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Abstract 
In the present study we utilized Friction Extrusion (FE); a solid phase processing technique; 

to produce fully consolidated dense 5 mm rods of AA7075 alloy. The combination of large shear 

stresses and temperatures at the tool-billet interface during the FE process resulted in the formation 

of dynamically recrystallized ~2.0 µm equiaxed grains and fine uniformly distributed stable η 

(MgZn2) precipitates ~25-100 nm in size. Formation of such a microstructure resulted in lower 

solutionizing temperature and times (flash annealing) as compared to the conventionally extruded 

counterparts. We demonstrate for the first time that the solutionizing times for the T6 heat 

treatment of AA7075 can be reduced by three times using this FE process. In addition to being an 

energy efficient process, FE also serves to improve the performance of AA7075 alloys by retaining 

their strength while enhancing the ductility of the material. The tensile data for samples that were 

flash annealed and artificially aged after FE processing showed exceptional increase in ultimate 

tensile strength by over 19% and yield strength by over 59%, compared with an as-FE-processed 

sample. 
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1. Introduction: 

  

Aluminum (Al) alloys are widely used in many applications such as automobile and 

aerospace because they provide low density, high specific strength, and high corrosion resistance 

[1]. Wrought Al alloys have advantages over cast alloys because they are readily deformable and 

have high specific strength and good corrosion properties. While 7000 series alloys are the 

strongest commercial Al alloys, they currently have limited applications in the automotive 

industry because of their cost and poor formability at room temperature. Among all the 7000 series 

alloys, AA7075 is the most widely used commercially.  

For wrought Al alloys, conventional processing techniques such as extrusion, rolling, and 

forging are currently used. However, there are several challenges associated with extrusion of 7075 

alloy. Amongst all the Al alloys, AA7075 is extruded at the slowest speed, about 0.1–0.8 m/min, 

to avoid the hot tearing of the extruded profiles that occurs typically at high temperatures [2-4]. 

Hot tearing mainly results from incipient melting of the eutectic AlMgZnCu phases at around 

477°C, leading to surface cracking or hot shortness [5, 6]. Also, AA7075 flow stress is sensitive 

to strain rate and temperature [7]; high extrusion speeds always increase the risk of defect 

formation because the flow stress is higher at high strain rates. Other major disadvantages are 

undesirable coarse grain microstructure at the periphery of the extruded products and zinc 

segregation at grain boundaries [2, 8]. Higher temperature near the die causes grain growth at the 

outer periphery of 7xxx alloys, which reduces the mechanical properties of extruded products. 

[1,2] 

In the present investigation, we aim to utilize the Friction Extrusion (FE) process to 

alleviate some of these challenges in 7075 alloys and improve the energy efficiency associated 

with the forming and heat-treating process. FE is a newly developed solid phase processing method 
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in which materials are consolidated during shear mixing and simultaneously extruded without 

melting the precursors [9]. The method has been utilized to produce alloys of Al [10-17], 

magnesium [18-20] and copper [21]. FE is a single step process which allows us to extrude metal 

powder, flake, chip, and ingot directly into homogenous defect free products with improved 

properties [15-17]. Whalen et.al. [11-13] demonstrated that using a similar process (Shear assisted 

processing and Extrusion process, ShAPE) to fabricate 7075 tubes resulted in the development of 

a microstructure that is uniform and homogenous without melting the AlMgZnCu phases. They 

also accomplished making tube of 7075 at high extrusion velocities and at energies less than the 

conventional processes. Reynolds et.al.[15-17] over the years has demonstrated fully consolidated 

wires and rods after friction extrusion of several aluminum alloys utilizing several different 

feedstock materials. In all the above referenced articles it has been noted that the FE processed 

aluminum samples generate fine equiaxed and homogeneous microstructures. This directly 

contrasts with what has been observed in commercially fabricated aluminum alloys which 

typically have large elongated recovered grains and these grains laced with fine refined grains [2-

4].  

Based on the work performed by the current authors [13, 19, 22] and the literature we 

hypothesized that the formation of uniform equiaxed grains with uniform distribution of finer 

precipitates using the FE process will provide a greater surface-to-volume ratio, and will require 

less time to solutionized and age the samples. Thus, minimizing not only the energy associated 

with processing of the materials but also the energy required to heat treat/age these materials which 

has a direct impact on reduction of greenhouse gases. 

With this hypothesis in sight the current work focused on the development of optimized 

processing conditions to form a fully consolidated defect free rod of AA7075. Significant efforts 
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were made to optimize the temperature, feed rate and rotational speed to refine the grain structure 

and minimize any segregation and attain uniform grain structure across the interface. Utilization 

of Scanning electron microscopy (SEM) and electron backscatter diffraction (EBSD) for 

microstructural characterization allowed for the examination and the distribution of second phase 

precipitates and evolution of grain size along the extruded/ longitudinal direction and across the 

diameter/ transverse direction. Transmission electron microscopy (TEM) analysis was performed 

to identify the precipitates and their distribution in the microstructure. Advantages of FE extruded 

microstructure over conventional extruded microstructure were also explored. Short duration 

solution heat treatment/ Flash annealing experiments were performed to study the solutionizing 

behavior and explore the advantages of FE processed microstructure over conventionally extruded 

microstructure. An effort was also made to achieve maximum strength and at the same time retain 

the fine-grained, homogeneous FE microstructure in the extruded products. Friction Extruded rod 

was subjected to T6 heat treatment using ASTM-recommended [23] treatment and a newly 

optimized solution treatment temperature. Finally, mechanical properties were evaluated for the 

FE specimens and the T6 heat treated samples.  

2. Experimental Procedure  

Commercially extruded aluminum alloy AA7075, procured from McMaster-Carr, was 

machined into cylindrical billets measuring approximately 31.7 mm in diameter and 19 mm long. 

These were subsequently extruded into 5 mm diameter rods using the FE process at an extrusion 

ratio of ~40. A schematic of the apparatus is shown in Fig. 1a. A four-scroll die was used for this 

work, as shown in Fig. 1b. FE processing was performed using a custom-designed die and material 

container assembly, which was loaded into and actuated using a friction stir welding machine 

designed and built by Bond Technologies (previously Transformation Technologies Incorporated). 

This friction stir welding machine is a servo-operated machine capable of an axial force up to 130 
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kN; it uses a nominally rated 30 kW spindle that can operate at up to 2000 rpm. In addition, it is 

fully instrumented to record forces in the x, y, and z directions as well as torque, power, and 

temperature. In this work, the force in the z-direction corresponds to the axial forge force and will 

be the only force discussed further. Torque is calculated from direct measurements of current 

drawn by the spindle motor at a given operating voltage and calibrated with an external 

dynamometer. Power is then calculated based on the torque and rotational velocity. 

During FE, the billet is loaded into a cylindrical container measuring 31.8 mm inside 

diameter and 20 mm long that is held stationary. A rotating die is brought into contact with the 

billet material and an axial force is applied. The combination of die rotation and applied force 

produces heat from friction between the tool and billet material, as well as from plastic deformation 

of the material. An extrudate is formed as the softened billet material is pushed out the die orifice 

by the axial pressure and motion of material flowing from scrolls on the face of the die. A 

parametric study was performed to determine the effect of processing parameters on die 

temperatures and extrusion forces. The results indicated that higher travel speeds produce higher 

extrusion forces and die temperatures. In this work, die travel speed was controlled to maintain die 

temperatures at or below 380 °C to avoid incipient melting in AA7075 during processing. Die 

temperatures were measured using a thermocouple located approximately 1–2 mm behind the face 

of the die. Given that the thermocouple tracked the die temperature rather than the processed 

material temperature, it was estimated that the real temperature at the die/billet interface may be 

offset by 100 °C. The die rotational speed was adjusted slightly from 100 to 80 rpm to reduce 

power input and die temperature. In addition, helium gas flowing at approximately 50 L/min was 

used to remove additional heat and prevent oxidation. 
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Fig. 1. (a) A diagram of the Friction Extrusion process and (b) image of the face of a four-scroll 

die. 

 

FE extruded microstructures were characterized using optical and electron microscopy. 

Metallographic specimens for microstructural characterization were sectioned parallel 

(longitudinal) and perpendicular (transverse) to the extrusion direction, mounted in epoxy, and 

polished to a final surface finish of 0.05 μm using colloidal silica. Optical microscopy was used 

for preliminary grain structure evaluation. Electron microscopy was performed on the FE extruded 

samples to observe the distribution of second phase precipitates. SEM and EBSD characterization 

for microstructural analyses were carried out using a JEOL 7001F field emission scope equipped 

with a Bruker Quantax e-Flash HR EBSD system with Esprit 2.1 software. EBSD data were 

analyzed using the Channel5 HKL software. The sample preparation for HRTEM was performed 

using a Quanta 200 FIB-SEM outfitted with an Oxford Instruments X-ray Energy Dispersive 

Spectroscopy (EDS) system for compositional analysis. The FIB milling was performed using Ga 

ions. An aberration-corrected transmission electron microscope (Titan 80-300 S/TEM from 

Thermo Fisher Scientific, USA) equipped with a high-angle annular dark-field (HAADF) detector 

and an EDS system was employed at 300 kV for bright-field (BF), dark-field (DF), HRTEM, 
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HAADF scanning TEM (STEM), selected area electron diffraction (SAED), and composition 

analysis.  

Heat treatment was carried out on the FE extruded specimens to achieve maximum 

strength. ASTM-recommended T6 aging was performed on the as-received AA7075 feedstock 

material and on the FE extruded AA7075 samples. Samples were solution treated at 465 °C for 40 

min followed by water quenching; subsequently, artificial aging was performed at 120 °C for 24 

h per ASTM recommendations for T6 conditions (Table 1). To prevent grain growth and for the 

stabilization of as-FE-processed microstructure, the solution treatment temperature and time were 

optimized at values lower than the ASTM-recommended temperature and time. In a new solution 

treatment experiment, samples were isothermally annealed at 400 °C, 450 °C, or 465 °C for 15 

min or 30 min and water quenched. An optimized solution treatment temperature and time were 

used for modified T6 aging of the FE extruded specimens.  

Table 1. Heat treatment details 

Sample Solution heat treatment 
Precipitation heat 

treatment 
Heat treatment type 

 
Temperature 

(°C) 

Time 

(min) 

Temperature 

(°C) 

Time 

(h) 
 

Feedstock 

AA7075 
465 40 120 0 –24 ASTM [17] 

FE AA7075 

465 40 120 0–24 ASTM [17] 

350 

15 

120 

 

0–24 

 
Flash annealing 

400 

450 

350 

30 400 

450 

 

Vickers microhardness tests were performed on the solution treated and aged samples to 

evaluate solution treatment response and aging kinetics of the FE extruded rods. 100 gm force load 
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and 12 s dwell time were used for hardness measurements. Multiple measurements were taken to 

obtain an average hardness value. Tensile tests were performed on the as-FE extruded samples and 

on samples that had been solution treated and artificially aged. Miniature cylindrical tensile 

specimens, as prescribed by ASTM E-8 standard [24],  with a gauge length of 0.625 in. (15.8 mm) 

and diameter of 0.113 in. (2.8 mm) were utilized for testing. Tensile specimens were tested with 

strain rate of 10−3 s−1 at room temperature.  

3. Results 

3.1 Processing data 

An example of a rod produced by FE from an AA7075-T6 aluminum billet is shown in Fig. 2. This 

rod is approximately 305 mm long (12 inches). The front end of an extrusion often contains 

unconsolidated material with a wooly appearance that was produced as the scrolled die first 

contacted the room-temperature billet. The rod becomes consolidated within 20 mm of the 

extrudate front end and remains so to the end of the extrusion at what remains of the billet, as 

shown on the left of Fig. 2. 

 
Fig. 2. Example of a 7075-T6 aluminum alloy rod extruded using FE. 

 

During the FE process, the extrusion force initially builds and reaches a maximum 

breakthrough force of approximately 27 kN (Fig. 3a). The force then drops to a near-steady-state 

force of approximately 18 kN. The force remains steady to the end of the extrusion, then drops to 

zero when the die is extracted from the material. The temperature plot in Fig. 3b shows an increase 
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to a maximum of approximately 380 °C followed by a slight decrease to a steady-state temperature 

of nearly 360 °C until the end of the extrusion. The power applied at the spindle driving the die 

reached a maximum of 2.7 kW at approximately the same time as the breakthrough; then it 

decreased to approximately 1.3 kW in the steady-state portion of the extrusion sequence (Fig. 3c). 

The initial spike in the power data is the result of a spindle rotational velocity change at the start 

of the extraction sequence and can generally be ignored. 

 
Fig. 3. Process data during FE of a 7075-T6 aluminum alloy rod: plots of (a) time vs. Z-force, (b) 

time vs. temperature, and (c) time vs. power.  
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3.2 Microstructure of the feedstock material and Microstructure Evolution during the 

FE process 

Fig. 4a shows the remnant feedstock material after extrusion, where the bottom (Site 2) is 

expected to have retained the initial microstructure from the commercial extrudate. On the top of 

the puck and below the FE orifice, Site 1 presents the transitional microstructure of the material 

shortly before being extruded. Further characterization of these two sites through inverse-pole 

figure (IPF) mapping and backscattered electron imaging (Fig. 4b and 4c) demonstrates a striking 

material evolution. The precursor microstructure (Site 2) exhibits the typical coarse and elongated 

grain structure seen in commercial extrudate, whereas the transition region (Site 1) demonstrates 

a deformed microstructure with elongated grain boundaries aligned with the plastic flow direction. 

It is also notable that the precipitates in starting condition are rather heterogeneously distributed, 

being dispersed along the elongated grain boundaries. Such heterogeneous precipitate distribution 

appears to be mitigated in transitional microstructure (Site 1). The appreciable differences in 

microstructure characteristics between the two sites suggest the material is subjected to severe 

deformation even before entering the extrusion orifice, which is consistent with early reports on 

friction-based extrusion of copper and magnesium alloys [21, 25].  
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Fig. 4. (a) Cross-sectional optical micrograph of the remnant billet/ feedstock materials after FE; 

(b1) IPF mapping and (b2) backscattered electron imaging of Site 1; (c1) IPF mapping and (c2) 

backscattered electron imaging of Site 2.  

 

 

3.3 Microstructure of the Friction Extruded rod 

 

To investigate the microstructural homogeneity in the FE rod, five different regions were 

selected that are equally and widely spaced along the length of the extruded rod. Fig. 5 reveals the 

microstructural features in those regions along the length of the FE extruded AA7075-T6 sample. 

The backscattered electron micrographs on the row of Fig. 5 labeled “BSE” highlight the 

precipitate distribution. Importantly, the precipitates are uniformly distributed in the 

microstructure, primarily dispersed along grain boundaries. This is in stark contrast to the 

heterogeneous pattern of precipitates observed in AA7075-T6 precursor material (Fig. 4c). In 

addition, the distribution, size, and density of the precipitates after FE do not change appreciably 
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from one region to another along the FE processed rod. Note that η or η precipitate particles tens 

of nanometers in size are not revealed in these micrographs because they are below the SEM 

resolution limit; they were investigated by TEM and will be presented in a subsequent section. The 

bottom two rows in Fig. 5 present the IPF maps and the corresponding grain size distribution in 

each region. Compared to the elongated morphology observed in the precursor material (Fig. 4), 

grains in FE processed AA7075 rod are strikingly more refined and equiaxed because of dynamic 

recrystallization during extrusion. No texture is apparent, and the grain size appears consistent in 

all observed regions at an average ~2 μm. To evaluate microstructural homogeneity across the 

radial direction in the FE extrudate, three areas from the rod cross section - two regions from the 

edges and one from the center of the sample corresponding to Region 1 in Fig. 5 - were further 

examined, and the results are shown in Fig. 6. It is clear that the grain morphology and average 

size are uniform along the radius of the FE processed rod. The uniform precipitate and grain 

structure throughout the rod product, along both the longitudinal and radial directions, demonstrate 

the remarkable ability of FE processing to produce Al alloys with significant homogeneity in 

refined microstructure.  
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Fig. 5. Microstructural Characterization in five different regions that are equally and widely spaced 

along the length of the extruded rod: backscattered electron images (first row), IPF maps (second 

row) and grain size distribution (third row) along the longitudinal direction of the rod. 

 
Fig. 6. IPF maps (top row) and backscattered electron images (bottom row) of three different areas 

(both edges and the center) on the cross-sectional sample at Region 1 in Fig. 5.  

 

Apart from the visible precipitates at grain boundaries in Fig. 5, solutes in alloy AA7075 

are also expected to produce fine precipitates inside grains. To reveal the size, density, and 

distribution of the precipitates in general, both at grain boundaries and in grain interiors, STEM 

imaging was performed on the specimen from Region 3 of the FE processed rod. Fig. 7 shows 

STEM high-angle angular dark field (HAADF) micrographs of the FIB lift-out specimen, where 



14 

the brighter features correspond to the precipitates in this alloy. The low- and medium-

magnification micrographs (Figs 7a and 7b) show two distinctly different types of precipitates. A 

larger type with a size of 50 -150 nm sits at grain boundaries, which agrees well with the precipitate 

contrast in the SEM micrographs (Fig. 5), while the other, generally smaller type with a size of 25 

- 125 nm exists in grain interiors. The magnified micrograph (Fig. 7c) better depicts the size and 

location differences between the two types of precipitates. Regarding the chemistry of the 

precipitates, the energy-dispersive X-ray spectroscopy (EDS) (Fig. 8) delineates two different 

major compositions. One is rich in Mg, Zn, and Cu, which corresponds to the η or η phase, while 

the other is rich in Cr and Fe, the minor solute types in this alloy.  

Two additional characteristics of the grain-interior precipitates deserve comparison to their 

statically aged counterparts in the literature. First, the precipitate density in grain interiors in the 

FE processed AA7075 microstructure appears somewhat lower than that seen in statically peak-

aged (T6 condition) wrought AA7075 microstructures [26]. This is not surprising, since the 

precipitates at grain boundaries also compete for and consume solutes in the matrix. Second, there 

is no apparent precipitate-free zone near the grain boundaries in the FE processed AA7075 

microstructure, in contrast with what is widely reported for statically aged, wrought AA7075 

microstructures [26]. These microscopic differences in microstructures could affect the resultant 

mechanical properties of the extruded rod.  
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Fig. 7. STEM-HAADF micrographs of the microstructure in the FE extruded rod. (a) overview 

of FIB lift-out sample; (b) enlarged region showing presence of submicron-sized grains and 

precipitates and (c) microstructure showing precipitates present at grain boundaries and grain 

interiors.  

 

 
Fig. 8. STEM-EDS analysis shows presence of different precipitates at grain boundaries and 

grain interiors in FE extruded rod. 

 

3.4 Post heat treatment of Friction Extruded rods  

 

The FE rods were solution treated and artificially aged to achieve maximum strength as 

per the ASTM recommendations [23]. Samples were solution treated at 465 °C for 40 min followed 

by water quenching; as per ASTM recommendations for T6 conditions (Table 1). However, 
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considerable grain growth was observed in solution-treated, extruded rods after ASTM-

recommended solution treatment, as shown in Fig. 9a; the average grain size was in the range of 

0.5 to 2 mm. To prevent grain growth and for the stabilization of as-FE-processed microstructure, 

the solution treatment temperature and time were optimized at values lower than the ASTM-

recommended temperature and time. In a new solution treatment experiment, samples were 

isothermally annealed at 400 °C, 450 °C, or 465 °C for 15 min or 30 min and water quenched. Fig. 

9b shows the microstructure of a flash annealed sample, at 450 °C for 15 min where microstructure 

remained stable after annealing.  

 
Fig. 9. Microstructure of solution treated samples: (a) solution treated at ASTM-recommended 

temperature, 465 °C, for 40 min and (b) flash annealed at 450 °C for 15 min.  

 

Fig. 10 shows the hardness and grain size variation in FE processed, flash annealed 

AA7075 samples as functions of solution treatment temperatures and durations. In all the samples, 

the hardness increased significantly with increasing solution temperature (Fig. 10a). However, 

hardness obtained after 15 min and 30 min of solution treatment were not statistically very 

different. This indicates that an equilibrium solubility is reached after a short period of annealing. 

Similarly, grain sizes after annealing were also measured from optical microstructures. FE 

extruded samples had a grain size of approximately 2.0 µm. After solution treatment, grain size 

increased from 2.0 µm to 4.5 µm in samples isothermally heated at 450 °C, which is negligible 

(Fig. 10b). Here also, it was noticed that grain size observed in samples annealed for 15 min was 
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similarly smaller.  Uniformly distributed η precipitates enable shorter dissolution time in the matrix 

during solution treatment to those annealed for 30 min. This implies high thermal stability of the 

microstructure for short annealing times. Based on the hardness and grain size observed in Fig. 10, 

flash annealing FE processed AA7075 at 450 °C for 15 min was considered as optimal temperature 

and time and was used for samples subjected to T6 aging during further experiments. 

 
Fig. 10. (a) Solution treated hardness and (b) grain size of samples flash annealed for 15 and 30 

min. 

 

To compare the effects of shear processing on AA7075-T6 microstructures to those of 

conventionally extruded microstructure, T6 aging was performed on both the FE extruded rods 

and conventionally extruded feedstock material. ASTM-recommended T6 aging was performed 

on feedstock material, where samples were solution treated at 465 °C for 40 min. For comparison, 

the FE extruded samples were solution treated by flash annealing them at 450 °C for 15 min, which 

had been identified as optimal parameters. Artificial aging was performed at 120 °C for solution 

treated feedstock and FE samples. Fig. 11 shows the artificial aging curves for both the 

conventionally extruded and the FE extruded samples. Aging response in both conditions was very 

similar. This indicates that significantly lower solution treatment temperature and time were 
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required for FE processed material to achieve peak aging strength than those for conventional 

extrusion materials. This corroborates the fact that FE microstructures offer energy savings in post-

processing heat treatment. 

 
Fig. 11. Aging curve of flash annealed sample, solution treated at 450 °C for 15 min and artificially 

aged. The aging curve is superimposed with that used for as-received feedstock material, where 

solution treatment was performed with ASTM-recommended temperature and time. 

 

 

3.5 Mechanical Properties Evaluation 

Fig. 12 shows the engineering stress-strain curves of as-FE-processed and FE+T6-aged 

samples. Flash annealing was used for solution treatment: specimens were solution treated at 450 

°C for 15 min. Artificial aging was performed at 120 °C for 5 and 24 h. The as-FE-processed 

sample showed a total elongation up to 22% and ultimate tensile strength (UTS) around 440 MPa. 

However, after T6 aging, total elongation decreased for both the aged samples. On the other hand, 

yield strength (YS) and UTS increased significantly. YS and UTS increased in the 24 h aged 

sample compared to the 5 h aged sample. Interestingly, the YS and UTS of FE processed samples 

that were solutionized via flash annealing technique at 450 °C for 15 minutes and then aged at 120 

°C for 24 h met the ASTM T6 range of performance for AA7075 alloy, as shown in Table 2. In 
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fact, the total elongation of these samples was beyond that specified for ASTM samples [27]. This 

shows that, in addition to energy efficient manufacturing pathways, FE also serves to improve the 

performance of AA7075 alloys by retaining their strength while enhancing percent elongation. 

 
Fig. 12. Tensile property of flash annealed plus T6 aged samples. 

 

 

Table 2. Tensile properties of FE extruded rods and standard deviation (σ) 

Sample Yield Strength Ultimate Tensile 

Strength 

Total Elongation 

 (MPa) σ (MPa) σ (%) σ 

As FE processed 282 7 437 5 20.5 2 

Aged@120 °C_5 h 399 15 505 10 13.3 4 

Aged@120 °C_24 h 448 25 523 18 12.3 2 

ASTM-T6 [17] 430–480  510–540  5–11  

 

4. Discussion  

In this work we produced defects free fully consolidated AA7075 alloy extruded in rod 

form using solid phase FE method. In FE processed rods, uniform and homogeneous 

microstructures were observed along the length as well as across the diameter in terms of grain 

size and precipitate distribution (Fig. 5). In contrast, elongated grain structures with precipitates in 

stringer form were reported in conventionally extruded Al alloys [28-33]. In general, stringer 
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precipitates are commonly observed in conventionally extruded AA7075 microstructures [32, 34]. 

However, in FE processed microstructures, precipitates are uniformly distributed throughout the 

extruded rod (Fig. 5). Precipitate size in the as-FE-processed microstructure is much smaller than 

that in the conventionally extruded microstructure. Additionally, precipitates in as-FE-processed 

samples were uniformly distributed at grain boundaries as well as grain interiors (Fig. 7). The 

precipitation sequence of AA7075 alloy is well documented; the reported sequence during aging 

is as follows [35, 36]: 

Supersaturated solid solution → G-P zones (I,II) →η' (MgZn2) → η(MgZn2) 

where very small Guinier-Preston (G-P) zones have evolved from supersaturated solid solution 

and are coherent with the matrix. The semi-coherent, intermediate, metastable η precipitate 

nucleates and grows from (G-P) zones. At the end of the precipitation sequence, the incoherent 

and stable η precipitate grows from the η precipitate. A large fraction of stable η precipitate was 

observed in the FE processed sample (Fig. 7). However, the η precipitate size in the as-FE-

processed microstructure is much smaller than that in the conventionally extruded microstructure. 

Size and shape of the precipitates played important role in dissolution kinetics during solution 

treatment. Smaller in size and uniformly distributed η precipitates enable shorter dissolution time 

in the matrix during solution treatment.  

Vermolen et al. [37] modeled the dissolution kinetics of Mg2Si precipitates in Al-Mg-Si 

alloy systems and showed that the precipitate dissolution rate depends on precipitate size, shape, 

and distribution, alloy composition, and initial matrix concentration. They concluded that finer 

precipitates provide a greater surface-to-volume ratio, and require less time to dissolve in the Al 

matrix. The authors also examined effects of precipitate geometry on dissolution time, considering 

geometries such as spherical particle, cylindrical particle, flat plate, and spherical layer. Among 
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the geometries they considered, the spherical particle showed fastest dissolution in the matrix. 

They concluded that the highest dissolution rate is for a spherical particle because there is a rapid 

decrease of interfacial area during dissolution and increase of radial diffusion space from the 

particle interface. The effects of precipitate-matrix interface geometry on dissolution kinetics were 

also examined using mathematical modeling [38]. In their modeling work, the authors considered 

spherical, cylindrical, and planar surface geometry. The calculations suggested that dissolution of 

a spherical surface is faster than that for cylindrical and planar surface geometries. This 

corroborates the theory that spherical precipitates dissolve faster than stringer precipitates. Since 

FE processed microstructure shows spherical MgZn2 precipitates, it dissolves faster than 

conventionally extruded microstructure during solutionizing treatment. Overall, FE microstructure 

has advantages of allowing lower solution treatment temperature and shorter time prior to artificial 

aging (T6 aging) without reducing peak hardness (Fig. 11). A shorter solutionizing time in FE 

processed microstructure has an edge over conventional extruded microstructure in terms of 

energy savings. Another way FE processed microstructure requires less energy is that the entire 

extrusion is done at lower temperatures (below 400 °C) than those for conventional hot extrusion. 

Tensile testing of the FE extruded microstructure after modified heat treatment showed properties 

comparable to those of conventionally extruded microstructure (Table 2). Comparable mechanical 

properties with energy efficient extrusion makes FE process potential solid phase processing 

method to replace conventional extrusion.  

Flash annealing was adopted in this study to minimize the solution treatment temperature 

and time, and at the same time, prevent grain growth and retain the FE processed refined 

microstructure. Fig. 9b shows the stable microstructure with negligible grain growth after solution 

treatment at 450 °C for 15 min. Hardness saturation observed with shorter solutionizing time 
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indicates the dissolution of most of the η-MgZn2 precipitates in the matrix during flash annealing 

(Fig. 10a). Dissolution of η-MgZn2 precipitates increases solid solution strengthening; hence an 

increase of hardness was observed. So, it can be concluded that flash annealing of FE processed 

microstructures instead of the recommended ASTM parameters can be considered beneficial 

because it reduces total energy cost for wrought alloy production. Flash annealing not only is 

energy efficient but is also needed to stabilize the refined FE processed microstructure. A stable, 

refined microstructure is more suitable for high temperature forming processes, especially where 

grain boundary mediated deformation plays an important role, such as in superplastic forming. 

This could be another advantage of FE processed microstructure over conventional extrusion. In 

general, severe plastic deformation (SPD) methods are adopted to produce ultrafine-grained Al 

and Al alloys, such as cryo-rolling [39], accumulative roll bonding [40, 41], equal-channel angular 

press (ECAP) [42, 43], high pressure torsion (HPT) [44, 45], and multi-axial forging [46]. Where, 

ultrafine-grained materials have potential benefits in forming applications owing to their high 

strain hardening capabilities and uniform ductility [39]. However, a major challenge associated 

with the SPD methods is their limited size in material production capabilities due to the complexity 

in the fabrication methods. In contrast, FE has been proven to overcome most of the limitations of 

traditional SPD methods by producing large rods or tubes with refined microstructures and 

uniformly distributed precipitates or second phase particles, as shown in this study.  

5. Conclusions  

 
In the present work we demonstrated fabrication of fully consolidated, defect-free AA7075 

rod extrusion using the FE process. The following conclusions could be drawn from these 

experiments: 
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(a) Controlled temperature and optimized processing parameters lead to the formation of 

equiaxed grains and uniform distribution of second phase particles. The uniformly 

distributed refined nanostructured MgZn2 particles provided a greater surface-to-volume 

ratio and facilitated the aging response. Thoroughly homogenized, uniform 

microstructure was observed throughout the extruded rod.  

(b) FE extruded AA7075 alloy microstructure yielded advantages in reducing solution 

treatment time and temperature over those recommended per ASTM standard for 

conventionally extruded AA7075. Experimental results showed that lower solution 

treatment time and temperature were required before artificial aging to achieve maximum 

strength compared with those for conventional extrusion.  

(c) Tensile data for samples that were flash annealed and artificially aged after FE processing 

showed exceptional increases in strength, of UTS by over 19% and YS by over 59%, 

compared with an as-FE-processed sample.  

Acknowledgements 
The authors acknowledge the support of the U.S. Department of Energy Vehicle Technologies 

Office (DOE/VTO). The authors are grateful to Tim McAllister and Mark Rhodes in assisting 

with sample preparation and Anthony Guzman for metallographic sample preparation. Pacific 

Northwest National Laboratory is operated by the Battelle Memorial Institute for the United 

States Department of Energy under contract DE-AC06-76LO1830. 

 

 

References 

[1] E. A. Starke Jr, J. T Stale, Application of modern aluminum alloys to aircraft, Prog. 

Aeronaut. Sci., 32 (1996), pp. 131-172. 

[2] S. Ngernbamrung, Yudai Suzuki, Norio Takatsuji, Kuniaki Dohda, Investigation of surface 

cracking of hot-extruded AA7075 billet, Procedia Manufacturing 15 (2018), pp. 217-224. 

[3] G. Fang, J. Zhou, J. Duszczyk, Extrusion of 7075 aluminium alloy through double-pocket 

dies to manufacture a complex profile, J. Mater. Process. Technol., 209 (2009), pp. 3050-3059. 

[4] B. Dixon, Extrusion of 2xxx & 7xxx alloys, PROCEEDINGS OF INTERNATIONAL 

ALUMINUM EXTRUSION TECHNOLOGY SEMINAR, 1 (2000), pp. 281-294. 



24 

[5] P. K. Saha, Thermodynamics and tribology in aluminum extrusion, Wear, 218 (1998), pp. 

179-190. 

[6] V.V. Zakharov, Scientific aspects of deformability of aluminum alloys during extrusion, 

Adv. Perform. Mater., 2 (1995), pp. 51-65. 

[7] W.-S. Lee, W.-C. Sue, C.-F. Lin, C.-J. Wu, The strain rate and temperature dependence of the 

dynamic impact properties of 7075 aluminum alloy, J. Mater. Process. Technol., 100 (2000), pp. 

116-122. 

[8] J. H. Kim, J. T. Yeom, J. K. Hong, S. Y. Shim, S. G. Lim, N. K. Park, Effect of scandium on 

the hot extrudability of 7075 aluminum alloy, Met. Mater. Int., 16 (2010), pp. 669-677. 

[9] S.A. Whalen, V.V. Joshi, M. Reza-E-Rabby, J.T. Darsell, M. Komarasamy, C.A. Lavender, 

G.J. Grant, A. Rohatgi, W.E. Frazier III, Devices and Methods for Performing Shear-Assisted 

Extrusion, Extrusion Feedstocks, Extrusion Processes, and Methods for Preparing Metal Sheets, 

U.S. Patent Application 16/562,314, filed January 9, 2020. 

[10] J.R. Croteau, J.-G. Jung, S.A. Whalen, J. Darsell, A. Mello, D. Holstine, K. Lay, M. 

Hansen, D.C. Dunand, N.Q. Vo, Ultrafine-grained Al-Mg-Zr alloy processed by shear-assisted 

extrusion with high thermal stability, Scr. Mater., 186 (2020), pp. 326-330. 

[11] S. Whalen, M. Olszta, Md Reza-E-Rabby, T. Roosendaal, T. Wang, D. Herling, B.S. 

Taysom, S. Suffield, and N. Overman, High speed manufacturing of aluminum alloy 7075 tubing 

by Shear Assisted Processing and Extrusion (ShAPE), Journal of Manufacturing Processes, 71 

(2021), pp. 699-710. 

[12] B. S. Taysom, N. Overman, M. Olszta, Md Reza-E-Rabby, T. Skszek, M. DiCiano, and S. 

Whalen, Manufacture, Shear assisted processing and extrusion of enhanced strength aluminum 

alloy tubing, International Journal of Machine Tools and Manufacture, 169 (2021), pp. 103798. 

[13] S. A. Nazari Tiji, A. Asgharzadeh, T. Park, S. A. Whalen, Md Reza-E-Rabby, Michael 

Eller, and Farhang Pourboghrat, Microstructure and mechanical properties of the AA7075 tube 

fabricated using shear assisted processing and extrusion (ShAPE), Archives of Civil and 

Mechanical Engineering, 21 (2021), pp. 1-10. 

[14] D. Baffari, A. P. Reynolds, X. Li, and L. Fratini, Influence of processing parameters and 

initial temper on Friction Stir Extrusion of 2050 aluminum alloy, Journal of Manufacturing 

Processes, 28 (2017), pp. 319-325. 

[15] D. Baffari, A. P. Reynolds, A. Masnata, L. Fratini, and G. Ingarao, Friction stir extrusion to 

recycle aluminum alloys scraps: energy efficiency characterization, Journal of Manufacturing 

Processes, 43 (2019), pp. 63-69. 

[16] X. Li, D. Baffari, and A. P. Reynolds, Friction stir consolidation of aluminum machining 

chips, The Int. J. Adv. Manuf. Technol., 94 (2018), pp. 2031-2042. 

[17] Tang, W., and A. P. Reynolds, Production of wire via friction extrusion of aluminum alloy 

machining chips, Journal of Materials Processing Technology, 210 (2010), pp. 2231-2237. 

[18] D. Zhang, J. Darsell, N. Overman, D.R. Herling, V.V. Joshi, Eliminating Yield Asymmetry 

and Enhancing Ductility in Mg Alloys by Shear Assisted Processing and Extrusion, Magnesium 

Technology 2021, Springer International Publishing, (2021), pp. 91-99. 

[19] S. Whalen, N. Overman, V.V. Joshi, Tamas Varga, D. Graff, and C. Lavender, Magnesium 

alloy ZK60 tubing made by shear assisted processing and extrusion (ShAPE), Mater. Sci. Eng. 

A, 755 (2019), pp. 278-288. 

[20] V.V. Joshi, S. Jana, D. Li, H. Garmestani, E. Nyberg, C. Lavender, High shear deformation 

to produce high strength and energy absorption in Mg alloys, Magnesium Technology 2014, 

Springer (2014), pp. 83-88.  



25 

[21] X. Li, C. Zhou, N. Overman, X. Ma, N. Canfield, K. Kappagantula, J. Schroth, G. Grant, 

Copper carbon composite wire with a uniform carbon dispersion made by friction extrusion, 

Journal of Manufacturing Processes, 65 (2021), pp. 397-406. 

[22] S. Whalen, M. Olszta, C. Roach, J. Darsell, D. Graff, Md. Reza-E-Rabby, T. Roosendaal, 

W. Daye, T. Pelletiers, S. Mathaudhu, N. Overman, High ductility aluminum alloy made from 

powder by friction extrusion, High ductility aluminum alloy made from powder by friction 

extrusion, Materialia, 6 (2019), pp.100260. 

[23] ASTM B918 / B918M-20a, Standard Practice for Heat Treatment of Wrought Aluminum 

Alloys, ASTM International, West Conshohocken, PA, (2020). 

[24] ASTM E8 / E8M - 21, Standard Test Methods for Tension Testing of Metallic Materials, 

ASTM International, ASTM International, West Conshohocken, PA, (2021). 

[25] J.T. Darsell, N.R. Overman, V.V. Joshi, S.A. Whalen, S.N. Mathaudhu, Shear Assisted 

Processing and Extrusion (ShAPE™) of AZ91E Flake: A study of tooling features and 

processing effects, J. Mater. Eng. Perform., 27 (2018), pp. 4150-4161. 

[26] Y. Wang, X.Wu, L.Cao, X.Tong, Y. Zou, Q. Zhu, S.Tang, H. Song, M. Guo, Effect of Ag 

on aging precipitation behavior and mechanical properties of aluminum alloy 7075, Mater. Sci. 

Eng. A, 804 (2021), pp.140515. 

[27] ASM Handbook, ASM International 2B (2019). 

[28] M. Schikorra, L. Donati, L. Tomesani, A.E. Tekkaya, Microstructure analysis of aluminum 

extrusion: grain size distribution in AA6060, AA6082 and AA7075 alloys, 

J. Mech. Sci. Technol , 21 (2007), pp. 1445-1451. 

[29] J. Chen, W.J. Poole, N.C. Parson, The effect of through thickness texture variation on the 

anisotropic mechanical response of an extruded Al-Mn-Fe-Si alloy, Mater. Sci. Eng. A, 730 

(2018), pp. 24-35. 

[30] Y. Li, L. Chen, J. Tang, G. Zhao, C. Zhang, Effects of asymmetric feeder on microstructure 

and mechanical properties of high strength Al-Zn-Mg alloy by hot extrusion, J. Alloys 

Compd., 749 (2018), pp. 293-304. 

[31] X. Chen, G. Zhao, G. Liu, L. Sun, L. Chen, C. Zhang, Microstructure evolution and 

mechanical properties of 2196 Al-Li alloy in hot extrusion process, J. Mater. Process. 

Technol., 275 (2020), pp. 116348. 

[32] G. Xiao, J. Jiang, Y. Liu, Y. Wang, B. Guo, Recrystallization and microstructure evolution 

of hot extruded 7075 aluminum alloy during semi-solid isothermal treatment, Mater. 

Charact., 156 (2019), pp. 109874. 

[33] Z.-C. Sun, L.-S. Zheng, H. Yang, Softening mechanism and microstructure evolution of as-

extruded 7075 aluminum alloy during hot deformation, Mater. Charact., 90 (2014), pp. 71-80. 

[34] M. Zhang, T. Liu, C. He, J. Ding, E. Liu, C. Shi, J. Li, N. Zhao, Evolution of microstructure 

and properties of Al–Zn–Mg–Cu–Sc–Zr alloy during aging treatment, J. Alloys Compd., 658 

(2016), pp. 946-951. 

[35] J.D. Embury, R.B. Nicholson, The nucleation of precipitates: the system Al-Zn-Mg, Acta 

Metall., 13 (1965), pp. 403-417. 

[36] L.F. Mondolfo, N.A. Gjostein, D.W. Levinson, Structural changes during the aging in an 

Al-Mg-Zn alloy, JOM, 8 (1956), pp. 1378-1385. 

[37] F. Vermolen, K. Vuik, S. Zwaag, A mathematical model for the dissolution kinetics of 

Mg2Si-phases in Al–Mg–Si alloys during homogenisation under industrial conditions, Mater. 

Sci. Eng. A, 254 (1998), pp. 13-32. 



26 

[38] F. Vermolen, K. Vuik, A numerical method to compute the dissolution of second phases in 

ternary alloys, Journal of computational and applied mathematics, 93 (1998), pp. 123-143. 

[39] A. Dhal, S.K. Panigrahi, M.S. Shunmugam, Achieving excellent microformability in 

aluminum by engineering a unique ultrafine-grained microstructure, Sci. Rep., 9 (2019), pp. 1-

12. 

[40] S.H. Lee, Y. Saito, T. Sakai, H. Utsunomiya, Microstructures and mechanical properties of 

6061 aluminum alloy processed by accumulative roll-bonding, Mater. Sci. Eng. A, 325 (2002), 

pp. 228-235. 

[41] H. Pirgazi, A. Akbarzadeh, R. Petrov, L. Kestens, Microstructure evolution and mechanical 

properties of AA1100 aluminum sheet processed by accumulative roll bonding, Mater. Sci. Eng. 

A, 497 (2008), pp. 132-138. 

[42] R. Kalsar, D. Yadav, A. Sharma, H-G. Brokmeier, J. May, H. W. Höppel, W. Skrotzki, S. 

Suwas, Effect of Mg content on microstructure, texture and strength of severely equal channel 

angular pressed aluminium-magnesium alloys, Mater. Sci. Eng. A, 797 (2020), pp. 140088. 

[43] A. Ghosh, M. Ghosh, K. Gudimetla, R. Kalsar, L. Kestens, C.S. Kondaveeti, B.S. 

Pugazhendhi, B. Ravisankar, Development of ultrafine grained Al–Zn–Mg–Cu alloy by equal 

channel angular pressing: microstructure, texture and mechanical properties, 

Arch. Civ. Mech. Eng., 20 (2020), pp.1-17. 

[44] C. Xu, Z. Horita, T.G. Langdon, The evolution of homogeneity in an aluminum alloy 

processed using high-pressure torsion, Acta Mater., 56 (2008), pp. 5168-5176. 

[45] M.Y. Murashkin, A.R. Kil’Mametov, R.Z. Valiev, Structure and mechanical properties of 

an aluminum alloy 1570 subjected to severe plastic deformation by high-pressure torsion, 

Phys. Met. Metallogr., 106 (2008), pp. 90-96. 

[46] H. Huang, M. Jiang, L. Wei, C. Liu, S. Liu, Microstructural and mechanical behavior of Al-

Mg-Mn-Sc-Zr alloy subjected to multi-axial forging at room temperature, Mater. Charact., 171 

(2021), pp. 110734. 

 


