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Additive friction stir deposition (AFSD) is a rapidly developing solid-state additive manufacturing (AM) technol-
ogy that enables the fabrication of customized products on a relatively large scale. The unique forge-liked process
offers high quality products with refined equiaxed microstructure and exceptional mechanical performance.
However, in AFSD, the spatially distributed mechanical properties within a deposited layer have not been estab-
lished so far, due to the lack of a suitable large-scale mapping method. In the present work, an ultrasonic dy-
namic-elasticity mapping method was employed to map the distribution of physical properties in a AFSD 6061
Al Strong spatial asymmetries in elastographies were mainly due to the residual stresses. The origin of the asym-
metries was investigated through thermo-mechanical simulations of the AFSD process. It was observed that ma-
jority of the asymmetries were associated with the mechanical residual stresses instead of the symmetric thermal
residual stresses during linear deposition of the AFSD process. However, the thermal residual stresses can be ma-
nipulated to become asymmetric with a 90° turn in the linear deposition path, due to the difference between the
levels of cooling along the edges of the inner and outer corners. Hence, the mechanical and thermo-mechanical
residual stresses can be additive or subtractive depending on the direction of the turns. Such numerically pre-
dicted behaviors were also experimentally observed on the AFSD fabricated samples by ultrasonic elastography.
Furthermore, additional preliminary studies on multi-layer AFSD fabrications show the asymmetric mechanical
stresses generated during the deposition process on different layers generate constructive or destructive interfer-
ence which results to spatially variable dynamic bulk modulus depending on the deposition orientations of lay-
ers.

1. Introduction stir (FS) welding/FS processing, the deposited layer of AFSD contains

uniform recrystallized microstructure [7], which can enhance the duc-

Additive friction stir deposition (AFSD) is a novel solid-state mater-
ial deposition process [1-5] that can create fully dense material with
controlled microstructure [6]. In AFSD, the mechanical friction heats
the consumable feed material during its contact with the substrate. The
feed material is plastically deformed to fill the gaps between the rotat-
ing tool shoulder and the substrate. Subsequently recrystallization and
solid state diffusion processes create reliable bonding between the sub-
strate and the deposited material due to the rapid heating and deforma-
tion [6]. Owing to the thermomechanical process features of friction

tility [8], corrosion resistance [9], and fatigue life [10] of the as-printed
workpiece. Compared with fusion-based or beam-based AM processes,
AFSD can rapidly print large-scale components cost-effectively and en-
ergy-efficiently at a higher production rate, providing enhanced me-
chanical properties with refined equiaxed microstructure and minimum
internal physical defects and porosity [8]. Hence, this favorable com-
parison makes AFSD as one of the major AM techniques in the near fu-
ture, especially in the aerospace and automobile industry [11].
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Fig. 1. Experimental methods. (A) Schematic illustration of AFSD process. (B) Schematic illustration of the experimental setup and system of the ultrasound EBME.

Table 1
Physical parameters of AA6061 in computational simulations.

Parameters Nomenclatures Values Expressions
4 Density 2730 kg m™3
“ Specific heat capacity 0.9 kJ/kg K
k Thermal conductivity 167 W/m K
Ty Reference temperature 300 K
H Coefficient of friction 0.4
® Angular velocity 21 rad/s
r Tool radius 0.01 m
F, Normal force 60 kN
A Shoulder surface area 3.14 % 107 p,2
a Heat expansion coefficient 23.5%10°1/K
Temperature dependent yield stress A = -8 % 1078T% + 0.0002T3 — 0.1363T2 + 45.568T — 5171.4
A in (MPa) and T in 300 KX to 600 K.
B Strain hardening modulus 240 MPa
C Strain rate sensitivity 0.012
m Thermal softening coefficient 1.8
n Strain hardening coefficient 0.2
T el Melting temperature 960 K
£ Reference strain rate 1
m, Model parameter 1

Although AFSD has many advantages over fusion-based additive
manufacturing [12,13], the limitation regarding geometrical precision
and mechanical property variation are vital. In the build direction, the
layer thickness is controlled by the spacing between the tool head and
substrate. At the same time, the dimensional control on in-plane layers
depends on the material flow under the tool head, which is highly mate-
rial dependent. But, in general, due to the nature of FS-based tech-
niques, they tend to generate a large amount of mechanical residual
stresses, compared to the thermal and phase transformations induced
residual stresses generated in the fusion-based AM processes. The pro-
cessing induced mechanical residual stresses introduce the anisotropy
in the dynamic elasticity and plasticity in bulk of the products. On the
contrary, the relatively uniform microstructure of AFSD products [7]
associated residual stresses primarily lead to product's uniformity.

Conventionally, the residual stress can be non-destructively evalu-
ated by synchrotron X-ray [14] or neutron beam diffraction mapping
[15]. However, these techniques are more suitable for observations in
small volumes of material. Indirectly, the residual stress distribution
can be represented by the deviation of the plasticity, which can be
probed through microhardness mapping or digital imaging tensile tests
[16]. Researchers have extensively studied the plasticity distributions
along the deposition direction using micro-hardness tests that provide
linear or 2D array mapping measurements [8,17-19]. Generally, in the
cut-out cross-section of AFSD products along the build direction, the
hardness values of the deposited layers have an increasing transition
from the bottom layer to the top layer. The change is due to the heat-

induced grain growth and release of residual stress in the previous lay-
ers while the upper layer was deposited. Nevertheless, the in-plane dis-
tribution of the mechanical properties of deposited layers was barely
discussed. However, microhardness mapping requires a relatively flat
specimen surface and hence a processing/procedure such as surface
polishing required to achieve the flat surface can release in-plane resid-
ual stresses in the tested surface and subsurface regions [20], which is
not considered as a suitable method for thin AFSD samples with one or
two layers.

Alternatively, in view of several constraints associated with various
techniques of measurement/evaluation of residual stresses described
above, an ultrasonic wave-based techniques holds tremendous promise
for the purpose. A nature of ultrasonic wave propagation in a solid is
highly dependent on the stored residual stresses. In principle, when the
high-frequency acoustic wave propagates in a polycrystalline metal/al-
loy medium, the wave experiences an additional change in sound veloc-
ity and dispersion affected pulse envelope amplitude due to the pres-
ence of residual stress. These additional factors affection the wave prop-
agation, also deviate sample's vibrational response from traditional
Hooke's law. Hence, the conventional (static) elastic constant is re-
quired to be replaced by a frequency-dependent variable, dynamic elas-
ticity. Thus, the dynamic bulk modulus (DBM) value is a frequency-
dependent elastic incompressibility based on the deviation of the static
bulk modulus with variation in the acoustic speed and pressure influ-
enced by the state of stress in the sample to be tested. In light of this, an
ultrasound elastography technique such as, effective bulk modulus elas-
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Fig. 2. Ultrasound EBME on the feed rod, substrate, and deposited material. A, C, and E are the low magnification optical graphs of feeding rod, substrate, and AFSD
material, respectively, showing outline of the regions scanned for DBM elastographs. B, D, and F are 2D DBM elastograph of feeding rod, substrate, and AFSD mater-

ial, respectively.

tography (EBME) [16,21,22] was employed for large-scale mapping of
spatial distribution of modulus in the bulk volume without cutting and
polishing of the sample. DBM, or effective modulus is an elastic prop-
erty that carries information related to plasticity which can be obtained
nondestructively by employing EBME technique. The EBME technique
can, therefore, evaluate the spatially non-uniform stresses in AFSD
components. Further during EBME testing, in depth analyses can also
be conducted to locate the origin of the residual stresses [23,24]. Thus,
EBME is a suitable tool to probe the signature of the manufacturing
process such as AFSD.

The focus of the present study was to evaluate the stress-induced
spatial non-uniformity of DBM within the single horizontal plane or-
thogonal to deposition direction in AFSD. Such approach provides an
insight into very complex state of stress in a single layer of AFSD that
eventually likely to pave a road to make inroads in obtaining prelimi-
nary understanding of evolution of very complex state of residual
stresses in a multilayer AFSD processed component. Although the lim-
ited preliminary observations of multilayer AFSD are included in the
present manuscript, a separate work is undergoing for in-depth obser-
vations and understanding of residual stress evolution in a multi-layer
AFSD material and will be presented in future.

2. Methods
2.1. Additive friction stir deposition

Aluminum alloy 6061-T6 substrate plates and feed rods were pur-
chased commercially. AFSD was performed on a MELD™ machine (Fig.
1 A). The program used to create the desired deposition path was writ-
ten and run on the machine's CNC controller. The feed rod is loaded into
the center bore of the hollow deposition tool. The tool is rotated in the
machine, and the tool face is slowly plunged into the substrate material.
The heat generated from the shear stirring action of the tool softens the
feed rod, which is forced out of the tool face and onto the substrate by
the machine actuator under an axial force, fully plasticizing the mater-
ial and extruding the deposition layer. At this point, the linear motion
begins along the programmed path. The deposition path with 90° turns
was programmed as one more command on Y linear motion after X lin-
ear deposition without an additional intermediate step. In fabricating

all single-layer depositions on substrate samples, the tool rotation speed
was 200 RPM, the linear motion velocity was 305 mm/min, the feed
rod velocity was 152 mm/min, and the tool height was 1 mm above the
linearly deposited substrate and about 0.85 mm in the linear deposition
with turns. The deposition lengths were 80 mm in each direction in
turn samples, and 95 mm in linear deposition sample. In experimental
condition, the bar stock square in cross section (9.5 X 9.5 mm2) and
460 mm in length was fed into an actuator assembly of the machine
through a hollow steel tool of 38.1 mm outer diameter, 118 mm height,
and a coaxial square cavity of 9.5 X 9.5 mm2 dimensions. A gap of
~1 mm between the base plate (substrate) and the tool was preset
throughout the linear traverse of the coaxially rotating tool, thereby
providing ~0.85 mm deposit thickness. Although the gap was preset at
1 mm the deposit layer resulted in ~0.85 mm because the under ex-
treme dynamic condition of the tool rotation and high torque, the tool
material (deposition material) traveled outside of the deposition zone I
the form of the flash.

2.2. Ultrasonic dynamic bulk modulus elastography

The ultrasonic mappings were performed in a 500x300X60 mm
open-top glass liquid container filled with Aluminum cutting oil (Nu-
Clear oil) and by immersing the piezo-element of the ultrasound trans-
ducer and the sample to be tested in the oil as indicated in Fig. 1 B. An
Olympus V316 0.125-in. diameter 20 MHz unfocused immersion pen-
cil-styled transducer was used to excite a broadband pulse from 13 MHz
to 28 MHz every 2 ms. The transducer was scanned above the sample
surface with a speed of 5 s/point, and the reflected signals from the
samples were collected for post-testing analysis. The scanning of the
transducer was controlled by a MATLAB® script that moved a UR5 ro-
botic arm. A JSR Ultrasonic DPR 500 Pulse/Receiver operated the pulse
source and time trigger. The data was collected by a Tektronix MDO
3024b oscilloscope with a 1 GHz sampling rate. The signals as reflec-
tion pulses from the upper and lower surfaces of the scanned sample
were collected for further computations of the dynamic bulk modulus
Kp using the following expression [16]:
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Fig. 3. The machine recorded feedback during linear AFSD. Processing time as function of X-position and linear velocity (A), processing time as function of tool ro-
tation speed and tool torque (B), processing time as function of Z-position and actuator force (C).

R Y /P S |
Pe—Po Pe—Po
Kp=cZ, i (D)
Pe=Po

where Pe is the maximum absolute magnitude of the emitted pulse
from the transducer, Po and 71 are the maximum absolute magnitude of
reflection from the front and back surface of the sample respectively, ¢
is the speed of sound in the sample, where the variables obtained from
the experimental measurement during the mapping. %, is the reference
acoustic impedance of the ambient material which is 1.8 MPa s/m (cut-
ting oil in this study).

In conventional residual stress measurements with X-ray or neutron
diffraction, the residual stress is estimated by the change in atomic dis-
tance due to the unreleased elastic deformation. In the case of ultra-
sonic test, the unreleased elastic deformation induced change in atomic
volume is effectively the change in both static and dynamic bulk modu-
lus values. In the fundamental relation of bulk modulus of a certain
medium with initial atomic distance 9 and interatomic potential U, the
bulk modulus, K can be derived by the relationship; K = g, (:TZZU )
Thus, the bulk modulus (K) can be deviated by the applied stress in-
duced change on the interatomic distance a, where the applied force on
Y with
da
the change of interatomic distance. Hence, the effective bulk modulus

the medium can be balanced by the varying atomic force F « —

can be described as K « a %. With the same equation, in the volumet-

ric representations, K « ¥ %, where V) and 9V refer to the atomic vol-
ume and the change in the atomic volume per unit atomic volume re-
spectively, due to the presence of residual stress ¢ and corresponding
residual defamation. When compressional stress and tensile stress were
defined as negative and positive stresses respectively, stronger com-
pressional stress leads to a lager reduction in interatomic distance and
atomic volume as ¥ « —1/0. Hence, the relationship clearly provides
dependence of the dynamic (effective) bulk modulus on stress K « —o.
Thus, the change in dynamic (effective) bulk modulus values lead to the
modification on the ultrasonic wave propagation behaviors due to the
changes in effective density and speed of sound according to Newton-
Laplace law, which is typically measured in ultrasonic EBME technique.

2.3. Numerical simulation of mechanical and thermo-mechanical stresses

A Finite Element Analysis (FEA) based thermo-mechanical simula-
tion was performed on COMSOL Multiphysics 5.4 platform. During 3D
modeling, a multi-physics linked heat transfer module and a solid me-
chanics module were employed. The heat transfer model was governed

by:

oT
pcpg+pcpu-VT+V-(—kVT)=Q (@3]
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Fig. 4. Mechanical stress configurations in FSW and AFSD. (A) and (B) Schematic of overview of processing configurations in FSW and AFSD respectively. (C) 2D
side views of FSW at two instances t; and t,, and (E) 2D top view material and stress states at instant t,. (D) 2D side views of AFSD at two instances t; and t,, and
(F) 2D top view material and stress states at instant t,. Computationally simulated flow and stress distributions respectively in FSW (G) and (H), and in AFSD (I)
and (J). The normalization factors on the stresses are 53 MPa (FSW) and 38 MPa (AFSD).

In the governing equation, # is density, ¢y indicates the specific heat
capacity, T and ¢ are temperature and time. u is the material displace-
ment. ;¢ and Q are the thermal conductivity and heat input respectively.

The temperature-induced thermal expansion associated strain € is
numerically expressed in the following equation:

1
£=3 (V)T + Vu] —a (T - T) 3

where « is the thermal expansion coefficient, which is only applied
on the substrate, and 7 is the room temperature at the initial stage.
With the fixed boundary condition (no strain on the side and bottom
edges were considered), the thermal strain is able to be translated into
thermal stress via elastic constant.

Based on the existing literature [25,26], the heat source O; in the
friction stir process is primarily associated with the tool shoulder and
numerically expressed as:

o, = yFnAS_'a)r 4)

where 0 is the heat generated from the tool shoulder via friction, 4,
, and r are coefficient of friction [25,26], angular velocity and radius

of the tool [27]. F, and 4, refer to the normal force and shoulder sur-
face area. The numerical values of the listed factors are listed in litera-
ture [25,26] and summarized in Table 1.

The heat source was under moving mesh and rotating frame condi-
tions. The tool lower surface was coupled as the pair condition to the
contacting area on the substrate. Along the time-dependent study, the
model was re-meshed between each time interval based on the previous
time's results. The four side walls and the bottom were under fixed
boundary conditions as the substrate was clamped condition. The upper
surface was free for deformation. Natural convection cooling with room
temperature air was assigned to the upper surface of the substrate. The
linear motion was performed by pre-described displacement on the heat
source under constant tool speed. The 90° path turn was conducted by
an if loop to separate the fixed-speed displacement along X and Y com-
ponents in the middle point of the studied time frame. The computa-
tional time intervals were automatically adjusted by the software in the
approximate range of 2 ms to 0.5 s with the data recording time inter-
val of 0.5 s. The averaged mesh size was about 0.0015 of the tool width
on the tool, and about 0.0052 of the tool width on the plate.
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Fig. 5. Heat transfer based computationally simulated thermal stress evolution
during linear AFSD. (A), (B), and (C): Spatial evolution of temperature distrib-
utions within and around linearly moving rotating tool at three specific loca-
tions. (D), (E), and (F): Temperature vs. lateral distance relationships corre-
sponding to the positions illustrated in (A), (B), and (C), respectively. (G), (H),
and (I): Spatial distribution of thermal gradient induced principal stresses
Oxx, Cyy, and Ozz respectively, at the tool location presented in (C). The nor-
malization factors of temperature stresses are 680 K and 82 MPa.

The material flow simulation model of the FSW case was adopted
from the existing literature [28] using a visco-plastic fluid model with
the heat transfer in fluids [29].

—Vp+V (7)=(pie V)i 6]

where 2 is fluid pressure, 7 referred to stress field, 7 indicates local
displacement. When the local stress was greater than the yield stress,
T= (er" (j/)_'”ﬂ) -7, where 7 f/ is the eulerian shear stress, y refers to
the averaged shear rate, y refers to the local shear rate, m is a scaling
factor of linearity. When the stress was weaker than the yield stress, the
shear rate 7 is zero in the equation.

The mechanical properties of the material during the FS process
were described by the combination of thermal softening and strain
hardening behaviors following the Johnson-Cook equation [28].

G = (A +B(e)") <1 +Cln <i>> (1
€0
(%))
Tme/t - TO
where 9¢f refers to the effective stress. Factors A, B, C, m, and n are
the yield stress, strain hardening modulus, strain rate sensitivity, ther-
mal softening coefficient, and strain hardening coefficient, respectively.
T,ei refers to melting temperature. The parameters for Eq. (6) corre-
sponding to AA6061 are listed in Table 1 in the literature [30].
All material properties in this AFSD material flow model were

quoted in the open literature [28] and Table 1. The center of the mater-
ial inlet was aligned with the vertical axis of the feeding rod. The hori-

(6)
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zontal forward curved boundary of the deposit was assigned to zero
stress-free boundaries.

In friction stir based material processing techniques, finite element
(FEA) analysis based numerical simulations have not yet advanced
enough to capture complexity of the complex physical phenomena asso-
ciated with the process and hence unable to accurately predict experi-
mental outcomes. Hence, the parametric study for optimized processing
parameters mostly adopted approach in friction stir processing field. In
light of this, the heat transfer simulation and non-Newtonian fluidic
simulation presented in these studies were only the representative mod-
els providing reasonable insight into the signature of the processing. In
fact, these models reported the partial validations on temperature vari-
ations and also predicted flow streamline during friction stir welding
(FSW) of comparable material compositions. Hence, based on geomet-
ric modifications from those FSW representive models, the AFSD pro-
cessing models in this study were not targeted to analyze any paramet-
ric responses, but only the signature of AFSD processing in terms of the
asymmetries on the temperature distribution and stress distribution. In
view of this, in the present study based on the adaptation of geometric
modifications of those representative FSW models, only the signature of
AFSD processing in terms of the nature on temperature and stress distri-
butions in terms of asymmetries are presented.

3. Results and discussion

The ultrasound scanned regions for dynamic bulk modulus elastog-
raphy of the AA6061 feed rod (Fig. 2 A), the AA6061 substrate plate
(Fig. 2 C), and the AFSD printed sample (Fig. 2 E) respectively are indi-
cated in the photographs by the white dash frames. Furthermore, the
corresponding dynamic bulk modulus elastographs with matched color
scale are presented in Fig. 2B, D, and F respectively. Elastography of the
feed rod (Fig. 2 B) indicated low dynamic bulk modulus (DBM) within
the central region of rod, which was the signature of the hot extruded
products. During its cooling process after extrusion, the outer region
material experienced a higher cooling rate compared to the material
within the inside region. This led to a gradual increase in the dynamic
elastic constant from core to surface. In the case of the substrate, a cen-
tral region on the plate was considered for ultrasound scanning (Fig. 2
C) to avoid the potential modifications in the mechanical properties
from the cutting process. From the elastograph (Fig. 2 D), it is obvious
that the approximately horizontal patterns were caused by the residual
stresses in the plate generated during rolling process [31-33]. These
two reference samples showed the clarity of the effects of the fabrica-
tion-induced DBM variations.

Elastography of the one layer AFSD sample is presented in Fig. 2 F.
The deposition direction was from right to left (X = 30 to —30 mm)
with counterclockwise rotation of the tool. The elastography of the de-
posit indicated slightly higher DBM compared to the feed material. The
machine recorded feedback data showed rapid acceleration and stop at
the beginning and end of the deposition (Fig. 3 A). The reduction of tool
torque during the deposition (Fig. 3 B) was associated with the larger Z-
axis thermal strain experienced by the substrate due to its pre-heating
at the beginning of the AFSD process. The variance in the torque exacer-
bated contrast between the high and low sides. Moreover, both the rota-
tional speed (Fig. 3 B) and actuator force (Fig. 3 C) profiles presented
narrow transient regions in the time range from 100 s to 105 s, which
led to the distinguishable DBM distribution on the deposited material
regions corresponding to X = 0 to 35 mm (Fig. 2 F).

The elastography corresponding to AA6061 deposition showed a
strong asymmetry with respect to the deposition axis in Fig. 2F. Such
asymmetric DBM distribution in an AFSD sample is comparable to that
typically observed in a sample fabricated by conventional FS welding/
processing except they are reversed with respect to the central line.
Similar to the stir zone in FSW/P products, the central-axial asymmetry
in the AFSD product's elastography is mainly generated by the asymme-
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Fig. 6. Heat transfer based computationally simulated thermal stress evolution during bidirectional linearly moving rotational tool AFSD with 90° left turn. (A;-A,):
Spatial evolution of temperature distribution at the distances 0.5w (0.5 tool width) before tool turning point, and the distances of 0.5w, 1.5w, 5w after the tool
turning point. (B,-By), (C;-Cy), and (D;-D,): Spatial distribution of thermal gradient induced principal stress 0.xx, Oyy, and 0 zz within and around the linearly mov-
ing rotating tool at distances presented in (A;-A,;) respectively. The normalization factors of T, xx, Cyy, and 07z are 700 K, 85 MPa, 81 MPa and 71 MPa.

try of residual stresses, comprising both mechanical stress and thermal
gradient related stress. To discover the contributions of these two
stresses on the asymmetry, further studies were conducted on the pro-
cessing behaviors.

In FSW/FSP, it is well known that the presence of physical asymme-
tries associated with advancing side (AS) and asymmetric retreating
side (RS) in the stir zone are related to the combination of tool's rota-
tional and linear motions. Within the advancing region, plasticity and
dynamic elasticity, probed in terms of hardness or DBM, are higher than
the retreating region [34-36]. Furthermore, with a combination of
counterclockwise rotation and linear motion of the tool, higher DBM
and lower DBM regions are expected to be present on the right side and
left side respectively with respect to the welding path. On the contrary,
with respect to the tool motion in AFSD process, higher DBM and lower
DBM zones appeared on left side and right side of the deposition path
(Fig. 2E and F), respectively. The reversion between higher DBM and
lower DBM regions compared to that in AFSD and FSW/FSP is ex-
plained in the following section.

Fig. 4A and B illustrate the schematics of FSW/FSP and AFSD
processes, respectively. Both processes involve counterclockwise tool

rotation around Z-axis and their linear motion along X-axis. In FSW,
the tool pin drills and stirs inside the base plate (Fig. 4A). On the con-
trary, in AFSD, the feed rod is stirred and deformed on the base plate
(Fig. 4B). Fig. 4 C and D illustrate 2D side views of two instances at
times 71 and %, where %>, during the FSW and AFSD processes respec-
tively. Between /1and %, the stirring tool/feeding rod undergoes a for-
ward motion in both cases. In the lateral view (ZX plane) of the shear
deformation field, in FSW (Fig. 4C), the forward motion of the tool pin
leads to a compressive/tensile force on the inactivated/activated mater-
ial in front of/behind it (Fig. 4E) [37]. Whereas in AFSD, as the linear
motion of the tool rod deposits new material, the added material ap-
plies compressive force to the material behind the tool rod on the re-
treating side (Fig. 4D). Hence, due to the lack of significant deposit ma-
terial in front of the tool, no significant compressive force exists in the
advancing side in AFSD (Fig. 4F). Thus, in FSW, due to the linear mo-
tion induced compression of material along with the counterclockwise
rotation of the tool, the advancing side of the tool generate a further
compressive force within the material. In the case of AFSD, the identical
mechanical rotations of the feed rod and tool shoulder can only apply
tensile stress on its advancing side, due to the substantial difference of
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d Start Point

Fig. 7. Optical overviews and elastographs of bi-directional (90° turns) linear AFSD. (A;-A3) Left turn. (B;-B3) right turn. (A;) and (B,) are low magnification opti-
cal overviews of bi-directional 90° left turn and 90° right turn AFSD samples respectively along with the regions marked for DBM elastography scanning. (A,) and
(A3) are 2D DBM elastographs of 90° left turn, and (B,) and (B3) are 2D DBM elastographs of 90° right turn AFSD samples.

the volume of deposited material between the positions in front of and
behind the tool. Hence, although the mechanical motions of the pro-
cessing tools are comparable, the mechanical processing induced com-
pression and tensile stresses are reversed with respect to the central line
(tool motion path on Y-axis) between the FSW/FSP and AFSD processes.

The material flow and flow pressure simulations of the FSW case are
illustrated in Fig. 4G and H, respectively. The slight modifications were
adopted in on the flow driving condition of the FSW model for these
simulations in the case of AFSD. For a more realistic comparison be-
tween FSW and AFSD, the flow motion driver was adjusted from inlet
flow to a slipping boundary condition since there was no horizontal ma-
terial inlet in the AFSD case. As clearly indicated by computationally
simulated FSW material flow profile illustrated in Fig. 4G, it was highly
similar to the material flow profile presented in the literature [19].
Based on this, the case of AFSD was conducted by assigning the mater-
ial inlet to the central feeding rod location with flow along Z axis ac-
cording to the experimental case (Fig. 41 and J). The curved boundary
in front of the tool and the two side walls were under free condition. As
expected, in case of AFSD, the computation simulations provided mate-
rial flow profile similar to that in FSW (Fig. 4I). Furthermore, in FSW,
around the tool pin location, the asymmetric pressure distribution with
a compressive stress on the advancing side with respect to the central
welding direction was observed (Fig. 4H). Whereas, in the case of
AFSD, as expected, reversal the compression and tensile stress occurred,
which is in agreement with the earlier schematic illustrations of Fig.
4A-F.

In addition, the thermal gradient induced stresses generated during
AFSD can also produce an asymmetry in DBM between two sides. Ther-
mal distributions predicted using the heat transfer based computational
simulations (Section 2.3) are presented in Fig. 5. In this case, the coun-
terclockwise rotating tool associated with the moving contact area be-
tween the tool/feed rod and the substrate plate, linearly moved on the
substrate along the X axis at Y = 0 mm with constant speed. These
thermal distributions at various locations (times) appeared symmetric
in nature (Fig. 5D-F) corresponding to the locations in Fig. 5A-C respec-
tively. The isotherm profiles showed symmetric distributions of the
heat transfer regions. These numerical predictions agreed with the be-

haviors of the numerical and experimental temperature profiles pre-
sented in the existing literature [38].

Unlike in FSW/P, the deposited layer material in AFSD maintained
the free four-side-boundary conditions. Hence, it remains free from any
significant self-induced mechanical/thermal residual stresses. In that
case, the existence of thermal residual stress in deposited layer material
can mainly be contributed by the thermal residual stress on the
clamped-boundary substrate through the bonding at the interface be-
tween the substrate plate and the deposited layer. As long as the tem-
perature field on the substrate is symmetric during heating and cooling,
the thermal residual stress asymmetry in the deposited layer material is
likely to be negligible. The heat transfer based computational predic-
tions using computational approach (Section 2.3) of the principal ther-
mal stress profiles xx, Oyy, and 0zz on a four-side and bottom fixed
substrate at the end of the AFSD process are presented in Fig. 5G-I.
Along the five times tool width distance of heat source's linear motion,
both oxx and Oyy profiles showed laterally symmetric compressive
stresses along the heat source moving direction (Fig. 5G and H). The
significantly high tensile stresses can be noticed more toward the
clamped side walls.
07z profiles showed significantly high tensile stresses along the depth
following the linear motion of the tool (Fig. 5 I). Such thermally in-
duced tensile stresses along Z axis on the substrate can be converted to
the compressive stresses in the deposited material layer due to the fixed
tool height and tool-exerted downward force. However, in practice, the
temperature and thermal stress distribution can be slightly asymmetri-
cal due to the asymmetric amount of deposition of material along the Y-
axis. Nonetheless, in principle, the numerically estimated thermal stress
distributions were symmetric based on only the heat transfer condi-
tions, which in turn agreed with the most existing simulation studies on
FSW/P literature [39-41]. Hence, the planar (XY) non-uniformity of
DBM in the AFSD layer observed in Fig. 2F was mostly contributed by
the asymmetric mechanical residual stress during the single directional
linear deposition.

To further demonstrate the manipulation of these stress asymme-
tries, the direction of linear deposition path was through to 90°. With
such a bi-direction deposition path, at the turning corner, the material
in inner radius region experiences more thermal stress compared to the
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Fig. 8. The machine recorded feedback during bi-directional (90° turns) linear AFSD. Processing time as function of position and velocity (A), processing time as
function of tool rotation speed and tool torque (B), processing time as function of actuator force (C).

material in outer radius region due to more heat input over certain size
of area within the inner radius region compared with the outer radius.
Thus, in the case of depositions with 90° turn, the additional presence of
asymmetry in thermal stress was expected to provide a very different
property distribution with respect to the single linear deposition cases.

Fig. 6 provides 2D depictions of the computational heat transfer
simulations (Section 2.3) corresponding to the rotating tool moved on
a substrate plate under constant speed along a linear path with two
sections of the path oriented orthogonally (90°) with each other. In the
temperature profile contours in XY plane, the tool moved along the X-
axis a distance equal to five times of tool width (5w) and then turned
through 90° to its left for another 5w translation (Fig. 6 A;-A,). These
temperature distributions correspond to the locations at the distances
of fractions of the tool width (w) on the linear track corresponding to
0.5w and the locations at 0.5w, 1.5w, and 5w on a linear path after
turning through 90°, respectively. It was noticed that the presence of
asymmetric temperature with respect to Y-axis around the turning cor-
ner due to more heat input accumulation on tool's left side (Fig. 6 A,-
Ap).

Fig. 6 also presents the thermal gradient based stress distributions in
terms of principal stresses Sxx (Fig. 6 B;-6B,), oyr (Fig. 6 C;-6C,), and
0zz (Fig. 6 D1-6D,). The temperature profiles of all three principal ther-
mal stresses indicated asymmetric distributions after the 90° turn.
Among all stress components, oxx (Fig. 6 B,-6B,) wielded a signifi-
cantly strong asymmetric profile. After the turn, the substrate on the
tool's inner-corner turn region remained under strong compressive ther-

mal stress even after the tool had translated 5w distance away (Fig. 6
B,). On the contrary, stress component Oyy presented a relatively nar-
rower compressive stress region whereas component (Fig. 6C4), 02z
profile corresponded to tensile stresses (thermal strains) (Fig. 6 D;-6D,4)
with respect to the thermal distribution (Fig. 6 A;-6A,). As mentioned
earlier, the tensile stress, 0zz on the substrate are expected to generate
compressive stress, 07z in the AFSD deposited material layer during the
processing.

In a separate experiment, two AA6061 samples were AFSD fabri-
cated using a linear path with two sections oriented at 90° with left turn
(Fig. 7 A;) and right turn (Fig. 7 B;) using the same parameters as ear-
lier experiments (Fig. 2). All AFSD processing conditions and parame-
ters were nearly identical (Fig. 8 A) except the 90° turns in the linear
path to that in the AA6061 samples AFSD processed with a linear path
without any turn (Fig. 3A). As expected, the retreating side is always lo-
cated on the left side in both cases. Accumulation of the excessive
amount of material on the left retreating side region produced a flash-
ing edge, thereby not defining the corner well (Fig. 7 A;). Whereas in
the case of right turn sample, the left retreating side flashing material
was accumulated on the outer edge region of the sample, thereby pro-
ducing a smooth deposition (Fig. 7 B;). Thus, the unique asymmetry in
terms of the physical distribution of material (flashing) and distribution
of extent and nature of stresses (Fig. 7 A,, Az, By, and B3) during AFSD
fabrication indicated the complex nature of the tool path effects.

Fig. 7 A,~A; and B,-Bj present DBM elastographies on the above-
mentioned two AFSD fabricated samples with left and right turns re-
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Fig. 9. Optical overviews and elastographs of bi-directional and uni-directional 2 layers linear AFSD. (A) and (B) are low magnification optical overviews of bi-
directional and uni-directional 2 layers AFSD samples. (C) and (D) are 2D DBM elastographs of bi-directional and uni-directional 2 layers AFSD samples in the white

boxes selected regions in (A) and (B).

spectively. In the scanned areas, on the deposited materials along the X
axis between starting point to the turning corner, the elastography con-
sistently showed left-right asymmetry (Fig. 7 A, and B,) due to the me-
chanical residual stresses from the process as discussed earlier in Fig. 4.
At the location around (X = 25 mm, Y = 0 mm), the tool sharply
stopped the linear motion along X axis and turned through 90° to trans-
late along the Y-axis (Fig. 8 A;). The low DBM curved areas present on
both samples around X = 10 mm are due to stop-induced additional
thermal softening. At the turning corner region (X = 10 to 40 mm), for
both 90° counterclockwise rotation in a DBM elastograph of the 90° left
turn sample (Fig. 7 A2) and clockwise rotation in DBM elastograph of
the 90° right turn sample (Fig. 7 B2), the stop-induced low DBM curved
regions can be noticed.

After the turns, due to the consistent tool rotation direction, as ex-
pected, in the left turn sample, the high DBM region is situated near the
retreating side (X = 10 mm) (Fig. 7 A3). On the contrary, in the right
turn sample, it is situated near advancing size (X = 15 mm) (Fig. 7 Bj).

10

In the case of the right turn sample, after turn, due to higher thermally
induced stresses at the advancing side with respect to the retreating
side, the torque was significantly higher in the Y-direction deposition
zone (Fig. 8B). However, the elastography presents a reversed asym-
metric DBM distribution at the turning corner (Fig. 7 B, upper region)
due to the higher magnitude of thermal compressive stresses compared
to the mechanical stresses in the wave propagation direction (Z axis).
Yet, the contribution of the FS mechanical residual stresses is still no-
ticeable. In the region (around X = 25-40 mm) which is the retreating
zone of the right turn sample (Fig. 7 B,) distinctly appeared to be asso-
ciated with a higher DBM than the same region on the left turn sample
(Fig. 7 A,) which has advancing zone there.

Passing through the turning corners, along the Y-axis linear deposi-
tion from Fig. 7 A, and B, to A3 and B, the rotation-induced asymmet-
ric mechanical stresses (Fig. 4J) were nearly constant. However, the
thermal stresses decreased from the turning point to the end point.
Thus, this resulted in decreasing trend in DBM in the right turn sample
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(Fig. 7 Bs). In case of the left turn sample, DBM slightly increased due to
nearly comparable contributions of the asymmetric distributions of
thermal stress and mechanical stress (Fig. 4J) while approaching to the
end point (Fig. 6 B, and Cy). In this case, after the turn, the inner corner
region (retreating side) experienced excessive thermal stresses (Fig. 6
B,-B3 and C,-C3) leading to the accumulation of flash material thereby
generating slightly higher actuator force while depositing in Y-direction
(Fig. 8 C).

Although a single layer AFSD indicated a strong spatially asymmet-
ric distribution of DBM with respect to deposition direction (axis), a
multi-layer AFSD is expected to result in a complex spatial distribution
of DBM due to constructive and/or destructive interactions among the
stresses generated in subsequently deposited layers. Hence, in another
separate preliminary study, two-layer AA 6061 samples were AFSD fab-
ricated using two overlapped bidirectional (Fig. 9A) and unidirectional
(Fig. 9B) linear paths. In this study, all other processing parameters
were identical to the single layer AFSD experiments described in this
manuscript. The elastographs corresponding to the samples presented
in Fig. 9A and B are presented in Fig. 9C and D respectively. As men-
tioned in Figs. 4 and 5, in a linear 1-layer deposition path, the thermo-
mechanical stresses were approximately symmetric, while the mechani-
cal stresses were strongly asymmetric. Apparently, in general, the heat
generated during deposition of the second layer induced annealing ef-
fect thereby releasing the residual stresses stored in the first layer. In
the case of bidirectional 2-layer sample (Fig. 9C), the elastograph
showed a nearly spatially symmetric DBM distribution, whereas the
elastograph of the unidirectional 2-layer sample (Fig. 9D) presented a
strong spatially asymmetric DBM distribution respectively. Due to the
linear path orientation difference, the bidirectional 2-layer sample (Fig.
9C) destructively reinforced the compressive and tensile stresses be-
tween the first and second layers whereas the unidirectional 2-layer
sample (Fig. 9D) constructively reinforced the compressive and tensile
stresses between the first and second layers. Hence, the observations
clearly indicated that the interference between the released residual
stresses from the first layer and the processing induced stresses during
the deposition of the second layer. The destructive interference of
stresses in the bidirectional 2-layer sample eventually resulted in well
balanced and spatially symmetric DBM distribution (Fig. 9C). On the
contrary, the constructive reinforcement of stresses in the unidirec-
tional 2-layer sample presented a spatially asymmetric DBM distribu-
tion (Fig. 9D). Furthermore, in the unidirectional 2-layer sample, ap-
parently the accumulated tensile stresses on the advancing side (AS)
were reinforced by the tensile stresses from both layers to the level to
initiate and grow a surface crack (Fig. 9D) during the deposition
process.

Thus, the preliminary results on multi-layer (two-layer) AFSD depo-
sition presented here provide the fundamental understanding of the
stress interference and its effect on nature of spatial distribution of
DBM. In practice, the processing parameters of AFSD such as the feed-
ing rate, rotational speed, linear speed, and downward force can be ma-
nipulated from layer to layer to manipulate the generation of stresses
and DBM for desired properties of the AFSD deposited component. Al-
though a separate study to understand such complex nature of multi-
layer AFSD is undergoing the methodical and logically incremental ap-
proach presented in the present work provides a foundation for devel-
opment of fundamental understanding of complex nature of multilayer
AFSD process. The numerical and experimental results demonstrated
that AFSD as a large-scale AM technique, offers great deposition effi-
ciency but with some spatial non-uniformity in the states of (thermal
and mechanical) stresses and dynamic bulk modulus. This unique non-
uniform distribution can be more complex with complex path deposi-
tion configurations, which needs further studies and characterizations.
Ultrasound elastography technique has the potential to evaluate the
AFSD products with substantial volumetric mapping with higher sensi-
tivity. Future studies are intended to evaluate larger or smaller AFSD
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structures and a far-field with subwavelength resolution using acoustic
collimation lenses [42,43]. The ultrasound elastography technique can
potentially evaluate the AFSD products with substantial volumetric
mapping with higher sensitivity.

4. Conclusion

The present work evaluated the spatial distribution of the dynamic
bulk modulus (DBM) in linearly single layer AFSD deposited AA6061
samples using ultrasonic dynamic bulk modulus elastography tech-
nique. A strong left-right spatial asymmetry in DBM around the deposi-
tion direction (axis), was revealed during the elastography, EBME
based measurements. Furthermore, the computational simulation-
based predictions of asymmetric spatial distribution of DBM indicated
that such characteristic nature of DBM was due to the combined effect
of asymmetric material flow (pressure) and evolution of symmetric
thermo-mechanical stress during AFSD processing. Furthermore, both
experimental and computational observations during AFSD with a 90°
bidirectional linear path for manipulation of the nature of stresses, indi-
cated that excessive heat and thermal stresses were evolved within the
region of inner corner of 90° turn, thereby leading to development of
significantly higher spatially asymmetric distributions of thermal
stresses, mechanical stresses, and DBM. In the case of multi-layer AFSD,
due to destructive and constructive reinforcements of the stresses gen-
erated during deposition process, bidirectional 2-layer depositions re-
sulted in nearly spatially symmetric DBM distributions. Furthermore,
the unidirectional 2-layer depositions presented strong spatially asym-
metric DBM distributions.
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