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ARTICLE INFO ABSTRACT

Keywords: Microstructural evolution under severe thermo-mechanical conditions is challenging to characterize, par-
WAXS ticularly in precipitation-hardenable aluminium alloys where high strain rates and elevated temperatures
SAXS

promote precipitate dissolution, nucleation, and growth. Capturing these dynamic processes requires in-situ
characterization techniques. In this work, a novel experimental setup for in-situ investigation of friction
extrusion (FE) is introduced using the FlexiStir device, a portable friction stir unit designed for operation
at high-energy synchrotron beamlines. Time-resolved measurements during friction extrusion of AA7075-T651
were successfully performed, enabling direct observation of precipitation and microstructural evolution during
processing. The combined effects of frictional heating and severe plastic deformation on precipitation kinetics
and grain refinement were analyzed, supported by an analytical model describing the temperature rise due
to frictional heating. The results reveal a strong coupling between processing conditions and microstructural
evolution. In particular, precipitates exhibit an approximately four-fold increase in size during processing,
as confirmed by scanning transmission electron microscopy and small-angle X-ray scattering. In addition,
recrystallization-driven grain refinement was characterized through detailed microstructural analysis. Lower
applied forces were found to produce higher processing temperatures and longer thermal exposure, promoting
grain growth and reducing precipitate retention after cooling. These findings establish a direct relationship
between applied force, temperature evolution, and dynamic precipitation behavior during friction extrusion.

AA7075-T651
Precipitation kinetics
Analytical model

1. Introduction point. Based on their applications, friction-based technologies are typ-
ically categorized into two groups: joining and processing [4]. Among

Friction extrusion (FE) was developed and patented by TWI in joining processes, friction stir welding (FSW) [5] and refill friction
1993 [1]. The process follows a similar strategy as the conventional hot stir spot welding [6] are well-known techniques that enable joining
extrusion process, except for the rotation that is introduced to impart dissimilar materials considered non-weldable. Friction stir processing
plastic deformation and consolidation of the feedstock material during (FSP) [7], friction consolidation [8] and FE [2] can be classified as
the extrusion process. Even though this process came into existence friction-based processing techniques. The frictional heating associated
three decades ago, only recently it has piqued the interest of the with all these processes softens the material without reaching its melt-
research community [2]. Recently, FE has emerged as an interesting ing point, resulting in fine-grained microstructures due to dynamic
process route to obtain tailored alloys by mechanical alloying, recycling recrystallization induced by severe plastic deformation at elevated tem-
of machining waste, and consolidation of powder products [3]. peratures. Moreover, since the temperature remains below the alloy’s
FE is a solid-state, friction-based processing technique that utilizes melting point, issues related to melting and solidification that affect
frictional heat and pressure generated by the die’s relative motion. mechanical properties are avoided [3]. FE is used to extrude solid or
This frictional heating softens the material without reaching its melting hollow structures from feedstock materials such as chips, powder, or
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Fig. 1. Schematic illustration of the Friction Extrusion (FE) process, in which
combined rotational and axial forces are applied to the material within a
container, generating frictional heat that softens the material and enables its
extrusion through a die orifice to form a wire.

bulk material. An advantage compared to conventional hot extrusion is
that FE requires lower force, and the localized heating due to friction
helps save energy and time by eliminating the need for preheating [9].
Additionally, FE wires could be utilized in friction-based additive man-
ufacturing, such as friction surfacing [10] or Additive Friction Stir
Deposition [11]. The schematic of the FE process is shown in Fig. 1.
FE involves a container containing the material to be extruded and a
revolving die that is subjected to the applied force. The plasticized layer
develops in close proximity to the die and has a restricted thickness,
referred to as the forming zone. The flow of material is constrained by
an orifice inside the die, which controls the extrusion process [9].
Several studies have investigated the processing of aluminium alloys
using FE. For instance, Tang et al. [2] showed the extrusion of AA2050
alloy and AA2195 chips using FE, resulting in fully recrystallized
and equiaxed grains, where the grain size increased as a function
of rotational speed. Baffari et al. [12] studied the effect of process
parameters on AA2050 and found that higher rotational speed and
extrusion force result in abnormal grain growth and hot cracking due to
excessive frictional heating. Halak et al. [13] investigated the effect of
extrusion force and observed that with an increase in force, the initially
only outer refined region increased, even though the processing time
decreased. The studies also looked into the effect of die angle, where,
with a higher force at a die angle of 60°, a completely recrystallized
wire with ultrafine grains was produced at a low extrusion ratio.
Li et al. [14] studied the strain and texture of the FE wire. Wang
et al. [15] studied the evolution of microstructure from the extruded
wire to the base material. They found that high grain refinement
was achieved near the extrudate region due to discontinuous dynamic
recrystallization (DDRX) indicated by the presence of larger amount of
high angle grain boundaries (HAGBs). However, for the central part,
there was grain fragmentation due to strain accumulation, shown by
the higher frequency of low angle grain boundaries (LAGBs). While
previous studies have demonstrated that FE can produce fully recrystal-
lized microstructures in aluminium alloys, the reported grain evolution
strongly depends on processing parameters such as rotational speed,
extrusion force, and die geometry. However, most studies have primar-
ily emphasized the role of rotational speed, whereas the influence of
extrusion force on microstructural evolution and recrystallization be-
havior remains insufficiently understood. Therefore, a comprehensive
understanding of how extrusion force influences the dynamic recrys-
tallization behavior and microstructural evolution during FE remains
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limited. Addressing this knowledge gap is essential for optimizing
FE process parameters and controlling the microstructure of extruded
aluminium alloys.

Besides grain size, precipitates are crucial in many aluminium alloys
since their presence directly affects the properties. For example, Whalen
et al. [16] showed for extruded Al powder twice the elongation, with
similar high yield strength caused by grain size reduction and forma-
tion of secondary nanoscale phases in comparison to conventional hot
extrusion. Kalsar et al. [17] found homogeneously distributed stable 5
(MgZn,) precipitates in AA7075 after FE, resulting in a higher surface-
to-volume ratio and improved aging response. However, most of these
studies have characterized the microstructure and grain size using
ex-situ analysis and primarily focused on variations in die geometry
and processing parameters. Typically, transmission electron microscopy
(TEM) is employed to investigate precipitates, which is challenging
especially with respect to the sample preparation. Additionally, the
analysis is limited to a small region. To overcome this problem, small
angle X-ray scattering (SAXS) and wide angle X-ray scattering (WAXS)
are utilized to study the precipitate size distribution and the precipitate
phases, respectively, of a larger volume. Even though TEM studies help
to understand the final properties after processing, they fail to capture
the dissolution of precipitates while the process is happening. More-
over, precipitates can coarsen or dissolve during processing, making it
difficult to accurately interpret their evolution after processing. Thus,
to understand the microstructural evolution during processing, such as
when the die is extruding the material during FE, there is a need for
real time analysis.

In this study, the alloy AA7075 is utilized. It is a precipitation hard-
enable alloy, meaning that its mechanical properties are determined
by the shape and distribution of fine, coherent precipitates and disper-
soids. The 7xxx series aluminium alloys are of particular interest due
to their widespread use in lightweight aerospace applications, owing
to their high strength-to-weight ratio, good machinability, excellent
fracture toughness, and affordability [18]. Moreover, AA7075 alloys
tend to recover at room temperature due to natural aging [19], making
real time analysis crucial. One possibility to obtain in situ informa-
tion during complex thermo-mechanical processes is to simulate them
via a dilatometer. For instance, Henninger et al. [20] simulated fric-
tion stir welding (FSW) experiments using a quenching dilatometer to
understand the influence of temperature and welding speed on the pre-
cipitation evolution using SAXS and X-ray diffraction (XRD). However,
such physical simulations are limited to simplified thermo-mechanical
conditions and cannot fully capture the complex deformation and heat
generation occurring in the actual process. To obtain insight into
the actual process, the analysis has to be performed in situ during
processing. Up to now, also due to its complexity, in-situ studies on
friction-based processes are rather limited. Woo et al. [21] investigated
the temperature and stress evolution of AA6061-T6 during FSW using
neutron diffraction via a remotely operated portable FSW machine. Up
to now, there exists only one in-situ study on precipitation kinetics
during FSW using synchrotron radiation by dos Santos et al. [22],
showing for AA7449-TAF the complex transformation, dissolution and
reprecipitation that happened during welding. This investigation has
been made possible by utilizing the FlexiStir device [22] that can be
installed in a synchrotron X-ray beamline and allows for the acquisition
of microstructural data using SAXS and WAXS during welding.

Despite these advances, in-situ investigations of FE remain unex-
plored, and the relationship between process force, temperature evo-
lution, and dynamic precipitation behavior during FE is still poorly
understood. In particular, while extrusion processes involve strong ma-
terial confinement and force-controlled deformation, the influence of
extrusion force on precipitation kinetics and microstructural evolution
has not yet been investigated in real time. Therefore, the present study
introduces a novel experimental approach for the first in-situ inves-
tigation of friction extrusion using the FlexiStir device. Unlike FSW,
where the material is not fully confined and tool rotation and surface
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Fig. 2. Schematic illustration of the FE setup at the synchrotron, including the die angle used and the front view of the FlexiStir setup aligned with the incident
beam direction. The thermocouple positions used for ex-situ temperature measurements are referred to as tc located at the center of the window and tc? located

in the die.

Table 1
Chemical composition (in wt%) determined with Optical Emission Spec-
troscopy (OES) of the used AA7075-T651 material.

Si Fe Cu Mn Mg Cr Zn Ti Ni Sn Zr Al
0.08 0.13 16 0.03 26 016 6.0 0.04 0.01 0.01 0.02 Bal

conditions strongly influence the process, FE involves confined material
flow where the applied force plays a dominant role in determining
the thermo-mechanical conditions. In this work, AA7075 is extruded
using a die angle of 60° at two different extrusion forces to investigate
the effect of force on temperature evolution, precipitation kinetics, and
microstructural development. The experiments are performed using
in-situ synchrotron SAXS and WAXS, enabling direct observation of
precipitation behavior during and after FE for the first time.

2. Experiment and data analysis
2.1. Material

This study employed a commercial AA7075 alloy in T651 temper as
the base material. The results of the material’s chemical composition
measurement at Material Services GmbH using optical emission spec-
troscopy (OES) are shown in Table 1. Bulk billets of 15 mm diameter
and 45 mm in height have been utilized.

2.2. Friction extrusion process using FlexiStir

The FlexiStir system, a special device created to carry out in-situ sy-
chrotron X-ray scattering experiments initially intended for FSW [22],
was used to perform for the first time an in-situ FE process inves-
tigation. The container stayed still during extrusion, where the die
rotated during the penetration of the material. The detailed setup for
the experiment is displayed in Fig. 2.

The container used in this study has a dimension of 52 mm height
with an inner diameter of 15 mm and a wall thickness of 5 mm in
the relevant part. The corresponding die has 15 mm outer diameter,
featuring a die angle of 60° with an internal die orifice of 6 mm,
resulting in an extrusion ratio of 6.25. Both parts were manufactured
from AISI 4140 steel. Additionally, the setup includes two windows
made of sapphire glass around the beam axis, 18 mm from the top
of the container. The first, located at the beam entry point, has a
diameter of 5 mm and a thickness of 5 mm; the second, positioned in
the transmission region, has a diameter of 12 mm and a thickness of
8 mm. The difference in diameter accounts for the beam that enters the
sample and after undergoing scattering needs a wider outlet to reach
the detectors. The window thickness is a result of handling require-
ments and anticipated peak load; but failure frequently happened at the
end of the process owing to thermal shock, which had no discernible
effect on the SAXS/WAXS signal. The effect of the observed damage
on the SAXS measurements is negligible, as SAXS probes nanoscale
features and is not significantly affected by minor surface damage or
artifacts. Therefore, the reliability of the SAXS data remains unaffected.
However, sometimes sapphire glass artifact and Debye-Scherrer rings
were seen on the 2D images, see Appendix A. Furthermore, diffraction
and SAXS measurements showed no problems with background, and
the sapphire glass exhibited high X-ray transmission, allowing sufficient
beam intensity to reach the detector. The position of the X-ray beam
was kept constant throughout the experiments. Although FlexiStir can
be tilted, as was done for the FSW study by dos Santos et al. [22], it was
kept parallel to the beam and not tilted in the present FE experiments.
Moreover, temperature measurements were conducted ex-situ, and the
positions of the K-type thermocouples are shown in the front view in
Fig. 2. Thermocouple tc¥ is positioned 18 mm from the top of the
container (aligned with the window) and 1 mm below the container
surface, while tc? is located at 2/3 of the radius from the center of
the die and 1 mm below the die surface. The original spindle motor
is connected to a gearbox that delivers a torque of 450 N m and a
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Fig. 3. (a) Intensity as a function of time, with different stages during FE marked as Case I, II, and III; (b) Schematic of the processing stage showing beam
transmission through the base material (15 mm thickness); (c¢) Schematic of the processing stage where the beam is blocked; (d) Schematic of the cooling stage

showing beam transmission through the extruded wire (6 mm thickness).

Table 2
Process parameters of FE for the AA7075 alloy.

Process name Rotation speed [rpm] Die angle [°] Force [kN]
FE-16 300 60 16
FE-22 300 60 22

rotational speed of 600 rpm, with a maximum axial force capacity of
40 kN.

For the current study, the process parameters employed are shown
in Table 2. During the process, the die was plunged 13 mm into
the AA7075 billet, ensuring that the beam is going through the wire
after processing. However, this resulted in the fact that the signal was
blocked in the last few seconds of processing, as the die was in front
of the window, see Fig. 3c. The in-situ measurements are limited by
the constraints of the FE setup, as die motion causes beam obstruction
near the end of processing because the beam position cannot be ad-
justed. In addition, accessing the extruded wire through the window
for subsequent characterization would require further die plunging,
which would block the beam. The length of the wires produced after
the process is roughly 77 mm. The complete setup cooled down at air
for approximately 900 s.

The beam needs to penetrate 15 mm during processing and 6 mm
after extrusion of the AA7075 alloy, in addition to passing through the
sapphire glass windows (8 mm + 5 mm). Therefore, a high photon
energy is needed, which is available at the high-energy materials

Table 3

Transmission of the beam through sapphire windows (T, ), sample (T,), and
the final transmission through both the sample and the windows (T,,) during
processing (thickness = 15 mm) and after extrusion (thickness = 6 mm).

Thickness [mm] T, [%] T, [%] T, [%]
15 59 19 11
6 59 33 19

science beamline P07 at PETRA III, operated by Helmholtz-Zentrum
Hereon at Deutsches Elektronen-Synchrotron (DESY), Germany. Table
3 provides details on the transmission through the sapphire windows
(T,), the sample (AA7075) (T,), and the final transmission through
both the sample and the windows during processing and after extrusion
(T,,). One benefit of having such a high photon energy is that the
experiment can be carried out in air without the need for a vacuum. The
drawback is that the range of covered scattering vectors is restricted at
the small q end of the scattering curve (0.04 nm~! to 3.2 nm™!), which
depends on the photon wavelength (1 = 0.169 A).

2.3. Experimental setup and data analysis for in-situ SAXS and WAXS
during friction extrusion

2.3.1. SAXS
The SAXS signals were recorded using a PILATUS3 X CdTe 2M
detector with a pixel size of 172 pym x 172 pm at a distance of 9.7 m
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from the sample, calculated using the calibrant silver behenate (AgBH).
During the FE experiments, detector images were collected continu-
ously with an exposure time of 0.5 s. This exposure time was sufficient
to capture the precipitate dissolution. At a known heating rates of
15-30 °C s~! for the FE process under the studied process parame-
ters, this corresponds to 7.5-15 °C per frame. Given that precipitate
dissolution occurs over a broad temperature interval of > 80 °C, see
Fig. 5a, the temporal resolution was adequate to capture the phase
evolution. After the process, the cooling phase was also studied to
understand natural aging. The pyFAI module [23] in Python was used
to azimuthally integrate the scattering signal. The scattering images un-
derwent azimuthal integration because the scattering signals obtained
during the experiment were isotropic.

Fig. 3a shows the scattering intensity at ¢ = 0.5 nm~! as a function
of time. Clearly, the scattering intensity has three distinct regions.
These regions can be explained by the path through which the beam
was transmitted through the sample, separated into three cases as
follows. In Case I, as illustrated in Fig. 3b, the FE process is being
carried out, and the X-ray beam still passes through the billet; thus,
the thickness of the sample to be penetrated is 15 mm. This resulted
in lower intensity reaching the detector during the processing time in
comparison to the cooling stage. Fig. 3¢ shows Case II, where the signal
is being completely blocked by the die, resulting in nearly no signal
reaching the detector. This is an inherent constraint of the friction
extrusion setup required to access the wire for cooling characterization.
This truncation is a systematic limitation rather than an experimental
error. Hence, the WAXS/SAXS images recorded during this time were
not analyzed. Case III, as shown in Fig. 3d, is the cooling stage where
the die has been completely retracted, and the X-ray beam is going
through a smaller thickness of 6 mm of the extruded wire. This case
starts after the processing period and the removal of the die. The
scattering intensity obtained from Case III is higher than in Case I.

Calibration of the scattering curves to an absolute macroscopic
scattering cross-section (sr~!cm1) is required for determining the pre-
cipitate volume fraction. This calibration was performed using glassy
carbon as a Ref. [24]. Additionally, the X-ray transmission values
measured before and after the process, see Table 3, were taken into
account to accurately determine the absolute macroscopic scattering
cross-section. Fig. 4 shows scattering curves at different times after
calibration for both Case I and Case III regions. The scattering curves
were fitted, based on the assumption that the system is dilute, and the
precipitates are non-interacting with a known shape function and log-
normal dispersion model. The main strengthening phase is MgZn, (1)
for 7075-T651 [25]. Other precipitates were neglected, see Section 3.1.
The scattering curves from 0.04 nm~! to 1.3 nm~! were fitted to a log-
normal distribution with a background. This corresponds to real-space
dimensions of approximately should be —157 nm, allowing reliable
detection of particles up to 120 nm in diameter. The precipitates were
assumed to be ellipsoids of revolution with an aspect ratio of 0.4. Their
composition was taken at equilibrium, with a density of 5.09 g/cm?,
resulting in a scattering contrast of 1.8 x 10 10 cm~2 with respect to
the aluminium matrix [20].

2.3.2. WAXS

The WAXS data was recorded using a Perkin Elmer XRD 1621 Flat
Panel detector with a detector distance of 2.3 m and a pixel size of
200 pm X 200 pm. The calibration was done using LaBg. The range of the
20 scattering angles that were examined was 4.3° to 13.7°. To enable
simultaneous SAXS and WAXS signal acquisition during processing, the
WAXS detector was laterally displaced by 150 mm, as illustrated in
Fig. 2. As a result of this offset position, only a partial segment of the
Debye-Scherrer rings was captured in the WAXS patterns.

Integrations were carried out using the Pydidas software [26].
WAXS signals were utilized to obtain the d-spacing in order to cal-
culate the temperature along the beam direction. The equilibrium
phase fraction as a function of temperature was calculated using the
PanAluminium database in the PANDAT software [27,28].
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Fig. 4. Measured small angle X-ray scattering (SAXS) curves at different times
(in sec) throughout the process FE-22. Case I represents the processing stage,
and Case III is the cooling stage, see Fig. 3.

2.4. Microscopy and microhardness testing

The extruded wire and the residual material were sectioned, ground
and polished according to standard metallographic preparation pro-
cedures. The samples for optical microscope observation were etched
with Barker’s Reagent and observed with a Keyence VHX-6000 digital
microscope and a Leica DMi8 optical microscope equipped with po-
larized light. Furthermore, the microstructure was analyzed at specific
regions by a Thermo Fisher Quanta 650 field emission gun scanning
electron microscope (SEM) equipped with a Velocity electron backscat-
ter diffraction (EBSD) system. The data from EBSD were analyzed by
TSL OIM. A misorientation angle of 15 degrees (°) was utilized to dif-
ferentiate the LAGBs and HAGBs. A minimum misorientation angle of
2° was applied to eliminate spurious boundaries. The recrystallization
grain volume fraction was evaluated using the Grain Orientation Spread
(GOS), where grains with intragranular misorientation lower than 2°
was identified as recrystallized grains.

Precipitate size measurements were conducted in Thermo Fisher Ta-
los F200i TEM via scanning transmission electron microscopy (STEM)
operated at 200 kV. The TEM lamella was milled utilizing Ga+ focused
ion beam (FIB) equipped in Thermo Fisher Nova-200 dual bean SEM.

Microhardness were measured with an EMCO-TEST Durascan 70 G5
automated hardness testing machine with a load of 0.2 kgf at the end
of the extruded wires. A two dimensional hardness map was generated
with a grid size of 0.5 mm, covering the entire sample along the radial
direction and comprising 3 measurement points along the extruded
direction. This region corresponded to the area observed during the
in-situ FE experiments.

3. Results

In the FE process, an extruded wire is obtained after AA7075-T651
undergoes significant plastic shear deformation and frictional heating,
resulting in a very refined grain structure. The frictional heating, which
influences the grain microstructure evolution as well as the formation
of precipitates, is directly influenced by process parameters such as
applied force. Next to thermocouple measurements, WAXS was used
to calculate the temperature in the scanned volume during the pro-
cess. Furthermore, SAXS was employed to investigate the evolution of
precipitate size and volume fraction over time.
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Fig. 5. (a) Equilibrium phase fractions as a function of temperature for the base material AA7075; (b) X-ray diffractogram of base material AA7075-T651; (c)
Diffractogram after FE processing for FE-16; (d) Diffractogram after FE processing for FE-22.

3.1. Evolution of WAXS diffractograms during FE

Fig. 5a shows the equilibrium phase fractions as a function of tem-
perature for the base material AA7075 obtained from PANDAT [27].
From the diffraction pattern shown in Fig. 5b, it is evident that precip-
itates of the # (MgZn,) phase, T (Mg3,(Zn,Al)49) phase, S (Al,CuMg)
phase and g (Mg,Si) phase are already present in the AA7075-T651
base material. The equilibrium # phase has a hexagonal crystal struc-
ture (space group = P6;/mmc; a = 5.223 A and c = 8.566 10\) [29].
T phase has a cubic crystal structure (space group = Im-3; a = 14.16
A) [30]. Furthermore, the precipitate size of T phase is greater than
100 nm [31]. The structure of the g (Mg,Si) phase is cubic (space
group: Fm-3 m; a = 6.35 A). According to Pan et al. [32], the primary
f phase forms dendritic structures that are around 30 pm in size and
have a polygonal shape and are mostly considered as secondary phases.
S phase is another secondary phase (space group = Cmcm; a = 4.01
Z\; b =29.3 10\; c=7.15 A) [33]. The T, S and p precipitates were not
included in the SAXS analysis since their sizes are outside the Q-range,
which is the observable range of the current SAXS measurements.
Another important strengthening phase in the AA7075 alloy is the
n' phase, which has a hexagonal crystal structure (a = 4.96 A, c =
14.03 ;\) [34]. These precipitates are extremely small and do not create
observable diffraction peaks, hence are not observed in Fig. 5b. ' phase
forms a fine dispersion (diameter = 5-6 nm), along grain boundaries
and dislocations [25]. Moreover, the equilibrium # phase gradually
replaces the metastable ' phase. The standard precipitation sequence
in alloys of the 7xxx series is: Supersaturated solid solution (a) -» GP
zones — ' — 5 [34]. The absence of detectable #’' reflections in the

diffraction patterns prevented a separate analysis of its evolution during
the FE process. In the SAXS analysis, the scattering signal represents the
overall population of nanoscale precipitates [22]. However, the method
does not allow a clear distinction between different precipitate types
such as ' and 5. Therefore, the SAXS results provide information on
the overall precipitation and dissolution behavior, but a phase-specific
quantification of n’ precipitates during the FE process is not possible.

As shown in Fig. 5a, under equilibrium conditions for the AA7075
composition, the n phase is fully dissolved at approximately 390 °C,
whereas the S phase begins to dissolve at a higher temperature of
around 460 °C in the base material. The g phase remains stable until
about 480 °C and then fully dissolves at 510 °C, which is close to the
FE processing temperature. Neither the T phase nor the n’ phase was
observed thermodynamically in Fig. 5a, likely because both are consid-
ered metastable. Additionally, the formation of the T phase depends on
the alloying elements content, i.e. low Cu and high Mg [35]. However,
the AA7075 base material contains higher Cu and lower Mg, which
favors the formation of the S phase over the T phase under equilibrium
conditions. Finally, as illustrated in Fig. 5c,d, no phase changes were
detected in the WAXS signal after FE processing. Consequently, no
transformation and new phase formation was considered for the SAXS
analysis of precipitates.

Fig. 6a,b show the decrease in peak intensity as a function of time
of the n phase (201) at 20 = 4.43°. This particular peak was selected
because it exhibits the highest intensity among the # reflections. In
both cases, a gradual reduction in the 5 (201) intensity is observed
as the process progresses. Towards the end of the process, just before
the beam signal is completely blocked, the intensity approaches the
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Fig. 6. Wide angle X-ray scattering (WAXS) evolution of the n-phase (201) reflection during FE: (a) Intensity evolution for FE-22 as a function of time; (b)
Intensity evolution for FE-16 as a function of time; (c) Comparison of both processing conditions (FE-16 and FE-22) during die-plunge, with the background
subtracted from the 7 (201) reflection and the intensity is normalized by setting the most intense peak to 1; (d) Evolution of the FWHM of the 5 (201) reflection

as a function of time during processing.

background level. However, the peak does not fully disappear into the
background, indicating that some 7 precipitates still remained near
the end of the process. It is likely that with continued processing
and further temperature increase, these precipitates would dissolve
more into the matrix. The dissolution of # could not be captured
completely due to the beam being blocked by the die, as shown in
Fig. 3c. Additionally, the period during which the signal was blocked
is marked by regions of zero intensity, occurring from approximately
13 to 17 s for the FE-22 process and from 26 to 33 s for the FE-
16 process. Fig. 6¢ shows a comparison of both processing conditions
(FE-16 and FE-22), where the background has been subtracted from
the n (201) reflection and the data normalized by setting the most
intense peak to 1. This was done to ensure that the peak intensity
reflects only the » precipitate signal and not the contributions from
the background. In both processes, the # precipitates dissolve as the
die penetrates. However, the dissolution occurs more rapidly for FE-
22, the process performed at a higher applied force, leading to a
shorter processing time, see Fig. 7. In this regard, FE-16 shows a lower
remaining signal compared to FE-22, suggesting a greater extent of 5
dissolution in FE-16 due to the longer processing time. The evolution
of the FWHM of the # (201) reflection is shown in Fig. 6d. The FWHM
initially increases, which can be attributed to deformation-induced
microstrain and lattice distortion during processing. At later stages, a

pronounced decrease in FWHM is observed, likely related to recovery
or dynamic recrystallization processes at elevated temperature, which
reduce dislocation density and lattice strain [36]. Such behavior is
commonly reported in diffraction studies, where peak broadening is
associated with deformation-induced strain and peak narrowing with
strain relaxation during thermal recovery or annealing [37]. While
these processes affect peak broadening, they do not directly change
the phase fraction. Therefore, the continuous decrease in # phase peak
intensity is primarily attributed to precipitate dissolution, which is
further supported by the independent SAXS results.

3.2. Process behavior and temperature evolution via in-situ WAXS and
ex-situ thermocouples during FE

Fig. 7 shows the velocity, force, and temperature recorded during
the FE processes. The temperature was estimated using both the lattice
parameter expansion from the WAXS signal and recorded using the
thermocouples located at the window (tc*’) and die (tc?), respectively.
Details of temperature calculation from WAXS data are provided in
Appendix B. A preheating at 2 kN for 3 s to prevent torque spikes
that could damage the machine and to establish good contact between
die and material was performed before the actual extrusion force was
applied. A subsequent force ramp up to the preset extrusion force
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Fig. 7. Process behavior during friction extrusion: (a) FE-16 and (b) FE-22.
Shown are force and velocity over time, along with temperature evolution
measured via thermocouples positioned at the die (tc?) and window (tc%)
(positions indicated in Fig. 2), as well as the temperature derived from
the WAXS-based lattice parameter expansion that was measured through the
windows.

within 1 s initiates the extrusion. During the force ramping, a spike in
velocity was observed, indicating that the base material was upsetting
and filling the cavity between the material and the die due to the 60°
die geometry. A slightly lower extrusion force in FE-22 and FE-16 was
present with the attained forces of 17.8 kN and 14 kN, respectively,
which remain approximately constant throughout the processes. These
lower forces are likely related to the low extrusion ratio (6.25), which
reduces resistance and prevents the system from sustaining the targeted
force. This indicates a slow controller response for the dynamic process.
Another aspect is the axial force vibrations induced by tool rotation,
which may further lower the average applied force, since force ampli-
tudes above the threshold are naturally cut off due to the maximum
acceleration limits imposed by the control system or the drives.
During both FE processes, the continuous temperature rise was
observed in all three temperature measurements, although at different
heating rates. The temperature determined via WAXS shows a rapid
increase at the ramping stage, followed by a slow but continuous
temperature increase. Meanwhile, the die temperature exhibits a sim-
ilar rapid increase of temperature followed by a saturation of the
temperature towards the end of the process. In contrast, the window
temperature exhibits a more constant heating rate, which is slightly
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lower in comparison to the WAXS measurements. The discrepancy
between the die and window temperatures is attributed to the different
distance to the heat source at the die-material interface. Therefore, the
window temperature experiences a more gentle increase due to a longer
thermal diffusion length. The WAXS temperature lies between the die
and window temperatures. This is because aluminium, as a feedstock
material, has higher thermal conductivity than the surrounding steel
container, influencing the local heat distribution. For instance, the
center of the material experiences an earlier temperature increase
in comparison with the corner. Recalling the transmitted WAXS sig-
nal, which examined the whole thickness of the feedstock material,
a temperature higher than the window temperature is expected. The
WAXS temperature in FE-22 is approximately 197 °C higher than
tc* thermocouple measurement, while for FE-16 it is 148 °C higher
than tc’, both exceeding the corresponding tc measurements at the
outer region. This quantitative difference confirms that the material
center undergoes an earlier and higher temperature rise, indicating the
presence of a radial temperature gradient during friction extrusion.
Nonetheless, the continuous increase in temperature simultaneously
decreases the material’s flow stress, making it easier to flow and leading
to a higher extrusion rate. This increase in temperature aligns well with
previous observations in FE studies [8,13] that heat is continuously
generated during the process. However, FE being a thermo-mechanical
process, the change in the lattice constant during the process can
be attributed to elastic strain and thermal strain [21]. Therefore, the
WAXS temperature needs a correction; however, this correction is small
compared to the thermal strain, see Appendix C.

Although the WAXS gauge volume samples a localized region, this
region progressively approaches the die-material interface towards the
final stage of the process. At that point, however, the WAXS signal is
lost due to the die blocking the signal. Therefore, direct diffraction
measurements at the exact die interface are not available. To com-
plement this limitation, thermocouples embedded in the die provide
direct measurements of the local die temperature, which reflect the
frictional heat generation at the interface. The WAXS measurements,
on the other hand, capture the thermo-mechanical response within
the adjacent material volume near the observation window. Together,
these measurements allow assessment of how heat generated at the die
interface propagates towards the sampled region, enabling a consistent
interpretation of local heat generation and microstructural evolution.
The differences in process temperature as well as processing time
are affecting the recrystallization and precipitation kinetics. Therefore,
SAXS was employed to investigate precipitate evolution under both
force conditions. At the same time, SEM-EBSD and TEM were used to
characterize the precipitate size after processing.

3.3. Macro- and microstructural analysis of extruded wires

The quality of the extrudate in terms of the surface appearance,
external and internal defects are critical to evaluate the extrusion
process parameters. Fig. 8 illustrates the outer surface, cross-sectional
macrostructure in the extruded wires, as well as the transitional region
from base material to extruded wire. Both processing parameters led to
sound, continuous extruded wires without visible core defects, demon-
strating the feasibility of the newly developed in-situ friction extrusion
set-up. Extensive grain refinement initiates ahead of the die-material
interface, see Fig. 8b,g, indicating the shear deformation propagates
into the base material during extrusion. Distinct microstructures are
observed at the center and the edge of extruded wire, see Fig. 8c,h.
At the center of the wire, Fig. 8d,i, elongated grains showing a minor
clockwise rotation along the extrusion direction are evident, whereas
the equiaxed grains were observed at the edge, Fig. 8e,j, suggesting the
grain refinement was not complete for the whole extruded wire. The
presented equiaxed refine grains are likely associated with enhancing
the ductility of the extruded wire [16]. The average grain sizes at
the edges, calculated by the interception methods, are 3.2 pm and
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Fig. 8. Wire appearance and microstructure of the FE-22 (a-e) and FE-16 (f—j) samples. Optical micrographs of the appearance of (a) FE-22 and (f) FE-16 extruded
wires. The transverse cross section of each extruded wire is shown in the upper part of (b) and (g), and the lower part is the residual billet ahead of the extrusion
orifice. The black arrows indicate the initiation of extensive grain refinement. (c) and (h) display the longitudinal cross section of the extruded wires. The center
and the periphery of the longitudinal cross section in FE-22 and FE-16 are presented in (d) and (e) as well as (i) and (j), respectively.

3.3 um in FE-22 and FE-16, respectively. At constant rotation speed,
dynamic recrystallization is enhanced at higher force due to higher
shear deformation input. On the other hand, lower force results in
higher heat input due to longer processing times, Fig. 7, which will
promote grain growth and diminish grain refinement [12]. Despite the
increased heat input observed at lower processing force, the absence of
hot cracks confirms that the heat input remains moderate.

3.4. Analysis of precipitate volume fraction and mean radius via SAXS

Fig. 9 shows the evolution of volume fraction and mean particle
radius of the 5 phase during the FE experiments performed at 16
kN and 22 kN. Quantitative estimation of temperature and precipita-
tion within this interval is not straightforward due to the non-linear
dissolution kinetics under severe plastic deformation. Since interpola-
tion would rely on unverifiable assumptions regarding diffusion and
thermo-mechanical coupling, only the measured data is presented to
avoid speculation. The process can be segregated into the following
stages:

(a) Processing (Growth + Partial Dissolution): During the processing
phase of FE, where the temperature is relatively high, precipitates grow
due to enhanced diffusion. However, simultaneous partial dissolution of
smaller or less stable precipitates occurs, leading to a decrease in the
overall volume fraction despite the increase in mean radius. This trend
is also evident from the n phase (201) peak in Fig. 6¢, where a decrease

in WAXS intensity is observed, consistent with the reduction indicated
by the SAXS results.

(b) Early cooling stage (nucleation+growth): As cooling begins, the
matrix becomes supersaturated while the temperature is still suffi-
ciently high for diffusion to remain active. Smaller precipitates nucleate
while the existing ones continue to grow, resulting in an increase
in mean radius and a continuous increase in volume fraction. The
competition between newly formed fine precipitates and the ongoing
growth of the larger ones is probably reflected in a minor drop in
the mean radius at the end of the early cooling stage before reaching
equilibrium.

(c) Later cooling stage (Stabilization): At temperatures below 50 °C,
there is only little diffusion. Coarsening becomes minimal, and the
microstructural evolution slows down as the system becomes kinetically
stabilized. The volume fraction and mean radius are almost constant.
In Fig. 9, the evolution of the mean radius and volume fraction
measured from SAXS during FE is shown alongside the temperature
rise due to frictional heating, is calculated using WAXS. The initial
radius is around 11 nm, in the range of the precipitate size in the base
material, see Fig. 10a. During processing, the mean radius significantly
increases, reaching its maximum due to a rapid increase in temperature.
In between, there is a small gap with no data points, caused by signal
blockage from the tool. Then comes the early cooling stage, where
the temperature is still high enough to favor coarsening. However,
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Fig. 9. Experimental SAXS results during the FE process showing the evolution
of precipitate radius and volume fraction with increasing temperature due to
frictional heating: (a) FE-16; (b) FE-22.

the temperature is decreasing as a function of time. Finally, when
the temperature drops to around 100 °C, the volume fraction and
mean radius become stable. Due to differences in processing time and
force, the radius and volume fraction of the 5 precipitates are affected
significantly for both investigated process conditions.

For FE-16, more precipitate growth is observed during processing
compared to FE-22, clearly due to its longer processing time and the
higher process temperature reached. During the cooling stage, FE-22
results in a lower mean precipitate radius compared to FE-16. This
suggests that FE-22 retains more nuclei in the form of undissolved
precipitates compared to FE-16, which aligns with its shorter processing
time and lower peak temperature of around 370 + 24 °C before the
beam signal is blocked. In contrast, FE-16 reaches a higher processing
temperature of about 460 + 22 °C with a longer processing time. The
evolution of the critical radius is primarily governed by the solute
content in the matrix. The critical radius refers to the minimum size a
precipitate nucleus must reach to become stable and continue growing,
and it is strongly influenced by solute concentration and tempera-
ture [38]. Since FE-22 undergoes less dissolution, it results in lower
solute content in the matrix and thus a larger critical radius. In compar-
ison, FE-16, having more solute in the matrix due to larger dissolution,
exhibits a smaller critical radius, promoting faster precipitate growth
and a higher mean radius. For FE-22, the precipitate mean radius was
38 + 0.0049 nm while for FE-16 the size was 43 + 0.0042 nm. In
terms of volume fraction, for FE-16, a higher degree of precipitate
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dissolution is observed during processing, consistent with its higher
process temperature. In the early cooling stage, an increase in volume
fraction is observed for both cases. However, in FE-22, more nucleation
sites are retained since fewer precipitates were dissolved during pro-
cessing, leading to a higher final volume fraction compared to FE-16.
In the later cooling stage, the volume fraction stabilizes as the system
reaches equilibrium. For FE-16, a volume fraction of 1.3 + 0.0001%
was determined, while for FE-22 a volume fraction of 1.5 + 0.0001%
was observed. Overall, the FE-22 process tends to retain a larger volume
fraction of smaller precipitates.

3.5. Analysis of precipitates via STEM

Fig. 10 shows the bright-field STEM micrographs and the selected
area diffraction (SAED) pattern of the base material, FE-16, and FE-
22. The microstructure reveals a homogeneous precipitate distribution.
According to the literature [25], # and #’ are the dominant phases, both
exhibiting a plate-like morphology. In the SAED pattern along <112>
zone axis in the BM, two streaks at 1/3 {220} and 2/3 {200} positions
along {111} direction confirmed the existence of 5’ precipitate [39].
After FE, both FE-16 and FE-22 exhibit a lower precipitate density
and a larger mean radius compared to the base material. This suggests
that smaller, metastable ' precipitates have been dissolved during FE.
The SAED patterns from the <110> zone axis show no indication of
n' precipitate in either FE-16 or FE-22. Instead, weak diffraction spots
are observed near {111} for both samples, indicating the presence of
equilibrium 7 precipitate [40]. The size distribution was determined
through manual image analysis of the STEM micrographs. The mean
radius of the 5 precipitates is 10.5 nm in the AA7075 base material,
35.5 nm in FE-16, and 34 nm in FE-22. In the base material, the
precipitates were extremely small but grew and coarsened after FE.
FE-16, processed at a higher temperature, exhibited slightly larger
precipitate sizes than FE-22. A similar trend was observed in the SAXS
analysis after cooling, where the mean radius increased to 43 nm for FE-
16 and 38 nm for FE-22. The initial precipitate radius from SAXS was
approximately 11 nm. Analysis of average aspect ratio using Fig. 10a
resulted in a value of approximately 0.43, which is in excellent agree-
ment with the value used in the SAXS model. This close correspondence
confirms that the assumed ellipsoidal geometry with an aspect ratio of
0.4 provides a realistic representation of the precipitate morphology in
the present study.

3.6. Microhardness

Fig. 11 summarizes the microhardness along the longitudinal cross
section of the extruded wires. A variation of hardness along the wire
and the lowest hardness at the center compared to the periphery is due
to the different plastic deformation degrees along the radial direction,
assuming that the temperature is nearly homogeneous along the wire
radius and therefore no changes in precipitate distribution is expected.
The average hardness is 149.5 + 1.6 HV0.2 for FE-22 and 148.0 +
1.2 HVO0.2 for FE-16. Both precipitation strengthening mechanisms
and grain boundary strengthening suggest that the hardness in FE-22
should be higher than that of FE-16. Tahmasbi and Masoud et al. [41]
also reported that, at the same rotation speed, hardness increases
with increasing force. Comparing microhardness to the base material
(175 HVO0.2), a decrease in the hardness due to the dissolution and
coarsening of the precipitate is observed, which is typical for friction
stir-based processed materials [12].

To further interpret the mechanical response, individual strength-
ening contributions to the yield strength [42] are discussed briefly in
the following. The grain sizes are nearly identical (3.2 pm for FE-22
and 3.3 pm for FE-16). The calculated grain boundary strengthen-
ing based on Hall-Petch relations [42] are approximately 38.3 MPa
for FE-22 and 37.7 MPa for FE-16. This marginal variation confirms
that grain boundary strengthening is not the primary factor governing
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Fig. 10. Bright field scanning transmission electron microscopy (STEM) micrographs and selected area diffraction (SAED) patterns: (a) Base material AA7075-T651;
(b) FE-16; (c) FE-22. The SAED patterns are captured from <112> zone axis for base material and <110> zone axis for FE-16 and FE-22. The streaks at 1/3 and
2/3 of {220} along {111} direction indicate #’ precipitate. The corresponding diffraction spots for n are marked in light green in FE-16 and FE-22. The mean
radius of precipitates is 10.5 nm for the AA7075 base material, 35.5 nm for FE-16, and 34 nm for FE-22. (For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 11. The microhardness along the longitudinal cross section of the ex-
truded wire for FE-16 and FE-22.

the seen hardness difference between the two conditions. In contrast,
the precipitate characteristics differ more substantially: FE-16 shows
a larger average precipitate radius (43 nm compared to 38 nm in
FE-22) and a slightly lower volume fraction (1.3% vs. 1.5%). Ac-
cording to Orowan-type strengthening [42], larger particle size and
reduced volume fraction increase interparticle spacing and thereby
reduce precipitation strengthening.

Although additional strengthening contributions such as Mg-Cu
clusters, dislocation density, solid solution strengthening, and intrinsic
lattice resistance may also play a role [43], the comparable grain size
suggests that the observed hardness difference is primarily governed
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by precipitation effects. Therefore, the slightly lower hardness in FE-16
can be attributed mainly to reduced precipitation strengthening, indi-
cating that precipitate evolution dominates the final strength response
under the present processing conditions.

4. Key mechanisms governing precipitation kinetics and grain
refinement in friction extrusion

4.1. Effect of force on heat generation and temperature

Rotation combined with axial force generates frictional heat at the
die-material and container-material interfaces, a mechanism well estab-
lished in friction-based processes [44]. In this study, the rotation speed
was kept constant, and only the applied force was varied to isolate its
influence on precipitation kinetics. The higher force condition (FE-22)
resulted in a shorter processing duration and a lower measured temper-
ature in the region where the SAXS/WAXS measurements were taken,
see Fig. 7. Although higher axial force can increase heat generation,
in the present setup the substantially shorter processing time of FE-22
limits heat accumulation at the window side, leading to a lower local
temperature. This interpretation is consistent with the observations of
Li et al. [45], who reported that longer FE durations lead to higher
local temperatures at comparable depths. Numerical work by Zhang
et al. [44] similarly shows that localized energy dissipation at the die-
material interface is a dominant contributor to temperature rise during
FE.

In the current FE setup, Fig. 12, the total mechanical energy input
to the process consists of the work performed by the axial extrusion
force (W/) and the work associated with die rotation (W"). The axial
work was derived from the force-displacement response over a 13 mm
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Fig. 12. (a) Measured die rotational power as a function of time, representing
the energy input due to die rotation (W"), and (b) Force as a function of die
Plunge, representing energy input due to axial force (W/).

die plunge, while the rotational energy was calculated by integrating
the die power over the process duration. The resulting total work was
38.1 kJ for FE-22 and 64.7 kJ for FE-16. Because the FE-22 condi-
tion proceeds over a shorter time, the cumulative mechanical energy
delivered to the material is lower than in FE-16, despite the higher
instantaneous force and power levels. This reduced total energy input
explains the lower temperature rise measured at the window region
for FE-22. This interpretation is supported by the temperature obtained
both from WAXS and the thermocouple placed at the window, see Fig.
7. By contrast, the die temperature remains similar for both processing
conditions due to direct thermal contact with the die. It is important to
note that the measured temperature reflects only the local environment
at the window or die interface and does not capture the full temperature
distribution in the deforming material. Spatially heterogeneous heating
is expected in FE, and hotter regions may exist in zones not sampled by
the thermocouple or WAXS measurement volume. The WAXS derived
temperature provides an average temperature over the illuminated
region, but there is currently no direct experimental method to map
the complete temperature field during FE.

Frictional heat, however, depends not only on axial force and
rotation but also on the interface condition. Whether the interface is in
sliding or sticking contact strongly influences the amount of frictional
heat and heat due to plastic deformation. Small changes in interface
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Fig. 13. Schematic illustration of the die tip geometry of FE setup used to
calculate the heat generation rate during friction extrusion, highlighting the
distinct contributions Q;, Q,, and Q5 associated with different regions of die-
material contact regions. All dimensions in mm.

condition with applied force may therefore contribute to the observed
temperature differences. To better interpret these effects, an analytical
heat generation rate model, originally developed by Schmidt et al. [46]
for FSW, is being adapted for the present FE configuration.

4.2. Analytical model for heat generation rate

Similar to the analytical framework proposed by Schmidt et al. [46],
the present model assumes axisymmetric contact between the rotating
die and the deforming material, with uniform contact shear stress
distributed over the entire contact area. This formulation implicitly
assumes a constant effective friction coefficient and a spatially averaged
contact pressure in accordance with Coulomb’s friction law [47]. The
die is considered rigid, and the angular velocity is taken as constant
during each evaluated time interval. Furthermore, heat generation is
assumed to originate primarily from interfacial friction, while local
variations in temperature, pressure, sliding velocity, and material flow
are not explicitly resolved.

While local variations in temperature, pressure, and sliding velocity
exist, this approximation enables a closed-form analytical estimate of
frictional heat generation and provides an upper-bound assessment.
It is important to note that, unlike FSW, FE does not represent a
fully steady-state process, as the contact conditions, extrusion force,
and material flow evolve continuously with time. However, during the
final stage of the process, the extrusion force becomes approximately
constant, see Fig. 7, indicating a locally quasi-steady operating regime.
Consequently, the analytical framework is applied here in a qualitative
and comparative sense to interpret transient force and contact condi-
tion relationships over limited time intervals, where the process may
be considered locally quasi-steady. This approach enables insight into
the prevailing contact condition without assuming global steady-state
behavior.

Three different analytical estimates are utilized in terms of con-
tact conditions, with an overall assumption of uniform contact shear.
Firstly, a sticking interface condition (6 = 1) is assumed. Secondly,
a pure sliding condition (6 = 0) is employed, which is described by
the Coulomb interaction. Finally, a partial sliding/sticking condition
estimate is utilized. During FE, the heat is generated where the die is in
contact with the material, see Fig. 13. A 60° die angle was employed;
the contact angle, a, with the material is 30°. The heat generated is
seggregated in three parts:

(a) Heat generation rate under the die with conical surface
(Q): The die angle was conical in shape. The final heat generated in
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this region from radius R; = 3 mm to R, = 6.40 mm can be calculated
by integrating the following equation:

27 Ry
o= ),
o Jr
2r 3 3
= Tco‘rmmm(R2 = R))(1 +tan a),
where o is the tool angular rotational speed and z,,,,,, is the shear
contact stress.
(b) Heat generation rate under the die with flat surface (Q,):
The final heat generated in this region from R, = 6.40 mm to R; =
7.40 mm can be calculated by integrating the following equation:

2r R3
-/
0o Jr,
2z

3 3
= Twrcantact(R3 - Rz)’

(c) Heat generation rate after the die orifice (Q;): The die has a
cylinder surface at the die orifice with a height H of 3 mm. Afterwards,
the radius is increased from 3 mm to 4 mm, assuming no contact of the
extruded wire with the wall anymore. Therefore, after integrating the
total heat generated in this region results in:

27 H
Q3 Z/) /0 OTcontact R%dh do

RIH.

an—contaetrz[l + tan a]dl‘ do

(€Y

a)rmmmrzdr do

(2)

3)

= 2ﬂ'w‘rcantact

The total heat generation rate is determined from all three contribu-
tions combined which can be simplified as follows:

Oiora = Q1+ 02+ 03

2
= §7rcorcan,ac,[(Rg - R‘?)(l +tan a)

+ (R} — R}) + 3R} H].

4

4.2.1. Heat generation ratio
Independent of the actual contact conditions, the contributions from
the different surfaces is compared to the total heat generated:

0, (R} — R)(1 +tan a)
Oal (R} — R3)(1 +tan a) + (R} — R3) + 3R2H
=0.62
0, (R - R)
O (R} — R})(1 +1tan a) + (R — R3) +3RTH (5)
=024
0, 3R2H
O (R} — R)(1 +tan a) + (R} — R3) +3R2H
=0.14

This indicates that for the present FE tool geometry, the majority of
heat generation (86%) comes from the region in front of the die orifice.
Moreover, the conical surface contributes more to heat generation
compared to the flatter surface, while the region after the die orifice
accounts for only 14% of the total heat.

4.2.2. Comparison of analytical and experimental heat generation rate of
the die for FE-16 and FE-22

The input parameters used in the analytical model are listed in
Table 4. Each analytical estimate corresponds to a specific contact
condition, which directly influences the assumed contact shear stress
and, consequently, the calculated heat generation rate. For details
of the governing equations and underlying approximations, refer to
Schmidt et al. [46].

(a) Sticking condition (6 = 0): Under the sticking condition, where
Teontact = Oyield/ \/(3) holds, the effective yield strength at processing
temperature for both processes, FE-16 and FE-22, is determined via:

sticking
3 \/thotal

. (6)
270[(R — R3)(1 + tan a)(R3 — R3) + 3R?H]

O-yield =
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Table 4
Input parameters of analytical heat generation model. The frictional coeffi-
cient, u is taken from Ref. [47].

Input parameter Unit Value

R, mm 3

R, mm 6.4

R; mm 7.4

H mm 3

h mm 1.96

@ rad/s 31.42

U - 0.5
Table 5

Process and the calculated yield strength when we assume sticking conditions.
Calculated yield strength [MPa]

84.1
101.4

Exp. heat generation rate [W]

1900.5
2291.8

Process name

FE-16
FE-22

The heat generation rate of the die is known and directly taken
from the monitored values at the end of the experiments when the
process reaches a quasi-steady operating regime. Table 5 shows the
heat generation rate of the die, calculated yield strength for both the
processes under the ideal case of completely sticking contact condition.
The experimental value of yield strength for AA7075 at a temper-
ature around 400 °C is reported to be less than 100 MPa [48,49].
In the current case, the values are determined to be in the range of
80-100 MPa, see Table 5, which is higher than reported values during
quasi-static tensile testing. The determined value in the current cases
is affected by strain rate and pressure effects, leading to a significant
higher equilibrium yield strength compared to its quasi-static values,
which is consistent with observations by Reimann [50] for refill FSSW.

(b) Sliding condition (5 = 1):

Under sliding conditions, the total heat generation rate is calculated
using Eq. (8), which is derived from Eq. (4). According to Coulomb’s
friction law, the contact shear stress is given by z.qnwce = #p, Where
the contact pressure is defined as p = Feyp/Acontact- Here, Feyp denotes
the experimentally measured plunge force, and the contact area is
expressed as:

Acontact = Tl(R] = R3) + (Ry + R, %)

where / is the lateral length of the truncated cone, given by / =
VA2 + (R, — R))?, and h is the height of the truncated cone. The
experimentally measured force is used as input to the analytical model
to evaluate the corresponding sliding power as follows:

F, exp

X
(RS = R3) + (Ry + R
[(R; — R})(1 + tan a) + (R; — R3) + 3R} H1.

QsI[diﬂg _2

total T 3

(8)

The resulting heat generation rates under both sticking and sliding
assumptions are compared with experimental measurements in Fig. 14
for FE-16 and FE-22. The analytical predictions obtained under the
ideal condition of sliding contact show good agreement with the exper-
imentally measured heat generation rate during the stage of the process
where the plunge force becomes approximately constant. Furthermore,
the predicted heat generation rate under sliding conditions follows the
experimentally measured torque evolution, confirming the proportional
relationship Q = Tw during the quasi-steady stage. During this stage,
the measured torque is approximately 60 N m for FE-16 and 70 N m
for FE-22, while the analytical model predicts torques of 60.5 N m and
72.9 N m for FE-16 and FE-22, respectively. In contrast, the sticking
condition represents an upper bound for the heat generation rate.

(c) Partial sticking and sliding (0 <6 < 1):

To assess whether sliding or sticking dominates the die-material
contact condition, the proportionality between the experimentally mea-
sured plunge force and the heat generation rate is examined, following
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Fig. 14. Comparison of experimentally measured and analytically estimated
die heat generation rates for (a) FE-16 and (b) FE-22. The plots show the
temporal evolution of the measured plunge force and torque together with
the corresponding analytical heat generation rates calculated under sliding and
sticking contact assumptions. The analytical sliding solution is based on the
experimentally measured force input, while the sticking solution represents an
upper bound for the heat generation rate.

Table 6
Ratio of heat generation rate to applied force within the proportional region.

Process name Mean ratio 95% Confidence interval
FE-16 0.138 + 0.004 [0.1381, 0.1386]
FE-22 0.126 + 0.006 [0.1245, 0.1265]

the approach proposed by Schmidt et al. [46]. In their model, the
absence of proportionality between force and heat generation rate
suggested a predominantly sticking contact condition. However, for the
FE-16 case, there is a clear proportional relationship between force
and heat generation after approximately 22 s, suggesting that FE-16
operates closer to a sliding contact condition during this period. In
contrast, for the FE-22 case, proportionality between force, torque, and
power is observed only near the end of the process (around 16 s),
indicating that even at higher force levels, the process exhibits some
sliding behavior. However, the trend suggests that higher forces tend
to correspond to increased sticking or reduced sliding contact, which is
in agreement with experimental observations in the literature [13]. To
quantify this relationship, the ratio of heat generation rate to applied
force was calculated within the proportional region (after 22 s and 16 s
for FE-16 and FE-22, respectively), as shown in Table 6. The stability of
this ratio suggests a proportional relationship between force and heat
generation, consistent with sliding contact conditions [46].
Microstructurally, the presence of sliding conditions is supported by
the observation of more refined grains in the edge and elongated grain
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sizes in the wire center, see Fig. 8. These features are consistent with
literature reports distinguishing sliding and sticking friction regimes in
friction extrusion processes [13].

4.3. Effect of strain and strain rate on precipitation kinetics

The severe deformation imposed during FE is expected to strongly
influence precipitation kinetics, primarily through the action of disloca-
tions generated during plastic straining. These dislocations act as highly
efficient heterogeneous nucleation sites and create fast-diffusion path-
ways through pipe diffusion, thereby accelerating both nucleation and
growth when deformation and precipitation occur simultaneously [51].
More broadly, according to Deschamps et al. [52], when deformation
and precipitation proceed simultaneously, the interaction is complex
and highly dynamic. Elastic stresses may influence variant selection for
precipitates that possess significant lattice mismatch with the matrix.
The effects of plastic strain is governed by several mechanisms: disloca-
tions can enhance nucleation; pipe diffusion and dislocation sweeping
can accelerate growth and coarsening; deformation-generated excess
vacancies may further promote nucleation and growth; and, in some
cases, precipitates may be sheared and partially or fully dissolved.
Depending on which of these competing mechanisms dominates under
given conditions, a wide range of behaviors has been observed experi-
mentally, from accelerated nucleation, to rapid growth and coarsening,
to strain-induced dissolution. The balance among these mechanisms
is governed by supersaturation, temperature, and precipitate morphol-
ogy, as well as by the imposed strain magnitude, strain rate, and
deformation temperature [52].

Due to limited azimuthal coverage of the diffraction ring, recon-
struction of the full strain tensor was impossible for FE-16 and FE-22,
respectively. However, directional elastic strain due to load obtained
from WAXS measurements (Appendix C) confirms that the material
experiences significant deformation during the extrusion process. Sev-
eral studies [51] have shown that even modest plastic strains can
significantly modify the precipitation response of Al alloys. A useful
benchmark is the in-situ SAXS investigation by Deschamps et al. [52],
where a 7xxxx series alloy strained to only 0.06 plastic strain at a strain
rate of 6 x 107> 57! at 160 °C exhibited a 50% increase in precipitate
size within 30 min relative to an unstrained specimen subjected to the
same thermal profile. Although the thermo-mechanical conditions dur-
ing FE involve far higher strain rates (~ 3—100 s~! [53,54]) and much
larger strains (~ 3 — 10) [14,45], this comparison illustrates that even
incremental plastic strains can dramatically enhance nucleation and
growth kinetics. In this context, the simultaneous strain assisted precip-
itate growth observed in FE-16 and FE-22, even while some dissolution
occurs due to rising temperature in the SAXS/WAXS measurement
zone, is consistent with the expected acceleration of precipitation pro-
cesses in the presence of deformation, which is inhomogeneous across
the measured region.

Finally, both SAXS and TEM results indicate a more than 4 times
increase in average precipitate size after FE. This dramatic growth is
attributed to the combined effect of severe plastic deformation and
elevated temperature.

4.4. Recrystallization and grain size evolution

Next, the distinct microstructural evolution and transition behavior
within extruded wires is evaluated via EBSD analysis at the center
and edge regions of the base material (BM) and FE-16 extruded wire.
The FE-22 extrudate exhibits a slightly different grain size compared
to the FE-16 extrudate; however, the grain morphology and the un-
derlying dynamic recrystallization mechanisms share a high similarity.
For brevity, the FE-22 results are included in Appendix D. Fig. 15
summarizes the inverse pole figures (IPF), corresponding (111) and
(110) pole figures (PFs), texture intensities (expressed in multiples of
random distribution, mrd), average grain sizes (AGS) and GOS maps.
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Fig. 15. Electron backscatter diffraction (EBSD) microstructural characterization of the base material and the extruded wire at 16 kN. Inverse pole figure (IPF)
maps are shown for both the center and the edge regions of the specimens. The corresponding pole figures illustrate the texture evolution with the intensities
in multiples of random distribution (mrd). The degree of recrystallization is represented in the fraction of grain orientation spread (GOS) <2° and the average
grain size was assessed by the high-angle grain boundaries (HAGBs) spacing perpendicular to extrusion direction (ED).

The AGS is calculated by HAGBs spacing perpendicular to extrusion
direction (ED) due to the morphology of the grains. The BM exhibits
a typical grain morphology of extruded Al alloys, characterized by
elongated grains aligned with the ED. PFs depict a strong <111> fiber
texture along the ED, resulting from the alignment of primary slip sys-
tems during deformation in Al alloys [55]. Within BM, a notable grain
size gradient is present. The AGS at the edge (2.9 pm) is significantly
smaller than at the center (8.9 pm). This initial gradient is attributed to
higher friction between the die orifice and the extrudate during the BM
manufacturing, which facilitates dynamic recrystallization (DRX) [56].
The center of the extruded wire remains a similar morphology as in
the BM, consisting of elongated grains decorated with few finer grains
(AGS of 3.9 pm). This moderate grain refinement is driven mainly by
the extrusion ratio accompanying occasional DRX as evidenced by a
minor increase in the fraction of grains with GOS <2°. Notably, at
the center of the extruded wire, the characteristic extrusion texture
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deviates clockwise from the ED. This shift is due to the geometrical
effect of strain, indicating the minor influence of the rotational motion
during processing. In contrast, the edge of the FE-16 extruded wire
is composed predominantly of fine grains (AGS of 1.9 pm). The high
degree of DRX in this region is confirmed by the GOS distribution,
where over 82% of the grains exhibit values <2°.

The degree of DRX is directly manifested in the texture intensity.
Within the BM, a significant reduction in texture intensity is observed
from the center (22.7 mrd) to the edge (12.8 mrd), where the fraction of
GOS <2° increases from 5.3 to 19%. This inverse relationship between
DRX degree and the texture intensity is also evident in the extruded
wire, where the intensity drops from the center (21.7 mrd) to the
edge (3 mrd) and the fraction of GOS <2° increases from 13.1 to
82.2%. Notably, the characteristic extrusion texture is preserved at the
extruded wire center, while a texture alternation at the edge of the
extruded wire is observed. This transition is attributed to severe plastic
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Fig. 17. Evolution of grain boundary densities at the center and edge regions
of the base material (BM) and the extruded wire taken from the identified
regions in Fig. 15.

deformation coupled with the high temperature exposure, initiating
intensive DRX. These findings align well with the literature, indicating
that the extruded wire center experienced lower plastic strain and
the extrusion-induced shear is the dominant deformation mode [13].
In contrast, the extruded wire edge experienced significantly higher
plastic strain, dominated by shearing. Microstructural analysis revealed
evidence of multiple DRX mechanisms. Continuous dynamic recrystal-
lization (CDRX) and geometrical dynamic recrystallization (GDRX) are
commonly reported in Al alloys [57]. While certain elongated grains
exhibit clear evidence of sub-grain rotation, Fig. 16a, it is absent in
others, Fig. 16b. The former is characterized as CDRX and the latter
as GDRX [57]. It is worth noting that one end of the elongated grain
shown in Fig. 16b is nearly forming a new refined grain (indicated
by the red arrow). This morphology is hypothesized to represent the
microstructural state immediately prior to the pinch off, which results
in forming refined, equiaxed grains. In addition to CDRX and GDRX,
grain boundary bulging (indicated by black circles in Figs. 15 and 16¢
was observed extensively at the extruded wire center, which might
imply the occurrence of DDRX. The kernel average misorientation
(KAM) map in Fig. 16c shows a high KAM value at the concave side
of the bulging, implying a strain induced subboundary [57]. While
the occurrence of DDRX in high stacking fault metals like Al remains
in debate, it has been frequently documented in friction stir based
processes [58].

To evaluate the evolution of grain boundaries from the BM to the
extruded wire, the misorientation angle distribution was analyzed in
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terms of grain boundary density, calculated by the total boundary
length normalized by the EBSD scan area. Fig. 17 illustrates these dis-
tributions for the region identified in Fig. 15, while Table 7 summarizes
the absolute values and the percentage increase for both low angle
grain boundaries (LAGBs) and high angle grain boundaries (HAGBs).
Upon passing through the die orifice, all regions exhibit an increase in
both LAGB and HAGB densities, marking the formation of deformation-
induced grain boundaries. However, the behaviors differ significantly
between the center and edge regions. At the center region, a bimodal
distribution is present, with density peaks occurring at approximately
5-8° and 50-60°. The sharp increase in high misorientation angles
is reported to be associated with GDRX [59] and potentially DDRX.
Additionally, the misorientation angles range between 10-40° shows
minimal growth. This suggests that the transition from LAGBs to HAGBs
due to dislocation accumulation induced by deformation is minimum,
indicating limited CDRX in this region. In contrast, the edge of the
extruded wire exhibits no bimodal distribution. Instead, it displays a
uniform increase across the misorientation angle distribution, with the
major gains occurring at angles higher than 30°. This trend suggests a
high degree of dislocation accumulation and subsequent transformation
from LAGBs to HAGBs. Therefore, the grain refinement observed from
BM to the extruded wire should be determined mainly driven by GDRX
and CDRX, where GDRX is more pronounced at the center region and
accompanied by DDRX [57], and the CDRX is more pronounced at the
edge due to the higher experienced strain [60]. The interplay between
strain rate, £, and temperature on dynamic recrystallization is usually
described through Zener-Holloman equation, Z = ¢ - e%, where Q is
the materials’ activation energy, and R is the universal gas constant.
The Z value is proportional to the strain rate and inversely proportional
to the temperature. With the large deviation of strain rate in the
literature [53], it is hard to conclude the influence of processing force
on the DRX degree. The effect of the Z value on the DRX mechanisms
remains controversial in the literature. Some studies have shown that
a higher Z value favors CDRX in the thermo-mechanical processing of
Al alloys [59], whereas others have claimed that DDRX is favored at
a higher Z value [61]. However, from the analytical calculation, FE-
22 tends to increase the sticking contact, implying that more shear
strain is introduced into the system at higher force, and thus a slightly
higher degree of DRX is expected. Additionally, the lower processing
temperature hinders grain growth in FE-22, which also leads to a
smaller grain size.

5. Summary

This study presents an in-situ investigation of friction extrusion
performed using the FlexiStir system at a high-energy synchrotron
beamline. In combination with wide and small angle X-ray scattering
measurements, the temperature and dynamic precipitate evolution dur-
ing the friction extrusion of AA7075 were determined. This approach
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Table 7

Grain boundary density (1/mm) and high angle grain boundaries fraction
(fragg) at center and edge of the base material (BM) and extruded wire as
well as the increase in low angle grain boundaries (LAGBs), HAGBs and all
grain boundaries.

Grain boundary density (1/mm) fHacs
LAGBs HAGBs All
Base material 166.3 122.8 289.1 42.5
Center Extruded wire 262.1 274.9 537.0 51.2
Trend +58% +124% +86%
Base material 289.6 396.1 685.7 57.8
Edge Extruded wire 317.4 902.0 1219.4 74
Trend +10% +128% +78%

enables characterization of microstructural evolution under the coupled
thermal and mechanical conditions that occur during friction extrusion.

During processing, a decrease in the intensity of the 5 precipi-
tate (201) peak was observed, indicating partial dissolution. However,
peaks corresponding to the  precipitate still remained after processing,
implying that the n phase was not completely dissolved and remained
present in the material. The FE process at a lower applied force (FE-16),
which lasted for a longer duration, resulted in higher temperatures.
Temperature was directly calculated from the lattice expansion mea-
sured over time and compared with thermocouples placed near the
window and die. To understand the effect of force on temperature,
the total mechanical work input from die rotation and axial force was
evaluated. The analysis highlights a fundamental relation between the
process and temperature, showing that variations in applied force and
processing duration control the thermal exposure of the material during
friction extrusion. The analysis shows that the process with a shorter
duration and higher applied force resulted in a lower total work input,
even though a higher experimental heat generation rate was recorded.
In addition, an analytical model was employed to assess frictional
heating arising from the die-material interface contact condition, which
is another important contributor to the temperature increase. Based on
the die geometry, the majority of heat generation occurs beneath the
die. Both FE-16 and FE-22 were found to operate predominantly under
sliding contact conditions, demonstrating that frictional sliding plays a
dominant role in heat generation during the process.

SAXS analysis revealed that the FE process at a lower force (FE-16)
led to a higher mean precipitate radius but a lower volume fraction
compared to the higher-force process (FE-22). This indicates that higher
processing temperatures promote precipitate growth, while lower tem-
peratures and shorter durations favor the retention of a higher number
of smaller precipitates. These observations demonstrate that the precip-
itation kinetics during friction extrusion are strongly governed by the
combined effects of temperature and strain rate, which accelerate dif-
fusion driven precipitate coarsening under severe thermo-mechanical
conditions. A lower stable volume fraction was observed for FE-16 in
comparison to FE-22. This suggests that the higher force condition (FE-
22) leads to a smaller mean precipitate size and a higher retained
volume fraction, which is likely to enhance yield strength and hard-
ness due to more effective precipitation strengthening. TEM analysis
confirmed these observations on the precipitate size.

Macrostructural analysis confirmed that sound, defect-free wires
were obtained for both FE-22 and FE-16 processing conditions. Mi-
crostructural characterization further reveals that grain refinement dur-
ing friction extrusion results from a combination of dynamic recrys-
tallization mechanisms governed by the local strain and temperature
distribution. At the wire center, the preservation of elongated grain
morphology and characteristic extrusion texture indicates relatively
low localized plastic strain, where the grain refinement is mainly driven
by GDRX accompanied by DDRX. In contrast, the wire edge under-
goes homogeneous recrystallization driven by CDRX due to a higher
localized plastic strain. The degree of grain refinement is influenced by
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the processing parameters. The higher extrusion force employed in the
FE-22 sample facilitated higher shear deformation, resulting in slightly
finer grain sizes compared to the FE-16 sample. Despite the grain
refinement achieved during processing, the thermal cycle associated
with friction extrusion promotes precipitate dissolution and coarsening,
resulting in a reduction in hardness.

Overall, the presented findings establish a direct process, temper-
ature, and microstructure linkage during friction extrusion, demon-
strating how process parameters control thermal exposure, precipita-
tion kinetics, and grain refinement under severe thermo-mechanical
conditions. Beyond the specific AA7075 case, these findings high-
light generic mechanisms governing precipitation evolution and recrys-
tallization during friction-based and severe plastic deformation pro-
cesses. The present in-situ approach demonstrates that time-resolved
synchrotron experiments can reveal dynamic microstructural transfor-
mations during processing, enabling a deeper understanding of the
coupling between deformation, temperature evolution, and phase trans-
formations. From an engineering perspective, this provides a frame-
work for optimizing thermo-mechanical processing routes to tailor
microstructure and mechanical properties in advanced lightweight al-
loys. Future efforts should aim to couple such in-situ observations
with thermodynamic and kinetic modeling to predict phase evolution
and guide process design for next-generation lightweight structural
materials. In addition, extending such experiments to different alloy
systems and processing conditions would further establish general de-
sign principles for controlling precipitation and recrystallization during
severe thermo-mechanical processing. Additionally, a complementary
in-situ heat treatment experiment without deformation would provide
valuable insight into isolated thermal effects.
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Appendix A. Sapphire glass artifacts captured using WAXS during
FE

Fig. 18 shows the 2D Debye-Scherrer rings captured by WAXS
towards the end of the process, showing some small sapphire glass
artificats. The precipitate rings are not directly affected, and after
integration, the artifact signals were not strong enough to interfere with
phase identification.

Appendix B. Temperature measurement using WAXS data

The temperature was determined by calculating the change in lat-
tice constant as a function of time from the WAXS data.

A second-order polynomial regression was obtained from the exper-
imental lattice constant-temperature data reported by Gueérard et al.
[62], where the relative lattice parameter change (4a/a,) was analyzed
as a function of temperature. The resulting parametric fit equation,

T =22.6+4.14x 10*da/a, — 4.18 x 10°(4a/a,)? (B.1)

with an R? value of 0.997, was used to convert the lattice constant mea-
surements of the Al (200) peak from the WAXS signal into temperature
as a function of time, see Fig. 19.

Appendix C. Temperature measurement considering the load

FE is a severe thermo-mechanical processing technique used to
extrude materials. Temperature and load during the process are critical
for obtaining sound extruded wires [21].

The total strain (¢’") obtained from the change in lattice constant
consists of two components: thermal strain, ¢'” (due to temperature),
and elastic strain, ¢’ (due to load). Therefore, the thermal strain due to
load can be determined as:

sth = ¢l

(C.2)

Previously, in-situ studies [21,63] have shown that diffraction tech-
niques can be used to determine stress via scattering vectors measured
along three orthogonal directions. In the present study, however, mea-
surements were performed only in one direction. Therefore, no infor-
mation on axial strain is available. The tangential and radial stresses
cancel out during FE. Nevertheless, the applied load induces an elastic
strain, ¢/, in the material. This strain is estimated by first calculating the
corresponding stress from the measured load and then applying Hooke’s
law using the Young’s modulus, E. Since E is temperature-dependent,
its variation with temperature was calculated for the WAXS-derived
temperatures of FE-16 and FE-22, as shown in Fig. 20a,b, respectively.
Using these values of E and the measured load, ¢/ was calculated using
Hooke’s law, as shown in Fig. 20c. The results indicate that ¢’ increases
as the material softens, consistent with the temperature dependence of
E. The thermal strain, ¢, was calculated according to Eq. (C.2). Fig.
20d shows the corresponding thermal strains for FE-16 and FE-22. The
temperature was determined using the method described in Appendix
B. The calculated temperature difference was less than 10 K.
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Fig. 18. Sapphire glass artifacts captured using WAXS during FE.

® Gurard_ref ’,’
6001 ___ Quadractic fit w3
e

500 1 &
G A
v 400 - /,.
5 3001
g »
€ L7
12 2001 I

R
.
100 -
o
o
]
0.0 2.5 5.0 7.5 10.0 125 15.0 175
Aa -3
7 x 10
(@)

Fig. 19. (a) Parametric fit of temperature as a function of relative lattice
constant change, Literature data from Guerard et al. [62].

Appendix D. Microstructural features of the FE-22

The distinct microstructural features at the center and edge of FE-
22 are summarizes in Fig. 21. The average grain size at the edge is
1.7 pm and 5 pm at the center. Next, a typical extrusion texture with a
texture intensity of 17.4 mrd and a simple shear texture with texture
intensity of 2.4 mrd are observed at the center and the edge of the
FE-22, respectively. This microstructural trend closely aligns with the
FE-16 specimen. Notably, the typical extrusion texture at the center
of FE-22 exhibits less clockwise rotation relative to FE-16, as shown
in Fig. 15, suggesting a lower degree of shear deformation at the
center. Conversely, the smaller grain sizes at the periphery of FE-22
indicate more pronounced shear introduction compared to FE-16. These
divergent observations demonstrate that increased sticking conditions
under higher extrusion forces do not correlate with a localized increase
in shear deformation.

Data availability

The data obtained from this research is available on ZENODO
(10.5281/zen0do.19333062).
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Eq. (C.2).
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