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A B S T R A C T   

This study aims to understand the microstructure evolution and texture development during friction extrusion of 
aluminum alloys, focusing on AA7075 as exemplary alloy system. Electron backscatter diffraction technique has 
been employed to obtain crystallographic data from various regions in front of the die and in the wire. It can be 
deduced that the combination of continuous dynamic recrystallization and geometric dynamic recrystallization 
mainly govern the formation of a fine-grained structure, however discontinuous dynamic recrystallization may 
also play a role at high temperature. The global shear deformation during the process was characterized as a 
simple shear deformation with dominant B/B simple shear texture components. The material flow is mainly 
driven by the in-plane shear strain and the extrusion-induced shear strain that are determined by die rotational 
speed and extrusion force, respectively. The in-plane shear strain strongly affects the formation of a homoge
neous fine-grained microstructure in the aluminum wire. In this regard, a novel material flow model for friction 
extrusion has been proposed.   

1. Introduction 

Friction Extrusion (FE) is a friction-based process capable of pro
ducing advanced material in different shapes, such as wire, rod and 
hollow structures. FE has the same principle as friction stir welding/ 
processing (FSW/P), utilizing a non-consumable tool to introduce severe 
plastic deformation and to generate frictional heat for material consol
idation. FE is able to process materials in different forms of solid ma
terials [1–4], chips [5–7] and powder [8]. Fig. 1 presents a schematic 
illustration of the general FE process for wire production. A non- 
consumable die starts to rotate and presses against the material to be 
processed. The rotating die plastically deforms the material and gener
ates frictional heat that softens the material. Then, it extrudes the 
plasticized material through the die orifice, forming a consolidated wire. 

FE is characterized as an energy efficient process since it requires no 
external heating and relatively low extrusion force to produce high 
quality extrudate [2,9]. FE is potentially used to produce advanced 
materials with enhanced properties, i.e. lightweight materials with su
perior mechanical properties [2,3] and electrical conductivity [10]. 
Additionally, the ability to extrude metal chips and swarf [6,11–13], i.e. 
recycling machining waste, classifies this process as sustainable and 

environmentally friendly. 
Some studies have been carried out to produce advanced aluminum 

(Al) wires by FE from bulk materials [1–4], machining chips [5–7] and 
powder [8]. Utilization of a 90◦ scroll die [1,2,4,6] or a 60◦ featureless 
die [3] in FE of bulk Al alloys has proven to fabricate wires with ho
mogeneous fine-grained structure and uniformly distributed secondary 
particles. It is believed that dynamic recrystallization, which commonly 
occurs in Al alloys during thermo-mechanical processing, is responsible 
for the grain refinement during FE [1–3,14]. Additionally, Li et al. [4] 
showed that static recrystallization occurred after the material passed 
through the die. Nevertheless, formation and development of the 
recrystallized grain structure during FE, i.e. in front of the die, remains 
unclear. 

Halak et al. [3] and Li et al. [4] showed that alteration of the heat 
input during FE process, i.e. high processing temperatures, affects the 
process stability, which turned the homogeneous to an inhomogeneous 
microstructure wire. In an attempt to understand the microstructure 
evolution during FE, some studies have been carried out using marker 
materials inserted in the base material (BM) [4,15]. The distribution and 
grain characteristic of the marker materials were characterized in the 
extruded wires. It was mentioned that presence of the longitudinal strain 
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and in-plane shear strain plays an important role in the formation of a 
homogenous fine-grained structure, in addition to the processing tem
perature. When the heat input is too high, the in-plane shear strain de
creases, where FE becomes similar to conventional extrusion [3,4]. 
Nonetheless, the material flow behavior concerning development of 
shear deformation resulted in a homogenous fine-grained structure 
during FE needs more clarification. 

There are three typical dynamic recrystallization mechanisms 
introduced in metallic materials during thermomechanical processing, 
which are continuous dynamic recrystallization (CDRX), geometric dy
namic recrystallization (GDRX) and discontinuous dynamic recrystalli
zation (DDRX) [16,17]. Formation of the recrystallized grain structure 
by CDRX includes transformation of low angle grain boundaries (LAGBs) 
to high angle grain boundaries (HAGBs) due to the accumulation of 
dislocations [17–21]. In GDRX, the recrystallized grain structure is 
formed by pinching off the highly deformed initial grains due to 
geometrical effect of strain [17,19,21,22]. In DDRX, the recrystallized 
grain structure appears at the initial grain boundaries which has clear 
nucleation and growth [20,23,24]. CDRX and GDRX are typically re
ported for materials with high stacking fault energy, while DDRX is more 
typical for low stacking fault energy materials [16]. Al alloy is one of the 
metallic alloys that has high stacking fault energies, in which dynamic 
recovery through dislocation climb is dominant. However in addition to 
CDRX and GDRX, DDRX has also been observed in Al alloys during 
thermomechanical processing [17–22]. In this study, grain refinement 
mechanism in an Al alloy during FE process with regards to recrystal
lization mechanism will be studied. 

In the present study, FE is applied to produce defect-free wires from 
bulk AA7075 using a 60◦ featureless die. The microstructure and texture 
evolution during FE were systematically investigated to establish a basic 
understanding of the formation of a homogeneous fine-grained micro
structure and the material flow during FE. 

2. Experimental procedure 

The material used in the present study was aluminum alloy 7075 in 
T651 temper (AA7075-T651). It has main alloying elements of 5.8 wt% 
Zn, 2.3 wt% Mg and 2.0 wt% Fe. The AA7075-T651 rolled plate was cut 
into dimension of 200x200x30 mm3. Two plates of the AA7075 were 
stacked on top of each other and heated up to 40 ◦C prior to the FE 
process to maintain identical starting condition. The AA7075-T651 
sheet was friction-extruded in a bead-on-plate configuration, i.e. 
extrusion direction (ED) aligned with normal direction (ND) of the 
sheet. The experimental setup is presented in detail in the previous study 
of the authors [3]. 

The FE process was carried out on a customized friction-surfacing 
machine (RAS), manufactured by Henry Loitz Robotik, Germany. The 
non-consumable die used in this study was made of AISI H13 steel. The 
60◦ die has no feature on its surface with 15 mm outer diameter and 6 
mm inner diameter, which leads to an extrusion ratio (ER) of 6.25. The 
process was performed force-controlled at a constant rotation speed of 
300 rpm and extrusion forces (F) between 16 and 22 kN. No significant 
flash was formed in the Al sheet around the outer side of the die during 
FE because the die forced the material into the conical die. Since the FE 
is performed using a constant extrusion force, the extrusion rate may 
vary during the process, as discussed in detail by Halak et al. [3]. 

For microstructure analysis, the samples were sectioned, ground and 
polished in colloidal silica, according to standard metallographic sample 
preparation. The samples 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. Further micro
structure analysis was performed using an FEI Quanta 650 field emission 
gun (FEG) scanning electron microscope (SEM) equipped with a TSL 
OIM electron backscatter diffraction (EBSD) system and an EDAX energy 
dispersive X-ray spectroscopy (EDS) system. 

Fig. 1. A schematic illustration of the Friction Extrusion process.  

Fig. 2. Microstructure of the rolled AA7075-T651 base material, IPF map (a) and backscatter image (b).  
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Orientation mapping was performed with a step scan of 0.3 μm. A 
lower limit boundary misorientation cut-off of 2◦ was used to eliminate 
spurious boundaries. The obtained crystallographic data is expressed as 
inverse pole figure (IPF) map, misorientation-angle distribution, pole 
figure (PF) and orientation distribution function (ODF). The 15◦ crite
rion was used to define LAGBs and HAGBs. All ODFs are sectioned from 
Euler angle, ϕ2=0◦ and 45◦. 

3. Results and discussion 

3.1. Base material 

The microstructure features of the AA7075 rolled plate are summa
rized in Fig. 2. The microstructure consists of mainly large elongated 
grains and small amount of fine grains in between the large grains, with 

Fig. 3. Macrographs and micrographs of the extruded wires produced by a rotation speed of 300 rpm, extrusion forces lower (a) and higher (b) than 19 kN, i.e. 16 kN 
and 20 kN, respectively. 

Fig. 4. Backscatter electron images and IPF maps of the homogeneous fine-grained wire acquired from the outer diameter (a, b) and center of the wire (c, d), 
produced at 20 kN and 300 rpm. The dark and bright particles (in a and c) are Mg2Si and Al7Cu2Fe, respectively. 
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an average thickness of about 7 μm. EDS characterization shows that 
bright/dark particles in the backscatter image are identified as second
ary particles of Mg2Si (dark particles) and Al7Cu2Fe (bright particles), 
which align along the rolling direction (RD). The rolling texture is 
dominated by Brass {110} 〈112〉 and S {123} <634> as well as Cube 
{100}〈001〉 and S1 {214} 〈121〉 texture components. 

3.2. Macrostructure of the wires 

Fig. 3 presents the surface appearances as well as macrographs in the 
longitudinal- and cross-section of the wires fabricated by extrusion 
forces lower and higher than 19 kN. The wires have a nominal diameter 
of 6 mm and length between 75 and 80 mm. No defects such as voids are 
visible in the wires. The wire produced by an extrusion force lower than 
19 kN has an inhomogeneous microstructure with a fine-grained struc
ture in the outer region and an elongated grain structure in the inner 
region, Fig. 3a. On the other hand, the wire produced by an extrusion 
force higher than 19 kN consists of a homogeneous fine-grained struc
ture, Fig. 3b. 

The wires have tool marks on the surfaces in which its pitch distance 
can be calculated as the extrusion speed divided by the rotation speed. 
As mentioned by Halak et al. [3], the maximum calculated pitch- 
distance of a wire produced by 300 rpm at resulting extrusion speeds 
up to 2.96 mm/s is about 0.592 mm. For further details on the pro
cessing characteristics during the FE experiments, such as die advancing 
rate or temperature evolution, the interested reader is referred to Halak 
et al. [3]. Observations of the surface pattern on the wire show a good 
agreement with the calculated pitch-distance of the wires produced by 
an extrusion force lower than 19 kN. However, the wires produced with 
the extrusion force higher than 19 kN have much larger pitch distances 
than the calculated value, i.e. 220 mm or even larger [3], as shown in 
Fig. 3b. This result indicates that the relative rotation between the 

rotating die and the wire for extrusion forces >19 kN is relatively low or 
nearly zero. 

3.3. Microstructure evolution 

The focus of the current study is the understanding of the micro
structure formation and material flow in homogeneous fine-grained 
wires, which will be discussed in more detail in the following. Micro
structure in a cross-section of the wire extruded at 20 kN extrusion force 
is presented in Fig. 4, captured from the outer diameter and center of the 
wire. The microstructure comprises fine-equiaxed grains with an 
average diameter of about 1.2 μm. It is also clearly seen that the large 
Mg2Si and Al7Cu2Fe particles observed in the BM are fragmented into 
smaller particles and randomly distributed in the wire. 

To get a better understanding of microstructure evolution and ma
terial flow, FE processes have been applied until several die plunge 
depths between 0.9 and 2.7 mm, see Fig. 5. As soon as the rotating die 
reached the pre-defined depth, it was retracted immediately to avoid 
further deformation and heat exposure to the samples. No external 
cooling has been applied to the material following the FE process, i.e. 
heat dissipated mainly to the bulk Al base materials and FE machine. 
During metallographic sample preparation, flashes in wire tips of some 
samples were broken off, resulting in irregular shapes. 

Based on the grain characteristic, some microstructural zones in 
front of the die orifice can be identified, namely the unaffected BM, a 
thermo-mechanically affected zone (TMAZ) 1 that comprises a fine- 
grained structure and a TMAZ 2 that consists of a deformed grain 
structure, see for instance Sample VI in Fig. 5. After the die orifice, i.e. 
the smallest die diameter where extrusion starts, the region is simply 
referred to as wire in the following. 

At the beginning of the process, introduction of plastic deformation 
and high thermal exposure during die plunging leads to formation of a 

Fig. 5. Serial FE processes (20 kN, 300 rpm) applied to AA7075 sheet up to several plunge depths of 0.9, 1.2, 1.5, 1.8, 2.1 and 2.7 mm.  
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fine-grained structure (TMAZ 1) near the contact area between the 
material and the rotating die at the outer diameter. Then, the fine- 
grained structure flows along the die surface towards the die orifice as 
the plunge depth increases, as depicted for Samples I-V in Fig. 5. After 
the fine grains reach the centerline in front of the die orifice, they build 
up towards the BM forming a large TMAZ 1, as shown in Sample VI. 
Finally, the fine-grained structure in TMAZ 1 is extruded through the die 
orifice, resulting in a consolidated wire with homogeneous fine-grained 
microstructure. At the same time, the TMAZ 2, which consists of a 
deformed grain structure, is also formed and develops accordingly in 
between the TMAZ 1 and BM. However, deformation and temperature in 
TMAZ2 are not high enough to induce recrystallization. 

3.3.1. Microstructure evolution in transition zone 
To understand the microstructure evolution during FE, large EBSD 

maps were acquired from the transition regions in Sample III and Sample 
VI, as depicted in Fig. 6. Based on the microstructural features, the EBSD 
maps are divided into four regions. The grain size, which is translated in 
terms of HAGB spacing in ED and HAGB fraction extracted from the 
regions, is summarized in Table 1. 

In regions 1 and 2, formation of LAGBs inside the large grain interior 
is clearly observed due to dislocation accumulation induced by the shear 
strain. Continuous absorption of the dislocations in the grain boundaries 
leads to an increase in the misorientation angle. Some of the LAGBs 
transform into HAGBs when the grain misorientation exceeds 15◦

dividing the large grains into smaller grains. It is also seen that the 
thickness of some elongated grains decreases due to geometrical 
requirement of strain. An increase in the strain induces progressive 
lattice rotation and grain subdivision, which transforms the thin elon
gated grains into new fine-recrystallized grains, indicating CDRX, as 
presented in Fig. 7a. As the temperature increases, the grain boundaries 
become serrated. The thin elongated grain was pinched off into fine 
grains, indicating GDRX, as presented in Fig. 7b. Comparing both 
mechanisms, the orientation of the lattice-rotated sub-grains in CDRX 
change through grain boundary rotation, while the orientation of the 
pinched-off sub-grains remains in GDRX consistent with their initial 
grains. Formation of the fine grains decreases the HAGB spacing in the 
regions 1 and 2, as presented in Table 1. Grain refinement induced by 
accumulation of grain misorientation angle in Al alloys during thermo- 

Fig. 6. EBSD maps taken from the transition regions in Sample III (a) and Sample VI (b). The grain refinement by subdivision of elongated grains and sub grain 
rotation are highlighted by the solid and dash rectangles in the EBSD maps at higher magnification, respectively. Bulging along the grain boundaries is highlighted by 
dark circulars. LAGBs and HABGs are depicted as white and black lines in the IPF maps, respectively. 

Table 1 
HAGB spacing in ED extracted from several regions in transition area.  

Region HAGB spacing in ED (μm) 

Sample III Sample VI 

BM 7.16 7.16 
Region 1 4.49 6.32 
Region 2 2.66 2.98 
Region 3 1.02 1.03 
Region 4 0.84 0.84  

U.F.H. Suhuddin et al.                                                                                                                                                                                                                         



Materials Characterization 205 (2023) 113252

6

mechanical processing has been well-documented [18–20,23,24]. 
In the area closer to the die, Region 3 has a bi-modal structure 

consisting of a fine-equiaxed and a large-deformed grain structure, as 
depicted in Fig. 6 for both samples. The large-deformed grain structure 
experienced further grain subdivision induced by misorientation angle 
accumulation and geometric effect of strain, indicating further CDRX 
and GDRX, respectively. As the temperature during the FE process in
creases, the grain boundaries become wavy, indicating local grain 
boundary migration. The local migration generates bulging along the 
grain boundaries, see Fig. 7c, which then transform into fine grains or 
experiencing DDRX. Ultimately, the large-deformed grains transform 
into a fine-grained structure as shown in Region 4. The homogenous 
fine-grained structures have an average grain size of <1 μm with strong 
grain orientation of 〈110〉 perpendicular to observation plane. 

In order to compare directly the grain boundaries between different 
microstructural regions, the misorientation-angle data are asserted in 
terms of specific grain boundary length or grain boundary density, 
which is calculated as the grain boundary length in the region of interest 
divided by the area of the corresponding region. Fig. 8 displays the grain 
boundary densities obtained from regions 1–4 in samples III and VI. 
Formation of extensive deformation-induced grain boundaries with 
subsequence accumulation of misorientation angles leads to increase the 
HAGBs and LAGBs significantly in regions 1 and 2. Formation of grain 
boundaries marked by progressive movement of the long-angle peak 

towards high-angle misorientation induced by accumulation of misori
entation angle or CDRX [18,21,25] primarily governs the grain structure 
in the regions. Additionally, formation of fine grain structure induced by 
geometric effect of strain without sub-grain rotation or GDRX 
[20,23,24] seems to give a contribution to development of the HAGBs. 
Meanwhile, a decrease of LAGBs coupled with major formation of 
HAGBs in regions 3 and 4 at misorientation angle larger than 30◦, is most 
likely associated with the observed GDRX and grain-boundary bulging 
or DDRX, as well as CDRX. Elimination of the LAGBs in these regions is 
associated with grain boundary migration as well as transformation of 
existing LAGBs to HAGBs. Therefore, the grain refinement in this region 
should be mainly determined by GDRX and CDRX with limited DDRX 
[20,23,26,27]. Since AA7075 is a precipitation hardening Al alloys, the 
presence of high densities of several types of fine precipitates and par
ticles in this alloy might act as obstacles for the dislocation movement, 
preventing recrystallization [28]. Considering the processing tempera
ture during FE is typically higher than 450 ◦C [2], most of the 
strengthening precipitates should be dissolved in the Al matrix, reducing 
the resistance against dislocation movement towards the grain bound
aries. Dislocation motion as well as grain boundary sliding promote 
boundary migration, followed by subgrain rotation, giving rise to the 
development of new recrystallized grains [18,24,25]. 

Grain refinement driven by CDRX, GDRX and additionally DDRX at 
elevated temperature in high stacking fault energy materials such as Al 

Fig. 7. Distribution of misorientation angle along the elongated grains experiencing sub-grain rotation (a) and without sub-grain rotation (b) taken from Region 2. 
(c) An example of grain boundary bulging induced by local boundary migration taken from Region 3 in sample 3, as shown in Fig. 6. 

Fig. 8. Grain boundary densities extracted from several regions in Samples III (a) and Sample VI (b), taken from the transition region between TMAZ and BM in these 
samples, see Fig. 6. 
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alloys, has been reported during thermo-mechanical processing 
[18–20,23–27]. Therefore, the microstructural evolution is dependent 
on the temperature and strain rate in addition to the strain during 
thermo-mechanical processing, which can be described using the Zener- 

Hollomon parameter 

Z = ε̇ expQ/RT (1)  

where ε̇ is the strain rate, Q is the activation energy, R is the universal 
gas constant and T is the processing temperature. When the temperature 
gradually increases, i.e. material is approaching the die surface, the Z 
value decreases accordingly, which then transforms the recrystallization 
mechanism in Al alloys from CDRX to GDRX and DDRX, as also reported 
in previous studies [17,18,29,30]. It is important to note that the 
contribution of the recrystallization types should depend on the specific 
FE parameters, determining the introduced shear strain and heat input. 

3.3.2. Development of microstructure in TMAZ 1 and the wire 
To understand the microstructure evolution in the TMAZ 1 during 

the FE process and in the wire, EBSD data have been acquired from 
various regions, as presented in Fig. 9. It is important to note that the 
diameter of wire attached to the TMAZ 1 is the same as the die inner 
diameter, while the final wire diameter is about 0.3 mm smaller. During 
die retraction after FE, the wire end experienced additional deformation 
from the die orifice; thus, the region r4m is excluded in the following 
microstructure study. 

Fig. 10 presents the microstructure taken from several regions along 
the centerline of the material (radius, r = 0) in TMAZ 1 and wire. All 
regions comprise fine-recrystallized grains with strong crystallographic 
orientations 〈111〉 parallel to TD. The grain size slightly increases from 
1.39 μm at an area near the BM (r00) to 1.54 μm at the die orifice (r40), 
which might be associated with grain growth. Then it decreases down to 
1.35 μm in the extruded wire (r50), indicating alteration of strain 
condition. 

Fig. 11 illustrates the IPF maps obtained from various regions at 
different distances to the centerline, i.e. r > 0. Most of the area consists 
of fine grains with a strong crystallographic orientation of 〈101〉 parallel 

Fig. 9. Map of EBSD scanned area in the TMAZ 1 and wire of Sample VI. Re
gions r4 (including r40, r41 and r4m) represents the TMAZ 1 – wire transition 
line. Numbers in black color indicate the distance between the scanned area 
in mm. 

Fig. 10. IPF maps obtained from several regions along the centerline of TMAZ 1 and extruded wire of Sample VI. The locations correspond to Fig. 9.  
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to TD, which is different with those in the regions along the centerline (r 
= 0). A new grain orientation in between 〈100〉 and 〈111〉 poles in region 
r5m, i.e. near the outer radius of the wire, indicates alteration of strain 
when passing the die orifice. 

In general, the grain size becomes smaller towards the outer radius 
and larger towards the wire in TMAZ 1. Variation in the grain size 
corresponds to the degree of shear deformation and temperature expo
sure in each region during FE, i.e. deformation becomes larger with 
increasing radius, while the temperature increases towards the die. Due 
to high temperature exposure, grain growth occurred within the 
microstructure. Finally, the material is subjected to additional defor
mation during extrusion at the die orifice, leading to a further 
refinement. 

4. Development of texture during FE process 

FE is a thermo-mechanical processing technology, involving severe 
strain, high temperatures and high strain rates, which makes this process 

broadly similar to other processes, such as conventional extrusion pro
cess, FSW/P and high-pressure torsion (HPT) [19,20,23,25,29,31–33]. 
Therefore, in terms of the following texture analysis, the deformation 
state and the material flow in this study is considered in the context of 
the behavior reported for the mentioned processes. 

To understand the material flow during FE, the orientation data was 
derived from the transition region and arranged as 111 and 110 PFs. An 
appropriate coordinate reference needs to be established to recognize 
the observed textures and to reveal the actual physical process, i.e. 
material flow. The predominant deformation mode in FE is expected to 
be close to simple shear texture, which is defined in terms of crystallo
graphic plane and direction aligned with the shear plane (SP) and shear 
direction (SD), respectively. 

The 111 and 110 PFs obtained from various regions in the TMAZ 1 
and the wire, according to Fig. 8, are presented in Fig. 12. At the regions 
along the outer radius in front of the die (r1m and r3m), the PFs have 
similar texture components with intensity peaks in the upper and lower 
poles deviating counterclockwise (CCW) from the vertical line. During 

Fig. 11. IPF maps obtained from several regions of Sample VI within TMAZ 1 and extruded wire at r > 0, according Fig. 9.  
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FE, the rotating die presses against the material and shears the imminent 
material. Therefore, it is reasonable to assume that the SP in these re
gions aligns parallel to the die face, i.e. about − 30◦ from the vertical 
line. Rearrangement of the as-acquired PFs to align the shear plane 
normal (SPN) horizontally and SD vertically shows that the PFs can be 

interpreted as a strong B/B {112} <110> including weak A*
1/A*

2 {111}〈
112〉 and C {100}〈110〉 shear texture components, as shown in Figs. 13 
and 14. 

As-acquired 111 and 110 PFs obtained from several regions along the 

Fig. 12. Pole figure maps obtained from various regions of Sample VI within TMAZ 1 and extruded wire, according to Fig. 9. Imax is the maximum texture intensity 
in multiples of a random distribution (mrd) unit. 

Fig. 13. As-rotated pole figures from Fig. 12 to align SPN horizontal and SD vertical. Imax is the maximum texture intensity in multiples of a random distribution 
(mrd) unit. 
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radius (0 < r < r max) in the TMAZ 1 have identical texture components 
with strong <101> parallel to TD, except small deviation in region r32, 
as shown in Fig. 12. The PFs have the same texture components with 
those in the regions r1m and r3m, indicating a simple shear texture with 
some deviations. Meanwhile, the PFs along the centerline (r = 0) in 
TMAZ 1 have identical texture components with strong <111> parallel 
to TD. All investigated regions within the TMAZ 1 (except the outer 
regions, r max) are expected to experience less die-face-induced shear 
strain because their locations are still away from the die. Based on the 
loading direction, the deformation state in these regions seems to be 
comparable to that in HPT [33,34], in which the tool compression is 
applied perpendicular to the material surface. It is well-established that 
the predominant deformation in HPT is simple shear with the SPN and 
SD aligned and tangential to the rotation axis, respectively [33,34]. 
Based on this approximation, the as-acquired PFs in regions along the 
radius, 0 < r < r max, should be rotated 90◦ around the ED and no 
rotation is necessary in regions along the centerline (r = 0) to identify 
the textural components. As predicted, the rotated PFs in these regions 
can be interpreted as dominant B/B, weak A*

1/A*
2 and C simple-shear 

texture, as depicted in PFs and ODFs in Figs. 13 and 14, respectively. 
After passing the TMAZ 1, the material is extruded into the die 

orifice, forming a wire. The textural data does not change along the 
centerline of the wire (regions r40 and r50), while the PFs rotated CCW 
in regions r41 and r51, as seen in Fig. 12. Region r5m has completely 
different texture components compared to other regions. As observed in 
Fig. 3b, there is no visible pattern on the wire surface induced by a 
rotating die in radial direction. Therefore, it suggests that the material 
flow in this region is mainly determined by shear strain induced by 
extrusion in longitudinal direction [21]. However, texture development 
in the region r5m is not well understood. Nevertheless, formation of the 
new grain orientation near <100> (Fig. 10) might be associated with 
the <100> recrystallization texture [4]. 

Fig. 15 presents the 111 and 110 PFs extracted near the transition 
region in samples III and VI, i.e. from the Region 4 according to Fig. 6. 
Both regions have strong crystallographic orientation of <110> parallel 
to TD. The as-acquired 111 PFs show similar texture components with 

strong intensity near the upper and lower poles, however, there is a 
deviation from the vertical line, i.e. the intensity peaks rotate CCW and 
clockwise in samples III and VI, respectively. To a first approximation, 
the material flow is characterized by SP aligned with the flow line or 
macroscopic boundary between the BM and TMAZ [19]. Rearrangement 
of the as-acquired PFs to align SPN horizontally and SD vertically reveals 
that B/B is the predominant shear texture components with A*

1/A*
2and C 

present to a lesser extent, as presented in the PFs and ODFs. 
Fonda and Bingert [35] showed that the A*

1/A*
2 and C simple shear 

texture components predominate at low strains during FSW, which then 
will be gradually replaced by B/B texture components at higher strains. 
Presence of strong B/B with minor A*

1/A*
2 and C in this study indicates 

that the material appears to have been subjected to large strains in 
TMAZ 1 during the FE process. Formation of the different texture 
components in various regions is mainly associated with the local strain. 
Based on the textural data, shear deformation during FE is characterized 
as simple shear with mainly two different shear-plane alignments, 
perpendicular and along ED, in addition to die-face-induced shear 
strain. The shear-plane perpendicular to ED is mainly driven by the 
radial movement of the tool, i.e. die face, which is also known as in- 
plane shear strain [4]. 

5. Material flow during friction extrusion 

Alignment of the SPs varies in the TMAZ 1 and wire depending on 
their locations. Based on the microstructure and textural data for FE 
with extrusion force large than 19 kN, the proposed material flow during 
FE to produce a homogenous fine-grained microstructure is presented in 
Fig. 16. 

In the beginning of the FE process, the die introduces severe plastic 
deformation and generates frictional heat that softens the imminent 
materials with SP and SD aligned with the die face and rotation direc
tion, respectively. Next, the material at the die-material interface sticks 
to the rotating die and accelerates when the friction shear stress exceeds 
the material's yield stress [36]. Then the material moves with the same 
radial velocity as the rotating die. After that, the softened material flows 

Fig. 14. Orientation distribution function maps of pole figures in Fig. 13. Imax is the maximum texture intensity in multiples of a random distribution (mrd) unit.  
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Fig. 15. Crystallographic maps derived from the transition region (Region 4, which belongs to TMAZ 1, see Fig. 6) in samples III and VI.  

Fig. 16. Proposed material flow during the FE process to produce homogeneous fine-grained wire. Dash lines represent the shear planes with shear direction aligned 
to the rotation direction. 
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towards the die orifice, as depicted in samples I-V in Fig. 5. Accumula
tion of the softened material at the die orifice slows down the extrusion 
rate [3]. Suitable combination of the die-face-induced strain and 
extrusion-induced strain at elevated temperature leads to formation and 
extension of the in-plane shear strain towards the BM. The in-plane 
strain deforms the material with SP perpendicular to ED, as presented 
in Fig. 13. At the same time, the fine-grained area extends towards the 
BM, reaching the equilibrium volume, as observed in Sample VI in Fig. 5. 
Finally, the extrusion-induced strain forces the material through the die 
orifice, resulting in a homogeneous fine-grained wire. Sticking of the 
material to the die can be observed from the surface appearance of the 
extruded wire (Fig. 3b), indicating that the relative rotation between the 
rotating die and the wire is (nearly) zero. Based on the material flow 
prediction, it is likely that the in-plane and extrusion-induced strains are 
more pronounced with the radius increment, as can also be observed by 
texture intensity (Imax), in Figs. 12 and 13. Additionally, the extrusion- 
induced strain increases towards the die orifice due to the die diameter 
reduction [4]. It is also important to note that the flowing mechanism of 
the material in the ED seems to be layer by layer continuously, in which 
the first layer is pushed towards the die orifice by the following layer. 
Formation and development of the materials in the transition zone in 
this manner are beneficial for the production of a homogeneous fine- 
grained microstructure within the wire. 

Meanwhile, microstructure development in the wires produced by 
the extrusion force <19 kN, leading to an inhomogeneous microstruc
ture, are explained in the following. The wires consist of fine-grained 
structure of TMAZ 1 in the area along the die face and elongated 
grains in a larger TMAZ 2, as presented in Fig. 3a. Additionally, the wire 
surface exhibits an obvious pattern because of deformation induced by 
die rotation. This observation indicates that the relative rotation be
tween the rotating die and the wire is relatively large, i.e. sliding. The 
sliding condition occurs when the contact shear stress is smaller than the 
material yield shear stress [36,37]. Therefore, the rotating die shears 
only a limited material near the die face. The result suggests that a 
combination of the die rotation speed and the extrusion force was not 
suitable for generating sufficient in-plane shear strain, which is mainly 
responsible for the formation and development of a homogeneous fine- 
grained area or the TMAZ 1. 

6. Conclusions 

In the present study, the microstructure evolution and texture 
development during friction extrusion were investigated via in-depth 
microstructural and texture analyses. The main conclusions are as 
follows:  

1. Based on grain characteristic, the microstructure in the transition 
material, i.e. in front of the die orifice, is divided into the thermo- 
mechanically affected zone (TMAZ) 1 that comprises a fine-grained 
structure and the TMAZ 2 that consists of a deformed grain struc
ture, in addition to the base material.  

2. Continuous dynamic recrystallization (CDRX) induced by grain 
subdivision and lattice rotation and geometric dynamic recystalli
zation (GDRX) induced by geometrical effect of strain seem to have 
great contribution to the global grain refinement during FE of 
AA7075 with a limited discontinuous dynamic recrystallization 
(DDRX) induced by grain boundary bulging. It should be noted that 
transition from the CDRX to GDRX and DDRX is observed at elevated 
temperature.  

3. The shear deformation during friction extrusion was characterized as 
a simple shear with different alignments of the shear plane to the die 
face, perpendicular to extrusion direction and die orifice. The 
developed texture was interpreted as dominant B/B, weak A*

1/A*
2 and 

C simple-shear texture.  

4. A material flow model for FE is proposed during fabrication of the 
homogeneous fine-grained wire. The material flow is mainly driven 
by the in-plane shear strain acting perpendicular to extrusion di
rection (ED) and extrusion-induced shear strain along the ED. Under 
sticking condition, the material flow occurs layer by layer.  

5. Development of the in-plane shear strain is strongly affected by die- 
face-induced shear strain associated with the tool rotation speed and 
the extrusion-induced shear strain associated with the extrusion 
force. Absence of the in-plane shear strain leads to formation of 
inhomogeneous microstructure due to slipping condition, which is 
broadly similar to the conventional extrusion process. 
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