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A B S T R A C T

Additive friction stir deposition is an emerging solid-state additive manufacturing technology that enables site-
specific build-up of high-quality metals with fine, equiaxed microstructures and excellent mechanical properties.
By incorporating proper machining, it has the potential to produce large-scale, complex 3D geometries. Still
early in its development, a thorough understanding of the thermal process fundamentals, including temperature
evolution and heat generation mechanisms, has not been established. Here, we aim to bridge this gap through in
situmonitoring of the thermal field and material flow behavior using complementary infrared imaging, ther-
mocouple measurement, and optical imaging. Two materials challenging to print via beam-based additive
technologies, Cu and Al-Mg-Si, are investigated. During additive friction stir deposition of both materials, we
find similar trends of thermal features (e.g., the trends of peak temperature TPeak, exposure time, and cooling
rate) with respect to the processing conditions (e.g., the tool rotation rate Ω and in-plane velocity V ). However,
there is a salient, quantitative difference between Cu and Al-Mg-Si;TPeak exhibits a power law relationship withΩ
/V in Cu but withΩ2/V in Al-Mg-Si. We correlate this difference to the distinct interfacial contact states that are
observed through in situ material flow characterization. In Cu, the interfacial contact between the material and
tool head is characterized by a full slipping condition, so interfacial friction is the dominant heat generation
mechanism. In Al-Mg-Si, the interfacial contact is characterized by a partial slipping/sticking condition, so both
interfacial friction and plastic energy dissipation contribute significantly to the heat generation.

1. Introduction

While most metal additive manufacturing technologies to date have
been based on selective melting and rapid solidification of powder or
wire (i.e. beam-based additive technologies) [1–3], a series of solid-state
metal additive manufacturing technologies have recently emerged that
provide a low-energy pathway to achieve net-shaping or near-net-
shaping with reduced heat input, thermal gradients, and residual
stresses [4–6]. These solid-state technologies exploit deformation
bonding to enable material adhesion via friction stir [7], ultrasonic
vibration [8], or cold gas spraying [9]. The most recognized examples
include additive friction stir deposition (AFSD) [10], friction stir ad-
ditive manufacturing (FSAM) [11], ultrasonic additive manufacturing
(UAM) [12], and cold spray [13]. By integrating the friction stir prin-
ciple [14,15] with a robust material feeding mechanism [16], AFSD
stands out as a free-form process allowing for site-specific deposition

with good quality and properties in the as-printed state. Despite the
large feature size resulting from the current tooling, AFSD has the po-
tential for creating complex 3D geometries on a large-scale by properly
machining the edges of the deposition tracks. FSAM and UAM are hy-
brid sheet-lamination technologies that require additional subtractive
processes for shaping newly bonded layers. Cold spray enables site-
specific deposition but generally requires post-processing to improve
mechanical properties. With the unique benefits, AFSD has drawn great
attention in the fields of multi-material additive manufacturing
[17–20], selective-area coating and cladding [21], and additive repair
[22].

In AFSD, a solid-state feed-rod is delivered through a hollow tool
head as shown in Fig. 1(a). The tool head and feed-rod assembly rapidly
rotate at a rotation rate,Ω, of ∼102–103 revolutions per minute (RPM).
When the rotating feed-rod contacts the stationary substrate, the dy-
namic interaction at the material-substrate interface generates
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frictional heat, which in turn leads to thermal softening of the feed-rod.
The combined compressive forces from the feeding apparatus and the
shearing forces from the rotating tool head cause the feed-rod to plas-
ticize and mix with the surface of the substrate. Rapid plastic de-
formation results in additional volumetric heat generation [23]. Fur-
thermore, the tool surface features, such as protrusions, can generate
additional frictional heat and enhance the material flow and mixing
between the deposit and substrate. With co-deformation and mixing of
the deposited material and substrate surface layers, in-plane motion of
the substrate relative to the tool head leads to deposition of a single
track of material with good interfacial bonding. During deposition, the
material undergoes severe plastic deformation at elevated temperatures
and high strain rates [24]. The accompanied continuous or dis-
continuous dynamic recrystallization gives rise to refined, equiaxed
grains and excellent mechanical properties [6,10,21] in the as-printed
state. This is a salient advantage as compared to conventional beam-
based metal additive manufacturing processes, wherein the melting and
solidification will result in cast-type microstructures featuring co-
lumnar and dendritic grains [25–28]. While these features can be
avoided by controlling solidification via the introduction of nano-
particles [29] or very precise manipulation of transient thermal gra-
dients [30], the associated efforts are time-consuming and expensive.

As in any metal additive manufacturing technology, the tempera-
ture evolution during AFSD controls the print quality, the micro-
structure, and the properties of the as-printed material. To investigate
temperature evolution in AFSD, the distinctive consideration of material
flow is necessary. On one hand, the material flow determines the vo-
lumetric energy produced from plastic deformation [31] and con-
tributes to heat transfer via convective heat flow [32]. On the other
hand, the material flow is influenced by the temperature distribution
inside the deposited material, because the constitutive material prop-
erties —such as dynamic viscosity and flow stress — are strongly
temperature dependent [33]. Therefore, as a friction stir-derived tech-
nology, the heat flow and material flow are fully coupled in AFSD.

Research of AFSD is at an early stage with a critical need for un-
derstanding the process fundamentals, especially the important thermal
aspects. This necessitates direct experimental characterization of the

temperature evolution and material flow during AFSD. For direct mea-
surement of temperature evolution in the deposited material, AFSD
shares many of the challenges as in friction stir welding (FSW) and
friction stir processing (FSP) [34–36]. For example, thermocouples are
challenging to embed within the processing zone because the large
amounts of plastic deformation would likely destroy any physical sen-
sors [37,38]. In addition, the tool in FSW, FSP, and AFSD obscures the
stir zone or deposition zone, making it challenging to monitor the
temperature evolution by top-view characterization (i.e., along the
normal-direction). However, an important difference in AFSD is that
the deposited material lies on top of the substrate, whereas in FSW or
FSP the stir zone is internal to the workpiece material. Consequently,
AFSD allows for direct measurement of the temperature evolution in
the deposited material using non-contact methods from the side view,
which can be implemented using infrared cameras or pyrometers
[39,40]. For the same reason, the visualization of material flow is
challenging in FSW and FSP; however, the surface of material flow can
be directly monitored in AFSD from the side view.

The aim of this work is to gain physical insights into the process
fundamentals of additive friction stir deposition via direct character-
ization of the temperature evolution, material flow, and heat generation
mechanisms using in situ monitoring approaches. We employ infrared
thermal imaging technology to monitor the temperature evolution in
the deposited material from the side view and embed thermocouples in
the substrate plate directly below the deposited material for com-
plementary thermal measurements. Meanwhile, the material flow is
monitored from the leading side of the deposit to provide valuable in-
sights into the heat generation mechanisms. We investigate the de-
position of two specific material systems, Cu and Al-Mg-Si, which are
challenging to print using beam-based additive technologies due to the
high thermal conductivity, high reflectivity, or susceptibility to hot
cracking [41,42]. AFSD is a promising additive technology for Cu and
Al-Mg-Si, because these materials are known to be well processed using
the friction stir principle [32]. Cu and Al-Mg-Si differ in their thermo-
mechanical responses; during forging Al-alloys undergo plastic flow
more readily than Cu and Al-alloys are recognized for easier forge-
ability [43]. A comparative study of these two materials allows us to

Fig. 1. An illustration of (a) the AFSD process, (b) the tool head including surface features and dimensions, and (c) the monitoring set-up. ATC and BTC are two
locations in the substrate with the temperature measured by the thermocouples, whereas AIR and BIR are two locations in the first-layer of the deposited material with
the temperature measured by the IR camera. AIR and BIR are directly above ATC and BTC. ND, TD, and LD refer to the normal direction, transverse direction, and
longitudinal direction, respectively.
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explore the linkage between the thermomechanical properties of ma-
terial and the consequential heat generation and thermal characteristics
in AFSD.

2. Experimental procedures

2.1. Material deposition

All AFSD experiments were performed using a MELD R2 system
(MELD Manufacturing Corporation, Christiansburg VA, USA) and a 38
mm-wide steel tool head. The tool surface had two protrusions with
rounded surfaces and a height of 1.5 mm located immediately sur-
rounding the feed-rod exit hole (see Fig. 1(b)). The build geometry of
each experiment was a stack of two deposited layers with single-layer
thickness of approximately 0.8 mm and a nominal length of 70.2 mm.
Two different material systems were studied: (1) Cu (commercially
pure), and (2) a commercially available Al-Mg-Si alloy, AA 6061. In
both cases, the substrate and the deposited material had the same
composition. Substrate plates were 6.35 mm × 76.2 mm × 127 mm.
Raw feed material was in the form of square rod with a side length of
9.5 mm. Depositions were systematically performed at various AFSD
processing conditions. The selected tool rotation rates included 300
RPM, 600 RPM, and 900 RPM, and the selected in-plane tool velocities
included 1.00 mm/s, 2.00 mm/s, and 3.00 mm/s. The ratio between the
material feed rate to the tool in-plane velocity was used to control the
volumetric deposition rate, and kept constant throughout all experi-
ments at a value of 1:3.

2.2. Thermal measurement

In this work, thermographic measurements were performed using a
Micro-Epsilon TIM 400 infrared (IR) camera, which was mounted onto
the bed of the AFSD system and shared the same reference frame as the
print geometry. Temperature calibration of the IR camera was per-
formed using AFSD-printed Cu and Al-Mg-Si samples, which were he-
ated using a Fisher Scientific Hot-Plate under ambient conditions. By
matching the IR outputs with the readings from a pre-calibrated ther-
mocouple, the emittance for a given material (Cu or Al-Mg-Si) was
calibrated [44,45]. This procedure was repeated at 50 K increments. To
minimize IR measurement interference, additional modifications were
made to the typical AFSD setup: the rotating tool and the spindle were
both covered with fiberglass insulation to prevent undesirable radiative
interference (e.g., reflections). During AFSD, a piece of Cu or Al-Mg-Si
kept at known elevated temperatures was placed in the camera field of
view to serve as a temperature reference. The IR camera had a capture
rate of 80 Hz with 382 × 288 pixels in the field of view. The IR camera
was positioned perpendicular to the side of the deposit at a distance of
11 cm. The pixel size provided sufficient resolution to distinctly mea-
sure the temperature of each layer while still providing a large field of
view to capture the entire length of the deposit.

In addition to IR thermal measurement, a thermocouple array (K-
type) was employed to continuously measure local temperatures in the
substrate directly beneath the deposited material. Shallow grooves for
thermocouple leads were cut into a second substrate plate, which was
clamped underneath the primary substrate. Each groove was filled with
a conductive thermal paste to improve the contact conditions and re-
sponse time. Thermocouple data-logging was accomplished using
Adafruit thermocouple amplifiers and an Arduino Nano micro-
controller.

2.3. Monitoring of material flow

Optical video recording of the material flow was performed on the
leading edge of the deposit using a Dino-Lite Edge AM4115ZT
Microscope. The camera had a spatial resolution of 1280 × 1024 pixels
with a pixel size of 0.03 mm × 0.03 mm at the given field of view. The

optical camera was positioned perpendicular to the leading edge of the
deposit at a distance of 8 cm. A high-temperature black primer was
speckled onto the surface of the deposit during AFSD, in order to track
the motion of the material relative to the tool head. The black speckles
provided contrast on the surface of the deposited material and were
individually tracked to monitor the motion of the deposited material.
Comparison of the velocity of the speckles to the tool head rotation
provided valuable insights into the stick-slip phenomena in each ma-
terial system. Fig. 1(c) schematically shows how the infrared thermal
imaging, thermocouple measurement, and optical video recording are
incorporated into the present AFSD system.

3. In situ characterization of temperature evolution during AFSD
of Cu and Al-Mg-Si

3.1. Qualitative overview of thermal field evolution in AFSD

AFSD is composed of three distinct processing phases (1) plunge, (2)
in-plane motion, and (3) out-of-plane layer transition. In the plunge
phase, the rotating feed-rod is slowly pushed downward through the
center of the tool head by the feeding apparatus so that it makes contact
with the stationary substrate. Initially, heat is generated by Coulomb
friction at the feed-rod and substrate interface until the material has
substantially softened and begins to plasticize. During plasticization,
the majority of the plastic work is converted to heat, resulting in an
additional volumetric heat generation mechanism. The continuously
plasticizing material extrudes radially until the space beneath the ro-
tating tool is saturated. The in-plane motion phase then begins, where
the substrate is set in motion relative to the rotating tool; as a result,
material is continuously deposited onto the substrate. Once the desired
geometry has been traced by the in-plane motion and a layer is com-
plete, the out-of-plane layer transition phase begins, in which the print
bed lowers in the out-of-plane direction by the desired layer thickness.

An overview of the measured thermal field evolution during these
phases is shown in Figs. 2 (a)-(f), which consist of several representative
snapshots from a thermal video for a two-layer Cu deposition. The
complete thermal video is available in the Supplemental Information.
Time step t = 0 s corresponds to the thermal profile of the plunge
phase. The in-plane motion phase is seen at t= 25 s where the print bed
translates relative to the rotating tool. The track behind the tool head
remains at an elevated temperature as it cools down through boundary
heat losses (conduction, convection, and radiation). At t = 35 s, the
layer transition begins. At t = 55 s, the second layer is being deposited,
where the relative motion between the print bed and the tool is in the
opposite direction to the first layer of deposition. At t = 75 s, the de-
sired two-layer geometry is complete, and the print bed is lowered as
the feed-rod detaches from the deposit. The final thermal image shows a
bowl-shaped high temperature zone surrounding the end of deposition,
which corresponds to the expected temperature distribution resulting
from a moving heat source [46].

Based on the temperature measurement at a given spot, typical
temperature evolution history (i.e., T-t plot) of the deposited material is
shown in Fig. 2(g), showing two distinct peaks. The first peak corre-
sponds to the deposition of new material at Spot AIR (see Fig. 1(c) for
the location), TPeak. This is an intrinsic thermal characteristic depending
on the AFSD processing parameters and tool-material interactions. The
heating portion in the first peak is not physically meaningful because no
material is initially present in the field of view. The measured ‘heating
rate’ mostly reflects the IR camera response time rather than the tem-
perature increase rate in the deposited material. The second peak cor-
responds to deposition of the second layer directly above Spot AIR,
clearly showing a strong reheating effect between layers in AFSD. The
value of the second temperature peak depends on the print geometry,
tool path, and the transition time between deposition of the first and
second layer, so it is not an intrinsic thermal characteristic in AFSD. We
note that the flat curve seen at ∼450 K results from the limits of the
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measurable temperature range by the IR camera.

3.2. Dependence of peak temperature on AFSD processing conditions

The temperature field evolution has been systematically in-
vestigated for various AFSD processing conditions. For all successful Cu
depositions without apparent defects in this work, the peak temperature
TPeak lies in the range of 49%–79% of the melting temperature TM . For
all successful Al-Mg-Si depositions, TPeak lies in the range of 76%–92%
of TM . This is consistent with the fact that the yield strength of Cu drops
more rapidly than structural Al alloys as temperature increases [47,48],
so Cu can be friction stirred at a lower homologous temperature [49].

For both Cu and Al-Mg-Si, we study the trend of the peak tem-
perature TPeak with respect to the AFSD processing parameters, such as
the tool head rotation rate Ω and in-plane velocity V. As plotted in
Fig. 3, TPeak shows a strong dependence on AFSD processing conditions,
with Cu and Al-Mg-Si exhibiting similar trends. For a given tool rotation
rate, it is observed that TPeak decreases with increasing the tool in-plane
velocityV . For a givenV ,TPeak increases with increasingΩ. This trend is
similar to that observed in FSW literature [50–53], which can be

explained as follows: an increase of the tool rotation rate Ω is expected
to increase the heat generation rate resulting from friction at the ma-
terial-tool head interface, which leads to a positive correlation between
TPeak and Ω. With a higher in-plane velocity V, the material feed rate is
higher and more material is deposited for a given period of time, so the
heat input is lower per unit material volume. This leads to a negative
correlation between TPeak and V.

Quantitatively, we find that the peak temperature in AFSD is well
described by power law relationships with the processing parameters.
Arbegast has proposed an empirical power law equation of the peak
temperature in FSW of Al alloys [54]: =T T K Ω V/ ( / )Peak M a2 , where K
and a are fitting constants and Ω V/2 is a pseudo-heat index described
by the key processing parameters. Using this type of relationship, the
fitting results of the measured AFSD peak temperature are shown in
Fig. 4(a) and Fig. 4(b) for Cu and Al-Mg-Si, respectively. The peak
temperature in Al-Mg-Si is well predicted by the heat index of Ω V/2
with an R-squared value of 0.98 in the ln-ln plot. For Cu, the fitting is
relatively poor with an R-squared value of 0.81. Fig. 4 (c) and Fig. 4(d)
plot the fitting results of peak temperature using a pseudo-heat index of
Ω V/ instead, i.e., =T T K Ω V/ ( / )Peak M a, showing a good fit of the Cu

Fig. 2. An overview of the thermal profile for Cu deposited at 600 RPM and 1 mm/s in-plane velocity. (a) A representative thermal image of the entire field of view
during AFSD. (b)-(f) The different time steps show the measured temperature field directly beneath the tool head, cooling of the deposited material at the far-from-
the-tool position, and a bowl-shaped heat profile associated with a moving heat source. (g) A plot of the temperature history measured for a single spot of the deposit
that demonstrates a temperature peak due to deposition and a substantial reheating effect.
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peak temperature with an R-squared value of 0.95 in the ln-ln plot. In
contrast, the Al-Mg-Si peak temperature does not fit well with an R-
squared value of 0.87. Therefore, the peak temperature in Cu forms a
power law relationship with Ω V/ , whereas the peak temperature in Al-
Mg-Si forms a power law relationship with Ω V/2 .

Based on the fitting results in Fig. 4, the peak temperature of Cu and
Al-Mg-Si during AFSD is best described by Eq.s 1 and 2, respectively:

=T
T

K Ω
V
( ) , for Cu.Peak

M
Cu 0.2

(1)

= − −T
T

K Ω
V

( ) , for Al Mg Si.Peak

M
Al

2
0.07

(2)

Here, KCu and KAl are constant. In Arbegast’s empirical fitting, the
power a is found to be in the range of 0.04 to 0.06 for FSW of Al alloys.

To compare, Eq. (2) shows a comparable power value of 0.07 in AFSD
of Al-Mg-Si, suggesting similar heat generation mechanisms in AFSD
and FSW of Al alloys. For Cu, however, the peak temperature exhibits a
power law relationship with Ω V/ rather than Ω V/2 , suggesting differ-
ences in the heat generation mechanisms. We correlate this finding to
the distinct interfacial contact states and material flow behaviors be-
tween Cu and Al-Mg-Si, which will be elaborated in Sections 4 and 5.
We note that the goal of fitting here is to show the different temperature
evolution behavior between Cu and Al-Mg-Si; the latter is much more
consistent with the Abergast model than the former. The intent is not to
determine the exact fitting constants in the power laws, which may be
challenging to achieve based on the limited data points in Fig. 4.

Fig. 3. Plots showing the peak temperature
measured during deposition of the first layer at
various processing conditions for (a) Cu and
(b) Al-Mg-Si. In general, processing conditions
with lower velocity and higher rotation rate
produce higher peak temperatures. Error bars
signify expected measurement error from the
IR camera.

Fig. 4. Fitting of a power law relationship to the homologous peak temperature and the processing parameters with a relationship of (a, b) Ω2/V and (c, d) Ω/V .
Here, resolution per second (rev/s) is used as the unit for Ω and millimeter per second (mm/s) is used as the unit for V. The peak temperature for Cu shows a better
fitting with Ω /V, whereas Al-Mg-Si has a better fitting with Ω2/V .
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3.3. Trends of exposure time, heating rate, and cooling rate

In addition to peak temperature, other important thermal char-
acteristics include the exposure time, heating rate, and cooling rate,
which can be conveniently extracted from the T-t plot (e.g., see Fig. 2
(g)). The goal here is to understand how these thermal characteristics
change with respect to the AFSD processing parameters. We estimate
the exposure time and heating rate based on the second peak in the T-t
plot, because the heating portion of the first peak only reflects the re-
sponse time of IR camera as explained in section 3.1. As such, this es-
sentially measures the reheating effect arising from the deposition of a
new layer. We estimate the cooling rate based on both the first and the
second peak in the T-t plot, which are found to have the same trend
with respect to the AFSD processing parameters.

The exposure time is the length of time that the deposited material
experiences high temperatures, which is experimentally determined by
finding the full width at half maximum of the peak temperature in the

−T t plot. Figs. 5(a) and (b) clearly show that the exposure time de-
creases with an increase of V . This trend can be explained by con-
sidering the positive correlation between the exposure time and the
time of material interaction with the tool head. The latter can be
roughly estimated as the ratio between the deposition radius and the
tool in-plane velocity, and will decrease with an increase of V . As a
result, the exposure time also decreases with an increase of V as seen in
Figs. 5(a) and (b). The exposure time increases with the tool head ro-
tation rate Ω as concluded from the same plots. This trend is expected
because a higher rotation rate Ω leads to a higher peak temperature
(when the in-plane velocity remains constant). It generally takes more
time to cool down from a higher peak temperature, so the exposure
time is longer.

The instantaneous heating and cooling rates are time dependent.
From an engineering perspective, we define the average heating and
cooling rates based on linear regions of the second peak in the −T t
plot. This is associated with a wide temperature range with respect to

Fig. 5. Plots of (a, b) the exposure time, (c, d) the heating rate, and (e, f) the cooling rate as a function of the AFSD processing parameters. The left column
corresponds to the data of Cu and the right column corresponds to Al-Mg-Si. Generally, the exposure time increases with increasing Ω and decreasing V, the heating
rate increases with increasing V , and the cooling rate increases with decreasing Ω and increasing V.
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TPeak. In this work, the lower bound of the temperature range is set to be
30 % above the lowest measurable temperature of the IR camera (∼600
K for Cu and ∼500 K for Al-Mg-Si). With this setting, the interference
from the first temperature peak can be avoided and good linear fitting
can be achieved in the −T t plot. The slope of the linear fitting (in
absolute value) is used as the heating or cooling rate. Figs. 5(c) and (d)
plot the heating rate under various AFSD processing conditions, which
is generally in the range of 20–80 K/s. At a high in-plane velocityV , the
heat source quickly approaches a given point and results in a rapid
transition from the idle temperature to the peak temperature. Thus, the
heating rate shows a positive correlation with the tool velocity V.
Figs. 5(e) and (f) plot the trends of the cooling rate, which is measured
to be in the range of 5–25 K/s. For both Cu and Al-Mg-Si, lower cooling
rates are found to occur at higher Ω and lower V, which corresponds to
conditions with higher peak temperature and more total heat input.
This trend can be explained as follows: under conditions of high Ω and
low V, the heat input is large, and significant preheating occurs in the
substrate material ahead of the moving tool head. As a result, the local
temperature gradient ∇T is reduced across the newly deposited mate-
rial and the substrate below, leading to a lower cooling rate—as long as
the thermal conduction into the substrate is a major cooling me-
chanism. This is confirmed in the Appendix, in which we study the
substrate temperature evolution and evaluate the contribution of dif-
ferent cooling mechanisms during AFSD of Cu and Al-Mg-Si, including
thermal conduction, air convection, and radiation.

4. In situ characterization of material flow during AFSD of Cu and
Al-Mg-Si

From the in situthermal characterization results in Section 3, we
conclude that the key thermal characteristics, such as exposure time,
heating rate, and cooling rate, exhibit similar trends with respect to the
AFSD processing parameters in Cu and Al-Mg-Si. These trends can be
explained by linking the heat generation and thermal transfer processes
to the tool head rotation rate and in-plane velocity in a qualitative
manner. However, there is a salient, quantitative difference between Cu
and Al-Mg-Si (as shown in Section 3.2): the peak temperature exhibits a
different power law relationship with the processing parameters for
each material system. Such a quantitative difference in peak tempera-
ture cannot be understood without delving into the material flow be-
havior, because the heat flow is fully coupled with material flow in
AFSD.

4.1. Fundamentals of material flow and interface contact in AFSD

AFSD begins with a solid, square feed-rod that is in contact with the
substrate but not in contact with the bottom surface of the tool head.
For the convenience of description, the following discussion treats it as
a cylindrical rod with an equivalent surface area and a starting radius
R0. A compressive force is applied to the feed material as it rotates with
the tool head (Fig. 6(a)). With the heat generation at the material-
substrate interface, the feed material raises temperature and extrudes
underneath the tool head (Fig. 6(b)). This involves a macroscopic ma-
terial shape change via plastic deformation [55]. The new material is
constrained vertically by the substrate and tool head, so it fills space
with a thickness h pre-defined by the gap between the tool head and the
substrate. The steady-state configuration is shown in Fig. 6(c). For the
transverse cross-section of the deposition track, we refer to the region
directly below the feed-rod as the transition zone (radius of R0), where
the feed material transitions from a compression-dominated state in the
solid feed-rod to a shear-dominated state below the rotating tool head.
We refer to the region vertically constrained by the tool head and the
substrate as the deposition zone, which has a radius ranging from R0 to
R. The outer radius of the transition zone in AFSD is analogous to the
pin edges in FSW. However, there is no sharp interface between the
transition zone and the deposition zone in AFSD like that between the

pin and workpieces in FSW because the transition zone and deposition
zone are occupied by the same material.

In the steady state of AFSD, heat can be generated by the interfacial
friction caused by slipping of the tool head on the deposited material.
The interfacial heat generation rate Qδ is a function of the interfacial
contact stress τcontact and the velocity difference between the tool head
and the top surface of the deposit. The latter can be written as= −v r rΩ∆ ( ) − =δ rΩ δ r rΩ(1 ) ( ) [56], where r is the radial position
denoting the distance to the central rotating axis. δ r( ) is the fractional
slip and − δ r(1 ( )) is the sticking coefficient. The linear velocity of the
tool head increases along the radial direction, and it is harder for the
deposited material to keep the same rotation rate as the tool head. Thus,
we expect a decrease of the sticking coefficient with an increase of r,
which is illustrated in Fig. 6(d). In addition to slipping, it is possible to
have the sticking condition dominate at the tool-material interface,
especially at small r values [57]. This corresponds to the scenario where
material in the deposition zone rotates together with the tool head,
rendering a volume of material with intensive flow. The material ve-
locity gradient in this volume results in shear deformation and plastic
energy dissipation, with the corresponding volumetric heat generation
rate QV depending on the shear strain rate and the shear stress at
yielding [58].

Overall, the heat generation in AFSD critically depends on the
contact state at the tool-deposit interface and the volume of material
flow. These two features are challenging to experimentally measure in
FSW, because the stir zone in the workpieces is completely covered by
the tool head. However, they can be explored via side-view monitoring
in the AFSD configuration since the deposited material lies on top of the
substrate.

4.2. Distinct material flow behaviors and contact states observed in Cu and
Al-Mg-Si

To explore the material flow and tool-deposit contact state, we have
monitored the leading edge of the deposit using an optical camera and
found drastically different behavior between AFSD of Cu and Al-Mg-Si.
The first notable difference is the footprint of the deposition track. As
illustrated in Figs. 7(a) and (b), in Cu, the deposited material does not
significantly extend toward the leading direction. The leading edge of
the Cu deposit is only slightly ahead of the leading edge of the feed-rod.
In contrast, in Al-Mg-Si, the deposited material extends significantly
toward the leading direction. For Cu, in situ monitoring from the
leading side can provide the material flow and rotation information
inside the deposition zone—almost reaching the transition zone. For Al-
Mg-Si, however, the monitoring can only capture the exterior surface of
the deposition zone.

The second notable difference lies in the contact state of the tool-
material interface in the deposition zone. Cu is found to remain effec-
tively stationary after being extruded into the deposition zone, so the
tool-material interface is characterized by a full slipping condition. In
contrast, the exterior surface of Al-Mg-Si is seen to rotate with the tool
head, although at a much lower rate, suggesting a partial slipping/
sticking condition at the tool-material interface. Figs. 7(c) and (d) show
snapshots of the optical videos captured on the leading edge, wherein
the flow paths of two distinct spots on the deposit surface are in-
vestigated for each material system. There is a balance of the camera
spatial resolution and time resolution to capture the important data for
both material systems. In snapshot format, the movement of surface
features may not be immediately evident due to lighting and contrast,
so the videos are made readily available in the Supplemental Information.

In Cu (Fig. 7(c)), Spot M, which is below the tool head ( ≈r R1.5 0 but<Rr ), remains effectively stationary and does not follow the motion of
the tool head rotation. In other words, =δ 1 and the sticking coefficient
is 0. Spot N is inside the deposition zone almost reaching the transition
zone ( ≈r R1.1 0), and it is seen to move from the left to the far right in
0.13 s. Given the radius for the outer edge of motion and the time
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between the snapshot images, we measure the linear velocity of Spot N
to be 90 % of the tool head velocity at the same radius. In other words,
for ≈r R1.1 ,0 the sticking coefficient ( − δ1 ) is 0.9 and =δ 0.1. This
observation shows that for Cu the material rotation and intensive flow
are almost limited to the transition zone. At the boundary between the
transition zone and deposition zone, the sticking coefficient rapidly
drops from 0.9 to 0, and the fractional slip rapidly increases from 0.1 to
1. In the snapshots of Al-Mg-Si shown in Fig. 7(d), Speckle P and Q,
which are both on the exterior surface of the deposition zone, move
from left to right without observable changes in the relative distance
over 1.51 s. The linear velocity of Spot P and Spot Q is measured as
∼1% of the tool head velocity at the same radius. In other words, the
sticking coefficient ( − δ1 ) is 0.01 and =δ 0.99. This observation sug-
gests that material flow occurs throughout the entire deposit, from the
transition zone to the edge of the deposition zone.

As shown in Fig. 6(d), we expect a decrease of the sticking coeffi-
cient along the radial direction for both Cu and Al-Mg-Si. However,
there are significant differences between Cu and Al-Mg-Si based on the
observation above:

• The sticking coefficient in Cu rapidly decreases to zero just outside
of the transition zone, with a sharp transition of the material flow
behavior across the boundary between the transition zone and de-
position zone. Material rotation is almost absent in the deposition
zone.

• The sticking coefficient in Al-Mg-Si shows a gradual decrease to non-
zero values throughout the entire deposition zone ( < <R r R0 ). The
material rotation is observed even at the exterior surface of the
deposition zone ( =r R).

The evolution of the sticking coefficient along the radial direction
observed in Cu and Al-Mg-Si is shown in Fig. 7(e).

Further insights into the material flow during AFSD can be gained
by examining the flash forming at the edge of the deposition track,
which shows visible differences between Cu and Al-Mg-Si. The top-view
images in Figs. 8(a) and (b) show that the Cu flash develops discrete,
sharp edges but the Al-Mg-Si flash is indistinguishable from the rest of
the deposit. From the video snapshots in Fig. 7 (also see Supplemental
Information), it is observed that the Cu flash begins to form as

discontinuous sheets once the material enters the deposition zone. In
the absence of material rotation, with more feed material extruded into
the deposition zone, the previously-formed discontinuous sheets are
pushed outward toward the edge of the tool head. In contrast, in Al-Mg-
Si the entire deposition zone ( ≤ ≤R Rr0 ) is observed to rotate with the
tool head. As a result, the flash flows smoothly without geometric
discontinuities. Such differences can be seen from the transverse cross-
section images in Figs. 8(c) and (d).

5. Discussion

In Section 3, we show that the peak temperature TPeak is correlated
with Ω V/ during AFSD of Cu but is correlated with Ω V/2 in Al-Mg-Si.
This suggests that for peak temperature control, the relative dominance
of tool rotation rate Ω over in-plane velocity V is stronger in Al-Mg-Si
than in Cu. In Section 4, we show that the two materials have distinct
interface contact states and material flow behaviors. In this section, we
discuss the correlation between the two aspects in Sections 3 and 4 with
an attempt to link the interface contact and material flow to the heat
generation mechanisms in Cu and Al-Mg-Si.

5.1. Heat generation mechanisms: Cu vs. Al-Mg-Si

During AFSD of Cu, the material rotation and intensive material
flow are mostly observed within the transition zone <r R( 0), whereas
the majority of the material in the deposition zone ( < <R r R)0 does
not rotate with the tool head. As a result, the volumetric heat genera-
tion is almost limited within the transition zone. Regarding the contact
state at the tool-material interface, the deposition zone in Cu is char-
acterized by a full slipping condition as the material appears to be
largely stationary. This leads to significant interfacial heat generation
by friction. During AFSD of Al-Mg-Si, even the exterior surface is found
to rotate, suggesting that the material-tool head interaction effectively
drives the material flow in the deposition zone. Therefore, significant
shear deformation could occur after Al-Mg-Si is extruded beneath the
tool head, resulting in considerable volumetric heat generation. Since
the deposition zone in Al-Mg-Si is found to rotate with the tool head but
at a lower rotation rate (see Fig. 7), the contact state is characterized by
a partial slipping/sticking condition [59].

Fig. 6. A schematic of the AFSD process: (a)
The initial plunge phase, (b) material extrusion
while rotating, and (c) the steady-state stage
where the deposited material occupies the
transition zone directly below the feed-rod and
the deposition zone below the tool head. (d) An
illustration of the interface region, considering
the velocity of tool head and material as well
as the sticking coefficient.
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Because the deposition zone of Cu is characterized by slipping at the
interface and minimal material flow, interfacial friction is expected to
be the dominant heat generation mechanism for the deposition zone.
For Al-Mg-Si, both the interfacial friction and volumetric energy dis-
sipation from plastic deformation are important heat generation

mechanisms. The differences in the heat generation mechanisms be-
tween Cu and Al-Mg-Si are illustrated in Fig. 9, in which the interfacial
heat generation is marked by blue arrows and the volume of deposited
material with significant volumetric heat generation is highlighted in
red. We note that the color gradient of the figure corresponds to the

Fig. 7. The observed material flow features with the deposition footprint of (a) Cu and (b) Al-Mg-Si compared. Video snapshots of material flow are compared for (c)
Cu and (d) Al-Mg-Si at 300 RPM and 2 mm/s in-plane velocity. The Cu snapshots show two distinct regions where Point M remains stationary and Point N rotates
with the tool head; the Al-Mg-Si snapshots show the rotation of the entire deposition zone. (e) A schematic showing the differences between Cu and Al-Mg-Si in the
observed sticking coefficient as a function of the radial position.
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differences in material flow and rotation, rather than the temperature
distribution. While more intensive material flow is expected in the
transition zone, convection via material flow from the transition zone to
the deposition zone could lead to higher temperatures in the deposition
zone [60]. That being said, previous simulation works on FSW have
predicted higher temperature in the center than the edge of the stir zone
[56,61]. Determining the temperature distribution inside the transition
zone and deposition zone in AFSD is beyond the scope of this work and
will require future experimental or simulation efforts.

In addition to the frictional heat and plastic deformation driven by
the stick-slip interface at the tool bottom surface, heat is generated due
to the presence of tool protrusions. In this work, the tool protrusions
height is 1.5 mm and the layer thickness is 0.8 mm. As a result, a sig-
nificant portion of the protrusion penetrates into the substrate. The tool
protrusions interact with the deposited material as well as the substrate,
resulting in (i) frictional heating at the associated interfaces and (ii)
substantial material flow in the volume surrounding the protrusion
path. Regarding the amount of heat generation, the surface area of the
protrusions is small (∼10 mm2) compared to the bottom surface of the
tool head (∼1140 mm2), so the interfacial heat generation contributed
by the protrusions is expected to be small globally. However, they lo-
cally raise the temperature and drive the material flow in the surface
layers of the substrate, and thus play an important role in quality
control in AFSD.

5.2. Influences of the tool head rotation rate on the heat generation
mechanisms

Generally, the interfacial heat generation rate can be written as∫ ∫= − =∼ ∼
Q τ v v dA τ rΩ δdA( ) ( )δ contact tool material contact , where τcontact is
the interfacial shear stress and ∼dA is an infinitesimal interface area. The
integration covers the entire deposition zone: ≤ ≤R r0 R. In AFSD of Al-
Mg-Si, the fractional slip δ and the sticking coefficient − δ(1 ) vary for
different r values in the deposition zone, so∫=− − ∼
Q τ rΩ δ r dA( ) ( )Al Mg Si

contactδ . However, in AFSD of Cu, almost no
material rotation is observed in the deposition zone, so δ is a constant
at =δ 1. Thus, the heat generation equation reduces to∫= ∼
Q τ rΩ dA( )Cu

contactδ . From these equations, the interfacial heat gen-
eration is expected to increase with the tool head rotation rate Ω in
both Al-Mg-Si and Cu due to the term rΩ. However, there is an addi-
tional term δ r( ) in − −Q Al Mg Si

δ , which also increases with the rotation rate
Ω. This is because an increase of Ω leads to an increase of the tool
velocity, resulting in a decrease of the sticking coefficient and an in-
crease of the fractional slip δ. Considering the appearance of Ω in both
terms rΩ and δ(r Ω, ), it should have a more significant influence on the
interfacial heat generation rate in Al-Mg-Si than in Cu.

The total volumetric heat generation rate can be written as∫= ∼Q ζε σ dV˙V ij
p

ij . Here ε̇ijp and σij are the components of the plastic strain

Fig. 8. Pictures of the as-deposited tracks for (a) Cu and (b) Al-Mg-Si from a top-down view. (c) and (d) show the transverse cross-section of Cu and Al-Mg-Si,
respectively. A key difference between the two material systems is seen in the shape and continuity of the flash.

Fig. 9. A diagram showing the heat generation mechanisms for (a) Cu and (b)
Al-Mg-Si. The volumetric heat generation regions are shown in red and the
interfacial friction is highlighted with blue arrows. The Cu system has the most
significant volumetric heat generation directly beneath the feed-rod. In Al-Mg-
Si, the volumetric heat generation zone is large due to substantial material flow.
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rate tensor and the Cauchy stress tensor, the product of which defines
the density of plastic energy dissipation [62]. ζ denotes the ratio of the
heat converted from plastic deformation and ranges from 0.80 to 0.99
[63], ∼dV is an infinitesimal volume, and the integration covers the
volume of material with intensive flow. For Cu, the total volume of
intensive flow∼V Flow is almost equal to the volume of transition zone and
is hardly influenced by the tool rotation rate. For Al-Mg-Si, ∼V Flow is
larger than the volume of transition zone, and likely increases with the
tool rotation rateΩ as suggested by previous studies. In FSW of Al alloy
7020-T6, Lorrain et al. [64] have experimentally observed an increase
of the stir zone size with the tool rotation rate increasing from 300 RPM
to 600 RPM. Using the methodology of scaling, Mendez et al. [65] have
analyzed the heat transfer and plastic deformation during FSW and
predicted a positive correlation between the thickness of the shear layer
(volume with intensive flow) and the tool rotation rate. With ∼V Flow

staying almost constant in Cu but increasing in Al-Mg-Si at a higher
rotation rate, Ω should have a more significant influence on the volu-
metric heat generation rate in Al-Mg-Si than in Cu.

From these analyses, the tool head rotation rate Ω should have
more influences on the interfacial and volumetric heat generation rates
in Al-Mg-Si than that in Cu for a given in-plane velocity. This is prob-
ably the origin of the different power laws of peak temperature between
Cu and Al-Mg-Si, wherein the relative dominance of tool rotation rateΩ
over in-plane velocity V is found to be stronger in Al-Mg-Si than in Cu.
Fundamentally, the drastically different contact states and material
flow behaviors in Cu and Al-Mg-Si are related to stick-slip interactions
with the tool head as well as their intrinsic thermomechanical proper-
ties. For solid materials, the sticking period between two surfaces is
dependent on the kinetic friction coefficient between the interacting
surfaces. Of particular importance here is the friction coefficients of the
Fe-based tool and the deposited materials, Cu and Al. It is known that
the kinetic friction coefficient between Cu:Fe is lower than Al:Fe
[66,67], which leads to a lack of sticking in Cu to the rotating steel tool
and a lower frictional shear stress. Beyond that, Al-Mg-Si has better
intrinsic forgeability with easier plastic flow than Cu [43]. Even with
the same contact shear stress, we would expect more intensive material
flow and rotation in the deposition zone in Al-Mg-Si than in Cu.

6. Conclusions

In summary, we have investigated the temperature evolution and
heat generation mechanisms during AFSD of Cu and Al-Mg-Si via in situ
measurements of the thermal evolution and material flow. In addition
to providing critical thermal data, this work has enabled quantification
of the relationships between the AFSD processing conditions and key
thermal characteristics, while providing physical insights into the dif-
ferences in heat generation mechanisms between Cu and Al-Mg-Si. The

most salient conclusions from this work include:

• TPeak exhibits a power law relationship with Ω V/ in Cu but with Ω2

V/ in Al-Mg-Si.

• The exposure time, heating rate, and cooling rate for AFSD are ap-
proximately on the order of 101 s, 101 -102 K/s, and 101 K/s, re-
spectively. The exposure time increases with an increase of Ω or a
decrease of V, the heating rate increases with an increase of V , and
the cooling rate increases with a decrease of Ω or an increase of V.

• During AFSD of Cu, material rotation primarily occurs in the ma-
terial beneath the rotating feed-rod. The interface between the tool
head and deposited material is under a full slipping condition, and
interfacial friction is the dominant heat generation mechanism in
the deposition zone. During AFSD of Al-Mg-Si, the tool rotation
causes the material in the deposition zone to rotate. The interfacial
contact is under a partial slipping/sticking condition. Both inter-
facial friction and volumetric energy dissipation contribute to the
heat generation in the deposition zone.

• The differences in the heat generation mechanisms between Cu and
Al-Mg-Si, which result from the distinct material flow behaviors and
interface contact states, are likely to be the origin of their different
power laws of peak temperature.
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Appendix A. Substrate temperature evolution during AFSD

The IR camera provides important insight into the temperature distribution on the exterior surface of the deposited material. Complementary to
that, the embedded thermocouples offer an accurate and reliable measurement of the substrate temperature directly beneath the deposited material.
Fig. A1 shows the typical temperature evolution in Cu and Al-Mg-Si measured by thermocouples at positions ATC and BTC. The measured T-t plots are
overlaid with the IR temperature measurements of the deposited material selected at spots AIR, and BIR, which correspond to the location directly
above ATC and BTC, respectively. The exact locations of the measurement can be found in Fig. 1(c) in the main text.

The temperature evolution in the deposited material measured by IR imaging shows a sharper peak with a higher magnitude, a smaller exposure
time, a higher heating rate, and a higher cooling rate compared to the temperature profile of the substrate measured by thermocouples. This is
because the temperature measured by IR imaging results from the heat generation by tool-material interactions and possibly severe plastic de-
formation, whereas in the thermocouple data it is a result of the heat conduction from the deposited material into the substrate. Even before the
arrival of the tool head at Point AIR, Point ATC in the substrate experiences a gradual pre-heating effect due to the material deposited (of elevated
temperature) before Point AIR. The preheating and gradual cooling from conduction result in a broader temperature profile than Point AIR. The
temperature profiles for each spot are strongly site-specific. Locations far from the layer transition, such as Spot ATC and AIR, experience two distinct
peaks with substantial cooling between layers, as seen in Figs. A1 (a) and (b). Spot BTC and BIR are much closer to the layer transition, so the two
peaks from each layer deposition are seen to overlap (see Figs. A1 (c) and (d)).

The difference in the measured temperature at Spot AIR and ATC or Spot BIR and BTC allows us to roughly estimate the contribution of cooling
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mechanisms in AFSD. We consider the heat flux by thermal conduction into the substrate, air convection, and radiation [51–53]. Heat flux by
conduction can be estimated using Fourier’s conduction law = − ∙Φ κconduction T∆ ∆x, where κ is the thermal conductivity. T∆ is the difference in
temperature between the deposited material (measured from the IR camera) and the substrate below it (measured from the embedded thermo-
couples), and x∆ is the distance between the two measured locations. Using =κ 401 and 170 W/m∙K for Cu and Al-Mg-Si respectively [68] as well as= × −∆ x 6.8 10 3m (dimension measured in our experiment), Φconduction is calculated to be on the order of 107 W/m2 or above for both materials. Heat
flux of convection can be estimated using Newton’s law of cooling = − ∙ −Φ h T T( )convection environment . Here, h is the heat transfer coefficient of air
assumed to be in the range of 10−100 W/m2∙K [66], T is the peak temperature measured by the IR camera, and Tenvironment is the ambient tem-
perature set to be 298 K. With these numbers, Φconvection is estimated to be ∼ 103-104 W/m2. The heat flux by radiation is= −Φ εσ T T(radiation environment

4 4 ), where the Stefan-Boltzmann constant σ = 5.67×10−8 W/m2∙K4 and ε is the emissivity [68]. Φradiation is estimated to
be ∼ 104 W/m2. Apparently, the heat flux by conduction is much more significant than that by air convection and radiation. The total heat flow by
each mechanism is a product of the heat flux and the cooling area. Considering the cooling area of each mechanism, the corresponding analysis
concludes that conduction is the dominant cooling mechanism in AFSD for both Cu and Al-Mg-Si.

Appendix B. Supplementary data

Supplementary material related to this article can be found, in the online version, at doi:https://doi.org/10.1016/j.addma.2020.101386.
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