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Abstract: Solid-state additive friction stir deposition (AFSD) is a thermomechanical-based additive
manufacturing technique. For this study, AFSD was utilized to produce aluminum alloy 6061 (AA6061)
blocks with varying layer thicknesses (1 mm, 2 mm, and 3 mm). The mechanical properties were
assessed through uniaxial tensile tests and Vickers microhardness measurement, and statistical
analysis was employed to investigate differences among data groups. The results revealed that
the deposition layer thickness influences tensile properties in the building (Z) direction, while
the properties in the X and Y directions showed minor differences across the three AFSD blocks.
Furthermore, variations in tensile properties were observed depending on the sample orientation in
the AFSD blocks and its depth-wise position in the part in the building direction. The microhardness
values decreased non-linearly along the building direction, spread across the width of the part’s
cross-section, and highlighted that the deposition layer thickness significantly affects this property.
The 1 mm block exhibited lower average microhardness values than the 2 mm and 3 mm blocks. The
temperature histories and dynamic heat treatment are influenced by the deposition layer thickness
and depend on the location of the point being studied in the part, resulting in variations in the
microstructure and mechanical properties along the building direction and across the part’s width.

Keywords: metal additive manufacturing (AM); additive friction stir deposition (AFSD); AA6061;
tensile strength; Vickers microhardness; mechanical properties

1. Introduction

The solid-state additive friction stir deposition (AFSD) is an innovative thermome-
chanical process designed for additive manufacturing (AM) of large-scale pieces under
open-air conditions [1]. In the AFSD process, a rotating deposition tool, which operates in
conjunction with an applied downward force upon the feedstock rod facilitates frictional
heat generation, subsequently softening and plasticizing the feedstock rod [2,3]. While un-
dergoing plasticization, the predominant portion of the plastic work is converted to thermal
energy [4,5]. This causes an additional mechanism for volumetric heat generation [4]. The
feedstock rod flows to fill the gap underneath the deposition tool. Subsequently, the feed-
stock rod is deposited onto a previously deposited layer or a fixed substrate. This systematic
deposition process enables the continuing manufacturing of a part, as the deposition tool
traverses along a predefined path, working layer by layer [6].

As the feedstock material experiences plastic deformation in the deposition region and
due to high pressure, the internal defects are minimized [6]. One of the greatest advantages
of AFSD is depositing fully dense as-printed parts [6]. Solidification-induced porosity and
hot tearing or hot cracking are not an issue, because the AFSD is a solid-state process [7].
AFSD also eliminates defects that are induced by melting processes, such as a lack of
infusion and spatter ejection [6]. The use of a large deposition tool and a high feeding rate
has enabled fast deposition (large-scale additive manufacturing) and, as a result, a high
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build rate for AFSD. While this technology allows for the 3D printing of a large component,
the minimum feature size and complexity in the geometry are restricted [6].

AFSD is a friction-based additive manufacturing process that originates from fric-
tion stir welding (FSW) [1,8]. Friction Deposition, Rotary Friction Welding (RFW), Linear
Friction Welding (LFW), Friction Surfacing, and Friction Stir Additive Manufacturing
(FSAM) are other solid-state friction-based additive manufacturing techniques [8,9]. The
AFSD (MELD [10,11]) process (or additive friction stir (AFS) fabrication [12]) is a relatively
new [13] and revolutionary AM technique [14], which the Aeroprobe corporation patented
and developed [15,16]. The primary benefit of AFSD lies in its capacity to produce fully
dense parts [6,17] efficiently in an open-air environment, offering a high deposition rate [18]
that is suitable for a broad spectrum of materials used as feedstock. AFSD has various
applications, e.g., (multi-material) additive manufacturing, composite AM [19], hybrid
manufacturing [20,21], coating, cladding [22], joining [15], repair [23–25], and reinforce-
ment. AFSD may process recycled material [26] or feedstock materials with lower quality
characteristics, such as internal defects and contaminants, making it a trustworthy method
for processing feedstocks that are made of used materials [27].

The application of AFSD has been successfully demonstrated for the processing of
aluminum alloys. These AFSD-produced aluminum parts find extensive applications
in industries such as aerospace, automotive, and various other sectors [28]. Aluminum
alloys, known for their lightweight nature, possess exceptional strength-to-weight ra-
tios, as well as remarkable resistance to corrosion [28]. Notably, the literature has doc-
umented the successful utilization of AFSD in the manufacturing of AA6061 [19,29,30],
AA2050 [31], AA2011 [32], AA2024 [13], AA2219 [33,34], AA5083 [35,36], AA5B70 [37],
and AA7075 [24,38–41] parts, showcasing the versatility and potential of this technique
for aluminum alloy processing. The deposition of parts made of other metal alloys is also
reported in the literature. Various aspects of AFSD-fabricated parts made with Titanium
alloy [26,42], magnesium alloy [2,43–45], Inconel alloy [46,47], stainless steel [48–50], copper
alloy [51], and also high-entropy alloy (HEA) [52] are studied in the literature.

To enhance our comprehension of the AFSD process, numerous studies have endeav-
ored to perform in situ process monitoring and non-destructive evaluation of the deposited
components. Garcia et al. employed a combination of infrared imaging, optical imaging,
and thermocouple measurements to monitor the thermal field and material flow dynamics
during the AFSD process [4]. Merritt et al. integrated thermocouples into the deposition
tool to enable real-time temperature monitoring [53]. Nemati et al. used neutron imag-
ing to investigate the layer-by-layer structure of an AFSD as-deposited AA6061 part [30].
Numerous efforts to simulate the AFSD process have also been documented [54–57].

Various aspects of the mechanical and microstructural properties of AFSD AA6061
parts have been studied in the literature. The relationship between process parameters
(deposition tool’s rotation and traverse speed and feed-rate) and the mechanical properties
and the microstructure/nanostructure properties for AA6061 parts that are made using
AFSD has been investigated in studies [17,58–60]. Zhu et al. employed neutron diffraction
to investigate the distribution of residual stress across the thickness of an AA6061 part
that was fabricated using AFSD [61]. Zeng et al. investigated the evolution of the AA6061
microstructure from feedstock to AFSD part [29]. Examining the fatigue life of components
holds significant importance due to the substantial risk that fatigue fractures pose to
the structural integrity of the components [62–65]. Rutherford et al. studied the strain-
controlled fatigue performance and tensile properties of as-deposited AFSD AA6061 parts
and investigated the microstructure–mechanical properties’ relationship [66]. Zhu et al.
conducted a study to examine how the presence of aluminum oxide coatings on the surfaces
of AA6061 feedstock material influences the mechanical and microstructural properties of
the as-deposited parts [67].

To the best of the authors’ knowledge, no research on the effects of the deposition
layer thickness on the mechanical properties of AFSD-manufactured components has
been conducted. This study employs the AFSD process to make AA6061 blocks with



Metals 2024, 14, 101 3 of 32

varying layer thicknesses (1 mm, 2 mm, and 3 mm) and subsequently assesses their
mechanical properties using uniaxial tensile tests and Vickers microhardness measurements.
Statistical analysis was employed to investigate disparities among the datasets. Variations
in tensile properties were statistically analyzed based on the orientation of the tensile test
specimens, as well as the specific position within the part (depth and width) from which
the specimens were extracted. Microhardness tests were conducted along the building
direction, and statistical analysis was applied to appraise variances in microhardness values
across different blocks and their respective locations. Additionally, the deposition data
were analyzed, and the temperature history, the reaction force applied on the feedstock
rod, and the torque applied on the deposition tool during the AFSD process are discussed.
Furthermore, this study explores the temperature histories of distinct regions within the
manufactured parts and their impact on microstructural properties. This paper provides
insights into the intricate interplay between AFSD parameters, layer thickness, orientation,
and material behavior, thereby augmenting the comprehension of how these factors affect
the mechanical and microhardness properties of the produced components.

2. Materials and Methods
2.1. Additive Friction Stir Deposition Process and Layer Thickness

The thermomechanical process of AFSD is an innovative solid-state metal AM tech-
nique designed for the efficient production of large-scale pieces under open-air condi-
tions [68]. This process employs a rotating deposition tool to plastically deform feedstock
rods, which are subsequently integrated into the deposited layer or a substrate, enabling
the gradual deposition of a part, layer by layer. In this study, a MELD [10] L3 machine was
used for AFSD deposition of AA6061. To fabricate the components, commercial AA6061
feedstock rods (with a square cross-section 3/8 in × 3/8 in) were used. Rods were cut into
500 mm (20 in) pieces to be manually fed to the machine during the deposition process.
A graphite coating was applied on the surface of the feedstock rods, preventing the rod
from becoming jammed in the deposition tool.

The AFSD procedure starts with the activation of the deposition tool, set into rotation
while the feedstock rod is within it. A downward force is exerted by the push rod onto
the rotating feedstock rod, generating frictional heat between the rotating rod and the
stationary substrate. As the temperature elevates, the feedstock rod undergoes yielding and
extrusion, allowing the softened material to flow beneath the rotating deposition tool. As
the material continues to flow, the deposition tool follows a predetermined path, forming a
new layer in the additive manufacturing process. The gap existing between the tool’s lower
surface and the previously deposited layer (or the substrate) dictates the deposition’s layer
thickness. Figure 1 shows the arrangement of the additive friction stir deposition (AFSD)
and introduces the different parts.

The deposition tool used for the purpose of this study is the standard tool provided by
the manufacturer. The outside diameter of the deposition tool is 38.1 mm (1.5 in), and it has
two pairs of protrusions at the lower face of the tool. Figure 2 presents the used deposition
tool and the deposited layer details.

Two pairs of teardrop-shaped protrusions located at the lower surface of the deposition
tool (see Figure 2) help stir the depositing softened material and also generate additional
heat due to added friction [4]. Furthermore, protrusions allow for the re-stirring of previ-
ously laid materials while depositing a layer while the layer thickness is smaller than the
height of the protrusion. For instance, for a layer thickness of 1 mm (0.04 in), the height of
the larger protrusion is larger than the sum of two layers’ thicknesses, which means that
while depositing a new layer, the last two already deposited layers are also re-stirred. It is
also feasible to deposit a layer with a thickness that is greater than the height of the larger
protrusion. When depositing a part with such a layer thickness, the depositing tool is not
stirred into any of the underneath layers.
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2.2. AFSD Part Deposition Parameters and Feedstock Material

In this study, commercial AA6061 alloy material (with Al-1.63 Mg-0.44 Si-0.23 Cu-0.16 Fe
(wt.%) composition) was utilized. Table 1 presents the physical and mechanical properties
of AA6061 (T6 temper) wrought alloy (specification: AMS 4117).

Table 1. Physical and mechanical properties of AA6061 (T6 temper) wrought alloy (specification:
AMS 4117) [69].

Property Value Unit

E, modulus of elasticity 68.3 GPa

G, modulus of rigidity 26.2 GPa

Poisson′s ratio 0.33 -

Density 2713 Kg/m3

Ultimate tensile stress 290 MPa

Tensile yield stress 241 MPa

Three blocks were deposited (with different layer thicknesses) for the purpose of
this study. For the deposition of these blocks, the same deposition parameters of the
feedstock material feed rate and the tool’s rotation speed were used, while the deposition
tool’s traverse speed was adjusted for each build with a different layer thickness. The
printed blocks were named based on their layer thicknesses: 1 mm, 2 mm, and 3 mm. The
deposition parameters for the printed builds are listed in Table 2.

Table 2. Deposition parameters for the samples (1 mm, 2 mm, and 3 mm block).

Part’s Name Deposition Layer
Thickness (mm)

Deposition Tool’s
Rotation Speed (rpm)

Tool’s Traverse Speed
(mm/min) Feed Rate (mm/min)

Sample #1 (1 mm block) 1 (0.04 in) 300 279.4 (11.0 in/min) 152.4 (6.0 in/min)

Sample #2 (2 mm block) 2 (0.08 in) 300 127.0 (5.0 in/min) 152.4 (6.0 in/min)

Sample #3 (3 mm block) 3 (0.12 in) 300 96.5 (3.8 in/min) 152.4 (6.0 in/min)

2.3. Tensile Test Specimen

Wire EDM (electrical discharge machining) was used to cut the as-deposited AFSD
blocks (1 mm, 2 mm, and 3 mm) to prepare the tensile and hardness test specimens for
this study. Figure 3 illustrates the dimensions of the sub-sized flat-plate test specimen
that was used for this study and shows the test specimen arrangement in the as-deposited
blocks. Thirty-three specimens were cut out of each printed block (see Figures 4 and 5).
The tensile test specimens were cut from the main section of the as-deposited build, right
beneath the deposition tool, rather than the flash zone (see Figure 6). The tensile test pieces
were cut from the various parts of the as-deposited blocks in X, Y, and Z directions and
were carefully marked. This allows for the study of the properties of different locations
and orientations.

From each block (1 mm, 2 mm, and 3 mm), 12 tensile test specimens were cut in the X
direction (the deposition tool’s traverse direction), 12 in the Y direction (the part’s width),
and 9 in the Z direction (the building direction). The specimens in the X direction were
cut from the center, left, and right sides (cross-section view) of the as-deposited block at
different distances from the bottom of the part (see Figure 5). Similarly, the specimens in
the Y direction were cut from different positions located at different distances from the
bottom of the part. Additionally, specimens in the Z direction (building direction) were
cut from the center, right, and left sides (cross-section view) of the block. Figures 4 and 5
show the tensile test specimens’ markings that were used for this study. Table 3 presents
the naming arrangement used for tensile test specimens.
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Table 3. Tensile test specimen naming.

Layer Thickness of The Block Specimen’s Direction in Part Specimen’s Position in Part’s
Width (Block’s Width)

Specimen’s Position in Part’s Height
(Building Direction)

1, 2, or 3 X Center (C), Left (L), or Right (R) Bottom (B), Middle (M), Middle-Top
(MT), or Top (T)

1, 2, or 3 Y Not Applicable Bottom (B), Middle (M), Middle-Top
(MT), or Top (T)

1, 2, or 3 Z Center (C), Left (L), or Right (R) Not Applicable
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2.4. Microhardness Test Specimen

Figure 6 depicts the microhardness test specimen and its location. Thin slices (with
2–3 mm thickness) were cut from the as-deposited blocks (1 mm, 2 mm, and 3 mm) and
meticulously polished. Vickers microhardness tests were then performed on the specimens
along three vertical lines in the building direction, located at the cross-section’s center, left,
and right sides, as shown in Figure 6. Vickers microhardness values were measured at
thirty points along each line for each block (1 mm, 2 mm, and 3 mm), namely, points #1 to
#30, with point #1 located near the top of the parts and each point being 1 mm lower than
the previous one.
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2.5. Statistical Analysis of Groups’ Means

As mentioned, from each block (1 mm, 2 mm, and 3 mm), a total of 33 tensile test
specimens were cut (12 tensile test specimens in the X direction, 12 in the Y direction, and
9 in the Z direction). Tensile properties were evaluated through uniaxial tensile tests, and
stress–strain curves were generated for each specimen. The test specimens/results were
grouped based on the blocks that they were cut from in order to assess whether there is
sufficient evidence to conclude that there are statistically significant differences among
the groups being compared. Additionally, test specimens were re-grouped based on the
test specimen’s direction in the block (X, Y, and Z) and the position of the test specimen
within the block (left, right, or center in the horizontal direction and the position in the
vertical building direction) to identify potential variations. Statistical analysis was used to
investigate the differences between each set of groups of data and provide a meaningful
comparison between the groups. Similar statistical analysis was also used to explore
the differences between the groups of data that were acquired from microhardness tests.
The utilized set of statistical analysis tools to explore the significance of group means’
differences includes one-way ANOVA, Kruskal–Wallis, and pairwise post hoc tests. These
analytical techniques were applied within a Jupyter notebook environment utilizing the
Python programming language.

The one-way ANOVA (Analysis of Variance) test contrasts variance within group
means, allowing us to evaluate the statistical significance of the degree of difference be-
tween group means [70]. The independence, normality, and homogeneity of variances
(homoscedasticity) are the three underlying presumptions of the ANOVA test [70]. The
independence assumption posits that the observations or data points within each group
are treated as independent entities, meaning that the outcome of one observation does
not affect or influence the outcome of another. The normality assumption assumes that
the data within each group or treatment level adhere to a normal distribution, where the
majority of observations cluster around the mean with a symmetrical bell-shaped curve.
The homogeneity of variances assumption implies that the variability, or spread, of the
data among the different groups being compared is roughly equal, indicating that the
dispersion of scores within each group is similar. By ensuring that the assumptions are
satisfied or properly handled, the ANOVA test can deliver accurate and insightful findings
for comparing the means of many groups of data. The null hypothesis in the context of the
conducted one-way ANOVA test for this research asserts that the population means across
all groups are equal. In contrast, the alternative hypothesis posits that at least one group’s
mean deviates from the others.

The primary objective of the one-way ANOVA test carried out for this study was to
examine whether there was evidence of differences in the tensile properties’ means among
the three blocks with layer thicknesses of 1 mm, 2 mm, and 3 mm. The purpose was to assess
whether there was sufficient evidence to reject the null hypothesis (all means are equal) and
conclude that there are significant mean differences among the groups (representing the
mechanical properties of the blocks) being compared. Additionally, the one-way ANOVA
analysis was applied to investigate the effect of the test specimens’ direction (X, Y, and Z)
and their position within the block (left, right, or center in the horizontal direction and the
position in the vertical building direction) to identify potential variations. The null and
alternative hypotheses remained consistent across all the ANOVA tests conducted. For the
groups of data investigated in this research, the assumptions were examined first and if
met, the one-way ANOVA test was carried out. The independence assumption was met
for all the data, as the tests and data analysis were carried out independently for all test
specimens. The normality assumption was assessed by carrying out the Shapiro–Wilk test
for the groups of data [71]. Levene’s test was carried out to assess the homogeneity of
variances assumption [72]. If the assumptions were met, the one-way ANOVA test was
carried out. If the normality, or homogeneity of variances, were violated, as an alternative,
the non-parametric Kruskal–Wallis test was carried out [73,74]. Kruskal–Wallis test does not
include the normality and the homogeneity of variances assumption [73]. The significant
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results of the one-way ANOVA or Kruskal–Wallis tests indicates the presence of significant
differences among the means of the various groups under investigation; however, these
tests do not provide more detail about the difference between specific groups’ means. To
further investigate the difference between the pairs of groups, after obtaining significant
results from ANOVA or Kruskal–Wallis test, the pairwise post hoc (comparison) tests
were carried out to determine the difference between pairs of group means [70]. Tukey’s
HSD [75,76] and Games–Howell [76] tests were carried out as pairwise post hoc tests to
identify which specific groups exhibited significant differences in means if the one-way
ANOVA or Kruskal–Wallis yielded a significant result, respectively. It is important to
highlight that for each of the aforementioned statistical tests, p-values were computed and
employed as determinants of statistical significance. In this study, a significance level of
α = 0.05 was adopted. Consequently, the null hypothesis was rejected for p-values that
were lower than 0.05.

3. Results
3.1. Layer-by-Layer Deposition

During the layer-by-layer deposition process of AFSD deposits, the protrusions play
a substantial role in stirring the plastically deformed material and generating heat. The
penetration depth of the protrusion into the previously deposited layer varies depending
on the deposition layer thickness. This interaction between the protrusions and the existing
layer (or substrate in the case of the first layer) results in a distinct pattern of material
deposition. To observe and compare these layers’ deposition patterns, slices of 1 mm, 2 mm,
and 3 mm blocks were cut (as shown in Figure 6). The cross-sections of the three blocks
were then polished and etched for examination. The results depicted in Figure 7 reveal that
the layers in the 1 mm block exhibit a higher degree of intermixing compared to the other
two blocks. Conversely, in the 3 mm block, where the layer thickness exceeds the height of
the protrusions, distinct boundaries between the layers can be observed.
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3.2. Tensile Properties

The uniaxial tensile tests were conducted using an MTS tester to examine the mechani-
cal properties of the as-deposited AFSD parts. These tests aimed to capture the response of
the material to the applied tension and provide insights into its structural behavior and
deformation characteristics under uniaxial loading conditions. Stress–strain (S-S) curves
were obtained for each test. From each S-S curve, three parameters of ultimate stress,
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fracture strain, and area underneath the S-S curve were extracted. Tensile tests/specimens
were then organized into various groups, and statistical analyses were conducted to inves-
tigate the differences in the means of ultimate stress, fracture strain, and the area under the
stress–strain curve among these data groups.

3.2.1. The Effect of Layer Thickness

The layer thickness effect on the tensile properties was investigated in this study.
Figure 8 presents a comparison of the fracture strain, ultimate stress, and area under the
stress–strain (S-S) curve for all of the 33 tensile test specimens obtained from each one of the
1 mm, 2 mm, and 3 mm blocks. A statistical analysis was also carried out. In the statistical
analysis of the fracture strain and the area under the S-S curve data, it was observed that
the assumptions of normality and/or homogeneity were not met, rendering the ANOVA
test inappropriate. Consequently, the Kruskal–Wallis test was employed, revealing no
statistically significant difference among the groups. On the other hand, in the case of
ultimate stress (normality assumptions were violated), the Kruskal–Wallis test yielded a
p-value of 0.0221, indicating a statistically significant variance amongst the means of the
examined groups. Subsequent pairwise post hoc testing (Games–Howell) demonstrated
the most significant distinction to be between the 1 mm and 3 mm blocks. Otherwise, the
statistical analysis conducted thus far has indicated no statistically significant difference
among the means of the fracture strain and the area under the stress–strain curve based on
the tensile test results obtained from the 1 mm, 2 mm, and 3 mm blocks. Nevertheless, there
is a statistically significant difference in the means of ultimate stresses for the specimens
from these three blocks. Further investigation was carried out to go deeper into the
difference between the three blocks’ tensile properties.
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For a more detailed study, the tensile test results were organized into groups based
on both the layer thickness of the block from which they were cut and the orientation of
the test pieces (X, Y, and Z). Then, a comparative analysis was conducted, contrasting the
tensile properties of the test specimens in the X, Y, and Z directions within each block with
those from other blocks. For the test specimens in the X and Y directions, separate statistical
analysis results showed that the normality assumptions were not satisfied for any of the
groups under study. As a result, Kruskal–Wallis tests were employed to assess potential
differences. The outcomes of the Kruskal–Wallis tests indicated no statistically significant
distinctions among the means of the examined groups. It is noteworthy that although the
p-values for the fracture strain and the area under the S-S curve for specimens in the Y
direction were 0.0529 and 0.0924, respectively, they still exceeded the significance level of



Metals 2024, 14, 101 11 of 32

0.05, signifying a lack of statistical significance. Consequently, it can be inferred that, based
on the findings of this investigation, the layer thickness of the deposited part does not exert
a statistically significant influence on the tensile properties in the X and Y directions.

However, an investigation into the tensile properties in the Z direction revealed a
significant difference among the means. In the context of fracture elongation and the
area under the S-S curve, the homogeneity assumptions were found to be in violation,
so a Kruskal–Wallis test was carried out, resulting in p-values of 0.00068 and 0.000141,
respectively. Subsequent pairwise post hoc tests (Games–Howell) revealed that the most
substantial differences were observed within the 1 mm–3 mm and 1 mm–2 mm pairs. In the
case of ultimate stress, the normality assumption was not satisfied, and the Kruskal–Wallis
test produced a significant outcome with a p-value of 0.01214. Further analysis through
pairwise post hoc tests (Games–Howell) indicated that the most substantial difference lay
within the 1 mm and 3 mm pairs. Specifically, the Z specimens derived from the 1 mm
blocks showed considerably smaller fracture strains and ultimate stress values compared
to their counterparts from the other two blocks. In summary, the findings of this study
suggest that the deposition layer thickness affects the tensile properties of the as-deposited
parts in the Z direction. The comparative investigation in the X, Y, and Z directions for the
1 mm, 2 mm, and 3 mm blocks are illustrated in Figures 9–11.
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Figure 11. Comparing fracture strain, ultimate stress, and area under stress–strain curve for tensile
test specimens in 1 mm, 2 mm, and 3 mm blocks for Z direction.

3.2.2. The Effect of Test Specimen Direction

The specimens were cut in the X, Y, and Z directions from each block, yielding a
total of 36 test pieces in the X direction, 36 specimens in the Y direction, and 27 in the Z
direction. Subsequently, the tensile test characteristics of these specimens were examined
and compared across the different directions. The fracture strain, ultimate stress, and the
area under the S-S curve were selected as parameters for analysis. To visually represent
the distribution of these parameters, box plots were generated for each specimen group, as
depicted in Figure 12.
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For the statistical evaluation of the fracture elongation and the area under the S-S
curve properties, it was observed that the normality assumptions were not met, rendering
the application of one-way ANOVA inappropriate. Consequently, the Kruskal–Wallis
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test was used. The results of the Kruskal–Wallis test revealed p-values of 6.384 × 10−14

and 5.449 × 10−13 for the fracture elongation and the area under the stress–strain curve,
respectively. These results indicate a statistically significant difference amongst the means
of the various groups studied. To gain a deeper understanding of these differences, pair-
wise post hoc tests (Games–Howell) were conducted. These tests demonstrated that the
difference among all pairs (X-Y, X-Z, and Y-Z) were statistically significant. This signifies
that the tensile properties exhibit variations across the X, Y, and Z directions. Regarding
the ultimate stress properties, it was noted that both the normality and homogeneity as-
sumptions were violated. The Kruskal–Wallis test, which is robust against these violations,
yielded a p-value of 0.0018, suggesting a significant difference in means among the groups
studied. Subsequent pairwise post hoc tests (Games–Howell) indicated that the differences
in means between the X-Z and Y-Z pairs were statistically significant. In summary, for an
as-deposited AFSD part, the tensile properties are different in the X, Y, and Z directions.

The variations in tensile properties across different orientations (for specimens from the
2 mm block) are presented in Figure 13. The graphs shown provide a visual representation
of the outcomes of the tensile tests that were performed on the specimens extracted from
2 mm blocks along the X, Y, and Z directions. The specimens cut along the Z direction
(building direction) exhibit the lowest fracture strain values in comparison to specimens in
the X and Y directions. Extensive research in the literature [77] has explored the influence
of the printing layer direction on the mechanical properties of additively manufactured
components. Concerning the Z-oriented test specimens, the loading direction stands
perpendicular to the orientation of the printing layers. This configuration results in a
greater susceptibility to crack growth and accelerated fracture due to the presence of layer
boundary defects or weakened interfacial layers [77]. For AFSD, the layer boundaries are
formed differently from a regular layer-by-layer printing because of re-stringing of the
previous layer [29,31]. Saber et al. investigated the layer-by-layer architecture of distinct
segments within as-built AA6061 parts created via the AFSD process, employing neutron
imaging techniques as a non-destructive evaluation methodology [30]. Their observations
indicated that the graphite coating, employed as a dry lubricant on the feedstock’s surface,
exhibited a tendency to segregate between layers. According to them, this phenomenon
may result in non-uniform mechanical properties in the building direction and serve as a
stimulus for crack initiation during mechanical loading, as stated in their analysis.
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Figure 13. Comparing fracture strain, ultimate stress, and area under stress–strain curve for tensile
test specimens in X, Y, and Z directions for 2 mm block.

3.2.3. The Effect of the Specimens’ Position in relation to the Width of the Block

In the X and Z directions, the tensile test specimens were obtained by cutting from
the middle, right, and left sides of the cross-section of the blocks. The specimens taken
from the left and right sides were positioned at 9.5 mm (0.375 in) from the center of the
part, as illustrated in Figure 5. Each block comprised twelve specimens in the X direction,
with four of them each at the left, right, and center positions. In the Z direction, each
block consisted of nine specimens, with three specimens each at the right, left, and center
positions. Consequently, a total of 21 test specimens were obtained for each position (left,
right, and center) across all the blocks (1 mm, 2 mm, and 3 mm). Figure 14 provides a
comparison of the fracture strain, ultimate stress, and area under the S-S curve for the tensile
test specimens located at the left, right, and center positions in both the X and Z directions.
This analysis encompasses data from all the blocks. The normality assumptions were not
met for the fracture strain and ultimate stress, so a Kruskal–Wallis test was conducted. The
p-values obtained from the Kruskal–Wallis test on the fracture strain and ultimate stress
were 0.96806 and 0.89004, respectively. For the area under the S-S curve, the normality and
the homogeneity assumptions were met, and the one-way ANOVA test was carried out,
which yielded a p-value of 0.8043. These p-values indicate that there is insufficient evidence
to reject the null hypothesis. In other words, there is not statistically sufficient evidence to
support the notion that there are significant differences in the properties across the width
of the parts.
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Figure 14. Comparing (a) fracture strain, (b) ultimate stress, and (c) area under stress–strain curve for
tensile test specimens in left, right, and center of the blocks in X and Z directions (from all blocks).

3.2.4. The Effect of the Specimens’ Position in the Building Direction

The tensile test specimens are cut at various depths within the blocks. Specifically, in
the X and Y directions, specimens are cut from the bottom, middle, middle-top, and top
positions of the blocks along the building direction, as depicted in Figures 4 and 5. Each
block (1 mm, 2 mm, and 3 mm) has three specimens at each vertical position in each of the
X and Y directions, resulting in a total of 18 test specimens for each of the top, middle-top,
middle, and bottom positions. To investigate the differences in properties within the depth
of the part (in the building direction), the fracture strain, ultimate stress, and area under
the S-S curve are compared.

In the case of fracture elongation, the normality assumption was not satisfied, leading
to the utilization of the Kruskal–Wallis test, which yielded a p-value of 0.013722. The
subsequent pairwise post hoc test (Games–Howell), revealed that a significant difference
exists between the means of the specimens of the B-T (bottom-top) pair. Regarding the
ultimate stress and the area under the stress–strain curve properties, both the normality
and homogeneity assumptions were met. Consequently, a one-way ANOVA test was
performed, resulting in p-values of 3.5234 × 10−33 and 2.4632 × 10−8, respectively. Post hoc
testing using Tukey’s HSD method indicated significant differences between the means of
the following pairs: B-MT (bottom and middle-top), B-T (bottom–top), M-T (middle–top),
and MT-T (middle-top and top). The obtained p-values provide sufficient evidence to reject
the null hypothesis, indicating that the means of the compared features are statistically
significantly different from each other. This suggests that there are statistically significant
variations in the fracture strain, ultimate stress, and the area under the S-S curve across the
depth of the part in the building direction. Figure 15 shows the box plots comparing the
fracture strain, ultimate stress, and area under stress–strain curve for tensile test specimens
located in different positions along the depth of the blocks (building direction) in the X and
Y directions (from all blocks).
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Figure 16 provides a visual representation of the fluctuations in tensile properties (for 
the 2 mm block) along the building direction (a part’s height). The illustration focuses on 
test specimens that were extracted from a 2 mm block in the X and Y directions. This 
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Figure 15. Comparing (a) fracture strain, (b) ultimate stress, and (c) area under stress–strain curve for
tensile test specimens located in different positions along the depth of the blocks (building direction)
in X and Y directions (from all blocks).

Figure 16 provides a visual representation of the fluctuations in tensile properties (for
the 2 mm block) along the building direction (a part’s height). The illustration focuses
on test specimens that were extracted from a 2 mm block in the X and Y directions. This
graphic shows the distinctions between the tensile properties of specimens obtained from
the uppermost sections (T specimens) of the parts in contrast to those from the lower
regions along the building direction (see Figure 5).
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3.3. Comparing the Tensile Properties of AFSD Blocks and the Feedstock

Tensile test specimens were cut from the AA6061 feedstock material, following the
introduced design as depicted in Figure 3. These specimens were subjected to tensile
testing, and the resulting outcomes were then compared against specimens that were
extracted from the 1 mm, 2 mm, and 3 mm as-deposited blocks in the X direction (see
Figure 4). Figure 17 illustrates the findings of this examination. Evidently, a trend emerges
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wherein specimens that were cut from the as-deposited blocks consistently exhibit larger
fracture strain characteristics coupled with a distinct reduction in ultimate strength, setting
them apart from their feedstock counterparts. Remarkably, these findings correspond
harmoniously with the patterns illuminated by the microhardness analysis of feedstock
versus as-deposited blocks, which is presented in subsequent sections.
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3.4. Vickers Microhardness Distribution

Slices were cut from the as-deposited blocks (see Figure 6) to conduct Vickers micro-
hardness tests along three vertical lines for each slice. The microhardness values were
measured at 30 points on each line (left, center, and right) along the building direction.
Figure 18 depicts the study’s findings, illustrating the microhardness values along the three
lines in each block’s cross-section as well as trendlines indicating the value trends and their
averages. A statistical analysis was conducted to investigate the effect of the deposition
layer thickness on the microhardness characteristics of the fabricated parts. To facilitate this
examination, the microhardness measurements were categorized into three distinct groups
based on the layer thickness of the respective part from which they were obtained. Each
group comprised 90 data points, representing 30 measurements taken along three vertical
lines within the cross-sectional area of the block. Due to the non-normal distribution of
the data, a Kruskal–Wallis test was employed to explore potential differences in the means
across the three groups. The Kruskal–Wallis test yielded a p-value of 2.95226 × 10−8, signi-
fying a statistically significant difference in the means of the groups under investigation.
Consequently, it can be inferred that the thickness of the deposition layer does, indeed,
have a statistically significant impact on the microhardness properties of the as-deposited
parts within the cross-sectional plane. Subsequent pairwise post hoc tests (Games–Howell)
further showed that the differences between the 1 mm–2 mm and 2 mm–3 mm pairs are
statistically significant.

To investigate the microhardness distribution across the width of the fabricated parts,
measurements were taken along lines positioned at the left, center, and right sides of the
cross-sectional area (see Figure 6). Different statistical analyses were conducted for each
block configuration to assess the variations in the data collected from different positions
(left, right, and center). For the 1 mm and 2 mm blocks, where the normality assumption
was violated, a Kruskal–Wallis test was applied, yielding significant differences with
p-values of 5.69197 × 10−5 and 0.018067, respectively. Subsequent pairwise post hoc tests
(Games–Howell) revealed that the left-center and right-center pairs exhibited statistically
significant differences in means. However, in the case of the 3 mm block, the Kruskal–Wallis
test, also applied due to the violation of the normality assumption, resulted in a p-value
of 0.90969. This suggests that in the 3 mm block case, the null hypothesis cannot be
rejected, signifying no statistically significant difference between the means of this group.
Consequently, it can be concluded that there is compelling evidence to support the assertion
that microhardness values statistically significantly vary across the width of the part’s cross-
section for the 1 mm and 2 mm blocks, while no such difference is observed in the case of
the 3 mm block.

Additionally, the graphs in Figure 18 reveal a non-linear decrease in microhardness
values along the measured lines for all blocks. The decrease is more pronounced at higher
layers (top of the blocks) and levels off as measurement points approach the bottom of
the part. This phenomenon can be attributed to the temperature history experienced by
the parts during processing, which is discussed in detail in the next section. The tensile
test results for the test specimens that were cut from various positions along the height
of the parts were discussed in the preceding section. Consistent with the microhardness
measurements, the test specimens taken from the top of the cross-section (in the building
direction) exhibit notably higher ultimate stresses and lower elongations compared to the
test specimens from the lower parts (see Figure 15).

Furthermore, Figure 19 presents a comparison of the average microhardness values
for the three blocks and the feedstock material. The microhardness values obtained for the
as-deposited parts are notably lower than those measured for the feedstock material, and
this observation aligns with the outcomes of the tensile tests. For the as-deposited blocks
(1 mm, 2 mm, and 3 mm), the graph indicates that the average measured microhardness
values are slightly smaller for the 1 mm block in comparison to the 2 mm and 3 mm blocks.
Moreover, it shows that the 3 mm block exhibits lower average microhardness values than
the 2 mm block.
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4. Discussion

In the previous section, it was demonstrated that blocks with different layer thicknesses
exhibit distinct mechanical properties. In this section, a comparison is made between the
blocks to assess their respective temperature histories during deposition. Furthermore,
the torque applied on the deposition tool and the reaction force exerted on the feedstock
material are also investigated in order to elucidate the differences observed among the
blocks.

4.1. Applied Torque on the Deposition Tool

During the deposition process, the torque exerted on the deposition tool is generated
by the spindle motor of the machine. The spindle motor rotates the deposition tool at a
predetermined speed as specified in the G-code instructions. In this study, all the deposited
materials were processed using a deposition tool with a rotational speed of 300 revolutions
per minute (rpm). The torque applied to the deposition tool during the deposition of a
1 mm block is illustrated in Figure 20. This figure displays the maximum, minimum, and
average torque values that were recorded throughout the deposition of each layer.

Blocks with layer thicknesses of 1 mm, 2 mm, and 3 mm were deposited. The height
of the larger protrusions is larger than 2 mm (see Figure 2). In the case of thinner layers,
the protrusions on the deposition tool make deeper engagements with the previously
deposited material or the substrate as the tool traverses. Due to the lower temperature of
the previously deposited part or substrate in comparison to the material being deposited,
an increase in the torque applied on the deposition tool occurs, resulting in more heat
generation. Specifically, for the 1 mm block, the larger protrusions penetrate more than
1 mm into the deposited layer or substrate, whereas in the case of the 3 mm block, the
protrusions do not make any contact with the previously deposited layer or substrate. The
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average torque values were computed for each layer during the deposition of every block.
Figure 21 presents the calculated average torque values for each layer during the deposition
of the 1 mm, 2 mm, and 3 mm blocks.
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4.2. Reaction Force during Deposition

The feedstock material is propelled downward by the push rod as it passes through
the rotating deposition tool. The actuator ensures a consistent feed rate, specified in the
G-code, throughout the deposition process. In this study, all blocks were deposited at
a constant feed rate of 152 mm per minute (6 in/minute). The machine calculates and
records the reaction force exerted on the feedstock rod and push rod. Figure 22 shows the
maximum, minimum, and average of the reaction force applied on the pushing rod during
the deposition of the 1 mm block.
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Figure 22. Maximum, minimum, and average of the reaction force applied on the pushing rod during
the deposition of layers of 1 mm block.

The reaction force comprises two components. Firstly, it includes the force applied by
the rotating rod against the as-deposited layer or substrate, contributing to the generation of
friction and the displacement of plastically deformed material away from the center of the
deposition tool. Secondly, the reaction force encompasses the vertical force exerted on the
system due to the friction between the feedstock rod and the inner surface of the deposition
tool. As the temperature of the rotating rod increases, the feedstock material becomes
more malleable and deforms under the pressure exerted by the push rod. This deformation
causes the expanded feedstock rod to come into contact with the inner surface of the
deposition tool, resulting in friction at the lower edge. Improperly configured deposition
parameters can lead to the feedstock rod jamming within the tool due to this friction force.

The average reaction force values were computed for each layer during the deposition
of every block. Figure 23 presents the calculated average reaction force values for each
layer during the deposition of the 1 mm, 2 mm, and 3 mm blocks.
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4.3. Correlation between Torque and Force

During the rotation of the deposition tool, heat is generated, leading to an increase in
material malleability due to elevated temperatures. To maintain a constant feed rate and
flow to the plastically deformed material, the feedstock rod is pushed down during the
process. The reaction force applied on the feedstock rod and the push rods is measured
and recorded by the machine. The rise in temperature and material malleability affect the
reaction force at a constant feed rate (the feed rate is the same for all the blocks), with a
smaller reaction force associated with a more malleable material. Additionally, the degree of
the material’s malleability may influence the torque that is required to maintain a constant
rotation speed of the tool (the tool’s rotation speed is the same for all blocks). Therefore, it
is expected that the reaction force and applied torque are correlated, with their increase and
decrease synchronized. Figure 24 displays the correlation coefficient between the torque
that is applied on the deposition tool and the reaction force applied on the feedstock rod
during the deposition process of blocks with thicknesses of 1 mm, 2 mm, and 3 mm. The
graphs indicate inconsistencies in the torque and force correlations, particularly in the
case of the 2 mm block, as evidenced by the significant change in correlation coefficients
compared to the other two blocks.

As the rod is continuously pushed downwards from the top, the deformation of the
rod initiates at the interface where its rotating lower surface comes into contact with the
stationary substrate or the previously deposited layer. With a rising temperature, the rod
undergoes further deformation within the stirring zone due to the pressure exerted from
the top. This deformation causes the rod to touch the inside surface of the deposition tool.
The resulting contact generates a friction force that needs to be counteracted by the force
that is applied from the push rod to facilitate the smooth flow of the material.

Prior to being fed into the machine, the feedstock rods are coated with a graphite coat-
ing, serving as a dry lubricant, to reduce the friction force that was previously mentioned.
The application of a graphite coating for this study was manually conducted on the rods
used. As a result, variations in the amount of graphite coating on the rods’ surfaces may
introduce inconsistencies in the friction force and subsequently affect the recorded reaction
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forces. Furthermore, subtle changes in material deformation can contribute to variations in
the calculated forces. Consequently, the recorded reaction forces from the machine may not
consistently reflect the actual forces applied on the deposited rods.
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4.4. Substrate Temperature and Temperature History

A thermocouple was positioned on the substrate during the deposition process of the
blocks to monitor the temperature at a fixed location (see Figure 6). The recorded data
provided information on the temperature profile at that specific point. In Figure 25, the
substrate temperature values, including the maximum and minimum temperatures, are
presented, reflecting the temperature of a specific point during the deposition of layers in
the 1 mm block.
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The rotating deposition tool generates the highest temperature in the zone beneath
it (see Figure 2). As the tool traverses, the temperature of the freshly deposited material
decreases. The blocks used for this study were fabricated using a layer-by-layer approach,
maintaining a consistent track length from the bottom to the top layer. As the deposition
tool approached the location of the thermocouple, the temperature at that point increased
due to heat conduction. Conversely, as the tool moved away, the temperature decreased.
Each point within the deposited block experiences these temperatures’ rise and fall cycles
throughout the process, with the number of cycles varying based on its position. For
example, a point in the first layer undergoes heating and reheating cycles corresponding to
the number of layers deposited in the block, whereas a point in the third layer from the
top may experience only two or three cycles. Additionally, as the deposition progresses,
the temperature of the entire block gradually rises due to heat accumulation. Figure 25
illustrates these heating and reheating cycles, as well as the overall temperature increase
during the deposition of the 1 mm block. Over time, the temperature changes in the block
may appear less pronounced due to heat dissipation from the block’s sides and the substrate
through convection and conduction, as well as heat generation from the deposition of new
layers. The average substrate temperature values were computed for each layer during the
deposition of every block. Figure 26 presents the calculated values for each layer during
the deposition of the 1 mm, 2 mm, and 3 mm blocks.
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4.5. Effect of Temperature History on Microstructure

In the AFSD manufacturing process, the mixture of a high temperature and strain rate
leads to dynamic recrystallization of the material being deposited [1,29,66]. Consequently,
the as-deposited material exhibits smaller equiaxed grain sizes compared to the feedstock
material [29,31]. Zeng et al. reported a grain size of 8.5 ± 3 µm for the as-deposited
AA6061 parts and 163.5 ± 96 µm for the feedstock material [29]. Zeng et al. exhibited the
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EBSD inverse pole figure (IPF) orientation maps of the regions in the cross-section of an as-
deposited AA6061 part [29]. Their observations revealed that the grain sizes in the building
direction remain unchanged, and there is a symmetric grain structure relative to the central
line of the part’s cross-section. Based on this study, the microhardness values change along
the width of the part as well as in the building direction. This finding indicates that the finer
grain sizes resulting from dynamic recrystallization do not explain the observed change in
microhardness values in the as-deposited part and its variation in the building direction
and the width of the parts’ cross-sections.

To investigate the phase structure of AA6061 during the AFSD process, Zeng et al.
employed Thermo-Calc software (2021b) to predict the composition and amount of different
phases in AA6061 at different temperatures [29]. They also conducted X-ray diffraction
(XRD) characterization of both the AA6061 feedstock and the as-deposited part, comparing
the results to analyze any changes [29]. The XRD analysis revealed a decrease in the lattice
parameters of the as-deposited material compared to the feedstock. This observation led
them to conclude that the precipitates in the material had dissolved back into the aluminum
matrix due to AFSD processing [29]. Similarly, Phillips et al. reported the dissolution of the
strengthening precipitant due to AFSD processing [58]. This phenomenon was attributed
to the temperature history experienced by the material during the AFSD process. To further
investigate this phenomenon, Zeng et al. conducted a study to analyze the composition
distribution in both the feedstock and as-deposited material using Energy-Dispersive X-ray
Spectroscopy (EDS) mapping [29]. The researchers compared the distribution of the macro-
sized precipitates of magnesium (Mg) and silicon (Si) elements between the two samples.
The results revealed a uniform distribution of precipitates in the feedstock material [29,78].
However, in the as-deposited parts, the precipitates exhibited growth and increased in size
compared to the feedstock material. This observation led the researchers to propose that
the growth of precipitates occurs during the thermophysical process of AFSD [29].

4.6. Effect of Deposition Layer Thickness on Mechanical Properties

AA6061 is a precipitate-hardened alloy [79]. AFSD components undergo a dynamic
heat treatment process throughout their manufacturing process, which significantly influ-
ences the size and distribution of precipitates, thereby impacting the microstructural and
mechanical properties of the resulting part [58,66]. This phenomenon is affected by the
temperature history experienced by the part during the deposition. Notably, the different
deposition layer thicknesses of 1 mm, 2 mm, and 3 mm impart distinct thermal histories to
the blocks during the deposition procedure, resulting in different mechanical properties
of samples taken from different blocks. Additionally, different regions of a specific part
experience varying temperature histories depending on their positioning within the part
along the building direction. This disparity in temperature profiles accounts for the vari-
ations in tensile strength between samples taken from the top and bottom regions of the
cross-section in the building direction, as well as the variations in the microhardness value
measured along the building direction and across the parts’ widths.

5. Conclusions

The effects of the AFSD deposition layer thickness were studied. Three Al6061 blocks
with layer thicknesses of 1 mm, 2 mm, and 3 mm were fabricated using AFSD. Tensile test
specimens were cut from the as-deposited blocks, tests were carried out, and stress–strain
curves were generated for each specimen. A set of statistical analysis tools was employed to
assess differences in tensile properties among specimen groups. Also, a comparative study
was conducted between the tensile properties of specimens sourced from as-deposited parts
and feedstock material. The key findings from the tensile property investigation include:

• The layer thickness of deposition affects the tensile properties of the as-deposited part
in the Z direction. Specifically, the Z specimens derived from the 1 mm block showed
considerably smaller fracture strains and ultimate stress values compared to their
counterparts from the other two blocks. This can be a result of the effect of the layer
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thickness (where there are more defects in the gauge section of the test specimens
in case of a thinner layer thickness of deposition) as well as the difference among
the temperature histories experienced by each block. The disparities in the tensile
properties between the specimens cut from the uppermost sections of the parts (which
displayed higher ultimate stress levels and smaller fracture strains) and those from
the lower regions along the building direction are notably pronounced.

• The tensile properties in the X and Y directions exhibited no noteworthy distinc-
tions across the three blocks (1 mm, 2 mm, and 3 mm). For properties across the
part’s width, p-values from the statistical test indicated no compelling evidence to
confirm substantial differences. The tensile properties remained consistent across the
part’s width.

• Specimens derived from the as-deposited blocks consistently displayed increased
fracture strain attributes and distinct reductions in ultimate strength when compared
to their feedstock counterparts.

Vickers microhardness examinations were conducted at 30 points along each of the three
vertical lines, spanning the center, left, and right on the cross-sections of the as-deposited
blocks. The key findings related to Vickers microhardness properties encompassed:

• Microhardness values exhibited a non-linear decline along the measured lines for all
blocks, with more pronounced decreases at higher layers, leveling off as measure-
ment points nearer the part’s bottom. The microhardness values obtained for the
as-deposited parts are notably lower than those measured for the feedstock material.

• The statistical analysis of data showed that the thickness of the deposition layer has
an impact on the microhardness properties of the as-deposited parts within the cross-
sectional plane. The average microhardness values for the 1 mm block were marginally
lower compared to the 2 mm and 3 mm blocks. Across the width of the part’s cross-
section for the 1 mm and 2 mm blocks, the microhardness values along the center
line are slightly smaller than those along the left and right lines. However, no such
difference was observed in the case of the 3 mm block.

The deposition layer thicknesses affect the thermal histories of the AFSD blocks during
the deposition procedure. Consequently, parts deposited with various layer thicknesses
have different mechanical properties. Additionally, different regions of a specific part
experience varying temperature histories depending on their positioning within the part
along the building direction. These disparities in temperature history cause variations
in the mechanical properties both in the building direction and across the width of the
as-deposited part.
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