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Al7075 equivalent aluminum + AlyO3 metal matrix composite (G7D) feedstock tailored for Additive Friction Stir
Deposition (AFSD) was successfully produced using the powder metallurgy and hot extrusion process. Two types
of feedstocks with different densities, categorized as High Porosity (HP) and Low Porosity (LP) rods, were AFSD
deposited to evaluate their performances. High-quality and fully dense AFSD samples were successfully deposited
using both HP and LP rods. The microstructure, grain size distribution, and hardness were evaluated in the as-
deposited AFSD samples. The deposited G7D exhibited complex material flow, but deposition parameters had
minimal impacts on the flow patterns. During the AFSD process, ceramic particles (Al,O3) were evenly dispersed
in the matrix. The use of elemental powders rather than pre-alloyed powders allows the low-melting-point metal
Zn in the powder mix to form a liquid-phase diffusion pathway during hot extrusion/AFSD, improving the
wettability of Al,O3 particle surfaces and significantly strengthening the connection between the aluminum
matrix and the Al;Oj3 particles. It shows the significant potential of AFSD in fabricating Aluminum Metal Matrix
Composites (AMMC) for producing high-quality AMMC components with comparable or superior performance to

those made by conventional methods.

1. Introduction

Aluminum alloys are widely used engineering materials due to their
lightweight and excellent mechanical properties. In particular, 7000
series aluminum alloys exhibit exceptionally high strength, toughness
and excellent resistance to stress corrosion cracking, making them the
preferred materials in the aerospace and automotive industries [1-11].
However, with the development of industrial demands, pure aluminum
alloys can no longer meet current application requirements. Aluminum
Metal Matrix Composites (AMMC) have become a valuable addition to
the field of new materials for high-performance applications. AMMCs
combine the ductility and toughness of aluminum alloy with the high
strength and modulus of ceramics, resulting in higher fracture strength
and the ability to function at high temperatures [12-16]. This has
greatly attracted the attention of researchers. In fact, numerous studies
have highlighted the benefits of AMMCs in detail [9,15-17]. Commonly
used reinforcement particles such as Al,O3 [18, 19], SiC [20], B4C [21],
TiC [22,23], TiO, [24, 25], TiBy [26], and graphite [27] have been
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incorporated into aluminum alloys to produce AMMCs with superior
properties. Conventional AMMC processing methods include Stir Cast-
ing (SC) [28] and Powder Metallurgy (PM) [29]. Each of these methods
has its own advantages and disadvantages. The most prominent issue is
that, although these fabrication processes are simple, the final perfor-
mance of the AMMCGs is significantly affected by many factors such as
ceramic particle size, processing parameters, and temperature, leading
to problems such as uneven particle distribution and insufficient wetting
between the reinforcement and the matrix. Also, it is hard to produce
large sized homogenous AMMC parts based on these two methods.
Friction Stir Deposition (FSD) represents a novel Additive
Manufacturing (AM) technique that functions as a solid-state severe
plastic deformation (SPD) process. The major FSD method currently in
use is Additive Friction Stir Deposition (AFSD), where rods are typically
used as the feedstock. Apart from rod shaped feedstock, wire-based
friction stir additive manufacturing (W-FSAM) has also emerged
[30-32], which utilizes a continuous feeding system to enable the
fabrication of large-scale components. The FSD method incorporates
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additive manufacturing principles by softening raw materials through
frictional heat and depositing them layer by layer onto target regions
[33-36].

Since the FSD process does not involve metal melting, fatal defects
such as hot cracking, chemical composition nonuniformity, porosity,
and columnar grain structures that may occur in traditional fusion-based
AM processes can be effectively avoided. Another significant advantage
of FSD is its ability to achieve ultrafine grains (~5 pm) and uniform
material flow. The strength of AMMCs partially depends on the size of
the reinforcement phase particles, their distribution within the matrix,
and their bonding with the matrix. During the FSD process, significant
material flow results in thorough mixing promotes uniformity, heals
cracks, fills voids, and establishes excellent interfacial bonding. Conse-
quently, AFSD presents itself as a highly potential collaborator for
advancing AMMCs.

However, progress in AMMC material development research related
to AFSD and W-FSAM has been remarkably slow. As an emerging
technology, most researchers are currently focused on studying
commercially available alloy materials, with a limited exploration into
alloy composition optimization and redesign. In particular, there is
currently a lack of direct research on AMMC materials using the W-
FSAM technique. This may be attributed to the fact that in W-FSAM, the
primary source of heat input is the friction between the tool pin and the
substrate, which may lead to excessive jamming of wire inside the tool.
In contrast, the AFSD process generates heat primarily from the friction
between the tip of the feedstock rod and the substrate. The large sized
rods are designed to take large downward force during the deposition
process. Additionally, the tool in AFSD is typically equipped with a
cooling system, which helps maintain a lower tool temperature and
prevents metallurgical bonding between the AMMC material and the
tool. Therefore, at present, the rod-based AFSD process is more suitable
for the fabrication of AMMCs. There are indeed some studies attempting
to explore from the perspective of customized materials, such as Yoder
et al. [34] tried to use the scrap automotive Al chips as the raw material
to form the AFSD feedstock with the cold press. It preliminarily
demonstrated that AFSD has the capability to deposit porous feedstocks
into fully dense components. Additionally, the authors believe that
AFSD holds great potential for material recycling and energy con-
sumption reduction. Calvert et al. [37] investigated the tensile proper-
ties of WE43 Mg alloy AFSD coatings using powder as feedstock. It was
found that the interlayer bonding in the deposited samples was poor,
which reduced the mechanical properties. J. Lopez et al. [38] filled
Graphite nanoplatelets (GNPs) powder into the hollow AFSD Al6061
feedstock for deposition. Although they successfully deposited this
AMMC, the cross-sectional SEM images provided by the authors reveal
that the distribution of reinforcement particles is uneven. V. Mani [39]
also employed a similar method (powder in hollow rod) to deposit
Al6061-B4C composites and also had a distribution issue. G. G. Stub-
blefield et al. [40] directly placed copper wire at the center of the
feedstock and employed Smoothed Particle Hydrodynamics (SPH) sim-
ulations of AFSD to elucidate the deposition mechanics. The results
revealed a significant difference in the Cu distribution between the
advancing and retreating sides of the deposited sample. Wu et al. [41]
combined nanodiamonds and Al6061, and successfully coated the
composite to a soft substrate. Those authors also investigated the
microstructure evolution of the as-deposited sample.

Currently, most research on composite material development in-
volves directly adding reinforcement phase powders into hollow AFSD
feedstock rods, which often results in uncontrollable composition, un-
even deposition, and low deposition quality. The ideal AFSD AMMC
feedstock should be a solid rod, a form that has been proven to deliver
the highest deposition quality. Traditional powder metallurgy processes
can ensure uniform mixing of reinforcement particles with the
aluminum alloy matrix, but due to mold limitations, producing suffi-
ciently long rods is challenging. This necessitates the use of hot extrusion
processes to convert bulk materials into rods. This provides a conceptual
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framework for the development of the in-situ alloyed AMMC feedstock
investigated in this paper.

In this study, we reported preparing in-situ alloying AMMC feed-
stocks for AFSD technology using hot extrusion and evaluated the AFSD
deposited AMMC samples. By using elemental powders instead of pre-
alloyed powders, the liquid-phase pathways provided by low-melting-
point metal elements facilitated in-situ alloying and improved the
wettability of reinforcement particles. The results indicate that a fully
dense AMMC composite can be produced even with high-porosity AFSD
feedstocks through appropriate parameter optimization. This method
can not only be adapted for other aluminum alloy composite designs in
the future but also facilitate compositional optimization for other high
melting point alloys such as carbon steel, nickel-based alloys, and high-
entropy alloys. This will significantly accelerate the development of high
quality AMMC parts enabled by the AFSD technology.

2. Materials and method

The raw pre-mixed Al7075 equivalent aluminum + Al,O3 metal
matrix composite powders (G7D) were purchased from GAMMA AL-
LOYS (Valencia, CA 91355, USA). The G7D powder included 1 % nano-
scale Aly,Og3 particle, 10 % micro-scale Al,O3 particle and the Al7075
equivalent element powder (Al, 2.5 % wt Mg, 9.5 % wt. Zn, 1.5 % wt. Cu
pure powder). Alumina particles have been uniformly distributed over
the metal powder surfaces.

To prepare G7D feedstock rods compatible with the AFSD machine,
hot extrusion molding was employed. The G7D powder was first pre-
compacted at a temperature of 400 °C and a pressure of 100 MPa.
Compaction was performed under both vacuum and atmospheric con-
ditions. Atmospheric compaction is simple to perform. However, due to
the large amount of trapped air, the compacts have a lower density than
the compacts produced under vacuum. The compacted bulk materials,
low density/high porosity ones produced under atmospheric compac-
tion and high density/low porosity ones produced under vacuum
compaction, were then heated to 430 °C and extruded through a specific
mold (extrusion ratio ~ 22:1) to produce standard AFSD feedstock (9.5
mm x 9.5 mm square bars), as shown in Fig. 1.

A commercial L3 machine from MELD Manufacturing Corporation
(USA) was then used in this study. The working principle of MELD has
been thoroughly explained in previous works and will not be introduced
here. Fig. 1 also illustrates the fundamental printing process of AFSD. In
this study, the printing parameters are as follows: Spindle rotation speed
of 200 RPM, layer thickness of 1.5 mm, feeding rate of 127-178 mm/
min, and traversing speed of 137 mm/min. The applied downward force
is about 6.7-8.9 kN. To enable the AFSD deposition process, the surface
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Fig. 1. The procedure of making two different G7D AFSD samples.
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of the feedstock rod is coated with a thin layer of graphite to act as a
lubricant. The sample detailed information is also shown in Table 1.

The samples, once deposited, were subsequently sectioned using
wire Electrical Discharge Machining (EDM). The cross-section, which is
parallel to the feeding direction, was sectioned. These were the desig-
nated surfaces for analyzing the microstructure, phase structure,
composition distribution, and microhardness.

All sample surfaces were mechanically roughly polished using SiC
sandpapers, progressing in grit from 400, 600, 800, and 1000. After-
ward, they were polished with DIAMAT polycrystalline diamond pol-
ishing pads (6 pm, 3 pm, and 1 pm) to attain a mirror surface. The final
polishing process was performed on a vibratory polisher (Pace Tech-
nologies GIGA Vibratory Polisher) for 5 h in a pulse mode with 35 nm
silica suspension.

Scanning Electron Microscopy (SEM) and Energy Dispersive Spec-
troscopy (EDS) were performed on the ThermoFisher Helio G5 Xe PFIB/
SEM system. Both the EDS mapping and Electron Backscatter Diffraction
(EBSD) mapping were performed at 20 kV and 3.2 nA with an EDS/EBSD
detector on the same PFIB/SEM system. Grain size was also calculated
from the EBSD data as the equivalent circular diameter. MicroCT was
performed at a Heliscan MicroCT (Mark II) system with tungsten fila-
ment. The working voltage and current are 140 KV and 55 pA. Micro-
hardness tests were performed on the specimens using a CM-802 AT
microhardness tester, with a test load of 500 gf and a dwell time of 15 s.

3. Results
3.1. Hot extruded rods

Numerous studies have summarized the technical features of AFSD
[4,35,36,42,43], with the most compelling being large-scale fabrication,
ultrafine grains, and uniformity of printed samples. Therefore, this study
uses both high-quality and low-quality feedstock rods to further validate
the in-situ alloying process and the final quality of AFSD AMMC samples.

As shown in Fig. 1, two types of hot extrusion rods were prepared,
which are High Porosity (HP) G7D rods and Low Porosity (LP) G7D rods.
Both types of rods utilized the same hot extrusion process, with the key
distinction lying in the condition of the initial compressing process. The
HP rod’s block was pressed under standard atmospheric conditions,
containing numerous closed pores internally. During the hot extrusion
process, the pressure difference between the closed pores and the
external atmosphere led to the formation of a popcorn-like structure on
the rod’s surface. When the powder is compressed under vacuum con-
ditions, the internal closed pores are significantly reduced but cannot be
completely eliminated. As a result, a small number of cracks remain in
the final LP rod. Just as shown in Fig. 2 (a) and (c). To further quantify
the porosity of the different rods, Avizo was used to calculate the volume
of the crack after the MicroCT scanning, and the crack density of the HP
and LP rods is 23.08 % and 9.24 % respectively.

It is noteworthy that the cross-sections of the two rods show distinct

Table 1
AFSD Sample printing information.
Sample Sample Layer Feed rate  Travel Tool
Type Code Thickness Speed Rotation
Single SL5 1.5 mm 127 137 mm/ 200 RPM
layer mm/ min
min
SL5.5 1.5 mm 140 137 mm/ 200 RPM
mm/ min
min
SL6.5 1.5 mm 165 137 mm/ 200 RPM
mm/ min
min
Multiple ML7.0 1.5mm (3 178 137 mm/ 200 RPM
layer layer) mm/ min
min
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characteristics. The crack area width in the HP rod is about 1.9 mm,
while the width in the LP rod is way far less (~0.5 mm). A significant
amount of white phase was observed at the edges (~1.6 mm) of the LP
rod scan, whereas no such feature was present in the HP rod. During the
MicroCT scanning process, the sample continuously rotates to facilitate
the acquisition of its 3D information. Due to the considerable size of the
two rods (9.5 mm x 9.5 mm), X-rays may lose resolution and certain
features when traversing through the sample in the forward direction
(Fig. 3(a)). Distinct features at the thinner edges only become visible
when the sample rotates to a specific angle, as illustrated in Fig. 3(b).
During SEM/EDS analysis, the bright white phase was observed both at
the edges and in the central areas of the LP rods. This confirms that the
feature loss in the central area of the LP rods is due to the CT scan
process. However, due to space limitations, only the EDS spectrum of the
bright white phase at the edges is presented in Fig. 2 (e). In the EDS map
(The red dashed rectangle in the edge area), it can be observed that the
Al,O3 particle (Black dot in Fig. 2 (e) and it was overlapped with O
distribution) is evenly distributed in the matrix. The primary constituent
elements of the white phase are Cu, Zn, and Fe, which means a signifi-
cant partial alloying process occurred in the LP rods during the com-
pressing and hot extrusion process. This alloying process was not
detected in the HP rods, and the reasons will be discussed in subsequent
sections.

Fig. 4 shows the microhardness of the center area from two rods.
Hardness measurements were conducted at ten random points within
the central areas of the two rods, resulting in values of 134.1 + 1.2 HV
for the HP rod and 135.4 + 1.3 HV for the LP rod. The microhardness of
both rods is nearly identical because they share the same powder matrix.
Thus, the microhardness in the dense regions mainly originates from the
in-situ Al7075 powder itself.

3.2. Single layer deposition

Fig. 5 shows the as-deposited sample with different feed rates and the
reaction force during the first 2 inches of deposition. HP rods were used
as AFSD feedstock materials for single-layer deposition, and the primary
purpose of the single-layer experiment was to optimize AFSD parameters
to lay the foundation for subsequent multi-layer printing while also
studying the in-situ alloying process within the single layer. Since HP
rods were used, defects such as pores and cracks in the rods led to
insufficient material feeding when the feeding rod initially exerted
pressure. Therefore, the primary parameter significantly affecting
deposition quality is the feed rate. This section primarily focuses on the
feed rate as the main subject of parameter study.

It was observed that the deposition quality of the latter section of the
samples was superior, leading to a focus on investigating the micro-
structure and properties of the Insufficiently Fed Zone (IFZ) area to
obtain a better understanding of mass flow and optimize the process in
the future. As shown in Fig. 5 (a), (b), and (c), with an increase in feed
rate, the IFZ area gradually shrinks, and the quality of the deposited
surface is improved.

Due to the lack of sufficient sintering time and solid-state diffusion, it
is expected that the strength of the hot-extruded rod is lower, resulting
in lower applied downward force during the AFSD process compared to
using solid A17075 T6 rods, as shown in Fig. 5 (d). A comparison of
reaction force in the first 2-inch traveling during the AFSD, including the
IFZ area, reveals that the tested feed rate range has minimal impact on
downward force and exhibits a consistent trend. During the AFSD
deposition process, the downward force applied to the hot-extruded rod
first increases and then becomes stabilized. This is because, at the initial
stage of deposition, increasing the downward force aids in further
densification of the rod, leading to a reduced feed rate. With the pro-
gression of the deposition process, the densification of subsequent rods
improves. Finally, the rods reach a stabilized feed rate and a stabilized
downward force.

To investigate the depth of the IFZ area and the internal density of
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Fig. 2. Micro CT results for different rods (a) HP rod (b) HP - Cross section (c) LP rod (d) LP - Cross section (e) EDS mapping in the side of LP rod.
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the AFSD samples (Center area), X-ray CT was employed. The results are
shown in Fig. 6. In the SL5.0 sample, the average depth of the IFZ area
(indicated by the red double arrow) is 1.12 + 0.05 mm. In the SL6.5
sample, the average depth of the IFZ area is only 0.64 + 0.13 mm. This
indicates that the IFZ is a portion of the AFSD layer thickness and has a
solid underlayer. IFZ was effectively filled as the feed rate increased.
Excluding the IFZ area, all other deposited areas in both samples are
fully dense without any visible pores or cracks.

Fig. 7(a—c) shows the cross-section area in the IFZ of the SL5.0, SL5.5,
and SL6.5, respectively. The cross-section reveals nearly identical
characteristics, featuring black areas at both the top and bottom (White
dashed area). And gray areas occupied the remaining area. This in-
dicates that the tested feed rate range has no significant impact on the
HP rod’s mass flow during the friction stir deposition process. To visu-
ally highlight the distinctions between the black and gray areas, a 2 mm
% 1.25 mm rectangular area (red dashed rectangle area) at the tip of the
black area below was chosen for hardness testing, as illustrated in Fig. 7.
The average hardness of the dark area in the SL5.0, SL5.5, and SL 6.5
were 114.6 + 3.1 HV, 116.3 + 2.2 HV, and 117.1 4+ 1.9 HV, respec-
tively. The average hardness of the white area in the SL5.0, SL5.5, and SL
6.5 were 88.7 + 2.6 HV, 87.8 + 3.0 HV, and 87.4 + 1.8 HV, respec-
tively. Previous studies have confirmed that after the AFSD process, the
hardness of the as-deposited A17075 sample decreases to a minimum, of
approximately 80-90 HV [4,33]. This reduction is attributed to the
transformation and coarsening of strengthening phases n’ in the matrix.
The hardness range is similar to that of the gray area in this study,
suggesting that the gray area primarily consists of pure Al7075 alloy
with little to no Al;Os.

To further investigate the distribution of Al,O3, an EDS scan was
performed at the tip. The results are shown in Fig. 8. As the data showed
redundancy in the SL5.0, SL5.5 and SL6.5, only the EDS elemental
mapping for the SL5.5 sample is displayed here. EDS mapping has
verified that the black areas in Fig. 7 (a), (b), and (c) result from a high
concentration of AlyOs. Aluminum oxide particles are uniformly
dispersed throughout the matrix. In the gray area, no micron-scale Al;O3
particles are detected, with only secondary phase particles related to Mg
and Fe observed. Additionally, the SEM-BSE images reveal numerous
ultra-fine bright white phases distributed in the black area, and pri-
marily consisting of Zn, Mg, and Cu, which is shown in Fig. 8 (b).
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According to previous studies [4], this phase is identified as the inco-
herent n phase. A small amount of Fe-related impurity particles was
detected, but their size was significantly smaller than the Fe impurity
particles in the gray regions.

Eiil Dense 3.3. Multilayer deposition

The single-layer deposition samples demonstrated the fundamental
microstructure and mass flow of the AFSD G7D, providing significant
guidance for optimizing printing parameters in multilayer deposition. In
the single-layer deposition, increasing the feed rate to 165 mm/min still
resulted in a small presence of IFZ on the deposited sample’s surface. To
enhance printing quality, the feed rate was increased to 178 mm/min in
the multilayer deposition. At the same time, the LP rod was adopted as
the AFSD feedstock to gain better quality. Fig. 9(a) shows the as-
deposited multilayer G7D sample ML7.0. It exhibited a high-quality

Fig. 6. X-ray CT for Density check (a) SL5.0 and (b) SL6.5.
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Fig. 9. Multiple layer Deposition sample (ML7.0) (a) As-deposited 3 layer G7D sample, (b) Xray CT scan results of the central area in the as-deposited G7D, (c) BSE-
EDS mapping of the as-deposited G7D, and (d) Reaction force curve in the first 2-inch travel during the AFSD process.

surface without any IFZ. Fig. 9(d) illustrates the variation in reaction whether it is deposited on Al7075 or G7D. This behavior is attributed to
force over the first 2 inches of different deposition layers. Three typical the low density of the feedstock. The G7D-G7D reaction force is lower
deposition layers were selected: Al7075 feedstock deposited on an than that of Al7075-Al17075 and G7D-Al7075, which is possibly caused
Al7075 substrate (Al7075-A17075), G7D feedstock deposited on an by the abundant wear-resistant Al;O3 particles in G7D. During the AFSD
Al7075 deposition layer (G7D-Al7075), and G7D feedstock deposited on process, this enhanced friction behavior increases the working temper-
a G7D deposition layer (G7D-G7D). The G7D feedstock exhibits a trend ature, thereby softening the feedstock and reducing the reaction force.
of reaction force initially increasing and then stabilizing, regardless of Fig. 9(b) shows the X-ray CT scan image of the red rectangular center
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in Fig. 9(a), which includes a total of seven layers of the G7D/A17075
sample. The white dashed line represents the boundary between the
deposited G7D and Al7075. A total of 1800 cross-sectional CT scan
images were produced, with only representative images shown here.
The deposited G7D sample shows no visible defects and appears to be
nearly fully dense. In contrast to the single-layer G7D sample, the matrix
of the multilayer G7D sample exhibits numerous white secondary pha-
ses. Therefore, EDS scanning was performed on the matrix, and the re-
sults are shown in Fig. 9.

The bright white phases correspond to Zn-Cu-Fe secondary phases,
identical in composition to the white secondary phases identified in
Fig. 2(e). This means that during the AFSD process, the bright white
secondary phases in the LP feedstock did not fully re-dissolve into the
matrix but instead were uniformly distributed across the matrix during
the stirring process.

Fig. 10(a) shows the cross-section of the deposited sample. To ensure
experimental consistency, the selection position of the cross-section
aligns with that of the single-layer experiment. The deposited G7D
layers still exhibited distinct flow texture, especially in the top layer
(marked by white dashed lines), which closely resembled those observed
in the single-layer experiment (Fig. 7). As shown in Fig. 10(b), the
deposited G7D and Al7075 in the center line (Yellow and black arrow)
exhibit average microhardness values of 117.6 + 1.3 HV and 89.5 + 2.7
HV, respectively.

Fig. 10(c—e) present the microstructures of the G7D layer and Al7075
layer using SEM-BSE images. It can be observed that Al;Os is uniformly
distributed in the G7D matrix, accompanied by numerous fine white
secondary phases. In the Al7075 layer, white secondary phase particles
are observed to form a network-like structure within the matrix. These
network-like regions indicate the presence of grain boundaries (marked
by white dashed lines in Fig. 10(e)).

Fig. 10(f) shows the EBSD map of the G7D/A17075 interface. The
upper part corresponds to G7D, the lower part to Al7075, separated by a
white dashed line. In the EBSD map, the black areas in the upper part
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represent Al;O3. The EBSD map reveals no significant grain orientation
preference, and the grains in the G7D layer are significantly smaller than
those in the Al7075 layer. The average grain sizes of G7D and Al7075 are
2.09 + 0.23 pm and 5.56 + 0.47 pm, respectively. The restricted grain
growth is caused by the pinning effect of Al,O3 particles. This suggests
that incorporating ceramic particles can refine the grains further and
improve the matrix’s strength. This topic will be explored further in later
sections.

4. Discussion

4.1. The effect of the feedstock and deposition parameter on deposition
quality

In this paper, two types of rods were employed to test the deposition
quality. The HP rods were primarily used for single-layer experiments,
while the LP rods were mainly used for constructing high-quality
multilayer AFSD samples. This is because, based on physical princi-
ples, the deposition of HP rods is expected to exhibit various defects,
making it necessary to use HP rods for single-layer experiments to
optimize deposition parameters. The experiments indicate that the feed
rate is a key influencing factor. Although tool travel speed and rotation
speed might impact deposition quality as well, these aspects are beyond
the scope of this paper. Further optimization of these parameters will be
explored in future studies.

In the single-layer deposition, it can be observed that the as-
deposited sample from the HP rod shows a low surface quality even
with a higher feed rate. As shown in Fig. 5 (a)(b)(c), only the central area
exhibits a metallic luster, while the sides display a matte texture
(cement-like pattern). This phenomenon is more pronounced in the first
half of the deposited sample and improves in the latter half, possibly
because the low density and strength of the rod at the beginning of
deposition prevents G7D from being uniformly deposited onto the sub-
strate. As deposition progresses, the densification and strength of the HP

Grain Boundaries
2..10° 4.64%
>10° 95.4% 111

Fig. 10. (a) Cross-section of the as-deposited ML7.0 and Al7075 (b) Microhardness of the ML7.0 and Al 7075 (c) BSE image for as-deposited ML7.0 (d) BSE image for
the interface between the ML7.0 and Al7075 (e) BSE image for as-deposited Al7075 (f) EBSD for the ML7.0 and Al7075.
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rod improves under high temperature and pressure, enhancing the
quality of subsequent deposition. X-ray CT results show that with
increasing feed rate, the density of AFSD samples within the IFZ also
improves. Due to the inherent defects in the HP rods, AFSD at high feed
rates still exhibits minor defects. However, X-ray CT results reveal that
most areas of the deposited single-layer G7D are nearly fully dense.

The deposition parameters mainly influence the localized surface
roughness of the samples, while their effect on the mechanical proper-
ties (microhardness) of the fully dense regions is almost negligible. This
is because the strength of the Al alloy matrix decreases to a low level
after the AFSD process, with the G7D composite additional strength
primarily derived from the hard Al,Os particles. Even with different
deposition parameters, it will not significantly break down the Al,O3 or
re-arrange the particle distribution. Therefore, all three single-layer
samples exhibited the same microhardness trends in the composite area.

For the multilayer deposition, both in density and surface smooth-
ness, the ML7.0 samples produced using LP rods demonstrated
outstanding performance. The cross-sectional analysis showed a homo-
geneous distribution of Al,Os. A white phase region was observed in the
first G7D layer, attributed to the vigorous stirring in the AFSD process,
mixing material from the substrate Al7075 layer. Consequently, a
portion of pure Al7075 was retained in the first layer of G7D, but such
white phase regions were rarely observed in subsequent layers.

4.2. In-situ alloying and strength mechanism in rod and AFSD sample

In-situ alloying mainly relies on changes in temperature and pres-
sure. Therefore, the stages where in-situ alloying occurs are primarily
during pre-pressing, hot extrusion, and the AFSD process.

The lowest melting point in the mixed G7D powder is 420 °C (Zn
powder). Therefore, during the pre-pressing process (400 °C), a very
slow solid-state diffusion and sintering could occur, but in-situ alloying
is unlikely to happen on a large scale since the pressing time is short.
Especially under non-vacuum compression, there are many pores in the
bulk material, and the contact area between the particles is less
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compared to that in a vacuum-compressed bulk material. During the hot
extrusion processes, the processing temperature (430 °C) exceeded the
liquidus (420 °C), facilitating liquid-phase sintering and resulting in
partial alloying of the rods. Due to the short time of the hot extrusion
process and the presence of numerous voids in the HP rod, even if there
are liquid phases in the bulk material, in-situ alloying is still unlikely to
be completed. This is also why no secondary phase was detected in the
MicroCT results in Fig. 2(b). In the LP rod, the number of voids and
defects further decreases, and the increased contact area between par-
ticles promotes liquid phase sintering and diffusion, ultimately leading
to in-situ alloying. As shown in Fig. 2(d), large white phases are the
secondary phases related to the Zn, Cu, and Fe elements. Further
magnification of the LP rod matrix is shown in Fig. 11(a), displaying the
elemental distribution of the matrix particles in the LP rod at high
magnification. It can be observed that under the current temperature
parameters, the coarsened n-phase (Mg, Zn, Cu) has appeared in the rod,
indicating that the in-situ alloying process has been mostly completed
during the hot extrusion process.

During the AFSD process, the peak temperature is influenced by the
tool rotation rate and travel speed. Ignoring the minor temperature
differences between the advancing side and the retreating side, the
temperature empirical equation established by Commin et al. [44] can
be approximately expressed as:

T g\
Tm V x 10*

where Ty, is the melting point (°C), w is the tool rotation rate (RPM) and
V is the traverse rate (mm/min). K and a are constant, and the range are
between 0.64-0.75 and 0.04-0.06, respectively. For Aluminum [45], K
= 0.75 and a = 0.04. According to the phase diagram calculations [2],
the melting point of the current Al7075 alloy should be 470 °C. The
rotation speed and traverse rate here are 200 RPM and 137 mm/min. So,
the AFSD working temperature for the A17075 should be 310 °C. During
the actual printing process, we observed that the substrate temperature

Fig. 11. EDS mapping for (a) LP rod (b) ML7.0.
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was  approximately 330 °C. Elevated temperatures in
precipitation-hardened Al7075 promote the transformation of
strengthening n° (MgZny) phases into non-strengthening n (MgZny)
phases. In Al7000 series alloys, phase evolution follows the sequence:
Guinier-Preston (GP) zones — metastable i’ — stable 1. The n’ phase,
formed through solution treatment and aging, begins to coarsen around
300 °C, gradually converting to n and weakening the matrix. This theory
is also validated by our previous experimental results [4], where an
Al7075 rod with an initial hardness of 180 HV experienced a reduction
to 80 HV after undergoing AFSD processing.

Things become interesting with the AFSD G7D alloy. Theoretically,
since G7D consists of 89 % Al7075 and 11 % Al,Oj3 particles, it can be
approximated that the AFSD working temperature of A17075 and G7D is
similar. This implies that, without considering the reinforcement effect
of Al,O3 particles, the matrix strength in AFSD G7D would decrease to
its minimum (~80 HV). According to our unpublished experimental
data, Al,Og3 particles contribute an approximate 20 HV increase to the
matrix (~100 HV). In this work, the AFSD G7D hardness was observed
to be around 120 HV. This suggests that the AFSD process contributed to
an enhancement in Al matrix strength. This enhancement may be
attributed to multiple factors. On one hand, the Al;O3 particles further
refined the grain size of the matrix, providing grain boundary
strengthening. On the other hand, these wear-resistant particles may
generate additional heat during friction, thereby increasing the working
temperature. As a representative of precipitation-hardened aluminum
alloys, the strength of the Al7075 matrix primarily originates from the
formation of semi-coherent strengthening 1’ phases. Although the EBSD
image revealed further grain refinement in the G7D matrix, the
magnitude of this change is unlikely to result in a significant difference
in strength. The improvement in matrix performance is primarily
attributed to the reformation of strengthening phases within the Al
matrix.

Fig. 12 shows the Thermo-Calc phase diagram of Al7075. The vari-
ation curve of phase C14_Laves (°/n phase) content with temperature
(in purple) is also shown in the figure. With a standard A17075 deposi-
tion condition (~300 °C), the volume fraction of n’/n phase is around
0.065 %. At room temperature, the volume fraction of the n’/n phase is
approximately 0.082 %. Only a minimal amount of the n’/n phase dis-
solves at 300 °C. Whether the matrix is dominated by n’ phase or n phase,
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0.040

AL7CU2FE
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Volume fraction of all phases
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Fig. 12. Al7075 one-axis phase diagram.
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the coarsened n phase will ultimately form at 300 °C. The ' phase first
transforms into the n phase along the phase transformation pathway,
followed by further growth. The n phase undergoes direct coarsening.
The phase evolution significantly compromises the mechanical integrity
of the matrix. For the AFSD G7D sample, the additional frictional heat
input elevates the deposition temperature. This promotes the dissolution
of an increased amount of n°/n phases. A compelling evidence is shown
in Fig. 11, where the Mg-Zn—Cu phases (white phases) in LP rods exhibit
a significant size reduction after AFSD, demonstrating that these pre-
cipitates underwent a dissolution-reprecipitation process. Although the
temperature increment cannot be precisely calculated, the enhanced
matrix strength indicates an increased 1’ phase content of the matrix.

4.3. Bonding between the reinforcement particle and the matrix

An important factor influencing the strength of composite materials
is the strength of bonding between the reinforcement particles and the
matrix.

To enhance the wettability between Al,O3 particles and the matrix,
Al7075 elemental powder was used instead of pre-alloyed powder. Since
Magnesium (Mg) is reported to diffuse to the aluminum-aluminum
oxide interface and to react with Al,O3 to form a spinel during the sin-
tering process with the following reaction equation:

3 Mg + 4A1,03 — 3MgA1204 + 2Al

This mechanism helps create diffusion pathways between the matrix
and Al,Os. As a result, it enhances the adhesion between the matrix and
Al03. The distribution of Mg elements in Fig. 11a and b clearly shows
the aggregation of Mg near the Al,O3 particles. This indicates that Mg
successfully wetted the Al;O3 particles and established a diffusion
channel with the matrix, ultimately enhancing the bonding between the
Al,03 particles and the matrix.

The success of this deposition strategy significantly reduced raw
material costs, as gas-atomized or water-atomized pre-alloyed powders
are generally more expensive than pure elemental powders. Moreover,
the use of pre-alloyed powders leads to poor wetting with Al,O3 particles
because a thin layer of Al;O3 oxide film has already formed on the
surface of the pre-alloyed powder. Using a mixture of elemental powders
significantly mitigates the limitations of using pre-alloyed powders in in-
situ processes. For example, due to the pre-existing thin Al,O3 oxide
layer on the surface of pre-alloyed powders, their wettability with AloO3
particles would be inherently poor. Even after high-temperature hot
extrusion and the additive friction stir deposition (AFSD) process, the
interfacial bonding between the matrix and Al;Os particles would
remain weak, ultimately leading to degraded mechanical properties of
the as-deposited material.

5. Conclusion

Through powder metallurgy, hot pressing, and extrusion, we suc-
cessfully fabricated Al7075 equivalent aluminum + Al;03 metal matrix
composite (G7D) feedstock for AFSD. Based on the study of the micro-
structure and properties of AFSD deposited samples, the following
conclusions were drawn.

(1). The High Porosity (HP) rods can be directly used in the AFSD
process, and the fully dense sample can be deposited with a high
feed rate. The AFSD samples deposited with Low Porosity (LP)
rods exhibited excellent performance, including full density, high
surface smoothness, and uniform distribution of Al;O3 particles.

(2). The microhardness of the base alloy is reduced to a low level after
the AFSD process, and the microhardness of the deposited G7D
samples is improved by the hard Al;O3 particle and it will not be
strongly affected by the deposition parameters except the
temperature.
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(3). The use of non-pre-alloyed powders can promote in-situ alloying
through the liquid phase generated by low-melting-point metal
element, improving the wettability of Al;O3 particles and thereby
enhancing the bonding between the hard particles and the
matrix.

Powder metallurgy and hot-extruded feedstock preparation
strategy provides a new research window for metal-ceramic
composite materials design, significantly expanding the mate-
rial base for AFSD applications.
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