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Abstract: Additive Friction Stir-Deposition (AFS-D) is a transformative, metallic additive manufac-
turing (AM) process capable of producing near-net shape components with a wide variety of material
systems. The solid-state nature of the process permits many of these materials to be successfully
deposited without the deleterious phase and thermally activated defects commonly observed in other
metallic AM technologies. This work is the first to investigate the as-deposited microstructure and
mechanical performance of a free-standing AA5083 deposition. An initial process parameterization
was conducted to down-select optimal parameters for a large deposition to examine build direction
properties. Microscopy revealed that constitutive particles were dispersed evenly throughout the
matrix when compared to the rolled feedstock. Electron backscatter diffraction revealed a significant
grain refinement from the inherent dynamic recrystallization from the AFS-D process. Tensile experi-
ments determined a drop in yield strength, but an improvement in tensile strength in the longitudinal
direction. However, a substantial reduction in tensile strength was observed in the build direction of
the structure. Subsequent fractographic analysis revealed that the recommended lubrication applied
to the feedstock rods, necessary for successful depositions via AFS-D, was ineffectively dispersed
into the structure. As a result, lubrication contamination became entrapped at layer boundaries,
preventing adequate bonding between layers.

Keywords: additive friction stir-deposition; additive manufacturing; aluminum alloy; defects;
solid-state; fractography; tensile; electron backscatter diffraction; microhardness

1. Introduction

Metallic additive manufacturing (AM) is a rapidly growing field involving a multitude
of processes for an even larger number of metallic materials supporting a variety of end
uses [1–3]. However, each process has its own inherent benefits and shortcomings that
are dependent on both the selected materials and geometrical constraints. Similar to laser
welding, selective laser sintering/melting (SLS, SLM) directs a focused, high-energy laser at
a bed of powdered material to create a melt pool that fuses nearby powder together, layer-
by-layer, until the desired geometry is achieved. However, the high thermal gradients pose
issues for conductive, low melting temperature materials such as aluminum alloys, such as
porosity [4], hot tearing [5], and vaporization of alloying elements such as magnesium [6].
As a result, relatively little work is conducted on commercial aluminum alloys within the
realm of fusion-based AM techniques and often requires the use of elemental additives or
atomized casting alloys [7,8].

To combat selectively vaporizing magnesium in Al-Mg systems, wire-arc additive
manufacturing (WAAM) employs a GMAW style welding system in tandem with CAM
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software to deposit spooled wires of aluminum into 3-D parts [9,10]. Horgar et al. [11] pro-
duced an AA5183 WAAM deposit to evaluate the intrinsic microstructural and mechanical
properties resulting in the Al-Mg alloy. The study found that the intense thermal cycling of
the fusion-based process produced voids and hot cracks developing along grain boundaries.
Alleviating some of the porosity, Fang et al. [12] altered the arc pulse of their commercial
WAAM system to relegate the energy input during deposition. By adjusting the energy
input frequency, a lower, yet more stable thermal profile was achieved, which reduced
but did not eliminate the area fraction of pores observed in the final product. However,
the thermal profiles still promoted dendritic grain structures along the build direction.
Similarly chemical analysis following directed energy deposition (DED) of AA5083 by
Svetlizky et al. [13] demonstrated that the as-deposited material composition more closely
matched AA5754 due to the evaporation of Mg and Zn.

Interestingly, an alternative to the fusion-based manufacturing processes, solid-state
processes exert significant stresses on feedstocks to induce severe plastic deformation to
promote diffusion between interacting materials while remaining below material melting
temperatures. Thus, solid-state processes generally avoid phase transformation and ther-
mally activated defects [14]. Ajdelsztajn et al. [15] performed some of the first work of
cold gas dynamic spray (CS) of AA5083 by using commercially obtainable atomized and
cryomilled powder. The work established the forces of the particles impacting the work-
piece dynamically recrystallized grains into the nanocrystalline regime, which provided a
Vicker’s hardness of 261 Hv. The study additionally established that by providing a large,
irregular particle surface, better mechanical interlocking was possible between deposited
particles, virtually eliminating porosity caused by poor adhesion. Rokni et al. [16] obtained
similar results in CS AA5083, but observed that deposited grains appeared dislocation
free. The authors note that the stark increase in hardness was attributed to the nanocrys-
talline grains providing Hall-Petch strengthening and particles resulting from the induced
plasticity, which was observed through transmission electron microscopy.

More recently, the solid-state Additive Friction Stir-Deposition (AFS-D) process has
been introduced as a low energy, high deposition rate AM technique to deposit a wide
range of alloys [17–21]. AFS-D utilizes a non-consumable rotating tool that exploits fric-
tional heat and intense shear stresses to plasticize material as it traverses along a substrate.
The center of the tool extrudes solid or discontinuous feedstock at a defined feed rate
as the tool traverses at a specified layer height above the substrate or prior layer, shown
schematically in Figure 1A. At the end of a layer path, the tool raises to the proceeding
layer height to create multiple layers of material. The AFS-D process has already been
demonstrated to provide paths to additively manufacture [22], coat [23], repair [24], and
recycle [25] materials in a single AM process. Processing temperatures in AFS-D have been
reported by Garcia et al. [26] to be near the solidus temperature of deposited Al-Mg-Si.
While depositions were possible, congruent work on Al-Mg-Si by Rutherford et al. [27]
and Phillips et al. [28] found that the temperatures required to produce these deposits
eliminated the heat treatment of the T6 tempered feedstock by dissolving β”-phases back
into the matrix. Investigations on Al-Zn-Mg-Cu by Avery et al. [29] observed similar
behavior where preferential η-phase precipitates were redistributed. The conclusions
from each of these studies determined that the significant processing temperatures dis-
solved the traditional strengthening precipitates in the respective alloys; thus, providing a
weaker tensile and microhardness response. In work on the AFSD of Titanium alloy Ti64,
Agrawal et al. [30] determined that the stable α phase was dissolved and subsequently
precipitated during the deposition process due to the temperature of the material exceeding
the beta transus temperature with the material resultingly demonstrating an increase in
initial yield and ultimate strengths. Similarly, when investigating solid-solution strength-
ened materials such as Inconel 625, both Rivera et al. [31] and Avery et al. [17] observed
improved mechanical behavior due to significant grain refinement, equiaxed morphologies,
and distribution of constituent phases throughout the as-deposited material. Of interest
in the AFSD deposition of aluminum, tool wear has been identified in harder alloys such
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as titanium [30] and Inconel [17] to occur directly along the layer interface, but in softer
alloys such as aluminum [18,32,33] and copper [34] there has not been any evidence of
tool wear. The decreased wear from these softer alloys is likely a combination of the effect
of lower stress on the tool as well as the lower operating temperatures as the deposition
temperature has been seen to be a function of the melting point of the feedstock material.

Figure 1. (A). Schematic of the AFS-D process denoting specific features and process control variables. (B) Schematic of the
features located on the interaction face of the steel AFS-D tool.

AFS-D is a derivative of friction stir welding and processing (FSW/P) in which
frictional heat and high shear forces mechanically and metallurgically join one or more
materials by way of a non-consumable shoulder and pin tool. Owing to similar physics,
many similarities can be drawn. In FSW of AA5083, investigations by Mishra et al. [35]
and Lombard et al. [36,37] determined that processing parameters significantly altered the
microstructure, mechanical performance, and size of the processed zone. Particularly, two
dominant parameters were determined to affect each of these features: tool rotational rates,
ω, and tool traversing speed, V. These values were then correlated to mechanical perfor-
mance in numerous aluminum alloys by Balasubramanian [38] through the introduction of
weld pitch, originally denoted as, V/ω [39,40]. In many of these studies investigating this
ratio, it is seen that rotational speed has a stronger influence on temperature generation
in the workpiece; but can be carefully controlled by adjusting the travel speed to prevent
thermal degradation in AA5083 components [41,42]. FSW effects on strength of Al-Mg
alloys have been investigated previously with Kuryntsev et al. observing a strengthen-
ing of the weld nugget as compared to the parent material in a binary alloy AlMg5 [43].
Bodukuri et al. compared the tensile strength of friction stir welded and tungsten inert gas
welded AA5083 specimen and demonstrated the FSW specimen have tensile strengths
vastly higher than the solidification-based weld [44].

Since weld pitch has been designated as a governing factor to achieving greater as-
deposited material strength, this work will evaluate processing rates by using weld pitch
as a relationship to produce the first substantial deposits of solid-solution strengthened
AA5083. However, as an additive process, the material feed rate, F, must also be considered
when investigating processing conditions. Like weld pitch, the feed rate can be related
to the tool traversing velocity in a similar ratio defined as the deposition ratio, A/V,
which describes the quantity of material deposited per unit distance traveled. With tool
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velocity as a constant, we can focus on the rotational speed and material feed rate as
two variable parameters for this work. This investigation, for the first time, evaluates
the as-deposited microstructure before evaluating bi-directional mechanical behavior of a
AA5083 free-standing deposit produced via AFS-D.

2. Materials and Methods

A B8 MELD machine affixed with a 4-teardrop hardened steel tool (Figure 1B) was
employed to produce the deposits evaluated in this work. Feedstock material utilized in
this study was wire-EDM cut into 9.53 mm× 9.53 mm× 254 mm rods parallel to the rolling
direction from a 63.5 mm thick AA5083-H131 plate. The as-machined feedstock was then
coated with a high-temperature graphite aerosol lubricant as instructed by the machine
manufacturer to prevent friction within the walls of the AFS-D tool while depositing
material. The lubricant is established as a necessary part of the process to impede the
tool from jamming during nearly all aluminum deposits. A 9-sample processing window,
tabulated in Table 1, was produced altering the tool rotational speed from 200–400 RPM
and linear actuator feed rate, expressed as volumetric feed rate, from 6341–8664 mm3/min.
Tool traversing velocity was maintained at 127 mm/min based off of prior aluminum
alloy parameterization work by Phillips et al. [28], and to reduce the processing window
size to evaluate the individual effects of weld pitch, expressed as V/ω by FSW, and
deposition ratio, which is defined as A/V where A is the linear actuator velocity. To
provide an estimate on processing temperatures, a thermocouple was placed in a pre-
drilled hole half the thickness of the substate while a second thermocouple measured the
ambient temperature. Deposits for the parameter study were 50.8 mm center-to-center
and 4.064 mm tall. The follow-on larger free-standing deposit was manufactured to be
228.6 mm center-to-center in length and 66.04 mm in height to permit the full geometry
of the tensile samples oriented in the build direction. A single non-consumable AFS-D
steel tool with 4 teardrop features was employed to deposit all 10 builds evaluated. As
the machine used for deposition did not have a continuous feed system, the deposition of
the larger deposition was occasionally between layers to allow the insertion of additional
feedstock material into the opening of the tool. For the 9-sample processing window,
the depositions were able to be continuously deposited without the need for additional
feedstock material due to their smaller size.

Table 1. Sample set nomenclature and parameter specifications.

Parameter Set Rotational
Speed [RPM]

Vol. Feed Rate
[mm3/min]

Weld Pitch
[mm/rot]

Deposition
Ratio

P1 200 6341 0.635 0.55
P2 300 6341 0.423 0.55
P3 400 6341 0.318 0.55
P4 200 8664 0.635 0.75
P5 300 8664 0.423 0.75
P6 400 8664 0.318 0.75
P7 200 7494 0.635 0.65
P8 300 7494 0.423 0.65
P9 400 7494 0.318 0.65

Samples produced in the parameter study were cross-sectioned, ground stepwise
down to a 4000p grinding disc, and polished with a 3 µm water-based diamond suspension.
Samples were then tested on a Clemex CMT microindenter (Clemex, Longueuil, QC,
Canada) with 16 × 45 grid, 500 µm spacing, and 200 gf. Microscopy samples from the cross-
sections were then polished further down with a 0.03 µm colloidal silica solution. Optical
microscopy (OM) was performed on a Keyence VHX-7000 digital microscope (Keyence,
Osaka, Japan). Scanning electron microscopy (SEM) was conducted on a Tescan Lyra
FE-SEM (Tescan, Brno, Czech Republic) with an Octane Elite EDS system and EDAX Hikari
Super EBSD camera to perform chemical, grain morphological, and fractographic analysis.
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EBSD and fractographic analysis was performed at 20 keV while EDS was performed at
5–15 keV to evaluate lower energy elements within the deposits. Monotonic tensile tests
were conducted on a MTS Landmark servo hydraulic load frame (MTS, Eden Prairie, MN,
USA) with a 25 kN load cell in ambient lab temperature and humidity. Three specimens
were prepared from the same wrought AA5083-H131 plate as the feedstock parallel to the
rolling direction using a wire-EDM. As-deposited AFS-D AA5083 samples were prepared
in the same manner in the longitudinal and build directions to evaluate any anisotropy.
The experiments were run in displacement control with a 5 mm gage extensometer. The
tests were conducted in the quasi-static regime with a displacement rate of 0.005 mm/s
leading to a strain rate of 0.001 mm/mm/s across the gage section.

3. Results
3.1. Parameter Study

Figure 2A illustrates the correlation between the volumetric input of material into
the deposit versus the AFS-D tool rotational speed with respect to the average Vicker’s
hardness of the cross-section of each parameter set evaluated. The contour plot reveals,
that maintaining a lower RPM and minimizing material input proved to retain 80% of
the wrought AA5083-H131 feedstock hardness measured at 102 Hv. Additionally, the
value of P1 lies between the Vicker’s hardness of friction stir welds in the nugget and
thermo-mechanically affected zone in AA5083 reported by various studies [42,45,46]. In
these published works, processing speeds played a significant role in the severity and
variation of the reduction in hardness where increases in rotational speed or a decrease in
tool translational speed correlated to a lower weld pitch. The effect of low weld pitch is
observed in the published literature as well as evident by the reduced hardness evident
in P6.

Figure 2. (A). Color contour plot contrasting the material volumetric feed rate to the RPM of the tool. (B) Deposition
cross-sectional hardness versus average temperature. Key: circles correlate to 200 RPM, squares to 300 RPM, and triangles
to 400 RPM. Blue data points correlate to deposition ratio of 0.55, black data points correlate to a deposition ratio of 0.65,
and red data points correlate to a deposition ratio of 0.75.

Figure 2B further evaluates this effect, which plots the deposition hardness from
Figure 2A against the temperatures observed by the substrate-embedded thermocouples.
In Figure 2B, circular symbols correlate to the low rotational rate conditions (200RPM),
squares indicate the medium rate (300 RPM), and triangles represent the highest rotational
rates evaluated (400RPM). Volumetric feed rates are classified by color where the minimal
material input is denoted in blue, the median rate in black, and the highest feed rates in
red. Figure 2B further corroborates that an increase in RPM induces greater heat into the
deposit while maintaining a constant tool traversing speed. Thus, similar relationships
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can be drawn in AFS-D to FSW where weld pitch has a significant effect on mechanical
properties when processing aluminum alloys, regardless of precipitate or work-hardening
strengthening mechanisms. It is also notable that increases to material feed rate plays a role
in the increase in deposition temperature. This effect was evaluated by Garcia et al. [26] in
Cu and Al-Mg-Si resulting from the partial slipping-sticking state of the actively deposited
aluminum’s interaction to the AFS-D tool face and features. The study notes that the
friction coefficient between aluminum and steel is significant, which leads to greater
material sticking between the deposited material and tool surface. In this work, greater
material flow correlates to greater contact between the deposition layer and tool; and
thus, an increase in temperature. From a macroscopic viewpoint, deposits that exhibited
greater temperatures also presented rougher surface finishes, and in some cases, significant
aluminum sticking to the tool causing some of these surface defects. To maintain the
highest mechanically sound deposition based on the parameter study, P1 was determined
to be the optimal parameter to be evaluated and employed in the subsequent, large-scale
deposit at a Vicker’s hardness of 82.9 ± 4.7 Hv.

Optical micrographs of the wrought AA5083-H131 feedstock and as-deposited AA5083
are depicted in Figure 3A,B, respectively. Despite surface defects caused by less desirable
process parameters, the AFS-D process fills in surface defects of the previous layers on the
subsequent layers. As such, no volumetric defects were observed in the 9 cross-sections
from the preliminary parameter evaluation. The size and distribution analysis of these
particles is summarized in Table 2. The authors note that no statistical analysis was
conducted delineating the Fe or Mn particles from the possible formation of β-phases.
The feedstock exhibits typical rolled microstructural features where large constitutive
particles are pancaked parallel to the rolling direction of the wrought AA5083-H131 control,
which are observed as the dark particles in the figures. The result of the rolling process
effectively creates stringers and layers of aluminum lined with these elongated Al6Fe and
Al6Mn secondary phase particles. Once processed via AFS-D, these 6.7 µm particles are
fractured to nearly half their original size at 3.8 µm. The secondary phase is then dispersed
homogenously throughout the microstructure due to the high levels of shear-induced
plasticity from the process as evident by the lower deviation in nearest neighbor distance.

Figure 3. (A). Optical micrograph of wrought AA5083-H131 plate showing constitutive particles pancaked between the
rolled grains. (B) Optical micrograph of as-deposited AA5083 after AFS-D showing smaller, dispersed constitutive particles.
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Table 2. Particle analysis comparing constitutive particles in the AA5083-H131 feedstock and
AFS-D AA5083.

Sample

Particle Size Nearest Neighbor Distance

Max Average Standard Deviation Max Average Standard Deviation

µm2 µm2 µm2 µm µm µm

AA5083-H131 64.6 6.86 10.86 75.6 10.46 8.39
AFS-D AA5083 56.3 3.80 6.13 42.2 8.30 5.99

Figure 4A,B depict inverse pole figures displaying the stark reduction in grain size
from the AA5083-H131 feedstock and as-deposited AA5083 in the longitudinal/rolling
(top), long transverse (right), and short transverse/build (left) directions. The feedstock
exhibits typical rolled grains along the longitudinal direction on the order of 250 µm with
thin pancaked grains along the transverse directions. Following AFS-D, these grains are
refined into 3.16 µm diameter equiaxed grains with a standard deviation of 1.38 µm. As
denoted by recent studies of Al-Cu [18], Al-Mg-Si [27,28,47], and Al-Zn Mg-Cu [29,48],
AFS-D refines aluminum alloy grain structures via geometric, continuous dynamic recrys-
tallization. Mason et al. [33] established that grain sizes were generally larger in the first
layers of the deposit due to the increased thermal exposure as additional layers are built.
In this work, AFS-D AA5083 exhibited no noticeable difference in grain size, particularly
through the gage section as seen in Figure 4B.

Figure 4. EBSD maps in 3-orientations of (A) the rolled AA5083-H131 feedstock and (B) as-deposited AA5083. Scale bars
are 50 µm.

3.2. Mechanical Behavior of the Free-Standing Deposit

Sample geometry, locations, and the evaluated bi-directional monotonic tensile proper-
ties of the as-deposited AFS-D AA5083 versus the properties of the feedstock AA5083-H131
is compared in Figure 5A–D. Additionally, the experimental data is available in Table 3. Two
longitudinal (LD) samples from each: the first few layers, middle tier layers, and final layers
of the deposit shown in Figure 5A were evaluated to establish strength of the deposited
material. However, due to the abnormal mechanical response in the build direction (BD),
ten samples were mechanically tested to determine the cause of the anisotropic behavior.
Samples tested in both the LD and BD exhibited a severe reduction in yield strength re-
sulting from the AFS-D process. The thermo-mechanical processing shears grains through
lattice rotation and annihilates dislocation structures. As a result, the refined grains lose
their dislocations within the grains; and thus, any work-hardening effects introduced by
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the H131 treatment. However, it is noted that beyond the yield point, the as-deposited
material begins to strain-harden with increasing strain. In the longitudinal sample, we find
that the ultimate tensile strength exceeds that of the feedstock AA5083-H131 material by
approximately 20 MPa. This increase can be directly attributed to the reduction of grain
size down to 3.1 µm, which the Hall-Petch relationship correlates to a 24.6 MPa increase
in strength. The build direction, however, reveals a significant reduction in strength and
ductility unlike any currently reported data on AFS-D aluminums. Premature fracture
occurring in the plastic regime of the material’s response suggests that significant defects
are present as a result of the layer-by-layer process.

Figure 5. (A). Profile view of AFS-D AA5083 deposit. (B) Comparative tensile stress-strain response
of the wrought AA5083-H131 feedstock and as-deposited AA5083. (C) Top view of AFS-D AA5083
deposit. (D). Sample geometry used in this study.

Table 3. Summary of AA5083-H131 feedstock and as-deposited AFS-D AA5083.

Material
(Direction) E (GPa) σYS (MPa) σUTS (MPa) εf

AA5083-H131 82.9 ± 0.9 273.7 ± 1.0 410 ± 6.1 0.15 ± 0.024
AFS-D AA5083 (LD) 70.8 ± 5.2 151.3 ± 1.7 431.3 ± 1.9 0.30 ± 0.005
AFS-D AA5083 (BD) 68.9 ± 5.8 157.7 ± 1.2 246.2 ± 45.9 0.08 ± 0.045

To determine the presence of a strength gradient in the build direction of the free-
standing deposit, a section was extracted from the cross-section and indented as examined
in Figure 6. The hardness plot compares the as-deposited AFS-D AA5083 hardness to
the measured feedstock values. As displayed, the recorded Vicker’s hardness values are
aligned to those previously evaluated in the parameter study at 81.1 Hv. The consistency
between parameter set P1 and the hardness data from the cross-section of the larger deposit
deduce that the additional heat and plastic deformation induced as a result of the additional
layers neither strengthens nor weakens the work-hardened AA5083. Additionally, no
significant reduction in strength is exhibited in the gage section, which suggests that
microstructural defects may exist between layers of the AFS-D AA5083.
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Figure 6. Vicker’s hardness plot with respect to the sample geometry for both AA5083-H131 control
and AA5083 processed with AFS-D.

3.3. Post-Mortem Analysis

To evaluate and contrast the failure mechanisms between the feedstock material
and as-deposited AA5083, Figure 7A,B present fractographic evaluation of the control
AA5083-H131 tested in the rolling direction of the plate. The tensile loading produced
a fracture plane 45◦ with respect to the loading direction. The entirety of the fractured
surface is dominated by microdimpling surrounding larger voids originating from brittle,
cracked iron-rich inclusions such as those displayed in Figure 7B. The smaller dimples
are attributed to localized plasticity reaching critical strain while voids coalescing from
constitutive particles develop until transgranular fracture occurs as is typical for wrought
AA5083-H131 [49].

Figure 7. (A). Low magnification overview of 45◦ fracture of a AA5083-H131 control sample. (B) Large voids, surrounded
by microvoids, coalesced from fractured iron particles along rolling boundaries.
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Figure 8A–D depicts a fractured sample tested from the longitudinal direction of
the free-standing deposit. A few features are immediately evident in the macroscopic
view in Figure 8A. First, cracks appear to be forming approximately 1 mm apart, which
is the approximate layer height for each layer in the deposit. Towards the center of
the sample, the fracture comes to a point and gradually slopes to the exterior edges
of the sample. These paths closely match the rotational pattern of the tool features as
the tool traverses in the direction, observed collinearly with the loading direction of
this sample. Next, highlighted in Figure 8B, a dark, discolored region is observed at a
large crack originating from the exterior surface of the sample. In this region, dimpling
appears very shallow as the dark particles fill the dimples. Further discussion of this
region is presented later. Between the layer boundaries, material flow lines are observed
in Figure 8C and at higher magnification in Figure 8D. This region experiences more
traditional fracture where transgranular dimpling surrounds larger voids nucleating from
constitutive particles. However, it is observed that rather than uniquely Al6 (Fe, Mn)
particles, these platelets more closely resemble that of the β-phase precipitate. Yan et al. [50]
found that β would often form as a result of dislocations diffusing Mg atoms towards high-
angle grain boundaries (HAGB), particularly in the presence of Al6Mn during deformation
processes. In AFS-D of aluminum alloys, it has been noted through various works that
the high shear mechanisms of the process typically promote a high density of HAGB
proportional to the strain governed by processing conditions [28,29,47]. As a result, the
constitutive particles located at grain boundaries also provide preferential locations to
precipitate β-phases. In loading conditions, larger voids can be expected to develop as a
result of both Al6 (Fe, Mn) and Al3Mg2 particles.

Figure 8. (A). Post-mortem analysis of tensile sample tested in the horizontal, longitudinal direction. (B) Contamination
observed near delamination crack. (C) Material flow lines parallel the deposited layers with a larger void encasing a
secondary-phase particle. (D) Traditional ductile dimpling and larger void encasing a secondary-phase particle observed.
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Figure 9A–F collates fractographic and EDS analysis of a sample tested in the build
direction. The BD samples reveal a flat fracture surface, characteristic of a brittle failure,
with tearing ridges separating thin layers of material. Near some ridges, the dark particles
are observed in greater quantities such as those seen in Figure 9B. Two regions were probed
to determine the composition of the contaminants in Figure 9C,D. As previously observed
in the fractographic analysis of the LD samples, these dark regions are confirmed to be
carbon contamination from the lubrication. Figure 9E,F show that even away from the
ridges, the carbon particles sit within shallow dimples throughout the surface of the build
direction samples.

Figure 9. (A). Post-mortem analysis of tensile sample tested in the vertical build direction. (B) Contamination evidenced
along the fracture surface. (C) High-magnification image of two locations compared via EDS. (D) EDS analysis comparing
contaminant composition with respect to the matrix. EDS was performed at 5 keV. (E) Brittle fracture features observed.
(F) Shallow dimples are filled with carbon particles.
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Until the present work, it was surmised that the carbon-based lubricant, employed
to prevent sliding friction in the confines of the tool walls, were either burnt off during
deposition or sufficiently mixed into the deposit by the repetitive stirring motion. Instead,
it appears that this carbon displaces to the layer boundary and is only moderately coerced
into the layer itself by the tool features on the subsequent passes as observed in Figure 8.
The results of this analysis show that carbon does not distribute deep into layers, but rather
remains on or near the surface of each layer produced. Moreover, the carbon does not
diffuse into the matrix well, but rather becomes entrapped due to their incoherency with the
surrounding matrix. The entrapped carbon prevents adequate material diffusion between
layers; thus, creating a large interlayer defect and subsequent brittle behavior as evidenced
in this work. The inhomogeneity of carbon content in the deposition is demonstrated in
the cracking seen in the horizontal specimen, demonstrated in Figure 8. The presence of
the distinct bands of cracking that can be seen to correlate to layer height clearly illustrates
that a brittle intermetallic is being formed in distinct bands and not distributed throughout
the layer as previously thought.

The spacing of these ridges in the BD fractography provide insight into the carbon
contamination, which is correlated in Figure 10A–C. As is traditional in friction stir-based
processes, an onion skin structure is observed on the surface of the deposit. As per
Perry et al. [51], extraneous, unconstrained material flow develops a wave behind the
tool generating a rough semicircular pattern. At tool movement speeds of 200 RPM and
127 mm/min, the spacing of these rings are 609 µm, which closely resembles the spacing
measured on the top surface of the deposit where variance can be directly attributed to
machine compliance. However, between each ring, a shallower second ring is developed
approximately 300 µm from the leading onion ring. This second ring is excess material
flowing from the edge of each individual ring, typically denoted as flash. Evaluating
the spacing of the tearing ridges from the BD samples and the surface of the deposit, the
features of the fracture surface match those of the onion rings.

The observations of both the fractography and top surface of the deposit paints a
picture of the following phenomena hypothesized and graphically shown in Figure 11A–D.
First, as material is deposited, the material flows like a viscous fluid radially from the
exit hole of the tool. However, since material is constrained, material flow is prohibited
from mixing well in the vertical direction. This means that material towards the outer
perimeter of the feedstock becomes compressed between the material ahead of the presently
deposited layer, below the layer, and the tool interaction face. More specifically, the outer
layer of carbon, which is located on the surface of the feedstock, becomes compressed and
flows along the top surface of each layer as the layer is deposited (Figure 11B). Additionally,
as the previously mentioned unconstrained wave of material develops the onion ring
structure, it encases the now trapped carbon particles along the layer boundary in the 300
µm wave of flash, schematically shown in Figure 11D. The theory behind Figure 11B is
supported by similar techniques employed in FSP to generate surface composites in which
powders or solutions are applied to the surface of a workpiece and subsequently mixed in
via FSP [52]. However, rather than an existing solute on the surface of the substrate, AFS-D
introduces foreign material from the feedstock coating. In FSW, this phenomenon may be
changed by the effect of tool tilt. However, in this work on AFS-D AA5083, no tool tilt was
applied during the production of these depositions.
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Figure 10. (A). Macroscopic image of the onion ring structure on the final layer of the deposit taken as observed directly
below the tensile sample observed in (C). (B) High-magnification OM of the onion ring pattern depicting distances between
rings. (C) SEM fractography correlating flow patterns with onion ring structures observed in OM.

Figure 11. (A). Overview schematic of the cross section of the AFS-D tool, feedstock, and two layers. (B) Schematic of the
material flow close to the tool exit hole. Carbon highlighted in red. (C) Schematic of the area near a tool teardrop feature.
Carbon follows the path of the tool features rather than dissolving into the layers. (D) Carbon on the active layer becoming
entrapped by the flash from excess material in the onion skin.
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It is worth noting that tool features should disrupt and distribute the layer of carbon
particles on the subsequent passes, particularly considering the central region of the deposit
is stirred four-times per rotation. While true, the fractographic images of the LD from
Figure 8 show that the features merely push the carbon particles into the grooves cut by
the features and is shown schematically in Figure 11C. The stirring dynamics invoked
by the tool features provide some distribution of carbon away from the layer boundaries,
but the stirring motion is insufficient enough to completely disrupt the layer interfaces, at
least at 200 RPM. This concept originates from FSW studies in which a contrasting marker
material was placed into the workpiece prior to FSW before non-destructive evaluation. In
AA2024, Schmidt et al. [53] used a copper strip to visualize the flow using X ray computer
tomography to highlight the flow of the copper within the weld. The authors note that
some of the copper is pulled downward into the cavity produced by the FSW pin. However,
at higher locations in the weld nugget, material rotates with the tool and remains relatively
unchanged with respect to vertical location in the weld, similar to the findings of this study.
To properly evaluate this phenomenon, the authors suggest an in-depth investigation on
the effect of tool geometries on the mechanical stirring of the AFS-D process as well as their
influence on necessary lubrication.

4. Conclusions

This investigation is the first work to evaluate the microstructural and mechanical
behavior of as-deposited AFS-D AA5083. The study reached the following conclusions:

In processing AA5083 by AFS-D, greater mechanical strength was expected with
lower tool rotational rates due to less heat generation in the deposit as determined
by microindentation experiments covering the cross-section of 9 deposits of varying
processing conditions.

1. Equiaxed grains resulted from dynamic recrystallization and a 97% reduction in
grain size was exhibited with an average grain size of 3.16 µm. While the thermal
processing reduced the yield strength due to annihilation of dislocations, the ultimate
tensile strength was improved by 5.2% due to the grain size reduction.

2. Build direction properties were greatly depreciated and macroscopic brittle fracture
was observed with a 73.3% reduction in strain to failure and a 42.9% reduction in
ultimate tensile strength.

3. The cause of premature failure in the build direction was attributed to the influence
of carbon contamination preventing diffusion of the matrix between layers.

4. Carbon contamination originates from the aerosol lubricant, used to prevent friction
within the tool during deposition, that becomes entrapped by the flash and mate-
rial from the consecutive layers. Elimination of this contamination could provide
consistency between the longitudinal and build directional mechanical performance.

5. As an immature process, more work is suggested to investigate the influence of
tool geometry and design to assist in mitigating interlayer defects. Additional work
should also include evaluation of alternatives to carbon-based lubrication techniques.

Author Contributions: Conceptualization, B.J.P., J.B.J. and P.G.A.; Formal analysis, B.J.P., C.J.W. and
R.P.K.; Funding acquisition, K.J.D., P.G.A.; Investigation, B.J.P., C.J.W. and R.P.K.; Methodology, B.J.P.;
Validation, B.J.P.; Visualization, B.J.P.; Writing—Original draft, B.J.P. and C.J.W.; Writing—Review
& editing, J.B.J., K.J.D. and P.G.A. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the US Department of Defense Strategic Environmental
Research and Development Program (SERDP) WP18-C4-1323 and the Alabama Transportation
Institute (ATI).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Materials 2021, 14, 6732 15 of 17

Data Availability Statement: Data presented in this study is available on request from the corre-
sponding author. Data is not publicly available due to ongoing, concurrent efforts in this subject.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Murr, L.E.; Martinez, E.; Amato, K.N.; Gaytan, S.M.; Hernandez, J.; Ramirez, D.A.; Shindo, P.W.; Medina, F.; Wicker, R.B.

Fabrication of metal and alloy components by additive manufacturing: Examples of 3D materials science. J. Mater. Res. Technol.
2012, 1, 42–54. [CrossRef]

2. Mostafe, A.; Picazo Rubio, I.; Brailovski, V.; Jahazi, M.; Medraj, M. Structure, Texture and Phases in 3D Printed IN718 Alloy
Subjected to Homogenization and HIP Treatments. Metals 2017, 7, 196. [CrossRef]

3. DebRoy, T.; Wei, H.L.; Zuback, J.S.; Mukherjee, T.; Elmer, J.W.; Milewski, J.O.; Beese, A.M.; Wilson-Heid, A.; De, A.; Zhang, W.
Additive manufacturing of metallic components—Process, structure and properties. Prog. Mater. Sci. 2018, 92, 112–224. [CrossRef]

4. Olakanmi, E.O.; Cochrane, R.F.; Dalgarno, K.W. A review on selective laser sintering/melting (SLS/SLM) of aluminium alloy
powders: Processing, microstructure, and properties. Prog. Mater. Sci. 2015, 74, 401–477. [CrossRef]

5. Rappaz, M.; Drezet, J.M.; Gremaud, M. A new hot-tearing criterion. Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 1999, 30,
449–455. [CrossRef]

6. Galy, C.; Le Guen, E.; Lacoste, E.; Arvieu, C. Main defects observed in aluminum alloy parts produced by SLM: From causes to
consequences. Addit. Manuf. 2018, 22, 165–175. [CrossRef]

7. Louvis, E.; Fox, P.; Sutcliffe, C.J. Selective laser melting of aluminium components. J. Mater. Process. Technol. 2011, 211, 275–284.
[CrossRef]

8. Kempen, K.; Thijs, L.; Van Humbeeck, J.; Kruth, J.P. Mechanical Properties of AlSi10Mg Produced by Selective Laser Melting.
Phys. Procedia 2012, 39, 439–446. [CrossRef]

9. Wu, B.; Pan, Z.; Ding, D.; Cuiuri, D.; Li, H.; Xu, J.; Norrish, J. A review of the wire arc additive manufacturing of metals: Properties,
defects and quality improvement. J. Manuf. Process. 2018, 35, 127–139. [CrossRef]

10. Gu, J.; Wang, X.; Bai, J.; Ding, J.; Williams, S.; Zhai, Y.; Liu, K. Deformation microstructures and strengthening mechanisms for the
wire+arc additively manufactured Al-Mg4.5Mn alloy with inter-layer rolling. Mater. Sci. Eng. A 2018, 712, 292–301. [CrossRef]

11. Horgar, A.; Fostervoll, H.; Nyhus, B.; Ren, X.; Eriksson, M.; Akselsen, O.M. Additive manufacturing using WAAM with AA5183
wire. J. Mater. Process. Technol. 2018, 259, 68–74. [CrossRef]

12. Fang, X.; Zhang, L.; Chen, G.; Dang, X.; Huang, K.; Wang, L.; Lu, B. Correlations between microstructure characteristics and
mechanical properties in 5183 aluminium alloy fabricated by wire-arc additive manufacturing with different arc modes. Materials
2018, 11, 2075. [CrossRef]

13. Svetlizky, D.; Zheng, B.; Buta, T.; Zhou, Y.; Golan, O.; Breiman, U.; Haj-Ali, R.; Schoenung, J.M.; Lavernia, E.J.; Eliaz, N.
Directed energy deposition of Al 5xxx alloy using Laser Engineered Net Shaping (LENS®). Mater. Des. 2020, 192, 108763.
[CrossRef]

14. Tuncer, N.; Bose, A. Solid-State Metal Additive Manufacturing: A Review. JOM 2020, 72, 3090–3111. [CrossRef]
15. Ajdelsztajn, L.; Jodoin, B.; Kim, G.E.; Schoenung, J.M. Cold spray deposition of nanocrystalline aluminum alloys. Metall. Mater.

Trans. A Phys. Metall. Mater. Sci. 2005, 36, 657–666. [CrossRef]
16. Rokni, M.R.; Widener, C.A.; Nardi, A.T.; Champagne, V.K. Nano crystalline high energy milled 5083 Al powder deposited using

cold spray. Appl. Surf. Sci. 2014, 305, 797–804. [CrossRef]
17. Avery, D.Z.; Rivera, O.G.; Mason, C.J.T.T.; Phillips, B.J.; Jordon, J.B.; Su, J.; Hardwick, N.; Allison, P.G. Fatigue Behavior of

Solid-State Additive Manufactured Inconel 625. JOM 2018, 70, 2475–2484. [CrossRef]
18. Rivera, O.G.; Allison, P.G.; Brewer, L.N.; Rodriguez, O.L.; Jordon, J.B.; Liu, T.; Whittington, W.R.; Martens, R.L.; McClelland, Z.;

Mason, C.J.T.T.; et al. Influence of texture and grain refinement on the mechanical behavior of AA2219 fabricated by high shear
solid state material deposition. Mater. Sci. Eng. A 2018, 724, 547–558. [CrossRef]

19. Yu, H.Z.; Jones, M.E.; Brady, G.W.; Griffiths, R.J.; Garcia, D.; Rauch, H.A.; Cox, C.D.; Hardwick, N. Non-beam-based metal
additive manufacturing enabled by additive friction stir deposition. Scr. Mater. 2018, 153, 122–130. [CrossRef]

20. Yu, H.Z.; Mishra, R.S. Additive friction stir deposition: A deformation processing route to metal additive manufacturing.
Mater. Res. Lett. 2021, 9, 71–83. [CrossRef]

21. Griffiths, R.J.; Perry, M.E.J.; Sietins, J.M.; Zhu, Y.; Hardwick, N.; Cox, C.D.; Rauch, H.A.; Yu, H.Z. A Perspective on Solid-State
Additive Manufacturing of Aluminum Matrix Composites Using MELD. J. Mater. Eng. Perform. 2019, 28, 648–656. [CrossRef]

22. Anderson-Wedge, K.; Avery, D.Z.; Daniewicz, S.R.; Sowards, J.W.; Allison, P.G.; Jordon, J.B.; Amaro, R.L. Characterization of the
fatigue behavior of additive friction stir-deposition AA2219. Int. J. Fatigue 2021, 142, 105951. [CrossRef]

23. Liu, S.; Bor, T.C.C.; Van der Stelt, A.A.A.; Geijselaers, H.J.M.J.M.; Kwakernaak, C.; Kooijman, A.M.M.; Mol, J.M.C.M.C.;
Akkerman, R.; van den Boogaard, A.H.H. Friction surface cladding: An exploratory study of a new solid state cladding process.
J. Mater. Process. Technol. 2016, 229, 769–784. [CrossRef]

24. Griffiths, R.J.; Petersen, D.T.; Garcia, D.; Yu, H.Z. Additive Friction Stir-Enabled Solid-State Additive Manufacturing for the
Repair of 7075 Aluminum Alloy. Appl. Sci. 2019, 9, 3486. [CrossRef]

25. Jordon, J.B.; Allison, P.G.; Phillips, B.J.; Avery, D.Z.; Kinser, R.P.; Brewer, L.N.; Cox, C.; Doherty, K. Direct recycling of machine
chips through a novel solid-state additive manufacturing process. Mater. Des. 2020, 193, 108850. [CrossRef]

http://doi.org/10.1016/S2238-7854(12)70009-1
http://doi.org/10.3390/met7060196
http://doi.org/10.1016/j.pmatsci.2017.10.001
http://doi.org/10.1016/j.pmatsci.2015.03.002
http://doi.org/10.1007/s11661-999-0334-z
http://doi.org/10.1016/j.addma.2018.05.005
http://doi.org/10.1016/j.jmatprotec.2010.09.019
http://doi.org/10.1016/j.phpro.2012.10.059
http://doi.org/10.1016/j.jmapro.2018.08.001
http://doi.org/10.1016/j.msea.2017.11.113
http://doi.org/10.1016/j.jmatprotec.2018.04.014
http://doi.org/10.3390/ma11112075
http://doi.org/10.1016/j.matdes.2020.108763
http://doi.org/10.1007/s11837-020-04260-y
http://doi.org/10.1007/s11661-005-0182-4
http://doi.org/10.1016/j.apsusc.2014.04.010
http://doi.org/10.1007/s11837-018-3114-7
http://doi.org/10.1016/j.msea.2018.03.088
http://doi.org/10.1016/j.scriptamat.2018.03.025
http://doi.org/10.1080/21663831.2020.1847211
http://doi.org/10.1007/s11665-018-3649-3
http://doi.org/10.1016/j.ijfatigue.2020.105951
http://doi.org/10.1016/j.jmatprotec.2015.10.029
http://doi.org/10.3390/app9173486
http://doi.org/10.1016/j.matdes.2020.108850


Materials 2021, 14, 6732 16 of 17

26. Garcia, D.; Hartley, W.D.; Rauch, H.A.; Griffiths, R.J.; Wang, R.; Kong, Z.J.; Zhu, Y.; Yu, H.Z. In situ investigation into temperature
evolution and heat generation during additive friction stir deposition: A comparative study of Cu and Al-Mg-Si. Addit. Manuf.
2020, 34, 101386. [CrossRef]

27. Rutherford, B.A.; Avery, D.Z.; Phillips, B.J.; Rao, H.M.; Doherty, K.J.; Allison, P.G.; Brewer, L.N.; Jordon, J.B.; Brian Jordon, J.
Effect of thermomechanical processing on fatigue behavior in solid-state additive manufacturing of Al-Mg-Si alloy. Metals 2020,
10, 947. [CrossRef]

28. Phillips, B.J.; Avery, D.Z.; Liu, T.; Rodriguez, O.L.; Mason, C.J.T.T.; Jordon, J.B.; Brewer, L.N.; Allison, P.G.
Microstructure-deformation relationship of additive friction stir-deposition Al–Mg–Si. Materialia 2019, 7, 100387. [CrossRef]

29. Avery, D.Z.; Phillips, B.J.; Mason, C.J.T.; Palermo, M.; Williams, M.B.; Cleek, C.; Rodriguez, O.L.; Allison, P.G.; Jordon, J.B.
Influence of Grain Refinement and Microstructure on Fatigue Behavior for Solid-State Additively Manufactured Al-Zn-Mg-Cu
Alloy. Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 2020, 51, 2778–2795. [CrossRef]

30. Agrawal, P.; Haridas, R.S.; Yadav, S.; Thapliyal, S.; Gaddam, S.; Verma, R.; Mishra, R.S. Processing-structure-property correlation
in additive friction stir deposited Ti-6Al-4V alloy from recycled metal chips. Addit. Manuf. 2021, 47, 102259.

31. Rivera, O.G.; Allison, P.G.; Jordon, J.B.; Rodriguez, O.L.; Brewer, L.N.; McClelland, Z.; Whittington, W.R.; Francis, D.; Su, J.;
Martens, R.L.; et al. Microstructures and mechanical behavior of Inconel 625 fabricated by solid-state additive manufacturing.
Mater. Sci. Eng. A. 2017, 694, 1–9. [CrossRef]

32. Phillips, B.J.; Mason, C.J.T.; Beck, S.C.; Avery, D.Z.; Doherty, K.J.; Allison, P.G.; Jordon, J.B. Examination of Parallel Deposition Path
Microstructure and Material Flow on Interface Tensile Behavior for Aluminum Alloy Al-Mg-Si Additive Friction Stir-Deposition.
J. Mater. Process. Technol. 2021, 295, 117169. [CrossRef]

33. Mason, C.J.T.J.T.; Rodriguez, R.I.I.; Avery, D.Z.Z.; Phillips, B.J.J.; Bernarding, B.P.P.; Williams, M.B.B.; Cobbs, S.D.D.; Jordon, J.B.B.;
Allison, P.G.G. Process-Structure-Property Relations for As-Deposited Solid-State Additively Manufactured High-Strength
Aluminum Alloy. Addit. Manuf. 2021, 40, 101879.

34. Priedeman, J.L.; Phillips, B.J.; Lopez, J.J.; Roper, B.E.T.; Hornbuckle, B.C.; Darling, K.A.; Jordon, J.B.; Allison, P.G.; Thompson, G.B.
Microstructure Development in Additive Friction Stir-Deposited Cu. Metals 2020, 10, 1538. [CrossRef]

35. Mishra, R.S.; Rani, P. Experimental investigation of joining of aluminum alloy 5083 by friction stir welding (FSW). Int. J. Res. Eng.
Innov. 2019, 3, 306–309. [CrossRef]

36. Lombard, H.; Hattingh, D.G.; Steuwer, A.; James, M.N. Effect of process parameters on the residual stresses in AA5083-H321
friction stir welds. Mater. Sci. Eng. A 2009, 501, 119–124. [CrossRef]

37. Lombard, H.; Hattingh, D.G.; Steuwer, A.; James, M.N. Optimising FSW process parameters to minimise defects and maximise
fatigue life in 5083-H321 aluminium alloy. Eng. Fract. Mech. 2008, 75, 341–354. [CrossRef]

38. Balasubramanian, V. Relationship between base metal properties and friction stir welding process parameters. Mater. Sci. Eng. A
2008, 480, 397–403. [CrossRef]

39. Mishra, R.S.; Ma, Z.Y. Friction stir welding and processing. Mater. Sci. Eng. R Rep. 2005, 50, 1–78. [CrossRef]
40. Imam, M.; Sun, Y.; Fujii, H.; Ma, N.; Tsutsumi, S.; Murakawa, H. Microstructural Characteristics and Mechanical Properties of

Friction Stir Welded Thick 5083 Aluminum Alloy. Metall. Mater. Trans. A Phys. Metall. Mater. Sci. 2017, 48, 208–229. [CrossRef]
41. Hirata, T.; Oguri, T.; Hagino, H.; Tanaka, T.; Chung, S.W.; Takigawa, Y.; Higashi, K. Influence of friction stir welding parameters

on grain size and formability in 5083 aluminum alloy. Mater. Sci. Eng. A 2007, 456, 344–349. [CrossRef]
42. Peel, M.; Steuwer, A.; Preuss, M.; Withers, P.J. Microstructure, mechanical properties and residual stresses as a function of welding

speed in aluminium AA5083 friction stir welds. Acta Mater. 2003, 51, 4791–4801. [CrossRef]
43. Kuryntsev, S.V.; Trifonov, V.P. Mechanical properties of welded joints in AMg5 alloy produced by two-sided friction stir welding.

Weld. Int. 2015, 29, 311–313. [CrossRef]
44. Bodukuri, A.K.; Eswaraiah, K.; Rajendar, K.; Siddartha, A. Comparison of Aluminum Alloy 5083 properties on TIGW and FSW

Processes. Mater. Today Proc. 2017, 4, 10197–10201. [CrossRef]
45. Rao, D.; Huber, K.; Heerens, J.; dos Santos, J.F.; Huber, N. Asymmetric mechanical properties and tensile behaviour prediction of

aluminium alloy 5083 friction stir welding joints. Mater. Sci. Eng. A 2013, 565, 44–50. [CrossRef]
46. James, M.N.; Bradley, G.R.; Lombard, H.; Hattingh, D.G. The relationship between process mechanisms and crack paths in

friction stir welded 5083-H321 and 5383-H321 aluminium alloys. Fatigue Fract. Eng. Mater. Struct. 2005, 28, 245–256. [CrossRef]
47. Griffiths, R.J.; Garcia, D.; Song, J.; Vasudevan, V.K.; Steiner, M.A.; Cai, W.; Yu, H.Z. Solid-state additive manufacturing of

aluminum and copper using additive friction stir deposition: Process-microstructure linkages. Materialia 2021, 15, 100967.
[CrossRef]

48. Yoder, J.K.; Griffiths, R.J.; Yu, H.Z. Deformation-based additive manufacturing of 7075 aluminum with wrought-like mechanical
properties. Mater. Des. 2021, 198, 109288. [CrossRef]

49. Menzemer, C.; Srivatsan, T.S. The quasi-static fracture behavior of aluminum alloy 5083. Mater. Lett. 1999, 38, 317–320. [CrossRef]
50. Yan, J.; Hodge, A.M. Study of β precipitation and layer structure formation in Al 5083: The role of dispersoids and grain

boundaries. J. Alloys Compd. 2017, 703, 242–250. [CrossRef]
51. Perry, M.E.J.; Griffiths, R.J.; Garcia, D.; Sietins, J.M.; Zhu, Y.; Yu, H.Z. Morphological and microstructural investigation of the

non-planar interface formed in solid-state metal additive manufacturing by additive friction stir deposition. Addit. Manuf. 2020,
35, 101293.

http://doi.org/10.1016/j.addma.2020.101386
http://doi.org/10.3390/met10070947
http://doi.org/10.1016/j.mtla.2019.100387
http://doi.org/10.1007/s11661-020-05746-9
http://doi.org/10.1016/j.msea.2017.03.105
http://doi.org/10.1016/j.jmatprotec.2021.117169
http://doi.org/10.3390/met10111538
http://doi.org/10.36037/IJREI.2019.3504
http://doi.org/10.1016/j.msea.2008.09.078
http://doi.org/10.1016/j.engfracmech.2007.01.026
http://doi.org/10.1016/j.msea.2007.07.048
http://doi.org/10.1016/j.mser.2005.07.001
http://doi.org/10.1007/s11661-016-3819-6
http://doi.org/10.1016/j.msea.2006.12.079
http://doi.org/10.1016/S1359-6454(03)00319-7
http://doi.org/10.1080/09507116.2014.921380
http://doi.org/10.1016/j.matpr.2017.06.347
http://doi.org/10.1016/j.msea.2012.12.014
http://doi.org/10.1111/j.1460-2695.2004.00830.x
http://doi.org/10.1016/j.mtla.2020.100967
http://doi.org/10.1016/j.matdes.2020.109288
http://doi.org/10.1016/S0167-577X(98)00175-X
http://doi.org/10.1016/j.jallcom.2017.01.360


Materials 2021, 14, 6732 17 of 17

52. Mishra, R.S.; Ma, Z.Y.; Charit, I. Friction stir processing: A novel technique for fabrication of surface composite. Mater. Sci. Eng. A
2003, 341, 307–310. [CrossRef]

53. Schmidt, H.N.B.; Dickerson, T.L.; Hattel, J.H. Material flow in butt friction stir welds in AA2024-T3. Acta Mater. 2006, 54,
1199–1209. [CrossRef]

http://doi.org/10.1016/S0921-5093(02)00199-5
http://doi.org/10.1016/j.actamat.2005.10.052

	Introduction 
	Materials and Methods 
	Results 
	Parameter Study 
	Mechanical Behavior of the Free-Standing Deposit 
	Post-Mortem Analysis 

	Conclusions 
	References

