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Abstract

Lightweight aluminum alloys, such as AA7075, are desirable for applications in various industries, but their limited
formability and workability often pose significant challenges. Constrained Friction Processing (CFP) has emerged as a
promising technique to address these challenges by refining microstructures through the relative motion between two tools
and the workpiece. The process involves axial extrusion, dual tool rotation, and constraint of the extrudate to control mate-
rial flow and enhance microstructural refinement. CFP is particularly attractive for high-strength AA7075 as it imposes
constrained material flow and increased shear deformation, overcoming the limited formability observed in existing con-
ventional extrusion processes. This study investigates CFP using both experimental and numerical methods, establishing
correlations between process conditions, material flow, microstructural evolution, and hardness for the aluminum alloy
AA7075. The process was investigated at rotational speeds of 1000-1400 rpm, resulting in the highest measured peak
temperature up to 445°C and refined grain sizes of 2-3 um. The results show that initial shear deformation and material
flow under the rotating tools are redistributed during processing, leading to helical flow behavior in the extruded rod. The
refined stir zone (SZ) exhibited increase in hardness, about 25% compared to the base material. The developed finite-
element model demonstrates good agreement with experimental results with respect to the complete thermal cycle, spatial
temperature distribution, and material flow patterns, providing insight into the microstructural evolution during CFP of
aluminium alloys.

Keywords Process simulation - Constrained friction processing (CFP) - Material flow behavior - Dynamic
recrystallization - Microstructural zones

Introduction

The use of aluminum alloys has gained significant attention
due to their advantageous combination of low density and
excellent mechanical properties, including high strength,
fatigue resistance, and ductility [1, 2]. These attributes have
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led to an increasing demand for aluminum alloys across
various industries, such as electronics, acrospace, and auto-
motive [3, 4]. Among these alloys, AA7075 has emerged as
a material of interest due to its superior mechanical prop-
erties, which are achieved primarily through precipitation-
strengthening mechanisms. The alloying elements such as
Zn, Mg, and Cu play a critical role in this strengthening
process [5, 6]. An increased content of Zn, Mg, and Cu, as
well as a higher Zn/Mg ratio in Al-Zn—-Mg—Cu alloys, such
as AA7075, has proven to be an effective strategy for pro-
moting the formation of dispersive nano-sized precipitates,
such as n’ and 7 phases [7, 8]. Despite the strength benefits
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of alloy-rich compositions, they significantly deteriorate
formability and workability [6, 9, 10], thereby limiting their
applicability.

To address this challenge, severe plastic deformation
(SPD) is often employed at elevated forming temperatures
to enhance ductility and improve workability [5]. These
techniques operate below the melting point, thus avoid-
ing undesirable metallurgical reactions such as porosity
or alloy segregation. Conventional solid-state processing
methods, such as hot extrusion [11], rolling [12], and equal
channel angular pressing (ECAP) [13], have been success-
fully applied to process AA7075, yielding significant grain
refinement. Constrained friction processing (CFP) is a new
solid-state processing technique [14], developed to process
lightweight materials, with initial applications focused in
Mg alloys, to achieve rods with fine-grained microstruc-
tures. The process is a variant of the refill friction stir spot
welding (refill FSSW) process developed and patented at
the Helmholtz-Zentrum Hereon, Germany [15]. The mecha-
nism of CFP involves relative rotation of the shoulder and
probe against a stationary workpiece held by a clamping
ring, as illustrated in Fig. 1(a). The process takes place as
follows: the rotating shoulder plunges downward into the
fixed workpiece, causing extrusion, while the upward-
moving probe rotates on the extruded rod. The rotation
and upward movement of the probe on the rod, as shown
in Fig. 1(b), constrains the flow of the material in contrast
to free extrusion of the material in the absence of a probe,
see Fig. 1(c). The latter process would be similar to friction
extrusion (FE), where extrusion occurs by relative rotation
of a single tool with respect to the workpiece, allowing a
free flow of the extruded rod through the tool internal cav-
ity [16]. While both processes produce rod-like products,
CFP enables enhanced deformation under constrained con-
ditions with the presence of the probe distinguishing it from
the FE process. However, the presence of this additional
tool part also leads to the main limitation of the process,

Probe
Shoulder

Clamping ring

Workpiecgﬁ,&f«’"

which is the maximum length of the processed rod limited
by the maximum displacement of the tool parts set to 20 mm
for the equipment currently available.

In many friction-based solid-state processing techniques,
the major challenge lies in understanding the interplay
between process conditions and the resulting deforma-
tion mechanisms. In this context, process parameters such
as rotational speed are important, as they influence grain
refinement and microstructural evolution during process-
ing. The CFP process has demonstrated the ability to reduce
grain size from 1 mm in the as-cast state to 4 pm in Mg-
Zn-Ca alloy, significantly enhancing both the compressive
yield strength and ultimate strength [17]. Similarly, dur-
ing the processing of the AMS50 Mg alloy, the secondary
phases were refined, with the average size of the intermetal-
lic particles reduced from several micrometers to approxi-
mately 560 nm [18]. These experimental studies highlight
the importance of rotational speed in driving localized heat
generation and plastic deformation, which drives the mate-
rial flow.

Understanding the material flow is crucial for optimizing
process parameters. Computational models offer insights
into flow behavior which complements experimental
results. Zhang et al. [19] developed a computational fluid
dynamics (CFD) model for FE of AA6061 to investigate
material flow during processing. In this model, the mate-
rial is assumed to behave as a non-Newtonian fluid. Their
simulations revealed a helical flow pattern, providing ini-
tial insights into the complex flow dynamics. Lei et al. [20]
investigated the flow behavior in FE using a smoothed par-
ticle hydrodynamics (SPH) model to simulate the extrusion
of tubes. Their findings confirmed the helical material flow
during extrusion. Similarly, Baffari et al. [21], in their 3D
finite element method (FEM) simulation of the FE process,
studied the material flow during the extrusion of magnesium
alloy chips. Their results demonstrated a helical flow pattern
in the extrudate through point tracking and flow analysis.

Fig. 1 Process assembly during friction-based extrusion: (a) CFP setup, (b) CFP process, and (¢) FE process comparable to CFP without a probe
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Table 1 Chemical composition of AA7075 aluminum alloy (wt.%) [22]

Element Zn Mg Cu Cr

Fe Si Mn Al

Wt.% 5.6-6.1 2.1-2.6 1.2-1.6

0.18-0.28

<0.50 <0.40 <0.30 Balance

Table 2 Mechanical properties of as-rolled AA7075-T7351 alumi-
num [22]

Property Value
Yield strength, 0¢.2 (MPa) 240280
Ultimate tensile strength (MPa) 360410
Elongation to failure (%) 8-12
Vickers hardness (HV) 140-155

Table 3 Employed process parameters: rotational speed, plunge speed,
and clamping force

Rotational speed Plunge speed Clamping force
1000 rpm

1200 rpm 1.0mms 12 kN

1400 rpm

All the above studies provide an understanding of mate-
rial flow in FE, which shares some characteristic similari-
ties but also distinct differences with CFP, which remains
underexplored.

To address this, the work presents a numerical model that
investigates material flow in the CFP process, focusing on
shear-induced deformation and the formation of helical flow
features. The simulation also explores the influence of vary-
ing process conditions, such as the absence of the probe and
rotation as well as different rotational speeds on material
flow and microstructure evolution, which are compared to
experimental results.

Materials and methods

In the experiments, sheets of AA7075-T7351 are used as
base material (BM) and cut into workpieces of 25x25x
6.2 mm*. Owing to the rolling process, the grains were
elongated rather than equiaxed. The BM grain size was
therefore characterized in two dimensions, yielding an
average grain length of 177 pm along the rolling direction
and an average grain width of 15.6 pm in the transverse
direction. Other material descriptions such as the chemi-
cal composition and mechanical properties of the alloy
are listed in Tables 1 and 2 respectively. The CFP is per-
formed using the RPS200 (Harms & Wende, Germany)
refill FSSW system operated using position control. The
tool setup consisted of a @17 mm clamping ring, a 9 mm
shoulder and a @6 mm probe, all made of H13 tool steel.
During the processing, the shoulder and probe’s relative
speed are kept at 1.00 : 1.25 to account for volume conser-
vation in relation to the displaced volume of material and
the shoulder’s cavity volume.

In order to evaluate the influence of rotational speeds on
the temperature evolution during the CFP, extrudates are pro-
duced using the parameters presented in Table 3. The mea-
surements are done using @0.5 mm K-type thermocouples,'
placed in the base material at the positions T1 and T2 as
depicted in Fig. 2(a). The in-process temperature evolution
are acquired using a signal acquisition system coupled with
LabView engineering software at a frequency of 50 Hz. An
acquisition frequency of 50 Hz is selected as it provides a
good balance between the necessary resolution of the mea-
surements and computational resource requirements during
data acquisition, as reported in previous works [18]. Fur-
thermore, the CFP process is modified to operate without
the probe in the assembly to mimic the FE process (see
Fig. 1(c)).

The visualization of the material flow is achieved by the
addition of tracer material (TM) to the base material before
processing. Pieces of pure copper wire with a diameter of
&1.5 mm are positioned in the sheet according to the sche-
matic depicted in Fig. 2(b). The cross-section observed
are precisely obtained through progressive grinding of the
extrudate, as shown in Fig. 2(c).

The microstructure and material flow of the processed
extrudates are analyzed using a VHX-6000 digital micro-
scope (Keyence, Germany) with polarized light. For that
purpose, the samples are prepared according to standard
metallographic preparation: cutting and embedding of
the specimens, followed by grinding and polishing using
1.0 pm diamond suspension. For the microstructural anal-
ysis, the polished samples are electrolytically etched for
120 s at 15 V using Barker’s solution.

Micrographs for the determination of grain sizes were
acquired using the Leica DMi8 inverted microscope
(Leica Microsystems, Germany) with polarized light. The
measurements of both the base material and the processed
samples were determined using the intercept method,
based on the average values along horizontal and vertical
lines. Hardness measurements are performed on the pol-
ished surfaces of naturally-aged processed samples, the
Durascan 70 G5 (EMCO-TEST Priifmaschinen GmbH,
Austria) equipped with a micro-Vickers indenter, using a
load of 100 g and a distance of 0.15 mm between each
indentation.

! The precision of the measurements is calculated according to the
thermocouple, defined as +2.2 °C for 7' < 293.3 °C and £0.0075% T
for 7> 293.3 °C.
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Fig. 2 Schematic of temperature (a)
acquisition during CFP and visu-

alization of the material flow: (a)
thermocouple (TC) location at T1 / i
and T2 in the workpiece for the | )
temperature acquisition during the
process, (b) position of the tracer Sl
material (TM) wires on the work-
piece to be processed, and (c)
cross-sections for the observation
of the material flow. All dimen-
sions in mm

Top view

™™ T2

Cross-section view

8.0
™ T2

Acquisition of T(t)

Process model

Figure 3 illustrates the tool parts and workpiece used to
model CFP in the Deform®3D environment, with dimensions
and the mesh domain of the workpiece. Figure 3(a) depicts
the clamping ring, which holds the workpiece by exerting
pressure uniformly around the circumference and represents
the reference for the alignment of other CFP components in
the assembly. Figure 3(b) shows the shoulder, which fits into
the clamping ring. Fig. 3(c), depicts a non-hollow cylinder
modeled as the probe, positioned inside the hollow shoulder

@17 mm

Fig. 3 Schematic tools and

workpiece used in CFP modeling;
(a) clamping ring (b) shoulder,

(¢) probe, and (d) workpiece
showing the mesh density. The
coordinate system also represents
x: radial direction (RD), y: trans-
verse direction (TD), and z: plunge
direction (PD)

@6 mm

10 mm

()
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(b)  Top view Cross-section view
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Process region
in the workpiece

dispersed
(c) observed T™ wire
cross-section

original
TM wire

Visualization of material flow

during the process. The clamping ring, shoulder, and probe
are assumed as rigid bodies, meshed with 10,000 tetrahedral
elements to account for heat transfer, based on H13 tool steel
material properties as provided in Table 4. Figure 3(d) illus-
trates the workpiece, which is discretized via 80,000 tetrahe-
dral elements. The variable element size aids in re-meshing
and forms a dense mesh at the center of the workpiece, which
is in contact with the shoulder and the probe. The re-meshing
step parameter of 0.7 corresponds to the interference depth
used to trigger automatic re-meshing. At the contact region,
the re-meshing ensures a higher quality of the mesh by

29 mm

10 mm 10 mm

'~ (b)
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Table 4 Material parameters for AA7075, H13 tool steel and other
simulation parameters employed in the CFP simulations

AA7075 workpiece Symbols Magnitude Units
parameters
Material constant A 1.0x10° g1
[29, 30]
Material constant n 5.4 129, -
30]
Stress exponent o 0.014 [29, MPpa—!
30]
Activation energy AH 12929, KkJ
30] mol~!
Poissons ratio of Al JAL 0.33 -
Density of Al pAl 2.67x kg
10-6 mm ™3
Thermal conductivity of Al Al 125 Ns !
K oc—1
Heat convection coefficient pconvection 0.02 Ns !
mm ™!
oC— 1
Heat conduction coefficient jconduction 11 Ns !
mm ™!
oC~ 1
Reference temperature of Al Jroom 20 °C
Taylor-Quinny factor n 0.9 [31] -
Shear friction factor m 1.0 [28] -
H13 tool steel parameters
Poissons ratio of Steel Steel 0.3 -
Thermal conductivity of Steel 245 Ns !
Steel r oc—1
Reference temperature of room 20 °C
T
Steel
Other process parameters
Shoulder axial speed gspeed 1.0 mms !
Probe axial speed popeed 1.25 mms !

Shoulder and probe rota- 1000, rpm

RSsh. — Rsprube

tional speed 1200,

1400
Simulation time step size sstep 0.01 -
Total process time 3 s

4process

conserving the thermo-mechanical state of the workpiece dur-
ing the simulation [4]. The refined mesh density follows the
shoulder movement, and the size is about 100 times smaller
than the largest element size in the workpiece.

The mechanical boundary conditions applied to the rigid
objects allow for specified movements, as illustrated in
Fig. 1(a). The displacement degrees of freedom of the side
and bottom faces of the workpiece are set to zero, prevent-
ing also any rigid body motions. The initial temperatures for
the workpiece, shoulder, clamping ring, and probe are set to
room temperature, i.e., 20°C. Additional thermal boundary
conditions are imposed to define the thermal interactions
between the various components and the environment. The
primary heat transfer mechanism at contact region between

the clamping ring, probe, shoulder, and the workpiece is
conduction. Heat exchange between the workpiece, clamp-
ing ring, and the environment was modeled through convec-
tion to ambient air at room temperature and radiation, with
parameters given in Table 4.

Material model, heat generation, and friction
conditions

The workpiece material used is AA7075, which is modelled
as rigid visco-plastic. The flow stress is predicted using
a hyperbolic-sine constitutive equation that relies on an
Arrhenius-type relationship expressed as

AH)7 )

= . — n

£ = A[sinh(ad)]" exp ( ~ T
where ¢ is the strain rate, & is the flow stress, A H is the acti-
vation energy, R is the universal gas constant, 7T is the abso-
lute temperature, and A4, n and « are material constants [23,
24]. The heat contribution due to friction and plastic defor-
mation, at the workpiece-tool interface in CFP is simplified
as ¢ = ¢y + g, where ¢ is the rate of total heat generated
during the process, ¢ is the rate of frictional heat generated,
and ¢, is the rate of heat generated due to plastic deforma-
tion of the material. The rate of frictional heating ¢ is further
expressed as ¢y = 7¢|vs|, where 7 is the frictional shear force
and v, is the velocity at the interface of the workpiece and
tool [25, 26]. In Deform®3D, the expression of heat genera-
tion due to plastic deformation, which incorporates the inelas-
tic heat fraction, reads [27] ¢, = noé where 1 is the inelastic
heat fraction (Taylor-Quinny factor) or amount of mechanical
work converted to heat. Although the Taylor—Quinney factor
may vary with strain and temperature, a constant value of
= 0.9 is selected, which is consistent with prior FEM studies
on aluminum alloys undergoing severe plastic deformation,
where most plastic work is converted into heat.

To capture the mechanical interaction between rotating
tools and the workpiece, the shear friction model is adopted.
The expression for sticking condition in terms of friction
factors is denoted as Tcontact = MTyield, Where Tyierq is
directly related to the shear yield strength of the material in
sticking condition, and m is the friction factor. A shear fric-
tion factor of m = 1.0 is adopted to represents the sticking
conditions at the tool-workpiece interface, which is com-
monly assumed in process simulations of extrusion [28].

Process simulation input parameters
Flow stress data of AA7075 alloy is deduced from literature

results of hot compression tests conducted at deformation
temperatures between 300 °C and 500 °C under strain rates

@ Springer
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0f 0.001-10 s—* [29, 30]. The values used in the simulation
are provided in Table 4. The shoulder plunges downwards
at a constant speed s°7¢*?, while the probe moves upwards
at a constant higher speed pPe°d = 1.25s5°°°°d to account
for plastic incompressibility. The RS of the shoulder and the
probe are same i.e. RS = RSP™P¢ with respective inputs
as stated in Table 4. Other values used in the simulation
setup to relate different thermal interactions between objects
for convection and conduction are mentioned in Table 4.

To simulate severe bulk deformation such as CFP using
Deform®3D, an implicit solver with a conjugate gradient
iterative approach is employed, to achieve stable solutions
under extreme deformation conditions. Typically, dynamic
re-meshing increases the total number of elements after
each re-meshing step if substantial mesh distortion are
detected. Dynamic re-meshing inevitably introduces inter-
polation errors through excessive remeshing. In this study,
this effect is controlled via the set interference depth, which
limits severe mesh distortion and regulates frequent/exces-
sive remeshing procedure, particularly at the tool-work-
piece interface, thereby minimizing numerical errors while
maintaining solution stability.

Results and discussion
Process thermal history

Figure 4 shows the thermal cycles measured at the two ther-
mocouple locations T1 and T2 for different tool rotational
speeds. At both locations, the heating phase is characterized
by a progressive temperature rise due to frictional heating
and plastic deformation, followed by a cooling phase as heat
dissipates into the material’s surrounding environment. In
Fig. 4(a), the thermal cycle is shown at location T1, which
is positioned near the process region where heat generation

is highest. The peak temperature increases with tool rota-
tional speed, reaching approximately 400°C at 1000 rpm,
420°C at 1200 rpm, and 445°C at 1400 rpm where experi-
ment and simulation are in good agreement. A significant
deviation between experiment and simulation is observed at
1000 rpm during the plunging phase, which may be attrib-
uted to a slight movement of the thermocouple during the
process. Nevertheless, the simulation results reproduce the
overall trends and show good agreement with the experi-
mental data, particularly at higher rotational speeds, during
both heating and cooling phases.

Figure 4(b) shows that the temperature rise at T2 is sig-
nificantly less pronounced compared to T1, due to the prox-
imity of the latter within the process region. The trends in
both heating and cooling phases at T2 are consistent across
all rotational speeds, with a maximum recorded tempera-
ture lower than that at T1 due to the larger distance to the
plasticized region. The simulation results closely follow the
experimental data, indicating that heat conduction away
from the process region to the surrounding regions of the
workpiece is well captured by the model. The contribution
of the friction condition to deformation will be discussed
next.

Material deformation and axial force

To gain insight into the mechanisms governing material flow
at the onset of the process, the strain profile and tangential
velocity fields are analyzed. Figure 5(a) illustrates the strain
profile at a point in the workpiece under the shoulder where
major deformation occurs during the process. At the onset
of the process, the strain increases rapidly due to intense
shearing under sticking friction conditions. Following this
initial increase, the strain shows nearly a plateau until 0.5 s,
after which it accumulates continuously at a slower rate.
Based on these observations, three distinct stages can be

_Tgol_reﬁo_val_pﬁa;e_ g 350 - - _ﬁuﬁgmg_plﬁs_e - ,!:_ - _Tz)_z)ﬁeﬁoVal_pﬁ'as_e -
T Z
400 E 1!'
! d 300 -
I [ *T1 ] |
- N i 250 1
3 3001 | Q - Cooling 0 |
@ | @ | )
5 i 5 200 ]
© I \\\\ © | l!f
o ] e o H °
Q p o :
g 200 | £ 150 Il T2 I
© | Eeer - - [ | : . :
! xperiment | Simulation !l rpm | Experiment | Simulation
| 1400 . 100 1 1200 R
100 4 5 |
[ P I — [CCC) [ —
I 07 |
.| 1000 ——— | 1000 ———
0 . . ! . ; . . ! ; ;
(a) o 1 2 3 5 6 (b)o 1 2 3 4 5 6
Time (s) Time (s)

Fig.4 Process thermal cycle on the workpiece at 1000, 1200, and 1400 rpm at two thermocouple positions: (a) T1 and (b) T2
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Effective strain (-)
@
o [+ o

»

RD | TD
PD

Fig. 5 Evolution of the workpiece deformation on the top plane: (a)
showing initial and final positions of point X tracked under the shoul-
der to deduce the strain profile with initial rapid increase, and tangen-

defined at the workpiece surface before the tool penetrates
extensively the workpiece: the initial stage at t5t28¢ = (.01 s,
the transition stage at t5t38¢ = (.05 s, and the quasi-steady
stage at t5t28¢ = (.1 s.

Figure 5(b-d) illustrates the evolution of tangential flow
velocity at these stages on the top surface of the work-
piece. At the initial stage of the process, at t5t38¢ = (.01 s,
in Fig. 5(b), the tangential flow velocity in both the shoul-
der and probe regions captures the material deformation
that results in flow of the workpiece with respect to the
tool rotation. Under sticking friction conditions, the tan-
gential velocity of the workpiece surface matches that of
the tool. The tangential velocity is calculated as v = w*™r,
where w*" is the angular speed of the shoulder (or probe,
wPT°€) and r is the radius of the tool. For instance, at
1000 rpm, initial shearing is observed at the circumference
of the shoulder region (at = 4.5 mm), with a maximum
tangential velocity of 471 mm s~!. Similarly, initial shear-
ing is observed at the circumference of the probe region
(at » = 3.0 mm), characterized by a tangential velocity of
314 mm s~ . The strain profile reveals the initial transition
and quasi-steady stages at the workpiece surface, with the
corresponding tangential velocity distributions shown in
Fig. 5(c) and (d). Beyond 0.1 s, the shoulder significantly
penetrates the workpiece leading to extrusion. It is noted
that the strain values reported here represent cumulative
strain rather than critical strain for the onset of dynamic

175 4 1

Effective strain (-)

T
0.15
Time (sec)

T
0.10

—— = e o e e = =

471
412
353
295
236
177
118
58.9
0.000

tial velocity distribution at (b) tP"°°**® = 0.01 s, (¢) tP7°°¢*® = 0.05 s,
and (d) tP"°°¢*°® = 0.1 s. The outer dashed circle represents the shoul-
der region, while the inner dashed circle indicates the probe region

recrystallization (DRX). For aluminum alloys such as
AA7075, DRX initiation typically occurs at much lower
strains, generally in the range of 0.5—-1 under appropriate
temperature and strain-rate conditions [32]. Therefore,
the high strain levels observed in the present simulations
indicate sustained plastic deformation well beyond DRX
initiation.

Figure 6(a—b) illustrates the shoulder and probe force
profiles at different rotational speeds. The shoulder force
increases rapidly at the initial stage due to the workpiece’s
resistance to deformation under the shoulder. On the other
hand, the probe force decreases sharply at the initial stage
due to reduced resistance to deformation. This also implies
that the force exerted by the shoulder induces significant
deformation on the workpiece compared to the force exerted
by the probe. Furthermore, as rotational speed increases, the
initial peak shoulder forces decrease, as shown in Fig. 6(a).
This suggests that higher rotational speeds increase heat
generation, leading to more softening of the material. After
the initial peak, a rapid decrease in force for both shoulder
and probe are observed because of increasing temperature
leading to material softening. The shoulder force remains
significantly higher than the probe force until the end of the
process. During processing, distinct microstructural zones
are formed in the workpiece due to the thermo-mechani-
cal processing conditions, which will be discussed in the
following.

@ Springer
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Fig. 6 Prediction of process force evolution during CFP at different rotational speeds for (a) the shoulder, and (b) the probe

Experimental characterization of the
microstructural zones and hardness in the
workpiece

The study aims to identify and characterize the distinct
microstructural zones based on their microstructural fea-
tures, such as morphology and grain size. As depicted in
Fig. 7, the identified zones include the heat-affected zone

| (SZ-a0) 2.50pum grain size

(HAZ), which experiences thermal exposure without
mechanical deformation; the thermo-mechanical affected
zone (TMAZ) which is partially deformed, located between
the HAZ and the extruded rod; and the stir zone (SZ), pri-
marily found within the extruded rod. Each zone exhibits
distinct microstructures due to the varying influence of
mechanical deformation and thermal exposure imposed
by different rotational speeds. In Fig. 7, refined grains are

(SZ - b0) 2.50pum grain size

Fig. 7 Grain morphology at different microstructural zones and rotational speeds: (a) 1000 rpm, (b) 1200 rpm, and (¢) 1400 rpm
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observed in the SZ for all rotational speeds, with an average
grain size of approximately 2.56 um. The grain morphol-
ogy and the grain sizes show a significant refinement, which
is attributed to the occurrence of DRX. The occurrence of
DRX in AA7075 is likely dominated by continuous dynamic
DRX due to their high stacking fault energy and low shear
modulus [33]. Continuous dynamic DRX is characterized by
the transformation of low-angle grain boundaries (LAGBs)
into high-angle grain boundaries (HAGBSs), leading to the
breakup of large grains into small grains of approximately
2-3 um as reported in literature [2]. The TMAZ reveals
mostly elongated and partially deformed grains, especially
in the region close to the SZ. In the TMAZ, the thermal
exposure is moderate, but not sufficient to induce DRX. The
HAZ retains the elongated and undeformed grain structure
of the BM.

Next to the material deformation, the local temperature
evolution strongly influences the microstructure evolution in

HAZ

()

AAT7075, in particular the precipitation kinetics. Therefore,
Fig. 8 shows the simulated temperature distribution across
the workpiece cross-section after the plunging phase, along-
side corresponding experimental micrographs. Increas-
ing the rotational speed from 1000 to 1400 rpm raises the
maximum and uniform temperature in the SZ from 423°C
to 480°C. At local temperatures approximately above 400
°C, as observed in the SZ, DRX becomes dominant, with an
enhanced transformation of LAGBs into HAGBs, thereby
reducing LAGBs length, as reported in literature [34]. The
TMAZ serves as a transition zone, where the temperature
gradually decreases from the SZ towards the HAZ.

In Fig. 9(a) at 1000 rpm, the maximum hardness
observed in the SZ is 196 HV, with an average of 175 +
5 HV (+2.8%). The hardness map reveals a relatively homo-
geneous distribution of high hardness values across the
SZ. In the TMAZ, the hardness decreases progressively
toward the HAZ, reflecting a decrease in the precipitate

Temperature (°C)
480
451
423
394
365
336
308
279
250

HAZ
(c)

Fig. 8 Micrographs and spatial temperature distributions for different rotational speeds: (a) 1000 rpm, (b) 1200 rpm, and (¢)1400 rpm

Exp
Hardness (HV)
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168
160
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145 |

138

Fig.9 Spatial distribution of experimental hardness in the workpiece at different rotational speeds: (a) 1000 rpm, (b) 1200 rpm, and (¢) 1400 rpm
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strengthening mechanism in this region in relation to the
SZ. The HAZ, where the maximum temperature is 310°
C, exhibits a further decrease in hardness, from 168 HV to
160 HV, as it approaches the outer edge in this region. In
Fig. 9(b) at 1200 rpm, the hardness peak in the SZ is deter-
mined as 196 HV, with an average of 172 £ 5 HV (£3.1%),
comparable to that at 1000 rpm (Fig. 9(a)). However, unlike
the relatively uniform distribution at 1000 rpm, the hard-
ness within the SZ becomes less homogeneous. A decrease
in hardness, from 176 HV at the periphery to 171 HV at the
core. The lower hardness at the core can be attributed to
coarse precipitates located at the HAGBs during the cool-
ing stage as documented in literature [35, 36]. However,
the hardness trends in TMAZ and HAZ remain broadly like
those observed at 1000 rpm. In Fig. 9(c) at 1400 rpm, the
SZ exhibits an average hardness of 174 + 4 HV (£2.4%)
and a more homogeneous hardness distribution, similar to
the trend at 1000 rpm rather than the heterogeneous profile
at 1200 rpm. The peak hardness observed in the region is
determined as 189 HV. Moreover, the higher hardness val-
ues observed in the SZ spatially extend toward the TMAZ at
1400 rpm, compared to 1000 rpm and 1200 rpm.

Shoulder Nprape

iso view region region

workpiece

Overall, a significant increase in local hardness in the SZ
to around 25% in relation to the base material is observed
in all cases. Although the hardness maps show slightly dis-
tinct trends in the SZ, the analysis of the local average hard-
ness and the corresponding standard deviation for each RS
(around 3% in all cases) indicates that these variations are
not statistically significant and can be interpreted as intrin-
sic to the experiments. Since the SZ predominantly defines
the extruded rod, the following section focuses on analyzing
material flow within this region.

Constrained and helical material flow behavior due
to deformation parameters in CFP

Investigating the evolution of material flow patterns and
characteristics in the SZ assists in establishing a correla-
tion between continuous shear deformation, microstructure
evolution, and the consequent development of material
flow. The material flow presented is deduced at the sym-
metry axis of the extruded rod, where the major shear
deformations occur during the process. Figure 10(a) illus-
trates the evolution of a helical material flow within the SZ

RDT—T'D

PD

top view - side view

Directed material flow point

tprocess = 02 s

With probe rotation

.\\\,

e S

u//"

tprocess=(0 2 s

Without probe rotation
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1R[]

Fig. 10 Simulated material flow path at 1400 rpm: (a) evolution of heli-
cal flow pattern in iso view, (b) 2D spiral flow pattern in radial direction
(top view) at tP7°°¢*¢ =30 s, (¢) flow pattern in the plunge direction
(side view) at tP"?¢¢*¢ =3.0 s, (d) evolution of flow pattern in iso view,
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(e) flow pattern in radial direction (top view) at tP"°“**® = 3.0 s, and
(f) flow pattern in plunge direction at t?"°°*® = 3.0 s. The blue dash
circle in (e) is at 1.8 mm and a transition region in the extrudate. The red
dash lines in (¢) and (f) are transition regions between TMAZ and HAZ
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at 1400 rpm. This rotational speed is used as an example,
as other speeds exhibit a similar trend. At 0.2 s, the flow
pattern emerges from the interaction of the rotating shoul-
der and probe, which are in contact with the material. As
the processing time progresses to 3.0 s, a more defined
cylindrical helical flow develops, driven by shear defor-
mation and upward material movement, primarily induced
by the radial movement of the shoulder and probe as well
as the vertical movement of the shoulder. This combined
flow pattern reflects the material movement within the
SZ during processing. At the region under the shoulder, a
significant radial material flow pattern is observed, which
symmetrically aligns with the tool center point. At the
extrudate section, i.e. region under the probe, the material
flow forms a 2D spiral flow pattern due to the completely
plasticized material compared to the position under the
shoulder. Additionally, the rotation of the probe, which is
constraining the material, leads to a directed material flow
at the center of the tool, see Fig. 10(b).

Figure 10(c) illustrates the material flow from point
A (under the shoulder) towards point B, leading to the
formation of the SZ located within the shoulder cavity.
As the material flows into the shoulder cavity, the con-
straints imposed by the surrounding tool surfaces promote
intense shearing, leading to the formation of a helical
flow pattern within the cavity. The probe, in particular,
imposes an additional constraint that contributes to the
compressive component of the overall stress state aris-
ing from the thermo-mechanical conditions of the pro-
cess. This enhances the ability of the applied rotation to
propagate shear deformation throughout the extrudate.
This mechanism assists in the complete breaking of long
parent grains and stirring material within the SZ, leading
to the complex flow path depicted see Fig. 10(c). Further-
more, this flow signifies the breakup of non-uniformities
in the material structure, such as secondary phases and
volumetric defects [14], leading to a more homogeneous
microstructure.

To understand the contribution of probe rotation to con-
strained material flow, the CFP process is also conducted
without probe rotation. Figure 10(d) shows that, in this case,
both the initial radial directed flow pattern and the helical
flow are not prominently present under the probe or within
the shoulder cavity. This can be attributed to less shear
deformation occurring at the core of the extrudate due to
constrained flow behaviour in the absence of probe rota-
tion. The radial material flow beneath the extrudate’s radial
cross-section is significantly influenced, as deformation pri-
marily occurred in the outer region due to shoulder rota-
tion, while the inner radius within the extrudate remained
only partially deformed and consolidated, see Fig. 10(e).
This indicates a transition region between the shoulder and

probe-constrained deformation during processing. The find-
ings suggest that solely relying on shoulder rotation might
be insufficient to achieve complete DRX in the SZ.

Figure 10(f) illustrates the material flow into the shoulder
cavity for constrained flow behaviour without probe rota-
tion. The helix-like flow pattern present between the TMAZ
and SZ (at the base of the rod), is similar to the flow pattern
observed when both the shoulder and probe are rotating. This
suggests the dominant contribution of the shoulder-induced
deformation and flow in this region of the extrudate. Along
the plunge direction, the helix-like character of the material
flow is progressively less pronounced. To validate the con-
tribution of the tools, the radial dependency of the flow is
further analyzed without the presence of the probe.

In order to assess the contribution of the probe to the CFP
and allow a direct comparison with other friction-extrusion
processes, a modified CFP simulation is established, exclud-
ing the probe in the assembly. Figure 11 shows the compari-
son of the simulated shoulder-induced radial deformation
and material flow for CFP and modified CFP, validated
against the experimental microstructure. Cross-sections of
the extrudate along the radial direction are analyzed for
each of the cases previously discussed, i.e. CFP, which fea-
tures the probe as an additional rotating tool to constrain
the material flow during the extrusion, and its counter-
part without probe, which mimics the FE process. In CFP
with probe rotation, the micrograph presented in Fig. 11(a)
reveals a dispersion of the tracer material in a clear 2D spi-
ral flow pattern. This observation matches the predictions
established in Fig. 11(b) with the yellow arrow in Fig. 11(c)
showing comparable directed flow lines. For the CFP exper-
iment without the probe (see Fig. 11(d)) and the correspond-
ing simulation result in Fig. 11(e), two distinct regions can
be identified based on the material’s deformation history.
At the periphery of the extrudate, the volume of material in
close contact with the shoulder rotating surface is stirred in
layers, and dynamically recrystallized, as visualized in more
detail in Fig. 11(f). At the center of the extrudate, it can be
seen that the material microstructure is very similar to the
as-rolled microstructure of the base material, with large and
elongated grains, indicating that the mechanical stresses
submitted to this volume of material are not sufficient to
induce a material flow along the radial direction, preventing
the material from being stirred. Once again, the observa-
tions of the microstructures align with the predictions from
the model, with the two identified shoulder-induced and
probe-induced deformation regions.

The above study focuses on the numerical prediction of
thermal evolution and material flow during CFP of AA7075
under a limited range of processing conditions. While the
model successfully captures temperature fields and flow
patterns validated against experimental measurements,
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Fig. 11 Comparison between simulation and experimental results
obtained for the extrudate for the validation of the material flow for
the case of conventional CFP with the probe (a-b), with the flow line

microstructural evolution and hardness variations are inter-
preted indirectly based on established physical mechanisms
rather than being explicitly modeled.

Conclusion

This study implemented an FEM model for CFP to capture
the thermo-mechanical response and material flow behavior
during aluminum alloy processing. The main conclusions
are summarized as follows:

e The deformation history reveals that both the shoulder and
probe contribute to shear deformation. While the shoulder
primarily concentrating deformation near the periphery,
the probe imposes a constraint in the material, generat-
ing a compressive component in the stress state within
the core of the extrudate that enhances shear deformation.

e Higher rotational speeds increase temperatures, promot-
ing material softening and reducing the forces required
to extrude the material. However, shoulder forces are
still consistently higher than probe forces because the
shoulder plunges directly into the workpiece.

e The SZ consistently exhibited a refined microstructural
region with a similar length in the rod, and the TMAZ
revealed partially deformed grains across all rotational
speeds. These microstructural characteristics are accu-
rately reproduced in the FEM simulation through the
corresponding spatial temperature distribution.

@ Springer

shown in detail in (c¢). Results without the probe (d-e), with the regions
highlighted in purple, are presented in higher magnification in (f)

e Inthe SZ, asignificant increase in hardness of 25% rela-
tive to the base material is observed for all RS, primarily
due to the higher heat input, which accelerates precipi-
tate kinetics.

e The addition of probe rotation enhances radial flow line
and promotes the formation of helical flow patterns,
thereby enabling microstructural tailoring of the extru-
date. In the case of no rotation, the radial flow at the core
is constrained, which impedes complete core stirring
and prevents the formation of complete helical flow.

e In the absence of a probe, the primary deformation in-
duced solely by the shoulder is insufficient to induce
substantial material flow, leading to less distinct flow
features in the extrudate core.
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