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Friction consolidation (FC) was deployed to illustrate the mechanical alloying effect of Al-Cu, Al-Li, and pure Cu
powder through phase transformation behavior. A progressive material flow from the periphery to the center of
the FC die was witnessed, along with expansion perpendicular to the direction of rotation, indicating various
degrees of alloying. Two types of precipitate, §(Al3Li) and T (AlyCuLi), were identified, exhibiting different
distributions, attributed to variations in Cu content and thermo-mechanical processing. Mechanical tests showed

slight anisotropic mechanical properties of the consolidated samples. By estimating the precipitate strengthening
effect using physical models, the strengthening of § was found to be more prominent than that of T;, which
might be more prone to strain localization. Overall, the results demonstrate the feasibility of FC in processing Al-
Cu-Li alloys and serve as basis for further improvements in the final product through the addition of minor
alloying elements, demonstrating an energy-efficient manufacturing process for such alloys.

1. Introduction

Al-Cu-Li alloys have garnered significant interest in aerospace ap-
plications over the past decades owing to their excellent combination of
properties, including low density, high specific strength, excellent
corrosion resistance, and fatigue crack resistance [1-3]. The enhance-
ment of these properties is attributed to the precipitate strengthening
effect during the aging process, involving precipitates such as spherical
& (Al3Li), plate-like ¢ (AlCu), and plate-like T; (Al,CuLi), with T; being
considered the most significant strengthening precipitate [4]. High Li
content, exceeding 2 wt%, was added in the early development of Al-Li
alloys to improve weight reduction and increase the elastic modulus. But
these alloys experience low ductility due to the main strengthening
precipitate § being prone to plane slip under plastic deformation [5].
Furthermore, high Li content Al-Li alloys also suffer from high anisot-
ropy of mechanical properties and low fracture toughness [1]. As a
result, in the current third generation of Al-Li alloys, the Li content is
reduced to below 2 wt% with the addition of heavy or precious elements
such as Mg, Ag, Mn, Zn and Zr to optimize and reach the demanded
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properties in terms of grain refinement, corrosion resistance, and ther-
mal stability [6-8].

Due to the high reactivity of Li, the casting of Al-Li alloys requires
special treatment to ensure good ingot quality regarding the uniform
phase distribution and minimal Li volatilization. Several attempts, such
as the usage of an Al-Li master alloy, inert gas flushing, and vacuum
melting with inert gas (Ar), have been reported, with the latter being
seen as a promising route to manufacture high-quality ingot materials
[9,10]. Recently, Li et al. [11] presented a low Li content (~1 wt%) Al-Li
alloy with fine grains, low porosity, and no component segregation,
manufactured through ultrasonic treatment coupled with squeeze cast-
ing. Liu et al. [12] reported a high Li content (~4 wt%) Al-Li alloy ingot
with uniform phase distribution and no segregation through a two-step
casting, where a dense pure-Al block was placed atop pure Li granulate.
Apart from melt-based processing methods that are manufactured under
or at least close to equilibrium thermodynamic conditions, solid-state
processing methods, such as equal channel angular pressing (ECAP),
high-pressure torsion (HPT) and friction stir additive manufacturing
(FSAM), have been carried out to investigate novel alloys under non-
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equilibrium conditions [13-15]. Munoz-Morris and Morris [13] ach-
ieved fine precipitates within an Al-Cu-Li alloy by ECAP, simultaneously
improving strength and elongation. Dong et al. [14] developed an ultra-
fine grain structure via HPT in an Al-Cu-Li alloy and the subsequent
aging procedure proposed that clustering strengthening contributes to
the high strength. Shen et al. [15] obtained excellent mechanical
properties in the effective additive zone in FSAM, indicating the po-
tential of solid-state additive manufacturing of Al-Cu-Li alloys. None-
theless, all studies kept the Li content below 2 wt%.

Friction consolidation (FC), a friction-based solid-state processing
technology, has attracted attention in the past decade due to its ability to
promote diffusion in metals through high shear strain, leading to the
discovery of metastable states [16]. Research on FC has focused on
recycling and alloying, with several studies reporting the successful
recycling of Al machining chips [17-20]. Li et al. [17] identified two
distinct FC processing stages, namely compaction and consolidation,
differentiated by the onset of the solid bonding. Although the process
region in FC is asymmetric in the perpendicular direction to the die-
feedstock interface, process parameter optimization can minimize this
inhomogeneity, though not eliminate it entirely [18,19]. Latif et al. [19]
proposed a multi-step approach that achieved more uniform grain size
and mechanical properties by balancing the plastic deformation. Ingarao
et al. [20] compared the life cycle assessment (LCA) of single- and multi-
step FC with the remelting route, revealing that the ideal multi-step FC
considerably reduces the environmental impact while preserving an
adequate homogeneity. Additionally, FC enables the synthesis of various
powders, such as oxide dispersion strengthened (ODS) steel [21-23],
semiconducting BizTes [24], and metal matrix composites (MMCs)
[25,26], with enhanced performance. Zhang et al. [22] proposed FC as
an alternative pathway for manufacturing ODS steel, demonstrating a
tenfold increase in the density of nano-oxides, which is beneficial for
both radiation resistance and high-temperature creep strength, due to
shear deformation-induced fragmentation of the oxide layer in the
powder precursor. Wang et al. [23] further illustrated the concept by
combining the FC puck with friction extrusion (FE) to produce an ODS
steel rod under low process temperatures, restraining grain coarsening.
Li et al. [25] utilized FC to homogeneously distribute TiB; in Al to form
MMC and reported significant improvements in ultimate tensile strength
(UTS), Young’s modulus, and wear resistance compared to other Al
MMCs. However, it suffered a critical ductility reduction. Furthermore,
Cu-Ni and Cu-Nb mixed powder with complete and immiscible solubil-
ity, respectively, have been deployed to research the onset of alloying in
FC and indicated the preferential diffusion of lower-strength Cu into Ni
or Nb [27,28]. In the Cu-Ni system, shear deformation first recrystallized
and infiltrated Cu into Ni-Ni high-angle grain boundaries (HAGBs), and
subsequently accumulation in Ni particles initiates the onset of alloying
to reduce the strain gradient in the lattice [27]. Komarasamy et al. [28]
observed supersaturation of Nb in Cu, exceeding its equilibrium solu-
bility, attributed to forced supersaturated solubility. However, similar
works for Al-based FC processes have not been fully explored.

In this study, 2 wt% Li, considered as high Li content in the current
generation of Al-Cu-Li alloys, is chosen to demonstrate the feasibility of
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the mechanical alloying effect of Al-Cu-Li alloys from powder feedstock
via FC through phase transformation. The distribution of precipitates
and their formation mechanisms are correlated with temperature history
and the extent of shear deformation. Further heat treatment is deployed
to the selected sample to reveal the artificial aging response.

2. Materials and methods
2.1. Materials

Commercially available powders, including AlCu4.5 wt% (gas-
atomized with a particle size smaller than 63 um, Sindlhauser), AlLi20
wt% (< 50 um, American elements) and pure Cu (E.MERCK KG) pow-
ders (< 90 um) were used as-received as feedstock material, as shown in
Fig. 1. The AlCu, AlLi and pure Cu powders show a spherical, flake and
dendritic morphology, respectively. A phase segregation at grain
boundaries is present in the AlICu powder, which is typically observed in
gas-atomized powder [29]. Moreover, the dendritic morphology is the
typical morphology of pure Cu manufactured via the electro-
lysis process. An alloy with a nominal composition of AICu6Li2 (wt%)
with a total of 65 g was weighed using a high-precision scale (Kern PNS
3000-2), sealed in a plastic container, and blended in a laboratory
blender (MIXOMAT mini, FUCHS) for 15 minutes with a rotation speed
of 33 rpm. A visual inspection was conducted to ensure complete
blending. The blended powder was then compacted using a hydraulic
press (P/O/WEBER PWE-E) into the feedstock container under 100 kN.
Storage and handling materials were conducted inside an Ar-filled glo-
vebox to protect against oxidation. The feedstock container was then
assembled into the dedicated FE machine FE100 (Bond Technologies)
shortly before the friction consolidation (FC) process to minimize con-
tact with the ambient environment and potential oxidation.

The FC process is illustrated in Fig. 2. A non-consumable one scroll
die from H13 steel with a 50 mm diameter and a feedstock container
machined from AISI 4400 steel with an inner diameter of 50 mm were
used in the present study. The process temperatures were recorded
through a K-type thermocouple mounted at a radius of 16.5 mm and 1
mm below the die face. The FC process starts with rotating the feedstock
container, followed by plunging the non-rotating die into the feedstock
container. A low-force approach with 200 rpm and a limited force of 50
kN was performed to a plunged depth of 1 mm into the compacted
blended powder to avoid damage to the tooling and the machine due to
torque overload. Based on preliminary experiments, the actual FC pro-
cess was conducted under forces at 200 kN with a constant rotational
speed of 200 rpm. Four different processing times, 5, 20, 40 and 60 s,
were used to unveil the effect of processing time and the material flow.
Additionally, artificial aging at 175 °C for 20 h, using a NA 120/85L
furnace (Nabertherm), was conducted on the 20 s sample to investigate
its precipitation evolution.

2.2. Microstructural characterization

Friction consolidated (FCed) cross-sectioned,

samples were

Fig. 1. Backscattered electron (BSE) images of base materials, including (a) AlCu4.5 powder with an inset highlighting the Cu segregation at grain boundaries, (b)

AlLi20 powder and (c) pure Cu powder.
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Fig. 2. Schematic illustration of friction consolidation process using powder feedstock. (a) The blended powder is initially compacted within a container. (b) The FC
process continuously consolidates the blended powder through rotational motion and compressive force. (c) The process finishes with the retraction of the die,

resulting in fully consolidated powder.

embedded, ground, and polished, following standard metallographic
preparation procedures. Samples for optical microscopy were etched
with Barker etchant with 15 V for 90 s and observed under a Keyence
VHX-6000 digital microscope. Further analysis of the FCed samples and
the blended powders were conducted using a Thermo Fisher Quanta 650
field-emission gun scanning electron microscope (FEG-SEM) equipped
with EDAX Octane Elect energy-dispersive X-ray spectroscopy (EDX). In
specific regions of the sample processed for 20 s, additional transmission
electron microscope (TEM) observations were conducted to identify the
precipitates. TEM lamellae were prepared with a gallium focused ion
beam (FIB) in a Thermo Fisher Nova Nanolab 200 FIB/SEM. Both STEM
and TEM inspection were undertaken in a Thermo Fisher Talos F200i
TEM, equipped with dual Bruker X-Flash 6 EDS detectors.

Phases and precipitates within the FCed sample were identified using
high-energy X-ray diffraction (HEXRD) at the beamline P07, partially

operated by the Helmholtz-Zentrum Hereon at the synchrotron source
PETRA III of the Deutsches Elektronen Synchrotron (DESY) in Hamburg,
Germany. A monochromatic X-ray beam with an energy of 103.8 keV
(wavelength: 0.1194 f\) and beam size of 0.5 mm x 0.5 mm was used for
a two-dimensional scan with a step size of 0.5 mm, providing map
characterization. The total scanning distance was 5 mm perpendicular to
the die-feedstock interface and covered the complete sample in radial
direction. Full Debye-Scherrer rings were acquired in transmission mode
via a two-dimensional Perkin-Elmer XRD1621 detector with a maximum
20 angle of ~10°. The raw data was azimuthally integrated over 360°
using the Fit2D software [30] to obtain one-dimensional diffraction
patterns. Qualitative phase analysis was achieved by indexing the
diffraction peaks according to Powder Diffraction Files (PDFs) of rele-
vant phases from the International Center for Diffraction Data (ICDD)
database. Estimation of the quantitative phase volume fraction was

Fig. 3. Microflat tensile specimens with 0.6 mm thickness are extracted from the top surface of the FCed sample, close to the die-feedstock interface (a). The detailed
orientation and dimensions of the specimens are summarized in (b) and (c), respectively. All dimensions are in mm.



C.Y.-C. Chan et al.

conducted through Rietveld refinement of the integrated diffraction
patterns using the Materials Analysis Using Diffraction (MAUD) soft-
ware [31].

2.3. Mechanical testing

Mechanical properties were assessed by microhardness and micro-
tensile testing. Microhardness measurements were performed utilizing
a Struers Durascan 70 G5 machine with a load of 0.2 kgf and a dwell
time of 15 s. A two-dimensional microhardness map was generated with
a grid size of 0.5 mm covering half of the FCed sample, assuming sym-
metry along the rotational axis. Micro-tensile tests were conducted on
the 20 s processed sample, in as-FCed and artificially aged state, via a
Deben Microtest MT5000 at a rate of 0.1 mm/min. Based on micro-
structure characteristics, the microflat tensile specimens were separated
into three groups, including two different orientations at a radius of 6
mm (marked as 12 mm in diameter in Fig. 3) as well as from the center of
the FCed samples. All the specimens were extracted using electrical
discharge machining (EDM) near the die-feedstock interface, with only
the rough surface marks from the FC die removed to achieve a smooth
surface. In each group, three specimens were tested to ensure statistical
reliability. The dimensions and the detailed positioning of the samples
are summarized in Fig. 3. The consolidation direction (CD), transverse
direction (TD) and longitudinal direction (LD) are also given to illustrate
the orientation.

3. Results
3.1. Blended powder

The microstructural features of the blended powder are illustrated in
Fig. 4. The low magnification backscatter electron (BSE) image in Fig. 4
(a) reveals bright (indicated by red arrows) and dark (indicated by light
blue arrows) particles homogeneously distributed throughout the sam-
ple. Energy-dispersive X-ray spectroscopy (EDX) analysis identifies the
bright particles as pure Cu, while the dark particles show a high oxygen
content and a depletion of Al, see Fig. 4(b). Given that standard sample
preparation involves exposure to water and the high reactivity of AlLi
powder, it can be assumed that the dark particles are initially AlLi
powder and oxidized during sample preparation. Nevertheless, the
uniform distribution of both particles confirms the homogeneity of the
blended powder and ensures that each powder does not aggregate.
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3.2. Macro/microstructure of the friction consolidated samples

The macrostructure of the processed samples is summarized in Fig. 5.
Two distinct regions can be identified based on porosity or undissolved
raw powder density, see the white dashed line in Fig. 5. Below this
separation line, a high number of defects, characterized by porosity after
powder compaction, are visible, indicating the powder in this region
experienced minimal to no shear deformation, classifying it as the non-
consolidated region. The region above is characterized as the consoli-
dated region. Because the consolidated region is in the vicinity of the
die-feedstock interface, it experiences higher shear deformation and
frictional heat introduced by the consolidation die, with these effects
diminishing toward the bottom of the consolidated region. The combi-
nation of intensive shear deformation and exposure to high heat input in
the consolidated region likely triggered dynamic recrystallization,
leading to defect elimination and grain refinement. Since the macro-
structural features are nearly symmetric along the rotational axis, the
following analyses are presented for only half of each sample.

The 20 s friction consolidated (FCed) sample, representing an in-
termediate stage in the processing time and containing all key macro-
structural features, is used as a basis for discussing the macrostructure
after FC, as detailed below:

Rotational axis

5s

20s

40 s

60s

-20 -15 -10 -5 0 5 10 15 20 25

X (mm)

-25

Fig. 5. Macrograph of friction consolidated (FCed) samples at different pro-
cessing times, i.e. 5, 20, 40 and 60 s from top to bottom. The depth of the
consolidated region is measured for each sample. Four different features are
marked with different colors (A-D).

(b)

Fig. 4. BSE image of the blended powder at low (a) and high (b) magnification. Pure Cu and AlLi powders are indicated by red and light blue arrows, respectively.
The corresponding EDX elemental maps for Al, Cu and O are also present. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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(1) At the center of the consolidated region, denoted as region A in
Fig. 5, a horizontally layered material flow pattern is observed,
suggesting that the material was mainly pressed down by the die
with only slight shear deformation, analogues to the onion rings
concept present in Friction Stir Welding (FSW) [32], as shown in
Fig. 6(a). Notably, no evidence of inward material flow is present,
indicating that this region has not been affected by the scroll
feature-induced flow.

(2) Moving outward from the center, the red curved line marks a
boundary to another distinct region, denoted as region B, tilting
from the horizontal. This boundary represents the separation
between region B, which exhibits inward material flow intro-
duced by the scroll feature at the die-feedstock interface, and
region A, which is influenced by pressed-down material flow.
Region B exhibits a bowl-shaped structure, which is referred to as
the recrystallization region, as described by Buffa et al. [18].

(3) Further outward, indicated by the yellow lines, this region is
denoted as region C, which is characterized by material flow
drawn toward the center by the scroll feature at the die-feedstock
interface and outward material flow from the center at the bot-
tom of the consolidated zone, following the law of conservation of
mass.

(4) Near the edge of the FCed samples, turbulent material flow,
marked by the blue line and denoted as region D, becomes
evident. As the radius increases, the corresponding centrifugal
force also increases, counteracting the inward material flow
introduced by the scroll die. As a result, the material in this region
undergoes primarily tangential movement, with minimal radial
movement.

The vertical growth of the consolidated region correlates clearly with
increased processing time, which is associated with the propagation of
heat generated at the interface as well as deeper propagation of shear
deformation into the FCed sample. The central horizontally layered
feature is gradually replaced by region B as processing time increases,
indicated by the shifting red curves, reflecting changes in material flow
during FC. On the other hand, the horizontal width of the process zone
lacks a distinct boundary accompanying the existence of the outer vor-
tex, making the boundary in the horizontal direction vague. Region C
remains at about 60 % of the maximum radius, suggesting limited in-
ward material flow under these processing conditions. This observation
aligns with the “dead metal” zone concept, deduced by Li et al. [33].
Since the boundary of the inward material flow expands and replaces the
horizontally layered feature at the center with increased processing
time, it is crucial to investigate the differences across the transition
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boundary between regions A and B to reveal the transformation mech-
anism during FC. For clarity, the side closer to the rotational axis and the
side away from the rotational axis will be denoted as positions A1 and
B1, respectively, see Fig. 5.

The BSE images along with the Cu EDX mapping at the center of the
FCed sample, as well as across the transition boundary between regions
A and B (marked by the red curve), are summarized in Fig. 6. At the
center, Fig. 6(a-b), secondary phases align horizontally in a layered
structure, as highlighted by Cu in the EDX mapping. Given the distinct
Cu composition in the raw powder, the layered Cu distribution suggests
that some minor shear deformation has been introduced but mechanical
alloying is incomplete in this region. In Fig. 6(c-d), the transition
boundary shows a high Cu content, suggesting that instead of forming a
complete supersaturated solid solution (SSSS), some Cu is pushed to-
ward the center by the material flow. According to the high-temperature
Al-Cu-Li ternary phase diagram [34], the solubility of Cu with 2 wt% Li
is less than 4.5 wt%, further confirming that a complete SSSS is not
formed during the process. Secondary phases nucleate at grain bound-
aries on both sides of the transition boundary are observed in BSE im-
ages, see Fig. 6(e, g), with a higher density on the side closer to the
rotational axis (position A1), as shown in Fig. 6(e-f). Since the transition
boundary separates the inward material flow, more severe plastic
deformation and mechanical alloying effects are expected on the side
away from the rotational axis (position B1), as shown in Fig. 6(g-h),
resulting in lower secondary phases density.

EDX is unable to distinguish different phases due to the presence of
Li, therefore, further phase identification was performed by HEXRD, and
the selected results at positions Al and B1 are summarized in Fig. 7. The
compacted powder is denoted as the base material (BM), showing pre-
dominant Al, Cu, §(AlLi) and 6(Al>Cu) reflections from the raw powders.
In the FCed sample, the presence of T; diffraction peaks at both positions
Al and B1, along with the prominent Al peaks and the absence of Cu, 6
and & peaks, confirms the occurrence of mechanical alloying during FC.
Furthermore, since the T; precipitate has been reported to nucleate both
intragranularly and intergranularly [35], and the absence of the 6 and &
peaks, the secondary phases observed in the BSE images are likely T;.
After artificial aging, an additional 6 phase was observed, indicating the
formation of a SSSS in the as-FCed state.

The volume fraction of precipitates was quantified via Rietveld
refinement and the different distributions are shown in Fig. 8(a-b). The
artificially aged sample is 1.5 mm off center due to the sample cutting,
therefore, all the following mapping starts from 1.5 to 25 mm. However,
the transition boundary marked by the red curve in Fig. 5 is preserved.
The higher volume fraction of T; precipitate lies at the center of region B
as well as along a line at the bottom of region A in both as-FCed and

Fig. 6. BSE images and the corresponding Cu EDX mapping at the FCed sample center (a-b) as well as across the boundary of regions A and B, in which on the side
close to the rotational axis denoted as Al (c-d), the transition boundary center (e-f) and on the side away from the rotational axis denoted as B1 (g-h), see also Fig. 5.
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Fig. 7. HEXRD diffractograms of position Al and position B1, see Fig. 5, in the as-FCed state as well as in artificially aged state, with addition of base material.
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Fig. 8. Precipitate distribution of (a) T; in the as-FCed state (above) and after artificial aging (middle) and (b) ¢ after artificial aging. (c) The weight fraction of T;
and & at y = 1 mm at different radial distances, along with the Cu wt % from EDX.

artificially aged samples. The distribution of T; precipitate remained
unaltered after artificial aging, but the volume fraction increased. For
the & precipitate, the highest volume fraction is located in region B, near
the transition boundary. The different distributions of T; and & suggest
different precipitate responses within the consolidated region. As Jo and
Hirano [36] reported, the precipitate sequence of Al-Cu-Li alloys
changes with the different ratios between Cu and Li, which can be
summarized as follows [36]:

For Cu/Li > 4, a(SSSS)—GP zones— 0" —6’. (@)

For2.5 < Cu/Li

< 4, a(SSSS)—>GPzones + 6— 0"+ 0+ §—8 + T1=Ti.  (2)

Forl < Cu/Li < 2.5, a(SSSS)—>GPzones + § -0+ § -5 + T1—T1.
3)
ForCu/Li < 1, a(SSS8S)—8 + T1— Ti. (@)

Therefore, the Cu content measured from EDX, with the volume
fraction of precipitates along a horizontal line (within the boundary of
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the inward material flow), is summarized in Fig. 8(c). Instead of forming
a complete SSSS, Cu is pushed by the material flow to the transition
boundary and agglomerates, resulting in a spike of Cu content located
around x = 2 mm. The T; precipitate volume fraction mainly follows the
Cu content. In this regard, the Li concentration is higher at the position
where the T; precipitate volume fraction is low, promoting the precip-
itation of §. Li is considered to be completely dissolved based on the
phase diagram for the current composition (AlICu6Li2). Therefore, after
subtracting the T; precipitate volume fraction, the Cu/Li ratio at posi-
tions Al and B1 is 0.68 and 1.03, respectively, indicating different
precipitate responses.

The dimensions of the precipitates were examined via bright-field
scanning transmission electron microscope (BF-STEM), see Fig. 9. The
T, precipitate exhibits a thin plate morphology with a hexagonal
structure on {111} planes of the Al-matrix, with an orientation rela-
tionship of (0001), //{111},, <1OE)T1 //(110),;, resulting in four
variants. Similarly, ¢ precipitates also form thin plates on {100} planes
of the Al-matrix, with an orientation relationship of (001),//(001),;,

[100],//[100]4;, which provides three variants [8,37]. Due to their
specific habit planes, the observed grain is usually oriented along spe-
cific zone axes, i.e. <110>,; for T; and <001>,; for ¢, where a
maximum of two variants will appear edge-on, forming line features
with angles of 70.53° and 90°, respectively. Due to the physical
constraint of TEM imaging, accessing the aligned crystal axes in multiple
samples is non-trivial. As a result, the <112>,, zone axis is also
commonly utilized in the literature for imaging T; precipitates [38],
revealing only one variant, see Fig. 8(b). It is important to note that a
direct comparison of precipitate density from images acquired along
different incident beam axes is not appropriate, as the area density of T;
observed along <110> zone axis is approximately twice that observed
along <112> . In Figs. 9(a) and (c), the observing orientation was along
<110> 4 zone axis and angles between the line features are measured at
69.2° and 71.4°, respectively, confirming the identification of the pre-
cipitates as T;. The average diameter of T; before and after artificial
aging is approximately 121 + 37 and 147 + 67 nm, respectively and the
thickness of T; is approximately 2.2 + 1 nm after artificial aging,
resulting in an aspect ratio of more than 50, which aligns with the plate
morphology reported in the literature. Surprisingly, the thickness of the
T1 (—~10 nm) is much larger in the as-FCed state, which is reported
mainly at the grain boundary in the literature [35]. The volume fraction
approximated from the BF-STEM images is 0.02 at Al in the FCed state
and 0.035 for regions Al and B1 in the artificially aged samples, see
Fig. 9(a) and (c). The & precipitate, with a spherical morphology and a
diameter of approximately 5 nm, was also found, see Fig. 9(c) (inset).
Additionally, a ¢ precipitate was observed, Fig. 9(c), which was not
detected in HEXRD, suggesting that its quantity is minimal and does not
significantly contribute to the strength of the material.
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3.3. Mechanical properties

3.3.1. Microhardness

Fig. 10 presents the microhardness distributions of the 20 s as-FCed
and artificially aged samples. The consolidated region can be identified
by microhardness values exceeding 80 HV ;. In the as-FCed sample, a
bowl-shaped feature adjacent to the rotational axis is observed, with a
morphology closely resembling the microstructural features, suggesting
a strong correlation between them. According to the previous findings in
the microstructural investigation, this boundary formation is attributed
to the inward material flow introduced by the scroll feature of the die. A
different hardness distribution emerges in the artificially aged sample,
which closely follows the corresponding precipitation distribution, see
Fig. 8. Compared to the peak-aged microhardness values reported for
commercial AA2198 Al-Cu-Li alloys under similar aging conditions
[38,39], the higher microhardness observed in the FCed sample already
suggests that FC is a promising route for fabricating high-strength Al-Cu-
Li alloys. The following discussion section will further explore the cor-
relation between mechanical properties and the precipitation strength-
ening effect.

3.3.2. Microfiat tensile testing

The comparison of yield strength (YS), ultimate tensile strength
(UTS), and elongation between the 20 s as-FCed and artificially aged
samples, obtained via microflat tensile testing, is summarized in Table 1.
After artificial aging, the average YS increased from 220 MPa to 275
MPa, and the UTS increased from 345 MPa to 370 MPa, while elongation
decreased from 14 % to 8 %. This phenomenon reflects the well-known
strength-ductility dilemma from common strengthening strategies [40].
Although the feedstock material (AlICu6Li2) was processed directly from
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Fig. 10. Microhardness distribution in the cross section of the 20 s sample in
the as-FCed state (a) and artificially aged at 175 °C with 20 h (b).

Fig. 9. BF-STEM images located at position Al in the as-FCed state (a) and in the artificially aged state (b) as well as position B1 in artificially aged state (c), with the
corresponding imaging orientation along <110>,;, <112>4; and <110>,), respectively.
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Table 1
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Yield strength, ultimate tensile strength and elongation at three different positions in the 20 s as-FCed and artificially aged samples.

As-FC  As-FC  As-FC Aged Aged Aged
groupl group2 group3 | groupl group2 group3
] 221.6 213.8 2254 2453 306.7 274.2
Yield strength [MPa] (£12.76)  (£3.90) (£22.18) | (¥2.79) (x4.25) (£2.32)
) ) 3452 339.7 350.5 357.8 388.2 364.3
Ultimate tensile strength [MPa]  (4+12.00) (#2.37) (£12.44)| (£2.32) (£525) (43.16)
S 10.9 16.3 15.4 8.7 6.5 10.2
Elongation [%] (£1.40) (£1.16) (+2.85) | (£1.95) (+1.60) (+1.40)

powder and without additional alloying elements, the YS and UTS are
only slightly lower (~85 %) than those of similar commercial Al-Cu-Li
alloys, such as AA2198, processed by other friction stir-based methods
[39,41], indicating the potential of FC to support novel alloy design.

Inhomogeneous properties were observed across different testing
regions. In the as-FCed sample, tensile testing groups 1 and 3 exhibited
more scattering, indicating inhomogeneity in the direction parallel to
the plunge direction of the FC die, a phenomenon also discussed in
literature [18,21]. In contrast, group 2, taken from the interface, showed
more homogeneous properties since such a gradient is not present. Such
inhomogeneity was mitigated after artificial aging; however, a new form
of inhomogeneity emerged. Specifically, the increase in YS varied across
groups 1, 2, and 3 by 23.7 MPa, 88.9 MPa, and 48.2 MPa, respectively.
This variation is attributed to the T; and § precipitates, which have
distinct distributions across the testing regions, see Fig. 8. The correla-
tion between precipitate distribution and the observed YS increase is of
particular interest and deserves further quantitative investigation,
which will be detailed in the following section.

4. Discussion
4.1. Microstructure evolution

The grain structure evolution of powders from the compacted
blended state to the consolidated region has been reported to progress
through several stages [17,27,28]. Initially, away from the die-feedstock
interface, the compacted blended powder exhibits a high density of
voids, indicating that compaction alone is insufficient to completely
diminish the voids. As the region approaches the die-feedstock interface,
slightly elevated temperatures begin to soften the powder, while mod-
erate compressive strain facilitates the gradual elimination of voids.
However, alloying is not yet observed at this stage due to the limited
shear strain. Typically, a tortuous region is subsequently identified,
characterized by non-uniform material flow. This region exhibits high
shear deformation and higher temperatures, combined with close con-
tact between powder particles, facilitating the initiation of mechanical
alloying. The tortuous region becomes more prominent when the mixed
powder has distinct strengths, such as a mixture of Cu and Nb with a 1:1
mass ratio [42]. In the current study, AlCu powder dominates the
powder mixture, therefore, the torturous region is likely minimized and
not evident. Near the die-feedstock interface, the highest temperature as
well as the highest shear stain result in significant grain refinement
through dynamic recrystallization [17].

4.2. Precipitate evolution

Al-Cu-Li alloys are well known as precipitation hardenable alloys.
Before delving into the strengthening effects of each precipitate, it is
crucial to understand the formation mechanisms behind the distinct
precipitation distributions observed in this study. The experimental
alloy composition was designed to highlight mechanical alloying via

friction consolidation (FC), containing only the primary ternary ele-
ments of Al, Cu, and Li, which is rarely reported. However, the precip-
itation behavior in Al-Cu-Li alloys has been extensively studied,
including friction-based processing methods like Friction Stir Welding
and Processing (FSW/P). Before comparing the findings from FSW/P
with FC, it is essential to highlight the differences between these two
processes as summarized in supplementary table S1. One critical dif-
ference is the translational movement of the non-consumable tool. In
FSW, the translational movement shifts the heat source constantly
throughout the process, whereas in FC, the heat source remains quasi
stationary. This fundamental difference influences the thermal history
such as the duration of high temperature exposure and the subsequent
cooling rate, which affects the microstructure with regards to the grain
size and the precipitates [43-45]. For instance, grain growth has been
reported at the top of the consolidated region in FC due to prolonged
high temperature exposure [21]. Consequently, at similar heat input,
finer grains are expected in FSW, enhancing the Hall-Petch strength-
ening effect. Nevertheless, in precipitation hardenable alloys, mechan-
ical properties are governed more by precipitation hardening rather
than by Hall-Petch strengthening. Hence, the following discussion fo-
cuses on precipitate evolution and its influence on mechanical
properties.

In friction-based processes, different precipitates form in various
zones, including the stir zone (SZ), thermo-mechanically affected zone
(TMAZ), heat-affected zone (HAZ), and BM. Two different precipitate
types have been reported in the FSWed AA2195-T8 SZ: (1) T phase,
occasionally accompanied by additional §/§ and GP zones, along with
the partial or complete dissolution of T; and ¢ precipitates [43,44]; (2)
only & phase, with no other precipitates present [45]. The difference
between these two precipitate types is attributed to the cooling rates. In
the latter case, a thin plate was investigated [45], providing faster
cooling that avoids prolonged high-temperature exposure and sup-
presses the formation of T phase, according to the time-temperature-
precipitation diagram [46]. Similar complete dissolution of precipita-
tion has also been reported in FSWed AA2050-T8 [47], FSWed AA2060-
T8 [48], friction stir processing, and probeless friction stir spot welded
AA2198-T8 [49,50] with process temperatures above 450 °C. When the
temperature remains below 450 °C, residual T; precipitates have been
found in the SZ, indicating only partial dissolution [47-50]. In the
current study on FC, the maximum temperature measured 1 mm behind
the die-feedstock interface was 451 °C, as shown in Fig. S1. Given that
the heat generation is introduced via the friction between die and
feedstock material, the temperature within the FC sample is expected to
be higher, suggesting that T; precipitates should completely dissolve.
Although temperature gradients have not been explicitly reported in FC,
similar behavior has been described in FE, which is highly similar to FC,
but includes an additional extrusion orifice [51]. However, HEXRD and
TEM analysis indicate the existence of T; in the current study. Based on
the Al-Cu-Li phase diagram, the nominal composition of AlCu6Li2
contains an Al matrix with T; phase at 500 °C. Therefore, it can be
argued that T; peaks in HEXRD are mainly from the secondary phases
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and the T; precipitates are formed during cooling [46]. The T; and ¢
precipitates compete for copper atoms, and T; is observed to preferen-
tially precipitate over ¢ due to its lower formation enthalpy [52,53].
Besides, the high strain energy introduced by the shear deformation
promotes the & phase to precipitate during cooling and natural aging
[50,54], consistent with the observed § precipitation after artificial
aging.

Since T; precipitates were not identified in the raw powder using
HEXRD, their potential formation mechanisms are worth discussing. T;
nucleation has been widely reported to occur heterogeneously at dis-
locations, which are associated with the stacking sequence alternation
from a face-centered cubic (fcc) to a hexagonal close-packed (hcp)
structure [55-57]. Furthermore, Chen et al. [58] proposed that the
segregation of Cu around Li-rich particles serves as another nucleation
pathway isolated from dislocations. In the present study, dislocations
are continuously introduced during FC, combined with the presence of
pure Cu in the feedstock, which likely activates both nucleation
mechanisms.

The competition in nucleation among various precipitates during
artificial aging is of significant interest, as it provides a deeper under-
standing and strategies for subsequent manipulation of precipitate
response. Jo and Hirano [36] proposed that the effect of Cu/Li ratio
significantly influences the precipitation sequence in Al-Cu-Li alloys.
Since then, this principle has been widely adopted to predict the pre-
cipitation behavior. In alloys with a low Cu/Li ratio (1-4), the precipi-
tation of & and T; is promoted, while the formation of ¢ is suppressed.
When Cu/Li ratio drops below 1, ¢ precipitation is completely hindered,
and an acceleration of § precipitates is expected. These predictions align
well with the HEXRD and TEM observation, although with a small
amount of ¢ precipitates presence in position Bl, see Fig. 9(c). The
nucleation of a new precipitate simultaneously creates a new interface
with the matrix, which can be classified into three types based on lattice
mismatch, namely coherent, semi-coherent, and incoherent interfaces.
Coherent interfaces exhibit minimal lattice mismatch and low interfacial
energy; semi-coherent interfaces exhibit medium lattice mismatch and
medium interfacial energy; and incoherent interfaces exhibit large lat-
tice mismatch and high interfacial energy. The & precipitate is coherent
with the Al matrix, possessing an L1, structure with a very small lattice
mismatch (0.08 %) and low interfacial energy (0.014 Jm~2) [59,60].
Meanwhile, T; precipitate is coherent along (0001),//{111},, but
semi-coherent on other planes. Consequently, the T; precipitate shows a
thin plate morphology with a large coherent interface area to minimize
its total interfacial energy [53]. The T; precipitate is generally identified
as semi-coherent with the Al matrix, showing a moderate lattice
mismatch (0.12 %) and a higher interfacial energy (0.13 — 0.23 Jm2)
[54,61]. To overcome the higher energy barrier for T; nucleation, T;
preferentially nucleates at higher energy sites such as dislocations, grain
boundaries, and subgrain boundaries. In contrast, § precipitates
nucleate more readily within the grain interior.

4.3. Precipitate strengthening effect

Researchers [62-67] have been attempting to estimate the
strengthening effects of the precipitate via various models, which
mainly require the dimensions and the volume fraction of the pre-
cipitates as well as other properties, such as antiphase boundary energy,
shear modules and Burgers vector. Order strengthening is reported as
the most effective strengthening effect of the & precipitate, which cre-
ates an antiphase boundary by shearing the ordered precipitate on its
slip plane. The theoretical critical resolved shear stress (CRSS) for order
strengthening is described as [62]:

Vapb 3n? yapbfVl To
Aton = () |
o = 9p 32Gb? £ Q)
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where 7, = 0.15 Jm~? is the antiphase boundary energy for Al, G =
30 GNm~2 is the shear modulus, b = 0.2864 nm is the Burgers vector, ry
is the average precipitate radius, and f,; is the volume fraction of the &
precipitates. To convert the CRSS into YS, a Taylor factor M ~ 3 is
usually applied [63]. The f,; of the § precipitate in groups 1, 2 and 3 are
obtained from the Rietveld refinement at the corresponding positions of
the microflat tensile specimens and are determined as 0.014, 0.034, and
0.02, respectively. Therefore, the corresponding order strengthening are
predicted to be 38, 50 and 43 MPa, respectively.

Early development of the T; precipitation strengthening models are
based on the shear-resistant behavior. Nie et al. [64] utilized the
modified Orowan equation based on the rational T; plate orientation,
assuming non-randomly distributed dislocations. Zhu and Starke [65]
further developed the relationship between T; and randomly distributed
dislocations, which can be summarized as follows:

b D D35 | [, 0.079D
Atorown = 0126 Vi + 0.7\[?)&2 +0.12-,; {IHT}’

(6)

where D and t are the diameter and the thickness of the T; precipitate,
respectively, and f,, is the volume fraction of the T; precipitates.

However, direct observation of sheared T; precipitates through high-
resolution transmission electron microscopy promoted Nie and Muddle
[66] to propose a shear-strengthening model that considers the creation
of new precipitate-matrix interfaces during the shearing events. Dorin
et al. [67] further included the simultaneously formed stacking fault
(SF), which plays an important role in the thickening of the T; pre-
cipitates, as follows:

2
1.211D {yi + (2,,—;9 - %VSF) } \/%
?7 (7)

t2

A7:shear =

where y; = 0.107 Jm~2 and yg; = 0.005 Jm~2 are the interface and SF
energy, respectively, I" is dislocation line tension in the Al matrix ~
Gb?/2, ¢ = 30° is the angle between the Burgers vector and <112>, and
0 = 70.53° is the angle between two {111} planes. Although the
diameter and thickness threshold for the shearing-to-bypassing transi-
tion of T; precipitate has not been determined, it has been observed that
the shearing strengthening model overestimates the effect for larger
precipitate (D > 80 nm or t > 1.9 nm) [57,68]. In the present study, the
diameter of T; precipitate is approximately 121 and 147 nm for as-FCed
and artificially aged samples, respectively, as shown in Fig. 9. Therefore,
the by-passing mechanism is assumed to be dominant in both cases. The
fvz of the T; precipitate obtaining from Rietveld refinement at position
Al in as-FCed sate and at positions Al and B1 in artificially aged state is
equal to 0.03, 0.0376 and 0.045, respectively. The volume fraction ob-
tained from the Rietveld refinement is higher than that observed in TEM.
This discrepancy arises because Rietveld refinement characterizes the
entire sample without distinguishing between intragranular and inter-
granular precipitates, a distinction that is relevant in TEM analysis.
However, obtaining the distribution of each precipitate from TEM re-
quires extensive work, making the Rietveld refinement a practical
alternative for estimating the strengthening contributions of pre-
cipitates. Additionally, the precipitate strengthening estimations
consider mainly the precipitates within the grains. Therefore, to avoid
overestimation, the difference between the as-FCed and artificially aged
samples is utilized to visualize the strengthening effect, summarized in
Fig. 11. The distribution of the strengthening effect shares similarities to
that of the & distribution and microhardness observed after artificial
aging, see Fig. 8(b) and Fig. 10(b), suggesting that the primary
strengthening effect in the current sample during artificial aging is due
to &. Several studies attempt to further increase the mechanical
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Fig. 11. Strengthening effect due to artificial aging from § and T; compared to as-FCed state.

properties of Al-Cu-Li alloys by modifying the artificial aging procedure,
i.e. introducing pre-deformation or two-stage aging, to suppress the
formation of intergranular T; and establish more heterogeneous nucle-
ation sites for intragranular T; formation, preventing the condition to
initiate tensile cracks propagation [69]. This suggests the potential to
further improve the strengthening effect. However, the optimization of
the subsequent artificial aging analysis is out of the scope of the present
study.

5. Conclusions

In the present study, an Al-Cu-Li alloy is successfully manufactured
via friction consolidation (FC) from different powders. The mechanical
alloying effect through FC is characterized in terms of phase trans-
formation behavior, and the corresponding mechanical properties are
investigated. The main conclusions are drawn as follows:

(1) The mechanical alloying effect of the AlICu6Li2 alloy through FC
from raw powder demonstrates the viability of FC as a potential
and energy efficient technique for aluminum alloy design.

(2) The evolution of material flow introduced by the die during FC
can be separated into two main subcategories: (a) the inward flow
introduced by the scroll-die feature and (b) the downward flow
associated with slight shear deformation, which compensates for
the additional material drawn by the inward material flow. As
processing time increases, the inward flow gradually replaces the
downward flow, indicating the expansion of the recrystallization
region.
The microhardness and tensile testing results exhibit comparable
mechanical properties to other friction stir-based processes. The
further enhancement of mechanical properties after subsequent
artificial aging treatment indicates the formation of a supersat-
urated solid solution (SSSS), which further confirms the me-
chanical alloying effect introduced by FC.

(4) The distribution of T; precipitates after the FC process has a
strong relationship with shear deformation. With the differing
consumption of Cu and Li during the formation of T; precipitates,
a distinct distribution of & has been observed after artificial
aging, which has been identified as the predominant strength-
ening phase after artificial aging in the present study.

(3

The demonstrated mechanical alloying capability of FC using various
powder feedstocks enables novel alloy design. Beyond enabling minor
alloying from a classical alloying approach, FC facilitates the develop-
ment of alloys under non-equilibrium conditions due to its solid state
nature, which is unattainable through melting. One application is to
systematically increase the Li content to investigate the increase solu-
bility of the Li in the Al matrix. Additionally, the energy-efficient and
time-effective FC accelerates the alloy development time with poten-
tially decreased energy consumption. The insights gained from FC can
be further extrapolated to other friction stir based technologies, e.g.,
friction stir processing, to modify the local alloy composition.
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