrication without pre-alloying. The
manufacturing process does not allow sufficient time for homogeniza-
tion [18-21], resulting in compositional heterogeneity in the
as-fabricated parts. Elemental segregation/partitioning is frequently
observed in additively manufactured metallic materials where alloying
elements segregate on cellular structures [22] or partition to form a
secondary phase [23]. On the contrary, compositional heterogeneity
refers to the compositional undulation of alloying elements in a
single-phase solid solution alloying system. Different from an energeti-
cally favoured solute clustering [1,2,24], compositional heterogeneity is
usually a non-equilibrium high-energy state, which can be eliminated
via heat treatment. In this study, we conducted a systematic investiga-
tion to explore the degree of compositional heterogeneity in Cu-9Al
alloy fabricated by WAAM and its impact on mechanical properties as
a function of grain size.

2. Experimental procedures

The WAAM Cu-9Al (at.%) samples were fabricated using a Kemppi
Master Tungsten Inert gas MLS 2000 with 160 A current and 3.5 mm arc
length [25]. Two wire-feed nozzles were used for printing. The wires
used were a 99.9 wt.% purity copper (Cu) wire and a 99.8 wt.% purity
aluminium (Al) wire, both with an outside diameter of 0.9 mm. Inde-
pendent wire-feed controls were applied to the system, which allowed
adjustment of the chemical composition of the resulting alloy during the
deposition process. The Cu and Al wires were fed at rates of 1300 and
311 mm/min, respectively. The deposition energy was kept at 20.2 kJ/g
to ensure the stability of the deposition. The scanning speed was 95
mm/min. The pre-heating temperature of the substrate was set to
400 °C. High-purity Ar gas was continuously purged into the build
chamber throughout the process.

Three bar-shaped samples with a dimensions of 30 x 7 x 4 mm? and
six dog-bone samples with gauge dimensions of 10 x 2 x 1.5 mm® were
extracted from each build-up wall (100 x 45 x 7 mm3), as shown in
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Fig. 1. Schematic diagram demonstrating how samples were extracted from the
as-printed build.

Acta Materialia 263 (2024) 119531

Fig. 1. Samples were obtained at least 5 mm away from the top surface of
the build-up wall and 8 mm away from the substrate to exclude the top
and bottom volumes that would have distinct microstructural differ-
ences. Six types of samples with different microstructures were pre-
pared. These comprise non-homogenized as-fabricated (NH-AF),
homogenized as-fabricated (H-AF), non-homogenized-cold rolled (NH-
CR), homogenized—cold rolled (H-CR), non-homogenized-recrystallized
(NH-R), and homogenized- recrystallized (H-R) Cu-9Al samples. Their
processing conditions are listed in Table 1. The samples after the ho-
mogeneous annealing process were cooled with the furnace. The
recrystallization process was set at 600 °C for 1 hour, and water
quenching was employed to prevent grain growth.

Specimens for electron backscatter diffraction (EBSD) characteriza-
tion were cut using an Acctom-50 diamond saw, ground using diamond
lapping films with diamond grain sizes of 30, 15, 6, 3, and 1 pm and then
polished using 0.05 um oxide dispersion suspension. Specimens for
transmission electron microscopy (TEM) investigation were sliced and
ground to a thickness of ~ 60 pm, followed by ion milling using a Gatan
model 691 precision ion polishing system at -50 °C, beam voltage of 4
kV and milling angle of + 6° Needle-shaped specimens for atom probe
tomography (APT) were prepared using a standard 2-stage electro-
polishing process with universal electrolytes [26].

EBSD experiments were conducted using a Zeiss Ultra scanning
electron microscope (SEM) equipped with an EBSD detector and an X-
ray energy dispersive spectroscopy (EDS) detector working at 20 kV.
EBSD maps were acquired with a step size of 25 nm. The spatial reso-
lution of the EBSD technique is limited by the acceleration voltage of the
incident electron beam and the atomic number of the sample, which is of
the order of 30 nm [27]. Scanning transmission electron microscopy
(STEM) characterization was performed using a Titan Themis-Z dou-
ble-corrected microscope equipped with ChemiSTEM (Super-X) EDS
detectors and a Gatan Quantum ER/965 GIF dual EELS system working
at 300 kV. All compositional mappings were conducted under a beam
current of 200 pA and sufficiently long data collection times to ensure >
100,000 counts to minimise statistical errors. Electron energy loss
spectroscopy (EELS) thickness mapping was conducted in the TEM mode
to evaluate local specimen thickness. The formula used for the thickness
measurements wast = Aln(I; / Ip), where t is the specimen thickness, 1 is
the mean free path of inelastic electron scattering with a value of 78 nm
[28], and I; and I, are the total and zero-loss intensities in the electron
energy-loss spectrum, respectively [29].

A semi-convergence angle of 25.1 mrad was used to acquire atomic
resolution images. STEM bright-field (BF) images were collected in the
(semi-) angle range of 0-10 mrad. The STEM high-angle annual dark-
field (HAADF) images were obtained with a collection angle of
76-200 mrad (camera length of 73 mm) [30]. A beam current of 50 pA, a
dwell time of 10 ps per pixel and an image size of 1024 x 1024 pixel
were utilized. An FEI DF4 detector was used for STEM differential phase
contrast imaging to explore the variation of the local electrostatic po-
tential field of the samples with a collection angle range of 9-51 mrad
(camera length of 230 mm). Differential phase contrast maps are ac-
quired based on the differential of the phase shift [31] and reconstructed
using the Thermo Scientific Velox software.

APT experiments were carried out in a laser-assisted CAMECA local
electrode atom probe (LEAP) 4000X Si at a cryogenic temperature of

Table 1
Sample processing conditions.

Sample Processing condition

NH-AF WAAM

H-AF NH-AF + annealing at 900 °C for 48 h

NH-CR NH-AF + cold rolling to 50 % thickness reduction
H-CR H-AF + cold rolling to 50 % thickness reduction
NH-R NH-CR + annealing at 600 °C for 1 h

H-R H-CR + annealing at 600 °C for 1 h
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~50 K with a 90 mm straight flight path, and a pulse frequency of ~200
kHz. The tomographic reconstruction was performed using CAMECA’s
Integrated Visualization & Analysis Software version 3.8.4. Tip radius
was derived from the voltage evolution method. The default image
compression factor (1.65), and k¢ (3.30) were applied.

At least three tensile tests were conducted on each type of samples.
The tests were conducted using an MTS 370 hydraulic load unit at a
constant strain rate of 5 x 10> s ~ ! at room temperature. The gauge
volume of the tensile specimens was 10 x 2 x 1.5 mm®. An extensometer
was used to measure the strain during the tensile deformation. Loa-
ding-unloading-reloading (LUR) tensile tests were conducted at room
temperature. Eight loading-unloading cycles were conducted during
each tensile test. Upon straining to a designated strain (i.e., 2 %) at a
strain rate of 5 x 10~ 57}, the specimen was unloaded by the stress-
control mode to 20 N at the unloading rate of 200 N-min™}, followed
by reloading at a strain rate of 5 x 10™* s™! to the same applied stress
before the next unloading.

In-situ compression tests of micropillars were performed using a
Hysitron PI-85 picoindenter in the displacement-control mode with a
displacement rate of 5 nm/s or a strain rate of ~ 5 x 10> s ~ 1. Single-
crystalline micropillars were prepared using a focused ion beam. The
pillars were prepared in such a way that the compression direction is
along a (100) direction and the electron beam direction is parallel to a
(011) direction. All the pillars had similar dimensions of ~ 1 ym in
diameter at the pillar top, ~ 3 um in length, and ~3° tapering angle. At
least three tests were conducted on each type of samples. A total
displacement of 900 nm was performed, resulting in an engineering
strain of 30%. It is expected that a large aspect ratio of length to
diameter increases significantly the possibility of buckling while a small
ratio results in unrealistic extra strain hardening [32]. Therefore, pillars
with aspect ratios ranging 1:2 - 1:3 are recommended for
micro-compression tests [32].

3. Results
3.1. Mechanical properties

Typical engineering stress—strain curves of the six types of samples
are plotted in Fig. 2a. Mechanical properties extracted from the
stress-strain curves are listed in Table 2. Compositional heterogeneity
clearly changes the tensile behaviour of the different types of samples.
Compared to the NH-AF samples, the H-AF samples present simulta-
neous improvement in ultimate tensile strength (UTS) and ductility,
indicating that compositional heterogeneity is detrimental to the me-
chanical properties of the as-fabricated state. Compositional heteroge-
neity leads to 4.6 % higher yielding strength (YS) (from 693 MPa to 725
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Table 2
Tensile mechanical properties of the samples studied. Average grain size (d), YS,
UTS, and ductility (%) are included.

Nonhomogenized Homogenized
AF (d = 840 pm) YS (MPa) 87 £2 76 £ 5
UTS (MPa) 253 + 10 259 + 12
Ductility (%) 69 + 4 76 £ 6
CR (d = 300 nm) YS (MPa) 725 +7 693 + 9
UTS (MPa) 745 +7 713 + 16
Ductility (%) 12+0 15+1
R (d = 24 pm) YS (MPa) 175+ 7 174 £ 2
UTS (MPa) 430 + 8 417 + 9
Ductility (%) 57 +7 73+ 2

MPa) and 4.5 % higher UTS (from 713 MPa to 745 MPa) with ~3 %
(from 15% to 12%) reduction in ductility in the CR samples. It only
presents similar YS and slightly higher UTS (~3 %) but significantly
reduces the ductility by ~16 % (57% vs 73 %) in the R samples. As the
ductility improvement is the most substantial in R samples after ho-
mogenization (16 %), the work-hardening rates of NH-R and H-R sam-
ples are studied further. The results of the NH-R and H-R samples are
presented in Fig. 2b with red and blue colours, respectively. At a true
strain level of ~0.01, the NH-R sample presents a transient hardening,
with the inflection point denoted by the black arrow. Prior to the in-
flection point, the work-hardening rate of the NH-R sample is lower than
that of the H-R sample. However, beyond the 0.01 true strain level, the
NH-R sample experienced a burst of work hardening, surpassing that of
the H-R sample.

3.2. Microstructures and composition in as-fabricated and cold-rolled
samples

Fig. 3a presents an EBSD inverse pole figure (IPF) map of an NH-AF
sample, revealing an average grain size of 840 mm + 100 mm. SEM-EDS
elemental mapping of Cu and Al elements is shown in Fig. 3b. Based on
literature reports, the spatial resolution of our EDS experimental setup
for Cu should be ~ 1 um [33]. The EDS maps demonstrate a relatively
uniform distribution of Cu (91.17 + 0.02 at.%) and Al (8.83 + 0.02 at.
%) in relation to the low spatial resolution. Fig. 3¢ presents an EBSD IPF
map taken from an NH-CR sample, two types of microstructures are
observed in this sample, which are twinned areas and shear banding
areas. 60°/<111> twin boundaries (TBs) are indicated by red lines.
These twins are assumed to be deformation twins due to the severe
plastic deformation of the sample and the relatively thin twin thickness
(~ 250 nm). The average grain size of the twinned areas is 1.13 + 0.20
um (including TBs). Smaller grains with an average grain size of 290 +
120 nm are observed in shear bands. Fig. 3d presents an EBSD IPF map
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Fig. 2. (a) Typical engineering tensile stress—strain curves of the six types of samples. (b) Strain hardening rates of NH-R and H-R samples.
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Fig. 3. (a) A typical EBSD IPF map and (b) the corresponding SEM-EDS maps of an NH-AF sample. (c) and (d) EBSD IPF maps of NH-CR and H-CR samples,

respectively. TBs are shown as red lines.

obtained from an sample. The average grain size of the twinned areas is
1.14 £+ 0.25 pm (including TBs). The grain size of the shear banding
areas is 270 + 120 nm.

Fig. 4a shows a low-magnification STEM BF image of an NH-CR
sample, demonstrating the presence of nanograins. Fig. 4b presents a
STEM-HAADF image with a higher magnification, captured from the red
square region in Fig. 4a. Within one nanograin, localized contrast
variation is observed, indicating the presence of compositional hetero-
geneities. Fig. 4c presents an atomic-resolution STEM-HAADF image
taken along a (110) zone axis, showing localized contrast variation.
Given that the atomic numbers of Al and Cu are 13 and 29, respectively,
regions with bright contrast in the STEM-HAADF images are Cu-rich. In
contrast, dark contrast regions are Al-rich, suggesting the existence of
nano-scale compositional heterogeneity in the sample.

3.3. Microstructure and composition in recrystallized samples

Fig. 5a illustrates an EBSD IPF map of an NH-R sample. Fig. 5b
presents the corresponding grain boundary (GB) map showing three

types of GBs in the sample: low-angle GBs (LAGBs) with misorientation
angles 2° — 10°, high-angle GBs (HAGBs) with misorientation angles
>10°, and 60° associated with (111) TBs, which are delineated with
white, black, and red lines, respectively. This sample exhibits a rela-
tively high density of twins. These twins are mainly annealing twins as
judged based on their relatively high thicknesses (> 2 mm), a typical
characteristic of twins in fully recrystallized FCC metallic materials with
low stacking fault energy (SFE) [13] (the SFE of the alloy is 13 mJ/m?
[341). Fig. 5¢ presents an EBSD IPF map taken from an H-R sample, and
its corresponding GB map is displayed in Fig. 5d. There are no noticeable
differences in grain size (27.3 + 4.0 mm for NH-R and 24.0 + 4.0 mm for
H-R) and twin density (34 % for NH-R and 33 % for H-R) between these
two types of samples. Both the fully recrystallized NH-R and H-R sam-
ples exhibit random textures. Comparisons have been made between
samples under the same thermomechanical process. The microstructure
remains the same.

The APT technique allows for quantitative detection of nanoscale
compositional variations within the samples. Fig. 6a and b present APT
data for Cu (orange) and Al (cyan) in NH-R and H-R samples,

Fig. 4. STEM images taken from an NH-CR sample. (a) A low-magnification STEM-BF image showing the presence of nanograins. (b) A STEM-HAADF image taken
from the red square area in (a), revealing localized contrast variation within a nano grain, which corresponds to compositional heterogeneity. (¢) An atomic-

resolution HAADF image showing nano-scale compositional heterogeneity.



Fig. 5. (a) EBSD IPF map of an NH-R sample. (b) The corresponding GB map
showing GB types. (c) EBSD IPF map of an H-R sample. (d) The corresponding
GB map. White, black, and red lines in (b) and (d) represent LAGBs, HAGBs, and
TBs, respectively.

respectively. Iso-concentration surfaces at 13 at.% Al (cyan) are used to
delineate the individual elemental enrichment in Fig. 6a. The NH-R
sample shows concentration fluctuations within a length scale of less
than 5 nm, whereas no obvious compositional heterogeneity was
observed in the H-R sample (Fig. 6b). Fig. 6¢ and d present the
compositional profiles of Cu and Al in the NH-R and H-R samples from
areas highlighted with red and blue rectangles in Fig. 6a and 6b,
respectively. The composition of Cu ranges from ~ 84.6 at.% to ~ 92.6
at.%, showing an 8 at.% compositional variation. On the other hand, the
composition of Cu in the H-R sample varies from ~88.8 at.% to ~ 92.2
at.%, with only 3.4 at.% compositional variation. The APT elemental
line profiles of the NH-R sample reveal concentration fluctuations within
nano-sized domains, with a length scale of less than 0.5 nm.

Fig. S1 presents a series of STEM images taken from an NH-R sample.
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Fig. Sla presents a selected area electron diffraction pattern (SAED)
taken along a (100) zone axis, showing the expected FCC spots without
extra reflections. This indicates no chemical short-range order.
Fig. S1b-d present STEM-HAADF images taken with a camera length of
91 mm, 73 mm, and 58 mm, respectively. Contrast variation is observed
in the NH-R sample, indicating local compositional heterogeneities.
Fig. Sle presents an SAED pattern taken from a (110) zone axis. The
corresponding STEM-HAADF images confirm the existence of local
compositional heterogeneities, as evidenced by Fig. S1f-h.

Fig. 7a and b present atomic-resolution STEM-HAADF images taken
from an NH-R sample and an H-R sample, respectively, along a (110)
zone axis. Contrast variation is observed in the NH-R sample. The
measured {111} interplanar distances in a bright-contrast and a dark-
contrast area in Fig. 7a are 0.209 and 0.212 nm, which corresponds to
the FCC lattice parameters of 0.362 and 0.367 nm, respectively. In
contrast, the image from the H-R sample presents uniform contrast,
indicating a homogenous distribution of Cu and Al elements. The
measured {111} interplanar distance indicates an FCC lattice parameter
of 0.363 nm.

Fig. 7c presents intensity profiles generated along the white arrows
in Fig. 7a and b. The average intensity of the NH-R sample is higher than
that of the H-R sample, indicating a higher average thickness of the NH-
R TEM sample. The intensity variation in the STEM-HAADF image from
the NH-R sample (0.8 KCounts) is ~4 times greater than that from the H-
R sample (0.2 KCounts), clearly demonstrating compositional hetero-
geneity in the NH sample. This shows that the compositional heteroge-
neity was eliminated by the homogenization heat treatment.

To confirm the contrast differences in the STEM-HAADF images
come from compositional heterogeneities, STEM-EDS was performed.
Fig. 8a presents a STEM-HAADF image taken along a (110) zone axis
from an NH-R sample. The corresponding EDS map of Cu and Al are
given in Fig. 8b and c, respectively. The dark contrast area in the HAADF
image is enriched in Al. Fig. 8d presents an EDS 1D concentration profile
recorded across the white arrow in Fig. 8a. The average concentration of
Al increased from 8 at.% in the bright contrast area to 10.5 at.% in the
dark contrast area. Concentration fluctuations within nano-sized do-
mains are also observed from the EDS analysis. The composition of Cu
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Fig. 6. (a) Atom distribution maps of Cu and Al from an NH-R sample. Filtered 13 at.% Al isoconcentration surfaces are highlighted using the cyan colour. (b) Atom
distribution maps of Cu and Al from an H-R sample. (c) 1D concentration profile from the red Region of Interest in (a). (d) 1D concentration profile from the blue

Region of Interest in (b).
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Fig. 7. (a) Atomic-resolution STEM-HAADF images taken from (a) an NH-R
sample and (b) an H-R sample. (c) The intensity profiles generated along the
white arrows in (a) and (b), with the intensity variation ranges indicated by
orange and blue rectangles, respectively.

ranges from ~ 87.9 at.% to ~ 92.9 at.%, showing 4 at.% compositional
variation. The variation is only half the value of that from the APT result
because EDS results are the average concentration generated from the
local region along the electron beam direction. To confirm the contrast
and compositional variations in Fig. 8a were not caused by local spec-
imen thickness variation, EELS thickness mapping was conducted and
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the corresponding thickness profile is presented in Fig. 8e and f, indi-
cating relatively uniform local specimen thickness of ~ 53 nm. There-
fore, the local concentration is the averaged value of the volumn along
the electron beam direction, which results in a lower concentration
variation than those presented in the APT data in Fig. 6. The concen-
tration fluctuations within nano-sized domains have been revealed in
Fig. 6¢. The length scale of the concentration fluctuations is less than 0.5
nm, which is consistent with the APT results.

To further visualize the degree of compositional heterogeneity, the
STEM imaging technique was used to map the local electric field, which
provides information on the local charge distribution and bonding
strength [35]. Compositional heterogeneity leads to local deviations
from the nominal composition, resulting in the variation of bonding
strength. The resulting local electric field maps of areas in the NH-R and
H-R samples are presented in Fig. 9a and b, respectively. The direction
and amplitude of local electric fields are presented in different colours,
as shown by the colour wheel in the upper-right corner. The local
electric field in the NH-R sample exhibits irregularly shaped local do-
mains with varying directions and amplitudes, in contrast to the rela-
tively uniform map generated from the H-R sample. The average size of
these domains is below 5 nm, consistent with the sizes of compositional
heterogeneities observed in STEM-HAADF images.

To ensure compositional heterogeneity is the dominant factor
contributing to the mechanical property differences instead of other
structural factors, e.g. grain size, texture, GB segregation, and disloca-
tion density, in-situ compression tests of single crystalline micropillars
were performed. The single crystalline micropillar samples were com-
pressed along a (001) direction. Fig. 10a and b present SEM secondary
electron images taken from deformed NH-R and H-R pillars, respec-
tively. {111} slip traces, marked by red dashed lines, can be observed on
the surfaces of both pillars. A white arrow points to a catastrophic
collapse of the NH-R pillar. The corresponding engineering stress—strain
curves are given in Fig. 10c. The average YS is around 280 MPa for NH-R
samples in contrast to 215 MPa for H-R samples. The average engi-
neering stress value at 30 % engineering strain is around 520 MPa for
NH-R samples in contrast to 475 MPa for H-R samples. Moreover, the
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Fig. 9. (a) and (b) Typical differential phase contrast maps taken from NH-R
and H-R samples, respectively, showing variations in the direction and ampli-
tude of the local electric field introduced by local compositional heterogene-
ities. The resulting colors on the maps are represented by the colour wheel in
the upper-right corner.
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Fig. 10. SEM images taken from a deformed NH-R pillar (a) and a deformed H-
R pillar (b). Red dashed lines mark {111} slip traces. The white arrow in (a)
points to a catastrophic collapse of the NH-R pillar. (c) Engineering stress—strain
curves taken from typical NH-R and H-R pillars.

NH-R sample (red curve) exhibited a more intermittent deformation
process and more catastrophic strain bursts than the H-R one (black
curve). The largest burst found in the NH-R sample resulted in a sudden
strain increment of more than 15 %, whereas no burst in the homoge-
neous sample exceeded 5 %. The occurrence of strain bursts is a common
feature of mechanical testing of submicron- or nano-scale single crystals
due to the limited number of slip systems and scarce dislocation sources
[36-39]. Small- and intermediate-size strain bursts are featured as
frequent fluctuations on stress-strain curves and would lead to temporal
detaches of the pillar from the indenter. These bursts are believed to
result from the collective motion of a relatively small number of dislo-
cations and normally result in slip of short distances on the surface of
pillars [40-42]. Whereas large strain bursts that would lead to a cata-
strophic collapse of pillars, like the one indicated by the white arrow in
Fig. 10a, usually arise from a more explosive manner of dislocation
motion, involving the abrupt activation of a large number of dislocations
from multiple sources simultaneously [42,43]. In the NH-R sample, the
occurrence of extremely large strain bursts was likely caused by the
compositional heterogeneity distributed in the sample, which were able
to act as effective dislocation pinning sites. These obstacles led to the
accumulation of dislocations, contributing to the hardening of the
sample. As the flow stress increased, the pinning sites were overcome,
giving rise to the sudden release of massive dislocations and causing a
large burst in the stress—strain curve.
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3.4. Fracture surface analyses

SEM SE2 images were taken from the fracture surfaces of the NH-R
and H-R samples, which are presented in Fig. 11a and b, respectively.
The fracture surface of the NH-R sample presents both fine dimples and
quasi-cleavage fracture surfaces, as pointed out by black and white ar-
rows, respectively. On the contrary, the fracture surface of the H-R
sample is dominated by fine dimples with similar average sizes (3 pm) as
those in the NH-R sample, indicating better ductility. The underlying
mechanism of the loss of ductility will be discussed in the next section.

3.5. Strain hardening due to back stress

To probe the mechanism of transient hardening, LUR tests (Fig. 12a)
were conducted on NH-R and H-R samples. The YS of the NH-R is 20
MPa higher than that of the H-R sample, indicating the strengthening
effect of compositional heterogeneities on YS. Meanwhile, hysteresis
loops are observed in the NH-R sample (Fig. 12b), indicating the pres-
ence of the Bauschinger effect [44]. The contributions of the back stress
and dislocation hardening to the flow stress can be estimated [45-47].
The back stress can be calculated as 6, = 6 - Geff and 6= (60 - 64)/2 +
(0*/2) [45], where o}, denotes the back stress, cef is the effective stress,
oo is the flow stress, 6, is the unloading yield stress, and o* is the viscous
stress. These parameters are defined in Fig. 12b. o}, is associated with a
long-range stress on mobile dislocations and c. is the stress required for
a dislocation to overcome local obstacles. As shown in Fig. 12c, the back
stress increases from about 173 MPa to 290 MPa with increasing strain,
which contributes to the high strain hardening in an NH-R sample. This
is the primary reason why the strain hardening in the NH-R sample
increased with applied plastic strain and surpassed that of the H-R
sample, as shown in Fig. 2b. The effective stress, which includes the
dislocation hardening, is much lower than the back stress. The increase
in the effective stress with tensile strain should be caused by dislocation
hardening [47]. Therefore, the high strain hardening originates from
both back stress hardening and dislocation hardening.

4. Discussion

The experimental results presented above reveal that the WAAM
process of Cu-9Al leads to the formation of nano-scale compositional
heterogeneity, as shown by STEM-HAADF and APT analyses. This het-
erogeneity can be effectively eliminated through a long-time homoge-
nization heat treatment. The impact of compositional heterogeneity on
mechanical properties has also been evaluated. In samples with
ultrafine-grained microstructures, both the YS and UTS show improve-
ments of > 4% in samples with compositional heterogeneity, albeit with
a slight reduction in ductility (< 3%). However, in CG samples, the YS
increment is negligible, while a significant loss of ductility (16 %) is
observed. For CG materials, the homogenization process plays a crucial
role in improving mechanical properties. In this section, we aim to
provide a rationalization for and discussion of the aforementioned
observations.

Fig. 11. (a) The fracture surface of the NH-R sample. The white and black
arrows indicate the quasi-cleavage fracture surface and fine dimples, respec-
tively. (b) The fracture surface of the H-R sample.
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Fig. 12. (a) LUR true stress-strain curve taken from NH-R and H-R samples. (b) A representative LUR cycle showing the hysteresis loop from an NH-R sample.
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an NH-R sample.

Previous research demonstrated that introducing compositional
heterogeneity can improve the YS, work hardening behaviour, and even
the ductility of CrCoNi medium-entropy alloys [48]. Li et al. [3] re-
ported that compositional undulation with compositional domain sizes
of < 10 nm in nanocrystalline Ni-Co alloys significantly slows down
dislocation slip, and promotes dislocation interaction and accumulation
in the severely limited space inside nanocrystalline grains [3]. These
effectively increase the flow stress and promote the dislocation storage
capacity and therefore, the ductility [3]. In alloys with high solute
concentration, e.g., high-entropy alloys, the solute-dislocation in-
teractions always provide an extra energy barrier to dislocation slip [6].
The work hardening rate in Cu-Al alloys increases with increasing Al
content [49]. A transient hardening behaviour has been observed in
NH-R samples in the current study. Similar work hardening behaviour
was previously reported in gradient-structured materials [50] and
high-Mn steels [51]. The reported transient hardening has been attrib-
uted to either the grain-size gradient structure or the presence of hard,
nano-sized carbides. However, these two conditions do not apply to our
samples because the Cu-Al system with Al concentrations < 16 at.% is
free from potential complications and possesses no secondary phase. In
general, the concentration undulation is within the range of + 5 at.%
around the global or nominal composition. Each grain contains regions
with varying compositions, with compositional domains consisting of

“soft” (low Al concentration) and “hard” regions (high Al concentration)
within individual CGs. The local Al concentration varies from 7.4 at.% to
15.4 at.%, which has been shown to result in a 20 % enhancement of
both YS and UTS in a CG Cu-Al alloy [52]. An elastic—plastic deformation
stage is reached where soft domains undergo plastic deformation under
uniaxial tension, while hard domains remain elastic [53]. When the hard
domains start to deform plastically, dislocation interactions in these
domains provide extra work hardening, resulting in the observed tran-
sient hardening behaviour and strong back-stress hardening [46,47,54,
55]. Meanwhile, the extra work hardening in our sample is hypothesized
to be caused by the strain gradient due to the different mechanical be-
haviours of the hard and soft domains under uniaxial tension [50].
Previous studies have reported that this extra work hardening is
accommodated by dislocations [50,56,57]. Dislocations interact and
tangle with each other, as evidenced by our in-situ micropillar
compression tests, effectively promoting dislocation storage near the
boundaries between the hard and soft regions, contributing to the
observed additional hardening. Compared with other materials with a
transient hardening behaviour, the work hardening rate at the transient
point of our NH-R sample is higher with a value of ~ 5 GPa. Grain size
plays a key role here. With a small grain size, the work hardening rate
decreases rapidly with increasing strain in the initial deformation stage
[47,50]. For our CG samples (24 pm grain size), the work hardening rate
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is overall higher than those with smaller grain sizes, e.g. ultra-fine
grained, and drops more steadily. When the transient hardening
occurred with a true strain value of 1 %, the corresponding work
hardening rate still remained at a high value.

Compositional heterogeneities also affect the SFE of the Cu-Al alloy
system. The SFE would vary by as much as 60 %, i.e., from ~ 20 mJ/m?
when the Al concentration is 8 at.% to ~ 8 mJ/m? when the Al con-
centration is 15 at.% [58-60]. It is well recognised that reducing SFE
promotes dislocation dissociation and deformation twinning but inhibits
cross-slip, all of which can significantly enhance the work-hardening
capabilities of materials and improve their mechanical properties [61].

However, in our CG binary Cu-Al system with a grain size of ~ 24
pm, the homogenized samples present better mechanical properties
when compared to the NH samples. At an engineering strain level under
50 %, the strength of NH-R is higher than that of H-R samples, owing to
the higher work hardening rate. However, the uniform elongation of the
NH-R sample is 16 % lower than the H-R sample, resulting in a shorter
plastic deformation stage. Consequently, the UTS of NH-R (430 MPa) is
comparable to that of H-R samples (417 MPa). The NH samples display
compositional undulations with a wavelength of ~ 5 nm, which falls
within the range observed in nanocrystalline Ni-Co alloys for simulta-
neous improvement of strength and ductility [3]. Grain size plays a key
role in retaining uniform elongation. For nanocrystalline materials, the
low work hardening rate and low dislocation accumulation limit the
ductility of the materials [62]. In those cases, the grain sizes are so small
that dislocation sources no longer exist in the grain interior, and GBs
become dislocation sources and sink without much dislocation accu-
mulation within grains [63,64]. Therefore, a small increase in disloca-
tion storage capacity becomes significant for improving the strain
hardening rate and, consequently, ductility. In contrast, there is enough
room for dislocation accumulation within the grains in CG materials.
Impeding dislocation motion by compositional heterogeneity does not
significantly contribute to improving the dislocation storage capability.
However, the negative effect of compositional heterogeneity leads to
quasi-cleavage that reduces ductility due to the early failure of hard
regions [50]. The quasi-cleavage fracture is also observed in our NH-AF
samples. Although this type of fracture surface can be observed in
ductile materials, the 16 % ductility loss indicates that compositional
heterogeneity reduces the ductility of materials with coarser grain sizes
[25]. In this study, tensile tests at a quasi-static strain rate were con-
ducted to study the effect of compositional heterogeneity on mechanical
properties. Increasing strain rate would lead to higher flow stresses
because of the increased barriers to dislocation motion [55]. Further
studies need to be conducted on the strain rate sensitivity of the
strengthening effect of compositional heterogeneity.

5. Conclusions

In summary, we have investigated the impact of compositional het-
erogeneity on the mechanical behaviour of Cu-9Al binary alloy samples
with varying grain sizes. The alloy was manufactured using the WAAM
technique, followed by various types of subsequent treatments to ach-
ieve various microstructures. APT, EDS, and STEM-HAADF imaging
revealed compositional heterogeneity in the size of ~ 5 nm that can be
removed by a long-time homogenization heat treatment. In samples
with relatively small grain size (~ 300 nm), the compositional undula-
tion, which affects local SFE, imposes resistance to dislocation slip and
promotes dislocation accumulation, resulting in further strain hard-
ening. However, in coarse-grained (~24 pm) samples, the presence of
hard regions results in reduced ductility and early fracture. Therefore,
overall improvement of strength and ductility by compositional het-
erogeneity is only applicable to smaller grain sizes, e.g. ultra-fine-
grained and nanocrystalline samples.
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