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Abstract. Friction extrusion (FE) is a thermo-mechanical process using a rotat-

ing die or feedstock to produce fully consolidated extrudates in different shapes, 

e.g. wires, rods and tubes. FE utilizes a non-consumable die to plastically de-

form material and generate heat by friction due to the relative rotation between 

the die and feedstock, i.e. FE represents a more energy-efficient process com-

pared to classical extrusion techniques. In this study, the FE process is applied 

to extrude the Al-Cu alloy AA2024 using a 90 degree scroll-featured die. The 

grain structure evolution induced by thermo-mechanical processing is analyzed, 

in particular using the electron backscatter diffraction technique. Introduction of 

severe plastic deformation and high-temperature exposure induced by the die 

movement in radial and longitudinal directions relative to the materials enable 

grain refinement induced by dynamic recrystallization. The grain structure for-

mation prior to deformation through the die orifice plays an essential role to ob-

tain fully recrystallized homogeneous wires. 

Keywords: Friction Extrusion, Grain refinement, Dynamic recrystallization. 

1 Introduction 

The friction extrusion (FE) process, developed and patented by Thomas et al. [1] in 

1993, is an innovative forming technology that extrudes from solid billet, powder or 

chip materials. In FE, schematically shown in Fig. 1, the relative rotational motion 

between feedstock and non-consumable die imposes shear deformation, and the fric-

tion between them generates heat to plasticize material. The plasticized material is 

extruded into the die orifice, forming a fully consolidated extrudate in the shape of 

wire, rod or tube. No additional heat source is required, resulting in a distinct decrease 

in energy consumption [2]. Severe plastic deformation (SPD) coupled with high-

temperature exposure initiates dynamic recrystallization (DRX), resulting in grain 

refinement within the extrudate. The grain refinement effect induced by SPD can 

generate even ultra-fine grained (UFG) structures in the submicron region and can 
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achieve not only a strengthening effect but also innovative mechanical properties, 

such as superplasticity and high thermal stability [3, 4]. Therefore, UFG materials 

might be a suitable solution to deal with the typical strength-ductility trade-off di-

lemma. 

In conventional extrusion, inappropriate processing parameters, such as tempera-

ture and extrusion rate, lead to defective and inhomogeneous microstructure, which 

also applies to the FE process. Consequently, extensive research on process parame-

ters regarding defect-free and homogeneous extrudates has been conducted. Ansari et 

al. [5] and Baffari et al. [6] investigated the effect of rotational speed and extrusion 

force and determined the rotational speed as one decisive parameter in FE. Kalsar et 

al. [7] reported a homogeneous microstructure along the extruded wire manufactured 

by a scroll-featured 90 degree die angle and a reduction of the subsequent solution 

treatment time to reach the peak-aged T6 condition, compared to other extrusion 

techniques. Halak et al. [8] discovered two distinct extrusion modes by a lower die 

angle (60°), in which a fully recrystallized wire was successfully produced when 

sticking occurred at the die-feedstock interface. However, with processing time and 

temperature increase, the friction condition at the die-feedstock interfaces changed to 

sliding, resulting in an inhomogeneous microstructure within the wire. In contrast to 

the broad research on the properties of the extrudate, little literature addresses the 

phenomenon ahead of the die in FE. Li et al. [9] traced the material flow in the resid-

ual feedstock and derived the corresponding strain and strain rate ahead of the die. 

However, the grain structure homogeneity of the extrudate was not reported, which 

hinders the interpretation of the correlation between this finding and the extrudate 

microstructure. Wang et al. [10] disclosed the evolution of microstructure in homoge-

neous FE tubes in front of the die orifice and confirmed different types of DRX by 

correlating the distribution of high- and low-angle grain boundaries. Nonetheless, 

such investigation for a fully recrystallized wire is still missing. 

To unveil the grain structure evolution induced by thermo-mechanical process in 

front of the die orifice for fully recrystallized wire, the present study analyzes the 

microstructure in the extruded wire as well as in the residual feedstock, in particular 

using the electron backscatter diffraction (EBSD) technique. 

 

 
Fig. 1. Illustration of the FE process including relevant components. 
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2 Materials and Methods 

AA2024 T351 billets were friction extruded by the dedicated friction extrusion ma-

chine FE100 manufactured by Bond Technologies. The container machined from 

4140 steel with an inner diameter of 50 mm and an extrusion die with a 90 degree die 

angle from H13 steel machined with five spiral grooves with a 10 mm die orifice were 

deployed, which resulted in an extrusion ratio of 25. The beginning stage of the pro-

cess utilized a rotational speed of 300 rpm with 50 kN to ensure complete contact 

between the extrusion die and feedstock. After the extrusion die advanced for 1 mm, a 

10 s ramp stage to the velocity-controlled FE process was initialized. The constant 

rotating speed of 120 rpm and the two different extrusion rates of 10 and 4 mm/min 

represent the relevant process parameters in this study. 

For microstructure analysis, longitudinal sections of the wires and the residual 

feedstock were prepared following standard metallography procedures and an electro-

lytic etching with Barker solution was applied for optical microscope (OM) observa-

tion using a Keyence VHX-6000 digital microscope and a Leica DMi8 OM. Addi-

tionally, the residual feedstock was subjected to a similar metallographic preparation 

followed by vibratory polishing with a colloidal silica solution for EBSD observa-

tions. The EBSD analysis was conducted using an FEI Quanta 650 field-emission 

scanning electron microscope (SEM) equipped with a Velocity EBSD system. Orien-

tation mapping involving automatic beam scanning was performed with a scan step 

size of 0.2 μm. The obtained crystallographic data was expressed as EBSD maps in 

terms of inverse pole figure (IPF) mappings. A 15° criterion was applied to define 

low-angle grain boundaries (LAGBs) and high-angle grain boundaries (HAGBs). 

3 Result and Discussion 

To evaluate the microstructural homogeneity in the FE wires, three selected areas that 

are equally spaced along the radius of the wire longitudinal section for both extrusion 

rates were investigated and summarized in Fig. 2. Comparable fine-grained micro-

structures, with grain size below 10 µm, were observed in areas A and B for both 

extrusion rates. Larger grains are present at the periphery, which refer to the residual 

heat in the die bearing, boosting grain growth. In contrast, the grain structure at the 

center, area C in Fig. 2, shows a significant discrepancy. At the higher extrusion rate, 

elongated grains accompanying defects can be noticed. Two distinct elongated grain 

directions occurred, indicating unstable material flow and might explain the formation 

of defects at the boundary of incompatible material flow orientation. However, a ho-

mogeneously refined grain structure has been found in the 4 mm/min extrusion rate 

wire. A deeper investigation of the residual feedstock was conducted to understand 

the grain structure formation further. 

Based on the grain morphology, the residual feedstock is divided into three re-

gions, as shown in Fig. 3. Next to the base material (BM), the thermo-mechanically 

affected zone (TMAZ) is divided into two regions based on the different microstruc-

tures. The TMAZ 1 is adjacent to the die-feedstock interface and consists of a fine-
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grained structure, whereas in TMAZ 2, the elongated grains are dominating, describ-

ing the onset of mechanical effect imposed by the extrusion die. The outer region of 

the TMAZs pointed to the extrusion direction, indicating the inevitable extrusion 

happening due to the clearance between the extrusion die and the container wall. The 

TMAZ 1 in both processes share the approximately same shape with a major differ-

ence in the thickness at the center. At higher extrusion rate, the center of TMAZ 2 

was extended to the extruded wire, indicating the origin of the elongated grain at the 

center and clarifying the variation of grain structure in the center of the wire extruded 

at different rates. The asymmetry observed in the wire extruded at higher extrusion 

rate further confirms the unstable material flow and the potential formation of defects. 

Although the shape of TMAZ 1 is similar in both processes, the volume in the low 

extrusion rate sample was considerably larger than in the high extrusion rate sample. 

The reason might refer to more heat accumulation and deformation due to a lower 

extrusion rate, resulting in a larger volume of softening material. 

 
Fig. 2. OM micrographs of the wires at different positions within the wires, produced at two 

different extrusion rates. 

 

The EBSD maps of BM, TMAZ 2 and TMAZ 1 in the residual feedstock at 4 mm/min 

extrusion rate are summarized in Fig. 4 a-c. A clear transition of grain structure from 

the elongated grain in BM to the fine-grained structure in front of the die can be ob-

served. The typical elongated grain structure in the extruded BM, accompanied by 

large secondary phases at the grain boundaries, is presented in Fig. 4d. During FE, the 

large secondary phases were fragmented into fine secondary phases, as shown in 

TMAZ 1 in Fig. 4f. The grain size in the BM, which is represented by HAGB spacing 
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in the vertical direction, is in average 14.1 µm. In the TMAZ 2, the elongated grains 

were fragmented and reoriented in a new direction, which differs from the original 

grain elongated direction as well as the extrusion direction, possibly due to the geo-

metrical requirement of strain [11], resulting in the development of LAGBs within 

deformed grains and the decrease of the average HAGB spacing to 7.6 µm, as shown 

in Fig. 4b. Some of the LAGBs transformed into HAGBs as the misorientation angle 

exceeds 15°. As approaching the die-feedstock interface, the temperature and strain 

within TMAZ 1 increased, giving rise to the formation of a fine-grained structure with 

an average HAGB spacing of 4.6 µm, indicating further recrystallization, as presented 

in Fig. 4c. The formation of new grains induced by LAGB to HAGB transformation 

as a result of sub-grain rotation and thermal activation energy implies the occurrence 

of DRX, which can also been confirmed by the the equiaxed grain structure.. 

 

Fig. 3. Microstructure of residual feedstock at extrusion rates of (a) 10 mm/min and 

(b) 4 mm/min. The black rectangles are the position of conducting EBSD measurement, Fig. 4 

b-c.  
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Fig. 4. Microstructure obtained from several regions in extrusion sample at 4 mm/min. The 

position within the residual feedstock are highlighted by rectangles in Fig. 3b: EBSD maps of 

BM (a), TMAZ 2 (b) and TMAZ 1 (c); SEM backscatter images of BM (d), TMAZ 2 (e) and 

TMAZ 1 (f). 

4 Summary 

In the present study, the grain structure formation in front of the extrusion orifice in 

friction extrusion and the homogeneity of the extruded wires were investigated. The 

fully recrystallized homogeneous wire was successfully extruded. The main findings 

are summarized as follows: 

1. Fully recrystallized homogeneous wires were successfully extruded at  

4 mm/min extrusion rate, due to a more stable material flow in front of the 

die.  

2. Based on grain morphology, the microstructure in front of the die is divided 

into two thermo-mechanically affected zones (TMAZ), where TMAZ 1 

comprises a recrystallized fine grain structure and TMAZ 2 consists of a de-

formed grain structure. 

3.  The elongated grains in the base material (BM) transformed into fully re-

crystallized grains in front of the die prior to entering the die orifice. Recrys-

tallization induced by sub-grain formation, sub-grain rotation and thermal 

activation energy decreases HAGB spacing from 14.1 µm in BM to 4.6 in 

TMAZ 1. 
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