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Friction stir-based solid-state layer deposition techniques show considerable potential as additive manufacturing 
approach but also for repair applications. Researchers investigate different techniques, where the layer deposition 
is mainly based on friction and plastic deformation of a consumable material. The approaches differ in terms of 
setup and if they utilize a tool to feed the consumable material. This study presents a direct comparison of different 
friction-based solid-state layer deposition techniques, i.e., additive friction stir deposition (AFSD) and friction 
surfacing (FS), for the groove repair on the example of high strength aluminum alloys. All deposition strategies 
present a robust process behavior for groove repair. The AFSD deposits present a sound metallurgical bonding, 
whereas the FS repair presents some unbonded regions; however, this is significantly improved when hybrid 
friction diffusion bonding (HFDB) is applied as post-processing technique to the FS deposit. A homogeneous 
average grain size is obtained in the AFSD deposits, whereas FS deposits present slight variations along layer 
thickness. The hardness distribution shows that the heat input is higher for AFSD, indicated by larger heat-affected 
zones in the substrate and lower hardness in the deposited material compared to FS. Overall, both approaches 
can achieve a successful groove repair with process-characteristic differences.

1. Introduction

Friction stir-based solid-state layer deposition techniques operate be
low the materials’ melting temperature and enable the deposition of a 
metallic material as a layer via friction and plastic deformation. These 
technologies have gained increasing attention as they operate at lower 
processing temperatures [1], avoiding major challenges of fusion-based 
approaches related to the high temperatures as well as material melting 
and solidification, for instance, strong microstructural gradients [2], hot 
cracking [3], porosity [4], distortion [5] or high residual stresses [6]. 
Two approaches that are included in many recent research works are 
friction surfacing (FS) [7] and additive friction stir deposition (AFSD) 
[8]. For the FS process, a consumable stud is positioned above the sub
strate and experiences a defined rotational speed as well as axial force. 
As a result, the rotating stud is pressed onto the substrate surface, fric
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tion occurs at the materials’ interface and the tip of the stud starts to 
deform and plasticize. A relative translational movement between stud 
and substrate enables the deposition of the consumable material on the 
substrate as a layer. The approach of AFSD is very similar to FS; how
ever, this process uses a hollow tool to feed the consumable material, 
implying higher requirements on the machine setup. This tool is posi
tioned above the substrate at a defined gap and experiences a rotational 
speed. The rotating consumable material is fed through the tool and 
achieves contact to the substrate surface, where frictional heat is gen
erated and plastic deformation of the consumable material occurs. The 
subsequent feeding of the consumable material leads to filling the small 
gap between substrate surface and tool with plasticized consumable ma
terial. Additional frictional heating occurs when the gap is filled and the 
rotating tool surface is in contact with the extruded consumable mate
rial. A relative translational movement enables the deposition of the 
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consumable material on the substrate as a layer at a defined thickness, 
i.e., the height of the gap between tool and substrate surface.

Friction stir-based solid state layer deposition approaches are good 
candidates to be part of modern materials’ processing cycles as they are 
energy efficient and sustainable. Other approaches enable the process
ing of powder consumable, for instance, powder bed friction stir additive 
manufacturing [9] or particle-based friction stir additive manufacturing 
[10]. Many setups presented in the literature use the processing of a stud 
or wire, see, for instance, Chen et al. [11], where these consumables can 
be produced by a recycling processes [12].

FS as well as AFSD are very well known for the fined-grained mi
crostructure in the layer enabled by dynamic recrystallization [13,14]. 
Moreover, researchers reported very promising mechanical properties 
[15,16]. Many research studies investigated these layer deposition ap
proaches with perspective to additive manufacturing [17]; however, 
these approaches also show great potential for repair applications [18]. 
Already in 2001, Yamashita and Fujita [19] proved the feasibility of FS 
to fill up grooves for stainless steel. Damodaram et al. [20] presented 
the successful groove repair on Inconel 718 via FS. Agiwal et al. [21,22] 
presented FS for 304L stainless steel being capable to deposit a coating 
that sealed 50 μm-wide through-cracks, achieving a leak-tight repair. 
For AFSD, Martin et al. [23] showed that different groove geometries 
can be filled via AFSD with AA6061 and they found an effective depth 
of 2.3 to 2.6 mm for the repair, where the groove geometry did not 
have a significant impact. For deeper grooves, the interface between 
the substrate and the deposited material did not show good bonding. A 
follow-up study [24] included mechanical testing, where the ultimate 
tensile strength exceeded the one of fusion-welded AA6061, indicating 
that AFSD repairs exhibit improved properties compared to repairs via 
fusion-based processes. Avery et al. [25] showed the successful filling 
of a groove via AFSD with AA7075 without observing hot cracking or 
microstructural defects. For the same consumable material, Griffiths et 
al. [26] showed AFSD being an effective approach to fill up the entire 
volume of through-holes and wide grooves. Another work on AA7075 
repair via AFSD [27] presented the successful repair of a 1.6 mm deep 
groove, including an in-depth analysis of the residual stress distribution. 
Wang et al. [28] investigated the AFSD process with regard to the re
pair of 5 mm deep holes. The study analyzed the effect of pre-heating 
and variation of rotational speed, where the ultimate tensile strength 
and elongation were found to be in positive correlation with the rota
tional speed. Zhou et al. [29] investigated the groove repair via AFSD 
for AA7075 and found the groove geometry affecting the properties of 
the repaired structure, i.e., the authors reported that a ‘stair-like’ design 
leads to improved tensile strength.

The feasibility for repair applications as well as the advantages of 
friction stir-based solid-state layer deposition technologies has clearly 
been shown in the literature. Especially for the AFSD process, current re
search studies investigated the properties of repaired structures in more 
depth. However, there is a knowledge gap in exploring the capabilities 
of these processes to fill larger grooves. Additionally, a direct compari
son of FS and AFSD has not been done. Even though the main principles 
are similar, the fact that AFSD uses a tool is accompanied by additional 
effects on the layer formation due to material consolidation compared 
to FS, which does not necessitate a non-consumable tool. A direct com
parison of these technologies is crucial in order to understand and select 
the best approach for the respective repair, particularly considering the 
different machine requirements. The present study investigates the pro
cess behavior of FS and AFSD on a large groove and will provide, for 
the first time to the best knowledge of the authors, a direct comparison 
of these two approaches. The aim of this work is to compare specific FS 
and AFSD process characteristics in general with focus on the investiga
tion of the resulting groove repair with the respective layer deposition 
approaches. The study includes FS depositions in the ‘as welded’ condi
tion as well as FS deposits, which underwent post-processing via hybrid 
friction diffusion bonding (HFDB). The HFDB technique is a process that 
can be used to join two materials via diffusion bonding [30] but was also 

Fig. 1. Schematic of groove geometry investigated in this study and deposition 
strategy applied.

shown to successfully consolidate defects in FS structures and improve 
the bonding [15]. The FS repairs in the ‘as welded’ and post-processed, 
i.e., consolidated via HFDB, are compared to AFSD deposition on the 
same groove geometry. In addition to the comparison of the process 
behavior and resulting layer geometry, an in-depth defect analysis via 
X-Ray computed as well as microstructure and hardness investigation is 
performed.

2. Materials and methods

In this study, different solid-state repair approaches are investigated 
on the example of two different high-strength aluminum alloy combi
nations, i.e., AA2024-T3511 deposited on AA2024-T3 and AA7075-T6 
deposited on AA7475-T7531, respectively. The groove geometry1 in
vestigated is shown in the schematic of Fig. 1, indicating the deposition 
strategy, i.e., the deposition direction, for the respective single layer 
groove repairs. The layers were deposited across the groove to inves
tigate and compare the behavior of the respective repair approach on 
the edges. Different approaches are compared, i.e., FS, FS with HFDB 
post-processing and AFSD, Fig. 2. The overview of the respective pro
cess parameters is given in Table 1. The details on the individual process 
setups as well as the investigation of the depositions are given in the fol
lowing.

2.1. FS experiments

The FS experiments of this study were performed using a custom
designed friction welding system (RAS, Henry Loitz Robotik, Germany). 
The equipment allows to program the deposition path via computer nu
merical control (CNC). The process principle is presented in Fig. 2b, 
where the main controlling parameters are axial force, rotational speed 
and travel speed. The welding equipment allows for force-controlled 
FS layer deposition, which might be advantageous compared to feed 
rate-controlled FS process when grooves or uneven surfaces are the ba
sis for the deposit. The feed rate-controlled FS layer deposition on a 
groove might lead to axial force differences along the deposit, which, 
in turn, would result in differences in terms of the deposit bonding 
along the deposit. In addition, force peaks, for instance, when reach
ing an edge during the FS layer deposition might lead to the risk of 

1 The specific groove geometry is investigated from an engineering point of 
view. The application scenario cannot be shared due to confidential reasons.
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Fig. 2. The schematic of (a) additive friction stir deposition (AFSD) layer deposition process presents the setup of the tooling with two consumable rods in the AFSD 
tool, also known as twin rod AFSD. The main process parameters are the tool travel speed, feed rate of the consumable material and rotational speed, where the 
latter is driven by a temperature control. The schematic of (b) the friction surfacing (FS) layer deposition process presents the three main process parameters, which 
are rotational speed, axial force and travel speed. The consumable stud is used without additional tooling devices. The schematic (c) of the post-processing of an FS 
deposit via hybrid friction diffusion bonding (HFDB) is performed at defined tool rotational speed, travel speed and plunge depth, leading to an axial force that is 
applied to the subsequent structure. The HFDB tool (d) presents a convex surface with a spiral pattern.

Table 1
Overview of applied process parameters for the deposition of AA7075 and 
AA2024 consumable material via friction surfacing (FS) and additive friction 
stir deposition (AFSD) as well as parameters used for post-processing of the de
posits via hybrid friction diffusion bonding (HFDB).
Alloy Process Axial Force Rotational Speed Travel Speed Feed Rate 

[kN] [rpm] [mm/s] [mm/s] 

AA7075

FS 8 900 1.3 0.97 
HFDB - 1000 2.5 -

AFSD 21 100-625 0.34375 0.21

AA2024

FS 20 600 2.5 2.10 
HFDB - 1500 2.5 -

AFSD 21 100-625 0.34375 0.21 

stud bending, depending on the control parameters. In terms of AA2024 
consumable material, the parameters were developed from a previous 
study by the authors [31], where AA2024 studs with 20 mm in di
ameter were successfully deposited. The parameters of the presented 
work for AA7075 are based on a study by Li et al. [32]. The travel 
speed was adapted in the area of the groove, i.e., the travel speed was 
reduced by a factor of three, to ensure that enough consumable stud 
material is processed to fill up the groove completely. For AA2024, the 
travel speed was reduced from 7.5 mm/s to 2.5 mm/s, and for AA7075 
consumable material, the travel speed was reduced from 4 mm/s to 
1.3 mm/s in the region of the groove, respectively. The consumable 
studs (23 mm diameter, 125 mm length) were deposited at room tem
perature. An AA2024-T351 backing plate (8 mm thickness) was added 
between substrate and machine table to ensure stable thermal conduc
tion.

2.2. HFDB post-processing

The HFDB post-processing of the FS deposits was performed on the 
same machine (RAS, Henry Loitz Robotik, Germany) as the FS layer 
depositions and a schematic is presented in Fig. 2c. The non consumable 
HFDB tool (quenched and tempered steel X2NiCoMo18-9--5) is 22 mm 
in diameter and presents a slightly convex surface (0.5 mm) and a spiral 
groove in the contact surface. The HFDB process procedure is similar to 
the FS layer deposition. The rotating tool is pressed onto the surface, i.e., 
the FS deposit until a pre-defined plunge depth is reached. After that, 
a relative traveling is superimposed to the rotating tool. The process 
is performed in position-control and the HFDB process is repeated 5 
times, where the plunge depths were ranging from 0.2 mm to 0.9 mm. 
For the first HFDB post-processing passes on the rough FS deposit, the 
plunge depth was set to lower values to achieve an even surface for the 
subsequent processes. The even surface allows a planar contact to the 
HFDB tool for subsequent processes and the plunge depth was increased 
step by step.

2.3. AFSD experiments

The AFSD experiments of this study were performed using an AFSD 
friction welding system (BOND Technologies, USA). Similar to the FS 
welding equipment, the deposition path is programmed via CNC, which 
allows free design of the path geometry. The controlling parameters for 
the AFSD depositions were the feed rate and the travel speed. A chal
lenge during AFSD layer deposition at constant process parameters is 
the heat accumulation throughout the process, i.e., continuous temper
ature increase throughout the deposition, leading to different process 
temperatures along the deposit length [33]. This can be overcome by 
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using a temperature-controlled process, resulting in constant process 
temperatures throughout the whole layer deposition process by adapt
ing the rotational speed [34]. Similar observations were also reported 
for friction stir welding and compared to AFSD [35]. In this study, a tem
perature control has been used, where the rotational speed is adapted 
within an allowed range of 100 to 625 rpm to keep a constant process 
temperature of 360 ◦C, which is measured within the AFSD tool (1 mm 
from tool face) using a thermocouple. The twin rod configuration has 
been used for this study, [36], Fig. 2a. The AFSD tool (H13 tool steel) has 
a diameter of 38 mm and presents a flat surface. The distance between 
tool face and the 8 mm thick part of the substrate was set to 0.25 mm. For 
each AFSD deposit, two consumable rods (12.7 mm diameter, 152.4 mm 
length) were used. To accommodate the twin rod depositions, the tool 
has two 14 mm bores that are spaced 7 mm offset from the tool center. 
For AFSD, there are some previous studies available in terms of groove 
repair by the authors. Different processing parameters for AFSD groove 
repairs have been used from 0.41 mm/s [37] to 0.83 mm/s [25] but 
these were with considerably smaller groove volumes (1-3 mm deep, 
10 mm wide), so a slower speed was selected through internal trial to 
compensate for the extra volume that is needed to effectively fill the 
groove, Table 1. The process parameter set at constant travel speed pre
sented a successful and homogeneous deposition for both consumable 
materials. Similar to FS, an AA2024 backing plate (8 mm thickness) was 
added between substrate and machine table to ensure a stable thermal 
conduction. Additionally, a tool preheat step prior to the deposition was 
implemented by adding a separate sheet of AA6061 next to the deposi
tion plate and programming the machine to plunge, rotate and dwell 
until the embedded thermocouple reached 300 ◦C. Once the preheat 
temperature was reached, the tool will translate to the starting location 
of the deposit and initiate the deposition.

In AFSD, the support of the consumable material by a shoulder al
lows lower rotational speed and slower travel speed compared to FS. 
In FS, a higher rotational speed is necessary to keep the process stable, 
avoiding stud buckling. Due to the larger diameter of the AFSD tool, 
lower rotational speeds are necessary when the parameters should be 
transferred. Considering the fact that not the full consumable stud ma
terial is deposited during FS as some of the material is pushed outside, 
forming the FS-typical flash, the radius of the assumed contact area that 
actually forms the deposit is approx. 60-70% of the consumable stud 
radius. So, the FS rotational speeds between 600 and 900 rpm for an 
assumed contact radius of 6.9 mm (60% of the FS consumable stud di
ameter) would result in approx. 110 to 165 rpm for a 38 mm diameter 
AFSD tool, which is in the range of the rotational speed applied during 
the AFSD layer deposition by the temperature control during the experi
ment. The faster feeding during the FS necessitates a certain travel speed 
compared to the AFSD layer deposition process. In contrast, for AFSD, 
a slow travel speed ensures the process-characteristic ‘ironing effect’ of 
the tool shoulder on the deposit. Overall, the specific process charac
teristics of FS and AFSD necessitate a certain process parameter range, 
which presents differences. These can mainly be related to the shoulder 
used during AFSD and the stability that is needed to avoid consumable 
stud buckling during FS.

2.4. Defect analysis

X-Ray computed tomography (CT) scans were performed via a North 
Star Imaging (NSI) X-3000 microfocus X-Ray system (Rogers, MN, USA) 
across the depositions. For all scans, a voltage of 180 kV and current of 
500 μA, with a focal spot size of 90 microns, was used to generate an X
Ray beam with a voxel resolution of 34 μm. After scans were complete, 
the deposition radiographs were analyzed using Dragonfly (Montreal, 
Quebec, Canada), an image segmentation software, to quantify and com
pare the features of interest (void content) between samples. For each 
dataset, three slices, or cross-sectional images, were manually classi
fied, distinguishing between void content and material. The software 
then applied this classification to the remainder of the slices creating a 

complete mapping of the build’s features (void content and material), to 
allow for void content analysis and imaging to compare between sam
ples. It should be noted that the voxel size of 34 μm was used, implying 
that features of interest, i.e., voids, smaller than that dimension would 
not be identified through this approach.

2.5. Sample preparation and microscopy

Three cross sections were taken for each deposit from the start, 
center and end of the groove, Fig. 1. The cross sections were embed
ded, ground and polished following common metallographic practices. 
Electro-chemical etching was performed using Barker’s solution at 15 V 
for 60 s (AA2024) and 15 V for 70 s (AA7075). Images before and af
ter etching were taken using a light microscope (VHX-7000, Keyence, 
Germany). The center cross-sections were investigated using a scanning 
electron microscope (Thermo Fisher Scientific, USA) with an EDAX Ve
locity Series EBSD detector (AMETEK Inc., USA) using a voltage of 15 
kV, a working distance between 15 mm and 20 mm, a magnification 
of × 1000, and a step size of 0.1 μm and 0.2 μm for the AA2024 and 
AA7075 samples, respectively. Each sample was scanned in three re
gions in the center along the thickness of the deposits: at the bottom of 
the deposit 0.3 mm away from the layer-to-substrate interface, at the top 
at 0.3 mm from the top edge, and at the center. The collected data was 
analyzed using the EDAX OIM Analysis Software, setting a minimum 
grain size of 10 points, and a confidence index above 0.2. The grain size 
was evaluated using the equivalent diameter method. The grain orienta
tion spread (GOS) shows the average misorientation within each grain. 
Low GOS values are representative of a low deformed grain structure. 
Commonly, different threshold values are used to distinguish between 
refined and not refined grains [38,39]. In this work, to detect the refine
ment of the grain structure of the analyzed EBSD regions, a 5◦ threshold 
was set.

2.6. Mechanical properties

Hardness measurements were performed with an automated hard
ness testing machine (Durascan 70 G5, Emco-Test, Austria). The hard
ness mappings were obtained using a Vickers indenter (136◦ opening 
angle) at equidistant indent spacing of 0.5 mm at a load of 100 g with 
a holding time of 10 s.

A second indentation method was used to obtain data about the 
plastic material behavior by analyzing the profile of the indentation, fol
lowing the DIN SPEC 4864 [40] standard. These tests were performed 
using an indentation testing machine (i3D BVR, Imprintec GmbH, Ger
many) for the cross-sections of all deposits taken from the center of the 
groove. The Type-B indenter, which has a spherical shape with a radius 
of 100 μm, was used to indent the sample at 5 kg. The material card ``Al
unverified'' was selected for the calculation of the plastic stress–strain 
curves. Measurements were performed within the deposit at an equidis
tant spacing of 2.3 mm between the indents. For more information on 
this testing method, the interested reader is referred to [41].

3. Results and discussion

3.1. Deposition behavior

The FS as well as the AFSD layer deposition processes presented 
a very robust deposition behavior on the groove. The deposits for 
AA2024/AA2024 and AA7075/AA7475 for all approaches investigated, 
i.e., FS, FS+HFDB and AFSD, are presented in Fig. 3. The FS layers 
present the process-characteristic rough surface appearance, Fig. 3(a, 
d), whereas the AFSD layers present a more homogeneous surface, re
sulting from the consolidation effect by the AFSD tool, Fig. 3(c, f). After 
HFDB post-processing, Fig. 3(b, e), the FS deposit shows a smooth sur
face; however, due to the dimensions of the HFDB tool that was used 
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Fig. 3. Appearance of layer depositions for AA7075 consumable material for (a) friction surfacing (FS), (b) FS with hybrid friction diffusion bonding (HFDB) post
processing and (c) additive friction stir deposition (AFSD). Appearance of AA2024 deposit for (d) FS, (e) FS with HFDB post-processing and (f) AFSD. Deposition 
direction and direction of rotation of the deposition processes are represented by the dashed arrow and the clockwise arrow, respectively.

Fig. 4. Process behavior of the additive friction stir deposition (AFSD) AA2024 layer deposition and friction surfacing (FS) AA2024 consumable stud depositions 
relative to the groove center.

for the consolidation, a significant flash is formed at the sides of the de
posit, which necessitated machining. The AFSD layers present the widest 
layers enabled by the 38 mm diameter AFSD tool, controlling the layer 
thickness, which was set to 0.25 mm.

Even though the solid-state layer deposition approaches of FS and 
AFSD are closely related, a direct comparison is challenging. The re
spective setup of the two approaches, i.e., FS using a 23 mm stud and 
AFSD using two 12.7 mm studs, leads to a consumable stud material 
cross section of 415 mm2 (FS) and 253 mm2 (AFSD). For FS, the force
controlled deposition process with adapted, i.e., reduced, travel speed 
within the groove, leads to a continuously stable feeding in axial direc
tion, Fig. 4, with axial feed rates of approximately 0.97 mm/s (AA7075) 
and 2.10 mm/s (AA2024). Considering the dimensions of the consum
able studs, this results in a feed volume per time of approx. 403 mm3/s 
(AA7075) and 873 mm3/s (AA2024). However, not the complete fed 
consumable material is forming the layer as parts of it are pushed out 
of the process zone, forming the FS-characteristic flash. For both alloys, 
the weight difference between stud before and remaining stud after the 
layer deposition (100 mm length) at the respective process parameters 
is approximately 25 g.

The AFSD process is performed in position-control, i.e., the feed rate 
is set to a specific value (0.21 mm/s). Considering the cross section of the 
AFSD consumable material, this would result in a feed volume per time 
of 53.2 mm3/s. For the whole deposition process, the tool is at a fixed po
sition above the substrate, i.e., defining the layer thickness of 0.25 mm. 
However, the space between tool and substrate is varying throughout 

the deposition process as the process travels across the groove, which 
leads to a gap effectively varying between 0.25 and 3.45 mm. In the 
start and end region, where less space is available, the resulting forces 
are high and reach the maximum force limit of 21 kN of the feedstock 
actuator which is a separate load cell from the forge forces (Z-Force), 
Fig. 4. When the actuator force limit is reached, the actuator modu
lates and reduces the feed rate via a force-control PID loop, i.e., the 
Z-displacement is reduced in these regions. Within the first half of the 
groove, the actuator force is lower and, in turn, the feed rate increases 
accordingly up to the prescribed speed (0.21 mm/s), resulting in an in
creased Z-displacement, Fig. 4. This is evident from the changing slope 
of the Z-displacement (actuator displacement) on Fig. 4 for the AFSD de
position, which is decreasing when the process approaches the second 
half of the groove region. The reduction in the actuator speed can be at
tributed to the feedstock experiencing increased friction within the tool 
as excess deposited material is accumulated along the surface, causing 
lateral flow to be reduced and the actuator to reach its force limit.

Overall, due to the different setups and control parameters, a direct 
comparison of FS and AFSD in terms of process response remains chal
lenging. With regard to the machine setup for this specific groove repair 
application scenario, it can be stated that the axial forces as well as the 
torque are significantly higher for the AFSD setup compared to FS. The 
AFSD depositions were performed at a slower travel speed, resulting in 
a deposition process that takes longer than the one for the FS setup. A 
slower travel speed was used for the AFSD depositions since previous 
trials with faster speeds yielded depositions with under filled regions. 
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Fig. 5. X-Ray computed tomography (CT) scans for AA2024 deposited via (a-b) friction surfacing (FS), (c.-d) FS with hybrid friction diffusion bonding (FS+HFDB) 
post-processing and (e-f) additive friction stir deposition (AFSD). The white arrows indicate the deposition direction and direction of rotation during layer deposition. 
The red color indicates defect volumes of 64 μm voxel size and larger.

During the initial trials, the AFSD volumetric extrusion ratio (ratio be
tween the amount of material extruded to the volume of space traversed 
by the tool during deposition) of 1.1 to 1.3 was considered based on 
prior experimental observations through an iterative optimization that 
varied traverse speed and actuator speed.

3.2. Defect analysis

The X-Ray CT investigation of the repaired grooves reveals the void 
volumes, where the analysis was focused on the area with the groove. 
The X-Ray CT images are presented in Figs. 5 and 6 for AA2024 and 
AA7075 consumable material, respectively. The detected voids are high
lighted in red color while the deposit-substrate opacity was lowered to 
allow visualization through the sample.

The scans show void-free volumes in the center, where the AFSD re
paired groove presents the widest void-free area, which can be related 
to the 38 mm width of the tool, which is discussed further in the fol
lowing. For the FS sample, where no tooling was present, defects can be 
observed close to the center of the sample, where the void volume in
creases towards the center of the groove and decreases again towards 
the end of the groove. This can be observed for both consumable ma
terials; however, AA7075, Fig. 6(a.2), presents significantly more void 
volumes, distributed in the whole groove area, than AA2024, Fig. 5(a.2).

The fact that a lower amount of defect volumes are observable for 
AA2024 might be related to the process parameters selected, i.e., the ax

ial force was significantly higher for this consumable material, enabling 
more consolidation during FS layer deposition process.

This indicates that process optimization towards a higher axial force 
might lead to improvement of the layer to substrate bonding within the 
groove. For FS on flat surfaces, i.e., conventional sheets as substrate, the 
process parameters are known to affect the layer-to-substrate bonding 
strength [42]. However, the groove geometry might also be an influenc
ing factor in this regard and it is necessary to perform the optimization 
with regard to all relevant process variables, such as specific groove, 
material deposition approach, etc.

The FS samples with HFDB post-processing, Figs. 5(b.2) and 6(b.2), 
clearly indicate the processing width of the HFDB tool. The deposit 
within this post-processed part presents a mostly void-free volume, i.e., 
reduction of defect volume compared to the respective FS deposits. The 
unprocessed parts of the deposits on AS and RS remain with distinct void 
volumes. The thermomechanical processing via HFDB, i.e., the axial 
force applied to the structure by the rotating tool, leads to consolida
tion of the FS deposited material. This observation for groove repair is 
similar to findings presented in terms of consolidated voids via HFDB in 
FS additive structures [15].

The void percentage along the layer width, i.e., from AS to RS, is pre
sented in Fig. 7. For both consumable materials, the FS sample presents 
the narrowest void-free width and especially for the AA7075 consum
able material, there are significant void volumes detectable close to the 
center of the deposit, Fig. 7b. The post-processing via HFDB clearly 
shows the improvement in terms of defect consolidation and resulting 
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Fig. 6. X-Ray computed tomography (CT) scans for AA7075 deposited via (a-b) friction surfacing (FS), (c-d) FS with hybrid friction diffusion bonding (FS+HFDB) 
post-processing and (e-f) additive friction stir deposition (AFSD). The white arrows indicate the deposition direction and direction of rotation during layer deposition. 
The red color indicates defect volumes of 64 μm voxel size and larger.

in a wider part of the deposit that shows a very low void percentage. Es
pecially the regions, where the FS samples present void percentages of 
around 1%, HFDB is capable to fully consolidate this material as long as 
it is within the HFDB effective processing path, which is determined by 
the tool diameter used. In addition, the data analysis clearly illustrates 
that the widest deposits at void volume below 0.5% are achievable via 
the AFSD approach; however, these samples present the most distinct 
defect volumes at the sides of the deposit. This finding is attributed to 
the setup, namely the tool diameter used in this study. Using a larger 
HFDB tool diameter for the processing of FS deposits might lead to a 
wider and nearly void-free width as well. This might be an interesting 
aspect to consider for setups for future research towards applications.

Considering the maximum width of the consumable material, it is 
23 mm for FS and 25.4 mm for AFSD. However, AFSD uses a smaller 
consumable material cross section and less volume per time is fed, this 
deposition approach presents the widest layers. Considering the join
ing efficiency, 𝜂𝑗𝑜𝑖𝑛𝑖𝑛𝑔 , which is the ratio of the bonded part of the 
layer to the overall layer width, i.e., 𝜂𝑗𝑜𝑖𝑛𝑖𝑛𝑔 = 𝑏𝑜𝑛𝑑𝑒𝑑 𝑤𝑖𝑑𝑡ℎ

𝑑𝑒𝑝𝑜𝑠𝑖𝑡  𝑤𝑖𝑑𝑡ℎ , the AFSD 
presents the highest joining efficiency, Table 2. This is in agreement with 
observations from the cross sections (Figs. 8-13), where the AFSD de
posits present smaller unbonded edges. Especially the FS AA7075 sam
ple presents a narrow bonded width, leading to a low joining efficiency. 
This is related to the voids at the layer-to-substrate interface, which 
will be discussed in more detail in the following section. Considering 
the respective tool diameters, the ratio of bonded width per tool diam

Table 2
Deposit width (measured from cross sections) and bonded width (deposit width 
with void percentage <0.5% obtained from X-Ray tomography) and calculated 
joining efficiency, 𝜂𝑗𝑜𝑖𝑛𝑖𝑛𝑔 , as well as tool joining efficiency, 𝜂𝑡𝑜𝑜𝑙 𝑗𝑜𝑖𝑛𝑖𝑛𝑔 , for all 
deposition approaches and materials investigated.
consumable process deposit width bonded width 𝜂𝑗𝑜𝑖𝑛𝑖𝑛𝑔 𝜂𝑡𝑜𝑜𝑙 𝑗𝑜𝑖𝑛𝑖𝑛𝑔

[mm] [mm] [%] [%] 

AA2024

FS 29.6 20.0 67.6 87.0 
FS+HFDB 33.1 18.2 55.0 82.7 
AFSD 37.5 25.2 67.2 66.3

AA7075

FS 28.6 11.7 40.9 50.9 
FS+HFDB 33.5 17.8 53.1 80.9 
AFSD 37.3 27.7 74.3 72.9 

eter can be introduced as 𝜂𝑡𝑜𝑜𝑙 𝑗𝑜𝑖𝑛𝑖𝑛𝑔 ,2 where 𝜂𝑡𝑜𝑜𝑙 𝑗𝑜𝑖𝑛𝑖𝑛𝑔 =
𝑏𝑜𝑛𝑑𝑒𝑑 𝑤𝑖𝑑𝑡ℎ

𝑡𝑜𝑜𝑙 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 . 
Considering the respective tool diameter, the effectiveness of the HFDB 
post-processing is highlighted, presenting 𝜂𝑡𝑜𝑜𝑙 𝑗𝑜𝑖𝑛𝑖𝑛𝑔 above 80%, which 
is a significant improvement compared to FS and is also higher than 
the values obtained for AFSD, Table 2. However, high 𝜂𝑡𝑜𝑜𝑙 𝑗𝑜𝑖𝑛𝑖𝑛𝑔 can be 
achieved via FS for AA2024, where the samples present a large bonded 

2 As FS does not use a tool, the stud diameter of 23 mm was taken into account 
for the FS samples. For the FS+HFDB and AFSD samples, 22 mm and 38 mm 
diameters were taken into account, being the diameters of the HFDB tool and 
AFSD tool, respectively.
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Fig. 7. Defect volume (void percentage [%]) along deposit width, i.e., from 
retreating side (distance from center < 0 mm) to advancing side (distance from 
center > 0 mm) within the groove for (a) AA2024 and (b) AA7075 consumable 
material. Deposits obtained via friction surfacing (FS), FS with hybrid friction 
diffusion bonding (FS+HFDB) and additive friction stir deposition (AFSD).

width, leading to high tool bonding efficiency when the stud diameter 
is considered, Table 2.

Three cross sections were taken from the repaired grooves, Fig. 1, 
and provide further insight in addition to the CT scans. The AA2024 FS 
deposit presents the FS-characteristic bonded width observable for the 
samples taken from the start and end, whereas the sample taken from 
the center of the groove exhibits voids along the whole layer-to-substrate 
interface, Fig. 8, which was not observable to that detail from the cor
responding CT scan, Fig. 5(a). In the center of the groove, the substrate 
has the largest distance to the actual process zone, i.e., the tool face, 
and as the process advances, a transition from one edge of the groove 
to the other edge of the groove is occurring. These aspects lead to the 
assumption that achieving bonding in the center of the groove is more 
challenging for this deposition strategy. For the FS samples with HFDB 
post-processing, Fig. 9, the bonding is significantly improved, especially 
within the center of the groove, underlining the effectiveness of HFDB 
defect consolidation for FS-deposited structures, which has been proven 
for multi-layer FS [15]. The AFSD AA2024 sample, Fig. 10, presents a 
wide deposit with a very homogeneous thickness. Only the outer edges 
present some unbonded part, where this seems to be most distinct for 
the sample taken from the end of the groove. The AA7075 consumable 
material on the AA7475 sheet mainly shows a similar characteristic com
pared to the AA2024 samples. For the FS sample, Fig. 11, all three cross 
sections taken from the deposit present distinct defects along the layer
to-substrate interface. This is in agreement with the observations from 
the CT scans, Fig. 6(a). Again, the HFDB post-processing improves the 
bonding presented by the cross sections, Fig. 12. At the edges of the 
groove, i.e., for the cross sections taken from start and end, deformation 
of the substrate and slight mixing of substrate material into the deposit 

Table 3
Fraction of grain orientation spread (GOS) values below 5◦ of friction surfacing 
(FS), FS with hybrid friction diffusion bonding (FS+HFDB), and additive friction 
stir deposition (AFSD) of AA2024 and AA7075 samples, for scans in the bottom, 
center, and top positions within the center of the groove.

Position
AA2024 AA7075 
FS FS+HFDB AFSD FS FS+HFDB AFSD 

GOS < 5◦
top 0.982 0.987 0.958 0.971 0.960 0.973 
center 0.994 0.999 0.980 0.997 0.989 0.992 
bottom 0.991 0.999 0.976 0.991 0.993 0.991 

are observable. Similar to AA2024, the AA7075 AFSD sample presents 
a wide deposit with a very homogeneous thickness with a small amount 
for deposited material forming unbonded edges, Fig. 13.

3.3. Grain size

The average grain size was analyzed at three positions in the center 
of the cross sections taken from the center of the groove, Fig. 14, where 
the number fraction grain size distribution is presented for the center 
scan position of the respective deposits. For the AA2024 material, the 
AFSD sample, Fig. 14(c.1-c.3), presents a homogeneous average grain 
size along layer thickness, which is known from literature [43], whereas 
the FS layer, Fig. 14(a.1-a.3), shows slightly coarser grains in the center 
than near the top and bottom, which was reported to be characteristic 
for FS [44] and can be related to the material flow mechanism during 
FS, where local temperature and strain rate gradients are present [45]. 
Few elongated grains can be seen in the IPF maps of the AFSD sample. 
The presence of elongated grains was already reported in literature in 
double 4 mm thick friction extrusion additive manufacturing deposit, a 
process very similar to AFSD [46]. It is assumed that those are non fully 
recrystallized grains of the feedstock material. Their number is very low, 
thus they do not affect the mean grain size results. Overall, the average 
grain size is within a comparable range for FS and AFSD, i.e., between 
1.1 and 1.9 μm. The HFDB post-processing leads to additional thermo
mechanical processing cycles, resulting in larger average grain size in 
the respective top and center position of the deposit, Fig. 14(b.1-b.3), 
whereas the bottom remains similar to before. This indicates that the 
microstructure processing depth of the HFDB post-processing cycles is 
above the layer-to-substrate interface, resulting in an unaffected aver
age grain size of the bottom part of the deposit. However, above the 
bottom part, HFDB is processing the fine-grained FS deposited mate
rial and leading to a grain size increase towards the top of the layer, 
which might be related to grain growth enabled by the HFDB process 
temperatures. This is a result of the additional accumulated thermo
mechanical cycles during every HFDB pass. The effect of multiple passes 
of a friction stir-based materials processing technique is part of some 
investigations available in the literature. For instance, for friction stir 
processing, which is a materials processing technology comparable to 
HFDB, El-Rayes and El-Danaf [47] also observed that multiple process
ing passes lead to an increased grain size. For the AA7075 deposits, the 
results with regard to the average grain size, Fig. 15, are in good agree
ment with the findings on the AA2024 samples and are not discussed in 
detail for brevity.

To further assess the grain refinement by dynamic recrystallization, 
the fraction of GOS below 5◦ is shown in Table 3. For all the scanned 
positions and samples, a value above 0.958 is reported, confirming the 
refinement grains via dynamic recrystallization [48].

3.4. Mechanical properties

The hardness mappings are shown in Fig. 16 for AA2024 and AA7075 
consumable material, respectively. For both materials, the FS sample 
presents the smallest heat-affected zone. This is related to the fact that 
the FS sample underwent only one single thermo-mechanical process
ing cycle, i.e., the layer deposition process. In contrast, the approach 
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Fig. 8. Macrographs before and after etching for cross sections taken from AA2024 FS deposit at (a) start, (b) center and (c) end along the groove, as presented in 
Fig. 1.

Fig. 9. Macrographs before and after etching for cross sections taken from AA2024 FS deposit with HFDB post-processing at (a) start, (b) center and (c) end along 
the groove, as presented in Fig. 1.

Fig. 10. Macrographs before and after etching for cross sections taken from AA2024 AFSD deposit at (a) start, (b) center and (c) end along the groove, as presented 
in Fig. 1.

Fig. 11. Macrographs before and after etching for cross sections taken from AA7075 FS deposit at (a) start, (b) center and (c) end along the groove, as presented in 
Fig. 1.

Fig. 12. Macrographs before and after etching for cross sections taken from AA7075 FS deposit with HFDB post-processing at (a) start, (b) center and (c) end along 
the groove, as presented in Fig. 1.
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Fig. 13. Macrographs before and after etching for cross sections taken from AA7075 AFSD deposit at (a) start, (b) center and (c) end along the groove, as presented 
in Fig. 1.

Fig. 14. Inverse pole figure (IPF) maps taken from cross sections at center of the groove for three positions along layer thickness, i.e., top, center and bottom, for 
friction surfacing (FS) (a.1-a.3), FS with hybrid friction diffusion bonding (FS+HFDB) (b.1-b.3) and additive friction stir deposition (AFSD) (c.1-c.3) using AA2024 
consumable material. Particles and secondary phases lead to low confidence index regions below 0.2, resulting in black color in the IPF maps. The number fraction 
grain size distribution for the center EBSD scan position is shown in (d).

of FS with HFDB post-processing, presents a deeper heat-affected zone. 
Within the deposit, the FS and FS+HFDB samples present a hardness in
crease towards the top of the deposit, which is commonly known for FS 
layers of precipitation-hardenable aluminum alloys [13] and is a result 
of the local temperature distribution throughout the layer deposition 
process. The FS+HFDB sample presents a higher hardness than the FS 
sample in the center within the HFDB-processed (consolidated) area. 
Similar to FS, HFDB might lead to local solubilization of alloying ele
ments and secondary phases. The top part cools down faster than the 
bottom due to convection and less overaging is assumed. The AA2024 
AFSD sample presents a low and homogeneous hardness within the de
posited material. As a result of the slower travel speed used in AFSD, 
the heat accumulated during the process takes longer to cool down, en
abling the precipitates to grow and overage. The overaging phenomena 
are assumed to start just after the layer formation, as the 𝜃 (𝐴𝑙2𝐶𝑢) and 
S (𝐴𝑙2𝐶𝑢𝑀𝑔) phase have a solidus temperature just below the process 
temperature, which is approximately 60-90% of the material’s melting 
temperature for friction stir-based processes [49]. This causes a homo
geneous low hardness value in the deposit. The AA7075 AFSD deposit, 
Fig. 16(f), presents the characteristic trend along deposit height with 
slightly higher hardness at the top [50]. Compared to the respective 
AA7075 FS and FS+HFDB deposits, Fig. 16(d, e), the hardness is signif
icantly lower. Additionally, the minimum hardness within the substrate 
material is also lower than observed for the respective FS or FS+HFDB 
samples. Compared to AA2024 consumable material, the AA7075 AFSD 

deposit does not show a homogeneous drop of hardness, but a simi
lar trend to the FS and FS+HFDB deposits. This occurs because the 
characteristic 𝜂 (𝑀𝑔𝑍𝑛2) precipitates feature a lower solidus temper
ature.3 The temperature control during AFSD limited the temperature 
to 360◦ during deposition. However, the measuring thermocouple, is 
1 mm away from the tool face. The localized temperature is likely to 
present higher temperatures due to the high shear rates near the tool 
face, which would promote partial or full dissolution of the precipi
tates. So, the precipitates solubilize during the process, and afterwards, 
during cooling, they precipitate and overage less, resulting in a higher 
hardness compared to 2xxx aluminum alloy series. Considering the sub
strates, AA7475 is expected to feature less stability to temperature than 
AA2024, meaning it suffers more overaging or solubilization of precip
itates, hence the lower hardness in the area below the deposit.

Process temperatures (measured in the substrate) for FS of AA2024 
can be expected to be around 400 ◦C [31], assuming that the groove 
geometry is similar to a flat surface. This is in agreement with process 
simulations of this material, see, for instance, [54,55]. Similar temper
ature ranges were reported in the experimental-numerical investigation 

3 The lowest solid solution temperature recommended by ASTM standard is 
465 ◦C [51]. However, literature shows that also lower temperatures lead to 
the solubilization of 𝜂 precipitates in the aluminum matrix, e.g., 440 ◦C for FS 
deposits [52], or even 400 ◦C for friction extruded wires [53].
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Fig. 15. Inverse pole figure (IPF) maps taken from cross sections at center of the groove for three positions along layer thickness, i.e., top, center and bottom, for 
friction surfacing (FS) (a.1-a.3), FS with hybrid friction diffusion bonding (FS+HFDB) (b.1-b.3) and additive friction stir deposition (AFSD) (c.1-c.3) using AA7075 
consumable material. Particles and secondary phases lead to low confidence index regions below 0.2, resulting in black color in the IPF maps. The number fraction 
grain size distribution for the center EBSD scan position is shown in (d).

Fig. 16. Hardness distribution for cross section taken from the center of the groove for AA2024 (a-c) and AA7075 (d-f) consumable material via (a, d) FS, (b, e) FS 
with additional HFDB post-processing and (c, f) AFSD.

of multi-layer FS of AA7075 consumable material by Jadot et al. [56]. 
The AFSD process tends to reach higher process temperatures compared 
to FS because of the significant differences in terms of the heat dissipa
tion conditions. As the shoulder is made from steel, the heat is stored 
and remains in the setup. The shoulder around the consumable mate
rial leads to heat accumulation after the process is initiated and the 
consumable material is continuously heating up, leading to higher max
imum process temperatures compared to the FS process, where the heat 
is able to dissipate to the environment more easily.

The result obtained via the Imprintec indentation method, yield 
strength, 𝑅𝑝0.2, ultimate tensile strength, 𝑅𝑚 and elongation, 𝐴, are pre
sented in Table 4. For AA2024 consumable material, the yield strength 
for FS and FS+HFDB are both between 300 and 350 MPa. The FS+HFDB 
sample presented a higher ultimate tensile strength at lower elonga

tion. This observation might be related to the changes in precipitate size 
and distribution as well as microstructure by the HFDB post-processing. 
The AFSD AA2024 deposit presents a lower yield and ultimate tensile 
strength, which is in agreement with the low hardness related to the 
dissolution and aging of precipitates. For AA7075 consumable material, 
the results in terms of 𝑅𝑝0.2 , 𝑅𝑚 and 𝐴 for FS and FS+HFDB are similar, 
indicating that the additional HFDB post-processing cycles do not have 
a significant effect on properties obtained by this indentation method. 
Similar to the observations for AA2024, the AA7075 AFSD deposits also 
present a slightly lower strength compared to the other approaches, 
which is related to the process temperature and is in agreement with 
the results from the Vickers hardness measurements mentioned above.

Overall, for both alloys investigated, the AFSD deposits present a 
significantly lower hardness and strength, both obtained via indentation 
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Table 4
Average and one standard deviation for yield strength (𝑅𝑝0.2), ultimate tensile strength (𝑅𝑚) and 
elongation (𝐴) obtained from Imprintec indentation method at the cross section taken from the 
center of the groove for AA2024 and AA7075 consumable material.

AA2024 AA7075 
FS FS+HFDB AFSD FS FS+HFDB AFSD 

𝑅𝑝0.2 [MPa] 308.0±5.1 334.0±24.0 176.8±6.3 367.5±16.7 392.9±16.8 298.3±4.7 
𝑅𝑚 [MPa] 383.4±5.0 465.5±54.2 266.6±3.0 463.0±9.9 473.7±9.9 370.5±2.9 
𝐴 [%] 27.9±2.3 21.9±2.8 19.0±1.2 21.2±1.7 21.9±2.5 29.3±3.4 

methods, compared to the approaches of FS and FS+HFDB. For that 
reason, groove repair via FS+HFDB might be preferable in a possible 
application considering the process setups and conditions presented in 
this work.

4. Conclusion

This study provides a direct comparison of FS and AFSD for a spe
cific groove geometry for the first time. The process behavior as well 
as the respective deposits’ characteristic, including an in-depth defect 
analysis and investigation of cross sections, is presented and discussed. 
For both approaches, a stable deposition behavior was achieved. The 
FS approach presented the most difficulties with regard to the bond
ing within the groove area; however, this can successfully be improved 
when HFDB is applied as post-processing technique. From a processing 
perspective, AFSD is advantageous because the layer thickness can be 
controlled and a successful groove repair could be achieved in one pro
cess run, whereas FS with HFDB needs multiple processing cycles via 
FS and HFDB, respectively. In contrast, the approach of FS+HFDB has 
lower requirements with regard to maximum axial force and torque dur
ing the layer deposition. Moreover, the deposits present a significantly 
higher hardness and a smaller heat-affected zone within the substrate 
material compared to the AFSD approach, using the process parameters 
and setup presented.

The work presents an insight into the effectiveness of different fric
tion stir-based solid-state layer deposition approaches for the repair of a 
specific groove geometry. However, the effectiveness of the approaches 
is dependent on several aspects, like groove geometry and dimensions, 
materials or requirements with regard to the properties of the final re
paired structure. The approaches investigated in this study, could be 
further improved, for instance, when a larger diameter of the HFDB tool 
is used to improve the effectiveness of the consolidation at the outer 
parts of the deposit. In terms of mechanical properties, a heat treat
ment of the repaired structure could be used to optimize the properties; 
however, this might lead to grain growth and the possibility of a heat 
treatment application might not be given for some application scenarios. 
The examples show that there are several factors, influencing the suit
ability of the (solid-state) processes. However, the presented work gives 
an insight into the strengths and weaknesses of different approaches and 
clearly further highlights the potential of friction stir-based techniques 
for this kind of applications. The next research steps in assessment and 
comparison of the solid state repair approaches need to contain more 
in depth mechanical testing, for instance, investigation of fatigue per
formance. In addition, it is necessary to investigate and compare the 
residual stress distribution and corrosion susceptibility to develop the 
approaches further towards application.
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