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 A B S T R A C T

Friction surfacing is a solid-state layer deposition process that shows high potential as a coating and an 
additive manufacturing technique for aluminum alloys. Avoiding high temperatures, it does not suffer common 
challenges of fusion-based techniques, such as hot cracking. Friction surfacing and other solid-state processes 
commonly use studs from conventional hot extrusion, which are characterized by long elongated grains. 
However, limited research focused on different consumable materials. In this study, friction surfacing is 
successfully employed for the first time on friction extruded AA2024 studs and compared to hot extruded 
ones with respect to process behavior and resulting deposit. Friction extrusion produces rods characterized by 
a refined grain structure, illustrating the effect of a different microstructure on the friction surfacing process. 
Despite a completely different initial microstructure, the analysis of the deposits showed similar ultra-fine 
grain sizes (1.4 μm). However, results show strong effects of the consumable stud microstructure on the FS 
process behavior as well as the resulting deposit geometry. The fine-grained friction extruded studs feature 80% 
higher stud consumption rate, but 15% lower bonded width compared to hot extruded studs. These findings 
are of high value to successfully adapt the deposition parameters in case different consumable materials are 
employed, considering the high recycling potential of friction extrusion.
 

 

 

1. Introduction

Modern materials processing approaches have to meet sustainability 
and environmental requirements, for instance, ensuring the ability to 
process recycled materials [1]. From this perspective, aluminum is a 
very important material in the worldwide industry, in particular in 
the transportation sector, where aluminum scrap is traded globally [2]. 
Several approaches for the energy-efficient solid-state recycling of alu-
minum chips are mentioned in literature for both conventional hot 
extrusion [3] as well as friction extrusion, a friction stir-based solid-
state process [4,5]. While both benefit from less material loss and 
lower energy consumption [6], the latter has the potential to efficiently 
handle contamination and oxide formation due to the additional rota-
tional shear component imposed on the feedstock material. Moreover, 
a special interest is given to solid-state techniques, which are more 
environmentally friendly and do not necessitate material fusion or 
heating, resulting in a lower energy input that is needed as well as less 
material loss [6].

Such solid-state approaches enable recycling and have the potential 
to handle bulk, powder, or chip materials. They are based on severe 
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plastic deformation and lead to a high degree of dynamic recrystal-
lization (DRX) [6] and, thus, a highly refined grain structure. Two
main categories of solid-state processes can be identified: processes 
that extrude tubes, e.g., shear-assisted processing and extrusion [7], 
tubular channel angular pressing [8], parallel tubular channel angular 
pressing [9]; or processes that extrude wires and bars, e.g., equal 
channel angular pressing [10], high-pressure torsion extrusion [11], 
friction stir back extrusion [12], or friction extrusion [13].

Extensive efforts were taken by researchers to understand and opti-
mize the resulting extrudate to ensure the original material properties 
which can be challenging for materials recycling [14,15]. In this re-
gard, solid-state extrusion techniques offer high potential for materials 
production and properties improvement.

Along the listed processes, friction extrusion is a promising candi-
date, as it is capable of upcycling materials [16] and improving their
properties [17], of achieving mechanical alloying [18], therefore pro-
viding the possibility to tailor the chemical composition of extrudates, 
i.e., creating unique materials, and to synthesize high-performance 
materials [19,20]. Friction extrusion produces a fully consolidated rod,
which facilitates the possibility of re-processing the extrudate with 
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Nomenclature

Abbreviations

AM Additive manufacturing
AS Advancing side
AVG Average
BC Bottom center
BC+6.5 Bottom center + 6.5 mm
BM Base material
CB Center bottom
CM Center middle
CT Center top
DRX Dynamic recrystallization
EBSD Electron backscatter diffraction
FE Friction extruded
FL Flash
FS Friction surfacing
GOS Grain orientation spread
HAGBD High-angle grain boundary distance
HAZ Heat-affected zone
IPF Inverse pole figure
RS Retreating side
TC Top center
TE Top edge
TMAZ Thermo-mechanically affected zone
Symbols

𝐴 Elongation at break
𝑑 Deposit thickness
𝑒𝑠 Nominal specific energy
𝐹𝑧 Axial force
𝜂𝑗𝑜𝑖𝑛𝑖𝑛𝑔 Joining efficiency
𝑃𝑡 Torsional power
𝑃𝑧 Axial force power
𝑟 Radius
𝑟𝑐 Contact radius
𝑅𝑚 Ultimate tensile strength
𝑅𝑝0.2 Yield strength
𝑇 Torque
𝑣𝐶𝑅 Consumption rate
𝑣𝑡𝑟 Travel speed
𝜔 Rotational speed
𝑤 Deposit width

other deposition techniques to obtain coatings or manufacture different
parts via additive manufacturing (AM). Additionally, friction extrusion 
can feature advantages to other recycling routes: it can work continu-
ously, produce long lengths of wires, and can be easily scaled up for 
high-volume production [21].

However, up to now, a fundamental research gap lies in the knowl-
edge on the processability of friction extruded (FE) materials in a 
subsequent processing step, such as AM. To the best knowledge of 
the authors, FE wires applications are reported only using fusion-
based AM processes by Li et al. [4] and Carvalho et al. [5], which 
are both using a fusion-based AM process. Li et al. [4] presented the 
successful deposition of AA6061 wires with 1 mm and 2 mm diameter 
using wire arc additive manufacturing, obtaining mechanical properties 
for the build that were in the range of the AA6061 base material. 
Carvalho et al. [5] instead showed depositions of AA6082 wires with
 

2 
1.6 mm diameter via gas tungsten arc welding. Single-layer depositions 
were successful, while multi-layer depositions suffered porosity defects,
presenting an average density of 77%. 

Moreover, when processing aluminum, fusion-based layer depo-
sition approaches feature disadvantages related to the necessity of 
high process temperatures like alloying element volatilization, solidi-
fication cracking, and high residual stresses, making this technology
challenging for a number of alloys and applications [22]. In contrast,
friction stir-based solid-state layer deposition approaches operate at
significantly lower temperatures and, therefore, have the potential to 
maintain the FE material advantages mentioned above. 

Friction stir-based solid-state layer deposition techniques can also 
use different forms of consumable materials: (i) bulk in the form of
plates, rods, and wires, (ii) powders, or (iii) chips. Processes using 
the latter two have the potential to directly recycle material instead 
of needing a pre-processing step but require a complex setup, such 
as friction screw extrusion additive manufacturing [23] or additive 
friction stir deposition with a dedicated auger to feed the material [24]. 
Processing bulk material consumables in the form of wires requires a 
complex tool as well, such as wire-based friction stir additive manu-
facturing [25] or joining processes with additional filler material like
presented by Dong et al. [26] for friction stir welding. Regarding plates, 
these can be used for processes like friction stir additive manufactur-
ing [27], but they have the disadvantage of needing surface machining 
after each layer deposition as well as a very large amount of unbounded
material. Rods, on the other hand, are the most common consumable 
materials found in solid-state layer deposition techniques. In the recent 
literature, additive friction stir deposition represents the most promi-
nent friction stir-based solid-state layer deposition technique, using 
either round-[28] or square-shaped consumable material [29] being fed 
through a hollow rotating tool. In this case, the bars are set into rotation 
together with the hollow tool and are pressed downwards, towards the
substrate. However, also this technique necessitates a complex setup 
with a rotating spindle for the tool and a feeding mechanism for the 
rod and may necessitate a complex shape of tool surface featuring
protrusions [30].  Other simpler approaches exist, which do not require 
a tool and can be executed with standard friction stir welding or
milling machines, such as friction stir deposition or friction surfacing 
(FS) [31]. The first one used by [32] can be interpreted as FS without
the movement of the substrate, i.e., it deposits the material locally at a 
single point, but follows the same principles as during the plasticizing 
phase of FS. To perform FS, a rotating stud material is pressed on a 
substrate with a defined axial force, which results in frictional heat
at the materials’ interface and deformation and plasticization of the 
stud tip. A relative translational movement enables the deposition of a 
continuous layer of the consumable material onto the substrate. The FS
process parameters, i.e., rotational speed, axial force, and travel speed, 
depend on the materials to be deposited as they determine the energy
input that is necessary for a successful FS layer deposition [33]. Having 
a simpler setup comes with drawbacks like less material deposition 
efficiency, i.e., only a part of the stud is deposited and the outer 
part is forming a process-characteristic flash; and deposits which are 
less consolidated, where the outer part is of the deposited layer is 
less bonded, which require post process removal by machining. Still, 
typically around 80% of the deposited material forms the defect-free
structural bulk material [34].

Given its very simple setup, and easy application of FE studs, FS
was chosen as friction stir-based solid-state layer deposition approach
for the deposition of FE wires in this work. Using FE material means 
investigating the effect of a different consumable stud microstructure 
on the FS process. Addressing this knowledge gap is fundamental for 
later applications of FE materials such as recycled materials in gen-
eral. This study presents a comprehensive analysis of solid-state layer 
deposition via FS using AA2024 consumable stud material obtained 
via conventional hot extrusion, as commercially available, and, for the
first time, friction extrusion. Additionally, a solid solution treatment
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stud of hot extruded material is included to compare FS performed on 
studs with a similar hardness but a different microstructure compared 
to the FE studs. The differences between the AA2024 consumable
materials in terms of microstructure and mechanical properties on the 
FS layer deposition process are analyzed. In this regard, the study
provides novel and extensive insight into the effect of the consumable 
stud initial microstructure on the FS deposition behavior as well as
the resulting deposit’s characteristics in terms of geometry and mi-
crostructure. Finally, an assessment of the transferability of FS process 
parameters from conventional to FE materials is discussed. By doing so,
the authors demonstrate the feasibility of processing FE studs via FS,
stimulating further investigations on (recycled) materials with tailored 
microstructures and/or compositions.

2. Materials and methods

The FS experiments were conducted on a friction welding machine
(RAS, Henry Loitz Robotik, Germany), which allows axial forces up to 
60 kN, rotational speeds up to 6000 rpm and torques up to 200 Nm, 
collecting process data (i.e., axial force, rotational speed, torque, and 
vertical displacement of the stud) at a frequency of 100 Hz. The 
recorded log files from the RAS machine are used to assess the process 
behavior during the deposition. The experiments have been conducted
in force control mode at room temperature.

The substrates were AA2024-T3511 (8 mm thickness) with a surface
manually ground with P100 grinding paper and degreased. A backing 
plate of AA7050 (8 mm thickness) was used between the substrate and 
the machine table.

The consumable stud material used in this study was AA2024 
(13 mm diameter), where two different processing approaches were 
used: friction extrusion and conventional hot extrusion (commercially
available). A schematic of both processes is shown in Fig.  1.

The FS process parameters were adapted from Hoffmann et al. [35] 
and all depositions were carried out with 2500 rpm rotational speed,
3 kN axial force and 5 mm/s travel speed. The achievable layer lengths 
varied between 70 and 85 mm, according to the consumption rate of
each stud.

The FE rods used for machining FS consumable stud material were
manufactured on a special-purpose friction extrusion machine (FE100, 
Bond Technologies, USA). As feedstock, AA2024-T3511 rods of 50 mm 
diameter were employed and extruded at a rotational speed of 90 rpm,
a constant force of 300 kN, using a featureless flat die with a 14 mm 
central hole. The microstructure of the respective extrudate, Fig.  1b is 
characterized by elongated grains in the center, homogeneously refined 
and equiaxed grains along the edge, and a transition zone between 
those two regions where grain shape and size shift from one charac-
teristic to the other, representing a typical feature of FE rods [36]. For
further details on the friction extrusion process and its characteristic 
microstructure, the interested reader is referred for instance to [37]. 
The FE rod was machined to a diameter of 13 mm, to get the proper
cylindricity of the studs while keeping as much fine-grained material 
from the outer part as possible, which represents one characteristic 
difference to conventional hot extrusion. The hot extruded consumable 
material is shown in Fig.  1d and is characterized by elongated grains
across the whole radius.

The composition of the AA2024 consumable material was obtained
via optical emission spectroscopy1 for conventionally hot extruded and
FE material, which is summarized in Table  1, respectively.

For the FS process analysis, AA2024 stud materials from both 
extrusion processes were used, as well as hot extruded AA2024 material 
solid solutionized prior to FS layer deposition. Being a precipitation-
hardenable alloy, the heat treatment on the AA2024 consumable mate-
rial leads to differences in mechanical properties, such as base materi-
als’ hardness.2 This allows to additionally investigate how FS is affected

1 Analysis carried out by Materia Services GmbH, Germany.
 b

3 
Table 1
Optical emission spectroscopy data of AA2024-T3 (conventional, hot extruded) and 
AA2024 (friction extruded) in wt.%.
 Consumable Si Fe Cu Mn Mg Cr Ni Zn Ti Sn Al  
 Hot extruded 0.33 0.26 4.1 0.68 1.6 0.01 0.01 0.05 0.06 0.02 bal. 
Friction extruded 0.11 0.21 4.2 0.76 1.4 0.07 0.01 0.01 0.01 <0.01 bal. 

Table 2
Overview of consumable materials and respective heat treatment used for investigation
of friction surfacing process behavior.
 Label Description  
 COM-2024-T3 conventional hot extruded AA2024-T3 ‘as-received’.  
 COM-2024-SS conventional hot extruded AA2024-T3 solid solution 

treated with 30 min at 495 ◦C in salts bath followed 
by water quenching.

 

 FE-2024 friction extruded AA2024.  

by the mechanical properties, keeping the same chemical composition
and grain structure. An overview of all consumable materials is given 
in Table  2. For all consumable materials, the FS process behavior as 
well as appearance and geometry of the resulting FS deposits were 
investigated.

Transverse cross-sections were cut from the deposited layers at
40 mm from the beginning of the deposition length in order to ana-
lyze the deposits with perspective to deposit geometry (thickness and
width), bonding to substrate (bonded width) as well as microstructure.
In addition, the remaining consumable studs after FS layer deposition 
were also analyzed in terms of microstructure. The samples were
embedded and ground using grinding papers of P320-P800-P1200-
P2000-P4000 for sixty seconds each, and polished using 1 μm diamond
suspension for four minutes.

For geometrical measurements, micrographs before and after etch-
ing obtained via light-optical microscopes (VHX-6000, Keyence, Ger-
many and Leica DMi8, Leica Microsystems, Germany) were used. Etch-
ing was conducted using the electrolytic technique (Barker’s solution 
with 15.0 V, 60 s of exposure).

The specimens were subjected to an in-depth microstructural anal-
ysis to understand the effect of consumable stud microstructure on FS
deposits. This analysis was performed via electron backscatter diffrac-
tion (EBSD) using an EDAX EBSD detector (Ametek, USA) mounted on a
FEI Quanta 650 field-emission scanning electron microscope (Thermo 
Fisher Scientific, USA) after an additional sample preparation step of 
vibratory polishing with colloidal silica. The EBSD parameters were
15.0 kV, working distance of 15–20 mm, step size of 0.3–0.05 μm, at
several magnifications, according to the grain size.

The FS deposits were scanned in five regions, Fig.  2a: in the center 
of the layer, at the bottom at the layer-to-substrate interface (CB), in 
the middle (CM) and at the top (CT) along the height; in the middle of 
the layer at advancing side (AS) and retreating side (RS). RS is the side 
of the deposit where the stud rotation opposes the deposition direction, 
and AS is where the rotation matches the deposition direction. The RS
tends to show a wider unbonded edge compared to AS [39]. The con-
sumed FS studs, showing the process-typical flash, were also scanned in 
five regions, Fig.  2b. Two scans were taken at the top for reference of
the unprocessed base material (BM), at the center (radius = 0 mm, TC), 
and at the edge (radius = 6.5 mm, TE)3. Two scans were taken in the
bottom zone of the stud: at the center (at radius = 0 mm, BC) and at 

2 Except for the solid solution heat treatment BM, one week of natural aging 
was ensured before performing any process or testing after FS. This time was 
sufficiently long to allow the formation of precipitates and to reach a hardness 
plateau [38].

3 This position ensured that the analyzed grain structure was not affected 
y the process.
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Fig. 1. Friction extrusion: (a) process schematic, (b) longitudinal cross-section of the wire as extruded (prior to machining, 14 mm diameter). The friction extruded rod elongated 
rain region is approximately 3.5 mm wide. Hot extrusion: (c) process schematic, (d) longitudinal cross-section of the wire (13 mm diameter).
 
 

Fig. 2. Analyzed EBSD regions within (a) friction surfacing deposits: retreating side (RS), center top (CT), center middle (CM), center bottom (CB), advancing side (AS). Analyzed
EBSD regions within (b) FS studs: top center (TC), top edge (TE), bottom center (BC), bottom center + 6.5 mm towards the edge of the stud (BC+6.5), flash (FL). The reference
images used represent COM-2024-T3 layer (a) and the corresponding consumed stud (b).
 

  
a radius distance equal to the stud radius (at radius 6.5 mm, BC+6.5). 
The last position scanned was in the flash material (FL). The collected 
data was analyzed with the OIM Software.

To analyze the microstructure evolution, the assessment of the long
elongated grains in the regions characterized by them (TC and TE 
of COM-2024-T3 and COM-2024-SS, and TC of FE-2024) has been 
performed using a minimum grain size of 1000 data points, to exclude 
small grains from the calculation.

In these cases, the horizontal intercept method was employed to col-
lect the high-angle grain boundary distance (HAGBD) of long elongated
grains along the extrusion direction, while for the other regions with 
4 
equiaxed grains, the equivalent diameter method was used. Recrystal-
lization was also investigated using the grain orientation spread (GOS), 
looking at misorientation values below 2◦ and 5◦. These threshold val-
ues are commonly used to distinguish strain-free recrystallized grains 
from recrystallized grains that were subjected to small strains [40,41].

Micro-hardness measurements were performed with an automated 
hardness testing machine (Durascan 70 G5, EMCO-TEST Prüfmaschi-
nen, Austria) on both the deposited layers and the studs. The Vickers 
indenter had a 136◦ opening angle, and the parameters used were 
HV0.1 at 10 s holding time, with a point spacing of 0.2 mm and
0.1 mm in width and thickness, respectively, for the layers; and an 
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Fig. 3. Top view of friction surfacing depositions: (a) COM-2024-T3, (b) COM-2024-SS, (c) FE-2024. The arrow represents the advancing side and points from the beginning to
the end of the deposition process. Both COM-2024 studs lead to a slightly more homogeneous deposition along the whole deposition length compared to FE-2024.
 
 

 

 

 
 

 

 
 
 
 
 

 

 

 
 

 
 
 

 
 

 

 

 
 

 

equidistant point spacing of 0.3 mm for the studs. Considering the
studs’ symmetry, hardness measurements were taken on half of each
specimen. BM transverse cross-sections were tested following sample 
preparation with a single line with a distance of 0.4 mm between each 
point along the diameter.

In addition, a further indentation testing machine (i3D BVR, Im-
printec GmbH, Germany) was employed to collect data about the plastic
material behavior of the consumable stud materials by analyzing the 
profile of the indentation, following the DIN SPEC 4864 standard.
BM longitudinal cross-sections of all deposited studs were tested. The 
standard indenter Type-B (spherical shaped with a radius of 100 μm) 
was used, the load was 5 kg and the material card ‘‘Al-unverified’’ 
was selected for the calculation of the stress–strain curves. For more
information on this testing method, the interested reader is referred
to [42].

3. Results and discussion

3.1. Friction surfacing process behavior

The process behavior was analyzed with respect to axial force,
torque and vertical displacement that were recorded during the depo-
sition of the different studs. From these, the stud consumption rate and 
nominal specific energy were calculated to further assess the difference
in terms of process behavior between different consumable materials.
A steady state of the process can be recognized by a constant force, a
constant torque, and a linear vertical displacement, i.e., feeding, of the
stud during the deposition, which typically results in a homogeneous
appearance of the deposited layer. Fig.  3 shows the appearance of the 
FS depositions. The COM-2024-T3 and COM-2024-SS are homogeneous
along the whole deposition length. In contrast, the first part of the 
FE-2024 deposit presents a slight increase in width and decrease in 
thickness, which are stabilizing in the second part. Another indicator 
of a stable process with uniform deposition is the process-typical flash,
which is visible in the studs’ cross-sections shown in Fig.  4. The flashes 
of conventionally extruded material appears to be more circular, while 
the one of the FE stud features a more irregular shape.
5 
Table 3
Friction surfacing process average torque and consumption rate of the stud during
deposition (steady-state conditions) and hardness of the respective consumable stud
base material.
 Process Average 

torque, (Nm)
Average 
consumption 
rate, (mm/s)

BM hardness, 
(HV0.1)

 

 COM-2024-T3 11.48 1.03 146  
 COM-2024-SS 11.36 1.02 107  
 FE-2024 11.36 1.87 102  

Calculating the stud consumption rate (𝑣𝐶𝑅) gives insight into the 
amount of material that gets processed per unit of time during the
process. It is obtained by the ratio of the total stud vertical displacement
(𝑆𝑧) over time (𝑡) during steady state conditions: 𝑣𝐶𝑅 = 𝛥𝑆𝑧

𝛥𝑡 . Table  3
summarizes the average processes torque, the consumption rate and 
the measured BM hardness for the different AA2024 consumable studs,
respectively. The conventionally extruded studs feature a lower stud
consumption rate than the FE ones. This is further investigated in 
Section 3.4 considering the mechanical properties of the respective stud
BMs.

The energy requirement of the FS processes was also calculated, 
according to the nominal specific energy. This is defined as the ratio
between the power introduced during the process per consumed stud 
material volume [33]: 

𝑒𝑠 =
𝑃𝑡 + 𝑃𝑧

𝜋 ⋅ 𝑟2 ⋅ 𝑣𝐶𝑅
=

2 ⋅ 𝜋 ⋅ 𝜔 ⋅ 𝑇 + 𝐹𝑧 ⋅ 𝑣𝐶𝑅

𝜋 ⋅ 𝑟2 ⋅ 𝑣𝐶𝑅
. (1)

The powers 𝑃𝑡 and 𝑃𝑧 are the torsional and the axial force power, 
respectively. The first depends on the rotational speed 𝜔 and torque
𝑇 ; the latter on axial force 𝐹𝑧 and the stud consumption rate 𝑣𝐶𝑅.
The value 𝑟 represents the radius of the consumable stud. The as-
received material, COM-2024-T3, featured a higher nominal specific 
energy (22 J/mm3) compared to the FE-2024 (12 J/mm3).

From the analyses of the process data recorded by the welding
equipment, the consumable materials investigated present differences 
in terms of the deposition behavior. At constant FS process parameters, 
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Fig. 4. Light-optical micrographs of stud cross-sections after the friction surfacing deposition process: (a) COM-2024-T3, (b) COM-2024-SS, (c) FE-2024. The FE-2024 stud shows 
 slightly more irregular flash shape compared to the other two studs.
Fig. 5. Light-optical micrographs of transverse cross-sections of friction surfacing depositions: (a) COM-2024-T3, (b) COM-2024-SS, (c) FE-2024.
 
 

 

 

 

 

 

 

 

 

 

 

 

 

the FE stud features a slightly less homogeneous deposition at a higher 
stud consumption and requires less energy to be deposited.

3.2. Investigation of friction surfacing deposits

3.2.1. Deposit geometry
Fig.  5 shows the cross-sections of the deposits and Table  4 summa-

rizes the characteristic values obtained. The analysis showed that the
deposition from the FE stud features a slightly thicker and narrower
deposit. This is a consequence of the different stud consumption rates: 
the material input per unit of time is higher for the FE stud compared to 
the as-received conventional studs. The FE deposit is also characterized 
by a narrower bonded width and lower joining efficiency4 [43].

To improve the understanding of the resulting deposit geometries 
for FE and conventional consumable stud material, the assumed contact
radius (𝑟𝑐) has been calculated [44]: 

𝑟𝑐 =

√

𝑑 ⋅𝑤 ⋅ 𝑣𝑇𝑅
𝜋 ⋅ 𝑣𝐶𝑅

, (2)

where 𝑑 is the deposit thickness, 𝑤 the deposit width, 𝑣𝑇𝑅 the substrate
transverse speed and 𝑣𝐶𝑅 the stud consumption rate. This approach 
allows to assess the area below the consumable stud that is in direct 
contact with the substrate [44]. FE and conventional studs feature dis-
crepancies in the contact radius, Table  4. The conventionally extruded
consumable material (COM-AA2024-T3) presents a larger assumed con-
tact area, which can be related to higher efficiency in material transfer
from the stud to the deposit during the process and less material loss 
due to flash formation.

3.2.2. Microstructure
Etched micrographs of the deposits’ cross-sections are shown in Fig. 

5. All of the depositions feature FS-typical fine grains, irrespectively of 
the initial stud material, BM hardness and process behavior. The center 
is characterized by bands of material parallel to the substrate surface, 
indicative of material flow. At the outer part on the AS vortexes are

4 The joining efficiency, 𝜂𝑗𝑜𝑖𝑛𝑖𝑛𝑔 , was obtained by the ratio of bonded width 
ver deposition width.
6 
visible, while the outer part on the RS is characterized by local defects
and voids. These deposit characteristics are particular to FS layers [31]. 
As mentioned in the introduction, machining the FS layers is a common 
practice to achieve a good surface finish, where typically 80% of the 
deposited material can be used.

A more detailed analysis has been conducted via EBSD in the
selected positions in Fig.  2. All EBSD results for the deposits are 
summarized in Fig.  6 and the inverse pole figure (IPF) maps taken 
for the analysis can be found in Appendix  A. The deposits feature 
smaller average grain sizes at the center top and center bottom, but
coarser grains at center middle, representing a characteristic feature of 
FS [45]. This observation can be attributed to a higher cooling rate 
at the substrate-to-deposition interface and a higher strain rate at the 
deposition-to-stud interface during the FS process. The average grain 
sizes at AS and RS are comparable with the bottom and top scans (CT 
and CB in Fig.  6).

Regarding these positions, literature reports both similar and con-
trasting results. Some studies show comparable grain sizes for AS
and RS [46], and other larger sizes for AS compared to RS [47]. A 
possible explanation for the discrepancy between this study and the
previous one is the smaller diameter of consumable stud materials of 
this work compared to those commonly applied in the literature. The 
reduced stud dimension leads to a smaller thickness and width of the 
depositions, which results in less pronounced thermal gradients along 
the deposit. Therefore, cooling occurs at a similar rate across the whole 
deposit, leading to fewer differences between the grain sizes at the top 
and the edges. 

3.2.3. Hardness
The micro-hardness measurements for the FS deposits of this study 

show the highest hardness’ at the top surface of deposits, and the 
lowest values in the center, Fig.  7, which is in accordance with the
literature [35]. It is known that precipitation hardening is the main 
strengthening mechanism for this aluminum alloy [48]. The precipi-
tates’ size and distribution dominate the hardness of the layers [49],
and it was found that fewer and coarser precipitates are present in 
low hardness regions as a consequence of more heat and lower cool-
ing rates. Thicker deposits experience slower cooling [43], which is 
assumed to overage the center and bottom regions of the layer. During
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Table 4
Friction surfacing deposition measurements of COM-2024-T3, COM-2024-SS, FE-2024, including joining efficiency and the calculated assumed 
contact radius.
 Sample Width, 

(mm)
Bonded width, 
(mm)

Height, 
(mm)

𝜂𝑗𝑜𝑖𝑛𝑖𝑛𝑔 Area, 
(mm2)

𝑟𝑐
(mm)

 

 COM-2024-T3 13.85 9.35 0.78 68% 9.98 4.10  
 COM-2024-SS 13.71 9.75 0.71 71% 9.35 3.90  
 FE-2024 12.38 7.93 0.85 64% 10.64 2.99  
 

 

 
 

 

 
 

 

 
 

 

 

 

 
 
 
 

 
 
 

 

 

Fig. 6. Average grain size with 1 standard deviation error bars for COM-2024-T3, 
OM-2024-SS and FE-2024 deposits. Five positions, see Fig.  2a, were investigated via 
BSD: advancing side (AS), center top (CT), center middle (CM), center bottom (CB), 
nd retreating side (RS). The corresponding inverse pole figure maps are shown in 
ppendix  A.

FS layer formation, the different regions form in a different order [50]: 
the center and the bottom of the layer are deposited first and the top 
is formed at the rear edge of the stud. This means the top part does 
not experience further heating or consolidation by the stud and can
quickly be cooled by the ambient air, while the center and the bottom 
experience a longer heating and are cooled by convection through the
substrate. This results in a slightly higher hardness value at the top, 
i.e., less overaging, compared to the rest deposit.

Comparing the HV maps of the stud configurations, Fig.  7, differ-
ences can be seen. The deposit FE-2024 (Fig.  7c) presents a lower 
hardness than the commercially hot extruded samples (Fig.  7a,b). As 
mentioned above, this can be justified by the layer being thicker. There-
fore, it is assumed that hardness differences result from the different 
geometry of the deposits and not the different BM microstructure. 

3.3. Investigation of consumed friction surfacing studs

3.3.1. Microstructure
Fig.  8 shows the studs’ IPF maps and the average grain sizes after

processing, according to positions shown in Fig.  2b. The black regions
of the IPF maps represent unindexed and low-quality points with a con-
fidence index of less than 0.2 that have not been taken into account.5
The analysis of consumed FS studs is barely faced in the literature 
but can help to understand the microstructure evolution during the FS
deposition process, which affects the resulting deposit’s microstructure
and properties. According to Suhuddin et al. [51], the stud material 
can be differentiated in the following zones: the bottom part that 
leads to the deposit is defined as the ‘‘friction zone’’, the lateral flash

5 Edge rounding of samples cannot be avoided during sample preparation 
nd often, in addition with particles and secondary phases, leads to low 
onfidence index regions.
7 
regions feature a ‘‘V’’ shape and are defined as the thermo-mechanically 
affected zone (TMAZ), and the rest of the stud is considered unaffected 
base material. These regions are shown in Fig.  10d with the addition 
of a heat-affected zone (HAZ). COM-2024-T3 and COM-2024-SS BM
have elongated grains across the whole radius (TC and TE), while
the FE BM features a bimodal microstructure (elongated and equiaxed 
grains) at the top center (TC). FE consumable material features smaller 
HAGBD in the top center (TC) and refined and equiaxed grains at the 
edge (TE), while the conventionally extruded material shows larger 
elongated grains across the whole radius.

The scans at the tip of the consumed FS studs (BC and BC+6.5, Fig. 
8) in the friction zone, show that the microstructure gets significantly 
refined with respect to the BM. This is in agreement with literature
findings, which show that aluminum studs undergo continuous and 
discontinuous dynamic recrystallization during the FS process [51,52].

A slight grain refinement is observable within the flash of samples 
COM-2024-T3 and COM-2024-SS compared to the BM, see Fig.  8. This
is in accordance with the findings of Santiagu et al. [53], showing a 
small grain refinement in this region for Inconel 718, which indicates 
that this is a characteristic of FS consumable stud flash formation,
independent of the specific alloy. It is assumed that the material in 
the TMAZ of the stud is subjected to low mechanical stresses and 
temperatures, as shown by the simulation of Pirhayati et al. [54], and 
is mainly bent away from the friction zone. This condition would be 
enough to refine very large grains of COM-2024-T3 and COM-2024-SS.
The FE BM presents already refined grains in the outer parts of the
stud, see top edge scan in Fig.  8, therefore, the formed flash material
displays an average grain size similar to the respective BM previously
refined via friction extrusion.

The above findings are further confirmed when considering the
GOS values lower than 2◦ and 5◦, see Fig.  9. The scans performed
within the flash feature values very similar to top edge (TE) scans for
the FE studs, and higher values for COM-2024-T3, confirming that a 
refinement is occurring for the latter. High GOS values can be found in
bottom regions (BC and BC+6.5), where the material was subjected to 
DRX. When comparing GOS below 5◦ of these regions, they are almost 
the same for the studs analyzed, which further proves the local grain 
refinement by DRX.

3.3.2. Studs mechanical properties
The consumed studs’ hardness maps are shown in Fig.  10. Consid-

ering the BM hardness in the top region of the studs as a reference, a 
decrease in hardness typically indicates the onset of the HAZ, see, for 
instance, COM-2024-T3 in Fig.  10a.

Although the hardness of the initial AA2024 consumable studs 
investigated in this study was different, all studs show a very similar 
hardness in the bottom region close to the edge of the sample. The 
hardness in this region is in the range of 120–130 HV0.1. As mentioned 
in the previous section, the hardness is mainly affected by the precip-
itates [48,49]. Considering also the similar average grain size results 
within the friction zone of all consumed studs, shown in Section 3.3.1, 
this indicates that a similar microstructure is achieved in this region
for the different FS studs. However, it is important to consider that the 
region showing a refined microstructure is relatively small, as it can be 
seen by the IPF maps, Fig.  8a.

In addition to hardness mapping, the plastic material properties 
were determined for the different stud base materials via the Imprintec
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Fig. 7. Hardness map of transverse cross-sections from friction surfacing depositions: (a) COM-2024-T3, (b) COM-2024-SS and (c) FE-2024. The point spacing between indentations
is 0.2 mm along the width and 0.1 along the thickness.
 

 

 

 

 
 

 

 
 
 

 

 

 
 
 
 
 

 

 

 
 

 
 
 

 

 

 

indentation method, Fig.  11. The base materials of COM-2024-SS and 
FE-2024 show a very similar hardness, Table  3, have a similar elonga-
tion at break (𝐴), but, based on this indentation method, it is indicated 
that FE-2024 shows a slightly lower yield stress (R𝑝0.2) and ultimate 
tensile strength. In comparison to COM-2024-T3, both present lower 
R𝑝0.2 and R𝑚, but higher 𝐴. Exemplary indentation profiles can be found 
in Appendix  B.

3.4. Correlation of consumable stud properties with resulting friction sur-
facing deposit

As shown before, the consumable stud BM microstructure and prop-
erties cause a significantly different FS deposition behavior at constant 
process parameters, resulting in slightly different deposit geometries. 
The processing during FS leads to a grain refinement from BM to 
stud tip to deposit. The BM grain sizes between the different studs
are different, but once they advance from the top of the stud to the 
friction zone, the onset of DRX refines the grain structure, leading 
to similar grain sizes and hardness at the stud tip. The same applies
to the resulting deposits, where the average grain size is similar and 
the differences in hardness are assumed to be caused by the geometry 
rather than different microstructure formation mechanisms during the 
process. A general refinement, occurring from BM to stud tip, and from 
stud tip to deposit was observed and is in agreement with other FS
studies for different materials [48,53].

Unless the alloy composition and hardness might be similar, FS
process behavior can be significantly different for the different stud 
BM microstructures. This study showed that not only the consumable
material’s hardness determines the FS process behavior,6 but also the
microstructure plays a vital role. Section 3.1 showed that COM-2024-
SS and FE-2024 (which feature a very similar BM hardness) lead to 
different process behavior with different deposit geometries, where the
conventionally hot extruded alloy presented a slightly more stable and 

6 For completeness, additional experiments were performed for AA2024-
T4 and over-aged condition of conventional AA2024-T3, Appendix  C. The T4
temper state showed a deposition behavior very similar to the T3 condition.
The over-aged condition did not show a homogeneous deposition behavior. For
brevity, these experiments were not included in the main part of this article.
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homogeneous deposition, and a lower consumption rate. It is assumed 
that this occurs because of a different high-temperature mechanical
behavior of the refined grains in the outer region of the FE-2024 stud.

Section 3.3.2 further investigated the mechanical properties. It is
shown for samples COM-2024-SS and FE-2024 (which feature similar 
BM hardness), that macroscopically the refined grains do slightly affect
R𝑚, and R𝑝0.2 at room temperature. In addition, literature shows that at
the microscopic level, refined grains produced by a solid-state process
can present a different deformation mechanism and behavior. For
instance, in equal channel angular pressing, grain boundary sliding
was found to occur [55]. Also, changes in fracture mechanisms have 
been observed when comparing AA7475 in the rolled, i.e., coarser
grains, and friction stir processed, i.e., fine-grained microstructure, 
condition [56]. In general, for force-controlled FS processes, softer 
materials tend to show a higher stud consumption. However, the ma-
terial strength at FS process temperature is affected by various aspects,
e.g., composition or distribution and size of strengthening particles. For 
instance, Hanke and dos Santos [33] observed differences in process
behavior for different aluminum alloys due to their different chemical
composition. In addition, the temper state plays a huge role as it 
significantly influences the mechanical properties. Different tempers 
of AA2011 were investigated for friction stir deposition [57], where 
AA2011-O required lower feeding rates and rotational speed than 
AA2011-T6 because of its lower strength.

However, it is important to note that in this study the microstruc-
ture analyses, as well as the mechanical testing of the deposits and
the consumed studs, were performed at room temperature. The FS
process, instead, is highly dynamic and acts at elevated temperatures
and stresses. At these working conditions, it is assumed that the de-
formation behavior and microstructure differences of long elongated 
and refined grains of COM-2024-SS and FE-2024, respectively, play a
more significant role, affecting the mechanical properties and thus the 
whole process behavior during FS. In fact, at elevated temperatures,
such fine-grained microstructure achieved by FS, shows different defor-
mation behavior compared to the respective base material with coarser
microstructure [58].

In this study, the FS process behavior is further analyzed in terms of 
energy consumption, geometry and contact radius. The calculated en-
ergy requirement is dependent on the consumption rate, which drops in 
case of the refined microstructure of the FE consumable material, which
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Fig. 8. (a) Inverse pole figure maps of EBSD scans of COM-2024-T3, COM-2024-SS, FE-2024 studs after friction surfacing, according to positions in Fig.  2b: top center (TC), top 
edge (TE), bottom center (BC), bottom center +6.5 mm (BC+6.5), flash (FL). Analyzed positions of the bottom center scans are defined by black dashed lines in the respective 
IPF maps. (b) Average grain size with 1 standard deviation error bars for scans of COM-2024-T3, COM-2024-SS and FE-2024 studs at different positions. Grain sizes of top center 
of all samples, and top right of COM-2024-T3 and COM-2024-SS were calculated as high angle grain boundary distance.

Fig. 9. Grain orientation spread (GOS) below 2◦ and 5◦ of scans of COM-2024-T3, COM-2024-SS, FE-2024 studs after friction surfacing, according to positions in Fig.  2b: top 
center (TC), top edge (TE), bottom center (BC), bottom center +6.5 mm (BC+6.5), flash (FL). Analyzed positions of the bottom center scans are defined by black dashed lines in 
the respective IPF maps in Fig.  8a.
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Fig. 10. Hardness map and etched cross-sections of consumed friction surfacing studs: (a) COM-2024-T3, (b) COM-2024-SS, (c) FE-2024. The point spacing between indentations
is 0.3 mm along the radius and the height. (d) Schematic representation of the different process regions of the stud.
Fig. 11. Mechanical properties determined via Imprintec indentation method [42], including yielding strength (𝑅𝑝0.2), ultimate tensile strength (𝑅𝑚), elongation at break (𝐴) with 
 standard deviation error bars of COM-2024-T3, COM-2024-SS and FE-2024.
 

 

 

 

 

 

 

 
 

 

 

features lower mechanical strength but a similar elongation at break 
and thus requires less energy to be deformed. The volume deposited
during FS of FE studs is slightly higher compared to hot extruded 
consumable material. Another difference is represented by the assumed 
contact radius, which decreases in case of FE studs. The calculation 
of the assumed contact radius is affected by the deposit geometry and
the stud consumption rate, Eq. (2) [44]. Using this approach, it can be 
observed that the different materials, i.e., conventionally extruded and
FE, feature a different contact area below the respective stud, resulting 
in different process behavior at similar FS process parameters.

Additionally, it can be noticed that in the analysis of the studs, 
see Section 3.3, the initially different BM grain sizes are refined to
a similar ultrafine grain size in the deposit. The mechanism of depo-
sition was already studied in literature [51], and it is assumed that
DRX occurs at different magnitudes. During FS layer deposition, the 
material undergoes a complex combination of different phenomena, 
i.e., temperature, strains and stresses, activating DRX and refining the 
grain size. In fact, all the analyzed studs, which experienced different
consumption rates during the FS deposition, present a comparable 
grain size at the stud tips (BC and BC+6.5 in Fig.  8b). This indicates
that a saturation of grain size is achieved. Looking at similar solid-
state processing techniques like friction stir processing, similar results
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are reported when performing multi-pass processing [59,60]. In these 
studies, a second and third pass did not lead to significant further grain 
refinement.

All the above findings lead to the conclusion that a finer microstruc-
ture affects the FS process behavior in almost all of its aspects, and 
a different set of parameters would be required to achieve a similar 
process behavior. The deposits present a slightly different geometry;
however, significant effects on the final microstructure of the deposits
could not be identified, indicating a similar dynamic recrystallization 
mechanism. Furthermore, this study has shown that the deposition of 
FE studs via friction surfacing is successfully possible, providing a new 
pathway in terms of depositing tailored compositions and microstruc-
tures. In this regard, the results present some guidelines on how to
handle different stud microstructures for coating applications as well 
as solid-state additive manufacturing.

4. Summary and conclusions

For the first time, the successful deposition of friction extruded
studs via friction surfacing is presented, demonstrating a promising 
alternative to current fusion-based AM techniques. A comparison of 
friction extruded with conventional (hot extruded) consumable ma-
terial in as-processed and solid solutionized conditions is performed. 
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The results provide a deeper understanding of the significance of the 
consumable stud microstructure for the FS process. The main findings 
can be summarized as follows:

• At similar process parameters, the friction extruded consumable
material presents a 81% higher feed rate compared to conven-
tional hot extruded consumable stud material during FS layer 
deposition.

• The deposits microstructure is similar for all AA2024 consumable 
materials investigated, with a ultrafine grain size of 1.4 μm.

• The microstructure and hardness at the tip of the consumed stud 
are independent of the extrusion process, showing an ultrafine
grain size of 1.3–1.5 μm, for hot extruded and friction extruded 
studs, respectively, and a hardness in the range of 120–130
HV0.1.

Overall, friction extrusion can be an alternative production route for 
FS consumable studs, unlocking the potential of using recycled or newly 
tailored chemical compositions for solid-state additive manufacturing. 
However, careful consideration of FS process parameters is essential 
as the process behavior differs from conventional (hot extruded) stud
material. Future research could focus on multi-layer friction surfacing 
to assess the feasibility of additive manufacturing. Additionally, the 
deposits of friction extruded studs from recycled material and/or tai-
lored chemical compositions represent the next steps in establishing
this solid-state processing route.
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Appendix A. Inverse pole figure maps of friction surfacing depo-
sitions

Fig.  A.12 shows the IPF maps used to obtain the grain sizes of the 
FS depositions.
 
Fig. A.12. (a) Inverse pole figure maps of COM-2024-T3, COM-2024-SS and FE-2024. The scanned regions are advancing side (AS), center top (CT), center middle (CM), center
bottom (CB) and retreating side (RS). (b) COM-2024-T3 reference layer image for the scanned regions.
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Fig. B.13. (a) Vertical profiles from the center of the Imprintec indentations on the surface of COM-2024-SS and FE-2024. Corresponding pile-up maps of indentations of (b) 
COM-2024-T3, (c) COM-2024-SS, (d) FE-2024.
 
Fig. C.14. Top view of deposits: (a) COM-2024-O and (b) COM-2024-T4. The arrow represents the advancing side and points from the beginning to the end of the deposition
process. (c) Process behavior of the friction surfacing deposition phase of COM-2024-O, indicating an unstable process behavior.
 

 

Appendix B. Hardness indentation profiles

Fig.  B.13 shows the profiles of the performed Imprintec indenta-
tions, where the results are presented in Fig.  11. It is important to 
note that the HV of COM-2024-SS and FE-2024 is comparable, while 
COM-2024-T3 features a higher value. The maximum depth changes 
according to the hardness value of the tested material, and very similar 
values can be recognized for FE-2024 and COM-2024-SS. The same 
applies to the distance of highest peak to center of the indentation, 
where FE-2024 and COM-2024-SS show very similar values.
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Appendix C. Results for T4 and O temper of conventional (hot 
extruded) AA2024

In addition to the heat treatments presented above for the con-
ventional (hot extruded) AA2024 consumable material, the temper 
states O (COM-2024-O) and T4 (COM-2024-T4) were also investigated,
see Table  C.5. Layer pictures are presented in Fig.  C.14, and studs 
image in Fig.  C.15. The COM-2024-O sample presented a very unstable 
deposition process, Fig.  C.14c. The force cannot be stabilized during 
the process and, consequently, the vertical displacement of the stud 
is not linear and the thickness of the deposit is very inhomogeneous.
Additionally, the COM-2024-O stud features a very uncommon shape
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Fig. C.15. Light-optical micrographs of cross-section studs after the friction surfacing deposition process: (a) COM-2024-O, representing an uncommon shape the consumed FS
fter deposition, (b) COM-2024-T4, featuring a typical FS stud after the deposition.
 

 
 

 

 

 

 
 

 
 

 

 

 
 

 

 

 
 

 

 
 

 

 

 

Table C.5
Overview of O and T4 consumable materials and respective heat treatments used for
conventional (hot extruded) AA2024.
 Label Description  
 COM-2024-T4 conventional hot extruded AA2024-T3 solid 

solution treated (as above) followed by 10 days of 
natural aging prior to the FS process

 

 COM-2024-O conventional hot extruded AA2024-T3 with 2.5 h 
exposure to 410 ◦C in the furnace without salts 
bath followed by room temperature in air cooling

 

Table C.6
Friction surfacing process average (AVG) torque and consumption rate of the stud
during deposition (steady-state conditions) and hardness of the respective consumable
stud base material.
 Process AVG torque, 

(Nm)
AVG 
consumption 
rate, (mm/s)

BM hardness, 
(HV0.1)

 

 COM-2024-O 11.14 2.99 94  
 COM-2024-T4 11.27 1.18 144  

for FS, Fig.  C.15a. It is assumed that its formation is caused by a 
very unstable force during the deposition at non-optimized process 
parameters for this temper state. The BM hardness of COM-2024-T4 
is very similar to BM COM-2024-T3. The deposition behavior of these 
two samples was very similar, comparing Tables  3 and C.6.

Data availability

The obtained data of this research is online available at Zenodo 
(https://doi.org/10.5281/zenodo.15234183).
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