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Abstract. The friction extrusion process has recently been explored for manufacturing extrudates
with unique microstructures and improved material properties. The process can be classified as a
severe plastic deformation (SPD) process in which the compressive shear strains and friction-
induced heat play a key role in achieving an intensely refined microstructure. The microstructure
can be orchestrated by distinctive heating and plastic deformation conditions from different
process parameters, viz. extrusion force, extrusion speed, spindle rotation speed, etc. Notably, the
process dynamics lead to different strains and temperatures across the traverse and longitudinal
sections of the extrudates, eventually resulting in distinctive microstructures. The present work
focuses on comparing the responses of two different machine control modes viz., force and
displacement control. The extrudate produced using displacement-control mode exhibited superior
process stability, whereas force-control mode resulted in a more unstable process characterized by
fluctuating spindle torques, varying extrusion speeds, and elevated temperatures, ultimately
leading to lower extrudate quality. These process variabilities were reflected in the microstructures
of the extrudates, particularly in the grain structures and defect formations.

Introduction

Over the past two decades, numerous researchers have focused on SPD processes for their ability
to enhance mechanical properties through significant grain refinement without changing the
material's chemical composition. [1]. Among various methods, Friction Extrusion (FE) is being
reported for producing exudates with highly refined microstructures irrespective of the precursor
material forms, including ingots, metal powders, chips, flakes, etc. [2—4]. The FE process is carried
out by plunging a non-consumable die into a rotating container comprising billet material. As the
container walls confine the billet material, its relative motion with the die generates frictional heat
and compressive shear strains, resulting in the backward extrusion of wires with a highly refined
microstructure.

Al-Cu-Mg alloys, recognized for their applications in aerospace and structural industries due to
their precipitation-hardening properties, pose significant challenges during the extrusion process.
Notably, the high copper content in these alloys decreases hot workability and increases the risk
of hot cracking [5]. Hence, it is imperative to optimize temperature and strain rates during
extrusion to control the thermal stresses and material flow. Additionally, the combination of high
yield strength and low ductility makes it challenging to extrude this alloy at low extrusion forces
or high extrusion rates. To address this, higher preheating temperatures are typically recommended
during conventional extrusion lowering the material flow stresses [6]. However, excessive
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preheating increases the susceptibility of the material to hot cracking. Since these alloys are
challenging for conventional extrusion, FE could be an effective technique as demonstrated by
Whalen et al. [7] for AA 7075 alloy tube extrudates. Further, Baffari et al. [8] successfully extruded
AA 2050 alloy using FE, irrespective of the initial temper conditions reporting highly refined and
equiaxed microstructure across the extrudate. Tang and Reynolds [9] reported the successful FE
of AA 2050 and AA 2195 alloys, noting that the process window was constrained by extrusion
temperatures, which increased the risk of cold tearing or hot cracks. Further, considerably more
dynamic nature of the FE process compared to conventional extrusion, compelled by the high in-
process variability of friction conditions and torque, adds to its complexity. In a nutshell, the FE
of high-strength aluminum alloys requires a comprehensive understanding of process
characteristics, leading to the capability to control the process behavior.

The present study describes the process characteristics, extrudate quality and microstructures
resulting from two different machine control modes viz., force and displacement-control. Such
knowledge can be an important feed for the scientific community for exploring the FE in high-
strength aluminium alloys.

Materials & Methodology

Experiments were conducted on a special-purpose friction extrusion machine FE 100 (Bond
Technologies Inc., USA). AA2024 - T351 solid circular billets of 50 mm diameter were extruded
to 10 mm diameter wires using a scroll die with a constant extrusion ratio of 25. The experimental
campaign was divided into two machine control modes, namely force-control mode and
displacement-control mode, to study the influence of each one on the extrudate quality. The
process evaluations were carried out in terms of control parameters and response variables. For
instance, the first experiment was carried out with extrusion force and spindle rotation as control
parameters while die advance velocity, temperature, and spindle torque represent the machine
responses. Whereas the second one was executed with die advance velocity and spindle rotation
as control parameters, and extrusion force, temperature, and spindle torque as machine responses.
The employed process parameters are listed in Table 1. The temperatures during each process were
recorded using a K-type thermocouple mounted 1 mm beneath the die face at a radius of 16.5 mm.
The process cutoff was set at 525 °C, based on prior experiments showing that the extrudate started
cracking above this temperature. Further, transverse and longitudinal sections were sliced, ground,
and polished in colloidal silica for metallographic analysis. The prepared specimens were
electrically etched with Barker's solution and analyzed using a Keyence VHX-600 digital
microscope and a Leica DMi8 optical microscope (OM) under polarized light to infer the grain
sizes in different regions as per ASTM E112-3. The non-extruded residual feedstocks left in the
container after FE were also sectioned and analyzed with OM to infer the transition zones.

Table 1 — Summary of process parameters used for the experimental campaign

. Spindle Machine . Die Advance
Experiment . Extrusion .
D rotation speed Control Force (kN) Velocity
(RPM) Mode (mm/min)
A 90 Force 200 -
B Displacement - 9

Results & Discussions

Process Behavior. Fig. 1 exhibits the comparison between force-control mode and displacement-
control mode experiments through various control parameters and response variables during the
extrusion phase of FE.
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Figure I — Process plots showing the comparison between force-control mode and displacement-
control mode during the extrusion phase through (i.) Extrusion Force (ii.) Torque (iii.) Tailstock
Velocity (iv.) Temperature

FE process comprises four steps: a. Preheating . Ramping c. Extrusion d. Retraction. Once the
die contacts the solid billet in a rotating container, the preheating is carried out at low force (~ 50
kN) to ensure uniform heating of the billet. Further, based on the selected machine control mode,
the target spindle rotation and extrusion force in force-control mode, or the spindle rotation and
die advance velocities in displacement-control mode, are approached gradually in the ramping
phase to prevent abrupt changes in the parameters. During the extrusion phase, in force-control
mode, the controller adjusts the die advance velocity to maintain the desired extrusion force,
whereas in displacement-control mode, it adjusts the extrusion force to sustain the target die
advance velocity. It is observed that as the temperature increases during the extrusion phase, the
die advance velocity gradually rises over time in force-control mode, while in displacement-
control mode, the extrusion force decreases over time due to material softening. The extrusion
force was limited by 250 kN, explaining the initial drop in terms of die velocity until sufficient
heat is created and the force decays to a value around 200 kN during the extrusion phase, which
allows for a fair comparison between both processes of the different control mode (see, Fig. 1 (1)).

The prime factors affecting the quality of the output product in SPD processes are temperature
and strain rates, which complement each other. Likewise, during the extrusion phase of FE, the
uniformity of properties along the extrusion length can be achieved by uniform torque, temperature
stability, and smaller gradients to have consistent extrudate quality. Nevertheless, the dynamic
nature of torque, friction conditions, temperature, etc. makes FE a quite complex process as
compared to the conventional extrusion process. The spindle torque, temperature, and extrusion
force or die advance velocity are of particular interest while evaluating the process performance.
To evaluate further, Table 2 summarizes the response variables for both process conditions, which
will be elaborated in the following sections.

Spindle Torque and Extrusion Force. Unlike conventional extrusion, the energy input for the
FE process is induced mechanically through spindle rotation and hydraulic drive responsible for
the extrusion force [10,11]. The spindle torque increases with the resistance to spindle rotation
caused by the feedstock during the process, as well as by the spindle's rotation (which was
maintained constant in all experiments in this study). The experiment performed in force-control
mode shows a significantly higher average die advance velocity compared to the experiment in
displacement-control mode, wherein it was fixed.
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Moreover, the experiment in displacement-control mode exhibits fewer fluctuations in the
spindle torque values compared to the force-control mode, indicating more stable friction and
shearing conditions. During force control mode a gradual rise in die advance velocity can be
noticed which can be attributed to the softening induced by corresponding temperature rise over
time. As the controller maintains a constant extrusion force, any mismatch between the rate of rise
in die advancement velocity and temperature translates into variations in torque values. When the
temperature rise is inadequate, the colder feedstock material possessing higher flow stresses, offers
higher resistance to plastic deformation and the spindle rotation, causing torque spikes.
Conversely, when the rate of temperature rise surpasses that of die advance velocity, relatively
hotter material provides less resistance, resulting in lower torque values. Given the importance of
temperature evolution in process dynamics, a detailed analysis of temperature trends is presented
in the following section.

Table 2 — Summary of response variables resulting from different process parameters

Exper Peak Peak Die Extrudat Temperatur Temperatur Extrusio Temperatur
-iment Torqu Forc Advance e Length e Ty (°C) e Difference n time e rise /cm-
ID e e Velocity” (cm) (To—Tn) ™  for ELn second

(Nm) (kN) (mm/min (°C) itk (°C/cm-S)
) (Second)
A 1,205 200 ~16 111 308 220 104 0.029
B 1,066 240 9 71 305 197 176 0.019
*Symbol “~” signifies the average value during the extrusion phase, *To. Temperature at the start of

extrusion phase; T71 : Temperature after 71 cm of extrudate length; **ELj7;.: Extrudate Length of 71 cm.

Temperature. Fig. 2 compares the temperature variations over time and space during the
extrusion phase for both FE experiments using force and displacement control modes. Notably,
the temperature maps vary differently in the two domains. In the time domain, the force-control
experiment exhibits a steeper slope after 100 seconds, while in the space domain, the displacement-
control experiment shows consistently higher temperatures up to an extrusion length of 71 cm.
Therefore, it can be presumed that an accurate assessment of the temperature behaviour during FE
can only be done by considering the combined results from both, time and space domains. The
temperature differences from the start of the extrusion phase (Tj) to an extrudate length of 71 cm
(T7,), along with the time spent, are listed for clarity in Table 2. The force-control experiment data
revealed that the temperature increase per unit of time and length is comparatively higher than that
observed in the displacement-control experiment. The higher temperature values may indicate
greater energy input during the process, as the force-control experiment has demonstrated
consistently higher torque values. Ultimately, such varying energy inputs along with the resulting
temperature and strain rates, have a profound impact on the macrostructural and microstructural
characteristics.
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Figure 2 — Temperature maps, exhibiting a comparison between force and displacement-control
mode during the extrusion phase over the (i) Time and (ii)Space.

Microstructural Characteristics. Fig. 3 displays the optical micrographs of extrudate B,
demonstrating material flow patterns, and grain structures in different zones namely i. Base
material (BM) ii. Thermo-mechanically affected zone 1 (TMAZ 1) iii. TMAZ 2 iv. Extrudate. The
BM region was characterized by typically elongated grains whereas TMAZ 1 which is next to the
BM region, was characterized by a deformed grain structure. Further upward in the direction of
extrudate, TMAZ 2 and extrudate regions comprised of intensively refined grain structure. The
present grain characteristics were consistent with past studies conducted by the authors [2].
Nevertheless, the central regions of the extrudate are characterized by a narrow column (=700 —
1100 um) of elongated grains enveloped by intensely refined grains (= 4 - 6 um) towards the

periphery.

i {

Figure 3 — Optical micrographs of extrudate B (displacement-control mode) with billet
exhibiting grain structures in different zones

The macro and micrographs of both extrudates are displayed in Fig. 4. The force-control
extrudate was characterized by annular cracks on its outer surface after 160 cm as shown in Fig. 4
(1). A similar cracking was reported while FE of Al-Cu-Li-Mg—Ag alloys from chips [9].
Although the displacement-controlled extrudate displayed an almost flawless macrostructure and
microstructure resulting from stable process behaviour, the final ~ 5 cm showed a few annular
cracks due to the extremely high temperatures at the end. Furthermore, abnormal grain growth is
visible near the cracks in the force-control extrudate, indicating the adiabatic deformation
phenomenon reported by Bhaduri et al. [12] in the course of conventional extrusion.
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Figure 4 — Optical micrographs displaying grain structures in different regions of extrudate
produced with i. Force-control mode ii. Displacement-control mode.

Apart, elongated grains are visible in the central region of both extrudates, demonstrating the
lack of adequate recrystallisation and can be attributed to the lower plastic strain values as
compared to the progressive position towards the periphery [13]. The displacement control
extrudate displayed a slightly narrow region of elongated grains, see Fig. 5. Notably, force-control
extrudate exhibited the elongated grains, slightly deflected from the center, see Fig. 4 (i). Since
crack formation during extrusion alters the stress distribution across the extrudates, thereby
shifting the strain fields, leading to the deflection of elongated grains, which corresponds to the
patterns of the hot cracks. However, the displacement-control extrudate exhibited elongated grains
nearly parallel to the extrusion direction, see Fig. 4 (ii).
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Figure 5 — Optical micrographs comparing dimensions of elongated grain column in the central
region of force-control and displacement-control extrudates

Conclusions and Summary

From the current set of experiments, better process characteristics were observed in the
displacement-control mode owing to stable process and response variables. Force-control mode
resulted in higher average die advance velocities and a greater temperature rise per unit time and
space, causing instability during the process from mid-way to the end. Sudden toque bumps
recorded with force-control mode resulted mostly in surface defects and lower extrudate quality.
The intermittent spindle torque spikes were greatly avoided during displacement-control mode
owing to stable temperature characteristics. All the extrudates were characterized by intensely
refined microstructure but a narrow central region (~7-12% of total diameter) of elongated grains,
resulting from the lower plastic strain values in the center as compared to the periphery.
Comparatively wider regions were visible for the extrudates prepared in force-control mode.
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