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Abstract. Friction extrusion (FE) is a solid-state process categorized as an energy-efficient
process, utilizing the intrinsic friction-induced heat to plasticize and manufacture fully
consolidated extrudate from various feedstocks, i.e. solid billet, chips and powder. Friction in the
relative motion between the feedstock and the non-consumable die generates heat as well as
imposes severe plastic deformation; this combination enables dynamic recrystallization and
refinement of the microstructure. This study demonstrates the feasibility of directly extruding
aluminum alloy powder into fully consolidated wire in a single step process. The extrudate is free
of noticeable defects and shows predominantly homogeneous microstructure along the cross-
section of the wire. The powder evolution upon passing through the die orifice was investigated in
terms of morphology and microstructure. Additionally, the mechanical properties of the extrudate,
i.e. microhardness and ultimate tensile strength, were compared to solid billets of AA7075 in
different temper states and shows adequate mechanical properties without possible post-heat
treatments.

Introduction

Friction extrusion (FE) process, developed and patented by Thomas et al. [1] in 1993, is used to
extrude diverse materials, i.e. aluminum [2], magnesium [3] and copper [4] alloys. FE,
schematically shown in Fig. 1, differs primarily from classical extrusion in the relative rotational
motion, utilizing the well-established concept from friction stir welding (FSW). Friction occurs at
the interface of the feedstock and the die, which introduces shear deformation and elevated
temperature, resulting in the initiation of recrystallization and grain refinement. Three essential
control factors in FE, i.e. axial force, rotational speed and die geometry, determine the extrudate
properties and geometry, which have been extensively studied in the literature for different
materials. The effect of the rotational speed and extrusion force was investigated and the rotational
speed as the critical process parameter determined [5,6]. The die geometry not only defines
extrudate shape but also affects the material flow prior to extrusion. Darshell et al. [7] and Halak
et al. [8] discussed the influence of different die profiles and angles, respectively.

The FE from powder feedstock has attracted particular interest in the past few years, as it
demonstrates the ability to extrude rod and tube directly from powder precursor [9,10] and led to
better mechanical properties, such as ductility and electrical conductivity, compared to
conventional analogous processing techniques [11]. Additionally, friction consolidation (FC)
process that can be viewed as the FE without a die orifice, revealed the formation of the
supersaturated solid solution of the immiscible alloy, which initiates the potential to achieve novel
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properties [12]. Strain and strain rate prior to FE are the decisive factors of the extrudate properties
and have been studied using marker materials in solid billet feedstock [13]. In contrast to a solid
billet feedstock, additional consolidation is necessary for powder FE. Furthermore, the influence
of powder flow ability on strain and strain rate needs to be considered. Despite the numerous
advantages of using powder as feedstock in FE and the possibility of accomplishing novel
properties, the material flow of powder in front of the die is still rarely studied.

To understand the consolidation and deformation of the powder feedstock during FE, the
present study analyzes the powder evolution within the residual feedstock, in particular of the
powder shape alteration and the elimination of powder boundaries. In addition, the microstructure
and properties of the extrudate are studied.
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Fig. 1. lllustration of the FE process, including two machine parts, container and die.

Materials and Methods

Aluminum gas-atomized 7075 powder with a particle size smaller than 106 pm, stored in dry air,
was used in this study. The dedicated friction extrusion machine FE100 manufactured by Bond
Technologies was used. The machine allows forces up to 1000 kN, torques of 3500 Nm and
rotational speeds of 1000 rpm. Along with high-speed data acquisition, FE100 enables the
exploration of broad parameter combinations. The two essential tooling parts, shown in Fig. 1,
namely a rotating powder container machined from 4140 steel with an inner diameter of 50 mm
and a hydraulically driven extrusion die with a flat face from H13 steel with a 10 mm die orifice,
were applied in the current study, which resulted in an extrusion ratio of 25. The temperature was
recorded via type-K thermocouple embedded 1 mm from the extrusion die surface at a radius of
16.5 mm. The powders of ~ 150 g were filled in the powder container with a 0.6 mm AA7075
plate placed on top and pre-compacted with 100 kN to prevent powder spill before extrusion. The
initial stage of the process applied a rotational speed of 300 rpm with 55 kN to establish complete
contact between the extrusion die and the material. After the extrusion die advanced for 1 mm, the
transition to the force-controlled friction extrusion process was conducted via a 10 s ramp. The
constant 100 kN force with the powder container constantly rotating at 200 rpm were denoted as
the process parameter in this study.

After extrusion, the extruded wire and the residual feedstock were sectioned transversely and
longitudinally to the extrusion direction, respectively, and prepared following standardized
metallography procedures. The microstructure of the wires was subjected to an additional
electrolytic etching with Barker’s solution at 20 V for 80 s and inspected with a Leica DMi8 optical
microscope. In contrast, the microstructure of residual feedstock was analyzed by an FEI Quanta
650 field-emission scanning electron microscope (SEM) equipped with EDAX Apollo X energy
dispersive X-ray spectroscopy (EDX). Furthermore, microhardness was tested with an EMCO-
TEST Durascan 70 G5 with a load of 0.2 kg and ultimate tensile strength (UTS) was measured by
an Imprintec 13D BVR according to DIN SPEC 4864. The mechanical properties of the extruded
wire were compared with the as-received AA7075-T651 bar material and the annealed sample by
heat treating the sample at 404 °C for 150 minutes followed by oven cooling.
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Results and Discussion

The microstructure overview in the cross-section of the extrudate, processed at 100 kN and 200
rpm, is shown in Fig. 2. No noticeable defects and a fine-grained microstructure were observed in
the core of the wire, indicating the powder is fully consolidated after FE. Grains, with grain size
smaller than 10 um, are predominantly present through the full cross-section of the wire, while at
the periphery, larger grains up to 50 pm and defects can be noticed. The reasons might refer to the
extensive residual heat in the die bearing promoting grain growth and the relative rotating motion
between the extrudate and the die.

Fig. 2. Micrograph of etched cross-section of the wire extruded at 100 kN, 200 rpm, including
enlarged section at the position highlighted by the red frame.

The powder evolution analysis is conducted on the residual feedstock after FE. The overview
geometry of the specimen can be seen in Fig. 3(a). The left up and down corners of the specimen
were fractured. Spherical raw powders, Fig. 3(b), have been found within the fracture area,
indicating that the pre-compaction stage has not affected the powder in these regions prior to FE.
Several positions at the center of the residual feedstock have been subjected to SEM for a powder
evolution study. Fig. 3(c-g) reveals the evolution of powder during the FE process. High porosity
has been identified as highlighted by white circles in Fig. 3(c) in form of void volume between as
well as pores within individual powders, which is regarded as the starting condition of the powder
after pre-compaction. The morphology of the powder alters gradually by approaching the die
orifice and accompanies by the pores removal due to the extrusion force combined with the rising
temperature and completed in Fig. 3(d). In Fig. 3(e), approximately 6 mm advanced entering the
die orifice, the powders have been elongated in the extrusion direction, indicating the mechanical
effect of the tooling has contributed to the FE. The powder boundaries begin to fade, suggesting
the merge of the powder is potentially under the diffusion route with a much lower temperature,
maximum 503 °C according to temperature measurement, compared to the conventional sintering
temperature (580 — 620 °C) for AA7xxx alloys [14]. In Fig. 3(f), the large amount of powder
boundaries vanishes and suggests that the powder consolidation nearly finished prior to entering
the die orifice and material flow onwards can be considered similar to FE from a solid billet
feedstock. However, the different strengths and the flow ability among the pre-compacted powder,
solid billet or chips have a tremendous impact on the initial heat generation and the heat
dissipation,
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Fig. 3. Overview of residual feedstock (a), base powder (b) and powder evolution in the center
from the left of the specimen (c) to the extrudate (g).
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Fig. 4. SEM backscatter images from base powder (a) and different distance to the die orifice,
i.e. 6 mm (b) and 4 mm (c) advanced and 10 mm (d) retreated, and the corresponding EDX
mapping of Mg and Zn.

which hinder the direct implantation of the strain and strain rate found in the literature for solid
billet as well as chips feedstock into the powder [13, 15]. After passing through the die orifice, the
microstructure of the extrudate transforms into the final microstructure as shown at the position of
10 mm, Fig. 3(g), after the die orifice. No powder boundary has been found, indicating the powder
is fully consolidated after the FE and further confirming the previous finding in Fig. 2.

In the aluminum alloy AA7075, two major alloying elements, magnesium and zinc, form the
MgZn; phase at the grain boundary, which is observed in all the SEM images as white particles.
Therefore, the residual feedstock is subjected to EDX to disclose and complement the powder
evolution in the FE before entering the extrusion orifice. The EDX mapping of the Mg and Zn as
well as the corresponding SEM backscatter images are shown in Fig. 4(a-d). In the base powder,
Fig. 4(a), most of the MgZn, phases are larger and located at the grain boundary, which is the
typical behavior of this phase in AA7075. The discontinuity observed in the EDX mapping can be
explained by the re-melting of solid particles [16]. Approaching the extrusion die, the MgZn»
phases are fragmented into smaller particles under shear and longitudinal deformation or diffuse
into the grains as reported that FE can form a forced supersaturated solid solution [12]. By
comparing the different grain orientations in the raw powder, Fig. 3(b), and near the extrusion die,
Fig. 4(b-d), the transformation of the randomly distributed grains aligned in the extrusion direction
can be observed, indicating the effect of the deformation. In Fig. 4(b), the capture position is
adjacent to the powder boundary, where the MgZn; phases are rarely found, which corresponds to
the observation of the unprocessed base powder. The reason could be that the rapid solidification
rate of gas-atomized powder impedes the diffusion behavior of alloying elements on the powder
surface [16]. Since the melting point of MgZn, phases is much below the processing temperature
of FE, the incipient melting of existing phases may occur before the die orifice and could explain
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the smaller defects observed in Fig. 4(c). However, the huge defects may be due to the isolated
pores that typically find in powder metallurgy materials [17]. It needs to be mentioned that the
grain size observed in the SEM images is also below 10 um and comparable to the base powder.

The microhardness was evaluated over the cross-section for a part in the middle of the extrudate,
see Fig. 5(a). The FE extrudate shows a relatively homogeneous hardness, 115.6 HV, except for
the outer ring with slightly larger grains. At the lower part of the mapping, one region with
significantly lower microhardness is supposed to be a defect, as observed at the periphery of the
cross-section in Fig. 2. By comparing the extrudate to AA7075 alloys in different temper states,
T6 and O, Fig. 5(b), the hardness is 67 % of AA7075-T6 and 80 % higher than the annealed state.
AAT7075 is a precipitate hardenable alloy, and T6 temper is the peak artificial aging. Therefore,
the lower hardness after high temperature exposure during FE (maximum measured temperature
of 503 °C) is expected due to the dissolution of strengthening precipitates.
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Fig. 5. Microhardness mapping of the cross-section for the extrudate (a) and comparison to the

base material in different temper states.
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Fig. 6. Ultimate tensile strength for the extrudate and comparison to the base material in
different temper states.
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The UTS of the FE extrudate as well as for AA7075-T6 and AA7075-0 is shown in Fig. 6. The
extrudate UTS is 467.3 MPa, which shares the same trend as the microhardness, with 90 % of the
T6 state and 59 % more than the annealed state. The recrystallization and the grain refinement
enabled the improvement of the mechanical properties; however, the precipitate strengthening
effect dictated the mechanical properties of 7075 alloys, and the further increase of UTS after
artificial aging has been proven [18]. The UTS value is comparable to the FE from AA7075 solid
billet feedstock [8, 18], indicating full consolidation of the powder during FE.

Summary

In the present study, friction extrusion based on powder material was investigated in terms of
extrudate microstructure as well as powder evolution in front of the extrusion orifice. The fully
consolidated wire was successfully extruded directly from the powder feedstock. Additionally, the
mechanical properties of the final extrudate were analyzed. The main findings are summarized as
follows:

e Fully consolidated wire with predominantly homogeneously distributed fine grains and no
noticeable defects in the core is successfully extruded from powder feedstock without a
complex powder metallurgy procedure. Larger grains and defects are observed at the
periphery of the wire; hence, a cooling system has been planned to introduce to prevent the
grain coarsening issue.

o The combination of pressure and elevated temperature leads to extensive porosity removal
within the powder feedstock, followed by the elongation of powder particles in the
extrusion direction as well as the elimination of powder boundaries finally forming the
consolidated extrudate.

e Adequate mechanical properties without post-heat treatment, comparable results to
extrusion from solid billet feedstock, and the potential to improve the properties by
applying artificial aging are achieved and demonstrated.
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