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Abstract 
 
Due to the importance of friction stir deposition in many applications such as the repair of 
surface defects, rib stiffeners, and functional gradient materials for aerospace, biomedical 
and automotive industries. The present study aims to examine the influence of two 
different tempered conditions of (T6) and (O) for the as-received material and the post-
deposition heat treatment (PDHT) on the mechanical properties and the microstructure of 
the AA7075 aluminum alloy deposited via additive friction stir deposition technique. To 
achieve these goals, the FSD experiment was conducted using a 40 mm consumable rod of 
AA7075-T6 aluminum alloy on a substrate of AA2024-T4 at a constant rotation speed of 
400 rev/min and deposition rate of 3 mm/min as a first step to produce continuously multi-
layers of AA7075-T6 and AA7075-O. The PDHT was the second step to study the 
enhancement of the mechanical properties after the deposition process, using two 
different techniques retrogression re-aging (RRA) and Re-ageing (RA). For the deposited 
materials the hardness and compression tests as mechanical properties were conducted. 
In addition, Optical microscopy (OM), scanning electron microscopy (SEM) using an 
advanced EDS system, and XRD technique were used to analyze the microstructure 
features. The result showed that after FSD process the hardness of the deposited AA7075-
O increased by 25% but the deposited AA7075-T6 attains 90% of the as-received 
consumable rod. The optimal levels of hardness and compression strength were attained 
using post-deposition heat treatment of the deposited AA7075-T6 alloy. The resulting 
average hardness value was measured at 231 HV, while the compressive stress at a strain 
of 35% was approximately 1142 MPa. The compressive strength of the deposited material 
was higher than the initial material in both tempered conditions. The microstructure shows 
a recrystallized grains refinement throughout the deposited AA7075, in which the gain size 
decreases from 25 µm ± 4 for the as-received material to be 2.06 µm ± 0.51, 1.67 µm ± 
0.47 and 4.80 µm ± 1.01 for the DPs AA7075-T6, AA7075-O, and the PDHT, respectively. 

 

Introduction 

One potential application for the aerospace 

industry is to create strong stiffeners and stringer 

configurations [1]. Aluminium has many advantages, 

making it a good material. Due to its low price, it is 

cost-effective. Aluminium's lightweight nature adds to 

its attraction. It can also be heat treated to get good 

strength. Heat-treated 2xxx, 6xxx, and 7xxx alloys are 

quite strong for their weight. Due to inadequate 

solidification microstructure and porosity, the 2xxx 

and 7xxx series alloys' fusion zones have lower 

mechanical characteristics than the as-received 

material. Thus, these alloys are generally non-

weldable [2-4]. So, as a result of low joint strength the 

fusion welding of these alloys is not appropriate for 

joining structural components. Recently, for a non-

weldable alloy friction-based technology is promising 

techniques such as friction stir welding (FSW) [4–7], 

friction stir processing (FSP) [3, 8, 9], and friction stir 

spot welding (FSSW) [10], friction stir additive 

manufacturing (FSAM) [11–15], which used for a 

many purpose such as material joining, surface 

protection, repairing of defective components, 

material deposition/surfacing and keyhole refiling. 

Nowadays, the Additive friction stir deposition 

(FSD) technique is used for building (producing) 

additive manufacturing parts [15-18]. The FSD process 

begins by rotating a consumable rod material against 

a substrate while applying an axial downward force. 

The consumable rod material becomes softer and 

more plasticized because of the frictional heat 

generated. The plasticized consumable rod material is 

deposited onto the substrate. The size of the 

deposited material is depended on the consumable 

rod diameter and material properties as well as the 
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deposition process parameters in terms of rotation 

speed (RS), axial downward force (F), and deposition 

feed rate (DR) [19]. Alzahrani et al. [18] studied the 

applicability of using FSD process to deposit A356 Al 

Alloy on a substrate of AA 2024 Al alloy at different 

deposition process parameters. They reported that all 

the deposition materials tested had harder values 

than the A356 Al Alloy. Additionally, the greatest 

harness value of 97.9 HV was applied to the 

deposition of material at a DR of 3 mm/min and an RS 

of 1200 rev/min. Ahmed et al. [15] studied the effect 

of temper conditions on the consumable rod of 

AA2011 Al alloys during FSD process. The AA2011-O 

and AA2011-T6 Al alloys had a diameter of 20 mm, 

and the substrate material was AA5083 Al alloy. They 

found that the deposited materials of AA2011-O 

subjected the highest hardness values at the 

deposition parameters of RS 200 rev/min and DR 1 

mm/min compared to the deposited materials of 

AA2011-T6 and the consumable rod starting 

materials. Perry et al. [20] studied the microstructure 

and the crystallographic texture evolutions of the 

deposited material of AA2024 on a substrate of 

AA6062 Al alloys. The deposition parameters were 

300 rev/min, a linear speed of 120 mm/min, and a 

feed rate of 0.85 mm/s. They concluded that the AA 

2024 deposited materials showed significant grain 

refining because of continuous dynamic 

recrystallization. 

Post-weld heat treatment (PWHT) is applied to 

recover the microstructure characteristics of the 

welds (such as the grains and precipitates) and 

improve the mechanical properties of the welds [21, 

22]. Several studies [23-25] discussed the effect of 

PWHT on the FSW joints in terms of the 

microstructure characteristics and mechanical 

properties. Zhang et al. [25] studied the effect of post-

friction stir welding heat treatment at different 

solution treatments and aging conditions on the 

microstructure characteristics and the mechanical 

properties of the AA2195-T8 alloy. They found that 

the T6 heat treatment condition at 480 °C for 25 min 

followed by quenching, then aging at 180 °C for 12 h, 

showed the highest improvement in the joint strength 

and mechanical properties. Boonma et al.  [24] study 

the influence of PWHT on the impact strength and 

hardness characteristics of a friction stir welded butt 

joint made from AA 6061 aluminum alloy. The T6 heat 

treatment consisted of four distinct conditions, each 

involving a steady solution heat treatment of 550 °C 

for 1 h, cold water quenching, and varying periods of 

aging. The aging condition was 160 °C, 175 °C, 185 °C 

and 200 °C for 3 h, 9 h and 18 h. They reported that, 

the applied T6 heat treatment provided a strength 

recovery of the AA 6061 FSW joints. Aydin et al. [23] 

discussed the effect of PWHT on the mechanical 

behaviour of AA 2024-T4 FSW joints. The PWHT 

condition involved a solution heat treatment at 510 °C 

for 2.5 h, water quenching, and then either 100 °C or 

190 °C for 10 h of aging. The optimum PWHT condition 

which provided enhancement in the strength and the 

hardness of the AA2024 FSW joint was solution heat 

treatment at 510 °C for 2.5 h followed by quenching 

in water, and aging treatments at 190 °C for 10 h. 

Pankade et al.[26] study the effect of the PWHT on 

mechanical properties and corrosion of  FSWed AA 

7075-T6 aluminum alloy by applying RRA and  SDA to 

the FSW joint, When comparing the tensile strength 

of AA 7075-T6 before and after FSW, they found a 23% 

decrease in the latter. After PWHTs, the tensile 

strength increased by 22% by RRA and 16% by SDA.  

The literature study shows that PWHT effectively 

modifies the microstructure, leading to enhanced 

mechanical characteristics and corrosion resistance in 

FSW joints. So far, there has been a lack of studies 

investigating the effects of initial temper conditions 

and post-deposition heat treatments on the friction 

stir deposition of AA7075 onto a substrate of AA2024. 

These alloys are mostly utilized in aerospace 

applications, particularly for the production of 

stiffeners and stringers on a skin. In this study, two 

distinct temper conditions, namely T6 and O, are 

employed to subject the deposited AA7075-T6 to heat 

treatment (HT). Specifically, retrogression re-aging 

(RRA) and re-aging (RA) techniques are utilized to 

investigate their effects on the mechanical 

characteristics and microstructure of the material. 

 
Experimental Work  
Starting Material and Methodology 

 In this context, AA 7075 rods of aluminum alloy 

with tempered conditions of T6 as BM and (O) after 

the annealing process are regarded. The rod's 

diameter used in the FSD processing was 40 mm. 

Table 1, listed the chemical composition of the as-

received material. 

Table 1 As-received material chemical composition 

(wt%). 

Elements  wt% 

Mg 2.62 

Zn 5.72 

Cu 1.14 

Fe 0.23 

Cr 0.20 

Mn 0.19 

Si 0.36 

Al 89.54 

(T6 and O) were the two temper conditions that 

were used to explore how the starting conditions 

affected the properties of the generated parts. The 

annealing procedure for the AA7075-T6 as-received 

sample involved subjecting it to a temperature of 

415°C for a duration of 2.5 h. Subsequently, the 

sample was allowed to cool gradually in a furnace until 

it reached room temperature, as depicted in Figure 1. 

To guarantee full fixation throughout the FSD process, 

as shown in (Figure 2a) the consumable AA7075-T6 

and AA7075-O rods were first fixed with the machine 

shank. Next, the machine was rotated at a constant 

speed of 400 rev/min while moving downward at a 

continuous DR of 3 mm/min to reach the substrate 

plate (Figure 2b). The plastic deformation observed in 

the rods can be attributed to the generation of 

frictional heat between the rotating rods and the 

substrate plate. The application of heat induces the 

transfer of the material from the rotating rods onto 
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the substrate plate, leading to the successive creation 

of several layers as shown in (Figure 2c). To study the 

PDHT effect on the deposited parts, retrogression re-

aging (RRA) and Re-ageing (RA) treatments were 

applied to the deposited AA7075-T6. The 

Retrogression and Re-Aging (RRA) treatment 

consisted of four sequential steps: the (1St) step is 

solution treatment at a temperature of 480 °C for a 

duration of 30 minutes, followed by the (2nd) step of 

rapid cooling in water (quenching). the (3rd) step 

involved retrogression at a temperature of 180 °C for 

a soaking period of 0.5 h. Finally, the last stage (4th) 

step involved re-aging at a temperature of 120 °C for 

a duration of 24 h.  While, the treatment of RA 

involved a three-step process, which included solution 

treatment at a temperature of 480 °C for a duration of 

2 h, followed by water quenching, and concluding 

with a re-aging stage at a temperature of 120 °C for a 

duration of 24 h. The schematic representation of RRA 

and RA treatments described in (Figure 3a, b) shows 

all three stages. The process of T6 tempering, which 

involves aging at a temperature of 120 °C for a 

duration of 24 h, is generally endorsed and advised 

[27]. A flow chart, as shown in Figure 4, illustrate the 

experimental work. 

 
Figure 1 Schematic illustration of annealing heat 
treatment process for AA7075-T6 to get AA7075-0. 

 

 

Figure 2 (a) Setup of FSD process of the AA7075 on the 
AA2024 plate, (b) Onset of the deposition process, (c) Final 
product. 

 

 

Figure 3 Schematic illustration of the post-heat treatment 
process (a) for retrogression re-aging (RRA) and, (b) for re-
aging (RA). 

 

Figure 4 The flowchart of the experimental work. 

Characterization of the deposited parts 

A standard metallographic procedure was used to 

prepare the specimens. The samples were milled and 

polished to an Al2O3 surface finish of 0.05 m, then 

immersed in (46 mL water, 3 mL HNO3, and 1 HF) 

Keller's regent solution for chemical etching. To 

analyse the microstructure, an optical microscope 

(model BX41M-LED) was used. The grain size 

distribution and the average grain size are estimated 

using Image-J Software. A Vickers hardness tester 

(Model: HWDV-75) was used to measure the material 

hardness at a 0.5 Kg load and a 15 s dwell period. To 

plot hardness measurements of the deposited 

materials in contour maps, the selected area of the 

tested specimen was divided into four horizontal and 

fifteen vertical lines with a 2 mm step to adjust the 

indenter locations, as depicted in Figure 5. The 

compression test was conducted at room 

temperature, with the crosshead speed displacement 

rate held constant at 1 mm/min using a universal 

testing machine (Model: WDW-300D). 
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Figure 5 Sketch of the hardness measurements of the 
AA7075 DPs (L1, L2, L3), near the interface between the 
DPs and the substrate (L4). 

Results and Discussion  

Visual inspection and Microstructure of the FSD 

parts 

The study revealed that the FSD process, when 

applied to the two tempered conditions (T6 and O), 

resulted in the formation of multiple layers 

characterized by a lack of flaws and strong adhesion 

between the deposited layers and the substrate 

material. Figure 6a, and c represents the deposited 

part and the cross-section of the product for the 

deposited AA7075-T6, respectively. While Figure 5b, d 

is for the deposited AA7075-O. 

 
Figure 6 The visual and macrostructure of (a) the 
deposited AA7075-T6, (b) the deposited AA7075-O, (c) the 
cross-section of the AA7075-T6 product, and (d) the cross-
section of the AA7075-O product. 

Figure 7, illustrates the optical micrographs of 

AA7075-T6 as received material, deposited layers of 

AA7075-T6, deposited layers of AA7075-O and post-

deposition heat-treated AA7075-T6 (PDHT) 

conditions. The grains of the as-received material are 

oriented along the direction of rolling, as shown in 

(Figure 7a). (Figure 7b, c) depicts the tiny equiaxed 

grains structure that results from dynamic 

recrystallization during the deposition process. A grain 

growth due to the post-heat treatment process was 

detected as shown in (Figure 7d). The average grain 

size (Figures 8a, b, and c) of the deposited AA7075-T6, 

deposited AA7075-O, and the PDHT were calculated 

as 2.06 µm ± 0.51, 1.67 µm ± 0.47 and 4.80 µm ± 1.01 

respectively.   

 
Figure 7 The microstructure of, (a) AA7075-T6 as-received 
material, (b) deposited AA7075-T6 (c) deposited AA7075-
O, and (d) after the PDHT process. 

 

Figure 8 Grain size analysis of, (a) AA7075-T6 as-received 
material, (b) after the FSD process, and (c) after the PDHT 
process. 

Mechanical properties Hardness and Compression 

The hardness value is a reliable predictor of the 

mechanical properties of the material, and its value is 

influenced by the deformation process variables, the 

heat treatment regimen, and the chemical 

composition of the BM. Figure (9a, b, c, and d) shows 

the hardness maps obtained from hardness 

measurements of the initial AA7075-O and AA7075-T6 

materials and their deposited parts produced at DR  of 

3 mm/min and RS  of 400 rev/min. The hardness value 

of the deposited AA7075-T6 was 165 HV which` 

attains about 90% of the AA7075-T6 base metal of 185 

HV. While in the case of AA7075-O, the hardness value 

of the deposited part was 116 HV which was an 
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increase of 28% than the AA7075-T6 BM of 90 HV.  

Due to the decrease in hardness value for the 

deposited AA7075-T6, the PDHTs were applied for the 

deposited AA7075-T6 and the hardness value found a 

noticeable improvement compared to those of BM 

and the deposited AA7075-T6 where the value of 

hardness was 231 HV in case of the heat treatment 

regimen (RA). But on the contrary, in the case of (RRA) 

regimen, the hardness value of the deposited AA7075-

T6 decreased to 120 HV. It can be noted that from the 

hardness maps a homogeneous uniform distribution 

of hardness value due to the additive friction stir 

deposition process. Therefore, it can be reasonably 

assumed that in AA7075-O the grain refining leads to 

the improvement but in the case of AA7075-T6 the 

intermetallics have a more profound influence on the 

hardness of the material than the grain size and that 

will be discussed later. The compression test is of 

utmost importance in assessing the response of the 

tested materials to compressive forces. Figure 10 

illustrates the stress-strain compression curves at a 

strain of 35% for the starting materials in two 

tempered conditions, as well as the deposited parts. 

The compressive strength of the deposited material 

surpasses that of the original material in both 

tempered states. As shown in Figure 11, the optimum 

hardness and compression strength were achieved 

with post-deposition heat treatment of the deposited 

AA7075-T6, where the average hardness value was 

231 HV and compressive stress at 35% strain was 

about 1142MPa, respectively. 

 

 

Figure 9 The hardness maps of, (a) aa7075-O as-received 

material, (b) deposited AA7075-O (c) AA7075-T6 as-

received material, and (d) deposited AA7075-T6. 

 

Figure 10 The compressive stress strain curves of, (a) 
AA7075-O as-received material, (b) deposited AA7075-O 
(c) AA7075-T6 as-received material, and (d) deposited 
AA7075-T6. 

 

Figure 11 The conclusion of the mechanical properties in 
terms of hardness and compression for all material 
conditions. 

XRD and SEM with EDS Analysis 

The XRD examination is used to detect the 

intermetallic effect on the mechanical properties of 

the AA7075-T6. As shown in (Figure 12b) it was 

illustrated that a clear appearance of MgZn2 phase 

peaks at 2-theta of 40.485, 41.337 with FWHM of 0.27 

and 0.31, respectively, due to the sufficient heat 

generation during FSD process and the gradually 

cooling in the air after FSD process allows the size and 

the distribution of precipitated phase have a 

difference between the BM and deposition zone. So, 

the precipitated phase may be the main factor 

affecting the hardness of the deposited parts. The size 

of the precipitated MgZn2 phase increases in the DP 

zone, after the formation of these precipitate 

particles, the material's microstructure will soften, 

which will have a negative impact on the hardness 

value of the deposited part of the T6 tempered 

condition [28]. This can be addressed by rapid cooling 

and an appropriate heat treatment process [29]. On 

the other side as shown in (Figure 12c) the XRD graph 

illustrates that the η phase was not observed due to 

the appropriate aging mechanism of rapid quenching 

in water an aging temperature of 120 oC and an aging 

time of 2 h. Suleyman et al. [28] study the effect of 

aging temperature and duration time on the 

precipitate behaviour of AA7075 aluminum alloy 

According to these findings, MgZn2 precipitation is not 

seen at aging temperatures between 120 and 160 oC. 

After the creation of MgZn2 precipitates, the 

microstructure will become more pliable if the aging 

process is continued for a longer period or at a higher 

temperature.  

To confirm the potential presence of intermetallic 

compounds within the AA7075-T6 rod's 

microstructure, the deposited material, and after the 

post-deposited heat treatment material further 

investigation is required so that an advanced scanning 

electron microscopy (SEM) with EDS analysis system 

was used as shown in Figure 13. The EDS analysis as 

shown in Figure 13 a, b revealed the presence of three 
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distinct intermetallic compounds inside the aluminum 

matrix. Specifically, Spot 1 exhibited a rod-like 

structure consisting of MgZn2, Spot 2 had an almost-

spherical morphology composed of AlCuMg, while 

Spot 3 exhibited an uneven shape containing 

Al7Cu2Fe. The EDS spots 1, 2, and 3 are represented in 

Figure 13 d, e, and f respectively. These intermetallics 

differ in morphology and phase composition. The 

determination of intermetallic morphologies inside 

the aluminum matrix alloy is influenced by various 

factors, including chemical composition, alloying 

element type, processing methodology, and heat 

treatment regimen [29], [30]. 

 
Figure 12 XRD analysis of, (a) AA7075-T6 as-received 
material, (b) after the FSD process, and (c) after the PDHT 
process. 

 
Figure 13 SEM-images show microstructures of (a) 
AA7075-T6 rod BM, (b) DP processed at 400 rev/min and 
3 mm/min, (c) PDHT deposited AA7075-T6 (d) EDS spot 1 
(e) EDS spot 2 and (f) EDS spot 3. 

Conclusions 

 The suggested additive friction stir 
deposition technique successfully produced 

a continuous multi-layer of AA7075-T6 and 
AA7075-O on a substrate of AA2024 as 
stiffeners on the skin. 

 The mechanical properties of AA7075-O 
increase after the FSD process. Where the 
hardness value increased by 28% than the 
BM and the compressive strength improved 
compared to the as-received material.  

 The hardness of the deposited AA7075-T6 
decreased by 10% after the FSD process to 
the BM and the compressive strength 
improved by 26% compared to the as-
received material.  

 Applying the post-deposition heat treatment 
to the deposited AA7075-T6 improve the 
hardness value compared to the BM and the 
deposited part. 

 In AA7075-T6 the intermetallics have a more 
profound influence on the hardness of the 
material than the grain size. 

 The deposition process and the PDHT affect 
the size and dispersion of intermetallics 
(MgZn2, AlCuMg, and Al7Cu2Fe), and these 
precipitates have a direct impact on the 
strengthening of the deposited layers. 

 The subsequent phase of this study entails 
the application of the effective PDHT 
procedure on items produced under the :O” 
tempered state, followed by the 
commencement of preliminary experiments 
for the production of a linear surface 
deposition. 
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