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Abstract 

The effects of various thermal processing routes on the precipitation hardening behavior and 

microstructural characteristics of AA7075 and a developmental AA7xxx alloy (D-7xxx) are 

investigated using multi-scale characterization and modeling techniques. For the AA7075 

alloy, two general thermal processing histories are investigated: (a) solutionizing and water-

quenching (WQ), or (b) die-quenching (DQ) or forced-air quenching (FAQ) process, all of 

which were followed by either natural aging or multi-step aging treatments. The multi-step 

aging treatments include natural aging, followed by intermediate-temperature aging, to achieve 

pre-aged tempers prior to the final artificial aging step. To investigate natural aging, the 

strengthening behavior of the water-quenched D-7xxx alloy and the natural aging of water-

quenched and pre-aged AA7075 are also studied. The primary precipitation process during the 

natural aging of the as-water-quenched AA7075 alloy is the nucleation of natural aging Zn-

Mg precipitates. The pre-aging process, prior to natural aging, reduces the capacity for 

precipitate formation and hardening rate of the AA7075 alloy during the room-temperature 

holding period. Similarly, the die-quenching process applied to AA7075 results in slower 

kinetics of subsequent natural aging and higher hardness in the as-quenched state compared to 

the WQ and FAQ conditions. These changes in material behavior are related to the effects of 

pre-aging precipitation or the presence of dislocations formed during the die-quenching 

process, which affect the rate of nuclei formation at room temperature. A modeling 

methodology is introduced to analyze the precipitation kinetics and yield strength evolution 

during the natural aging of variously processed Al-Zn-Mg-(Cu) alloys. The analysis of the 

combined modeling and experimental results for the multi-step aging treatments of the 

AA7075 alloy in DQ, FAQ, and WQ tempers suggests that dislocations formed during the die-

quenching process enhance the hardening response of the DQ alloy after a pre-aging treatment 

(DQ+PA) compared to the similarly aged material after water-quenching or forced-air 

quenching. After the final stage of aging, the material in the DQ+PA condition exhibits a lower 

hardness value than the similarly aged WQ and FAQ samples. The recovery of dislocations 

and the interactions between solutes, vacancies, and fine precipitates with dislocations reduce 

the hardening response of the alloy in the DQ+PA condition during the subsequent aging 
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treatment. The kinetics of precipitation hardening during the final aging step are also highly 

affected by dislocation-enhanced precipitation. Microstructure-strength modeling 

relationships are introduced to predict the evolution of microstructure and the strengthening 

response of the AA7075-WQ alloy in pre-aged conditions, as well as during subsequent 

artificial aging treatments. These modeling approaches are further expanded to include the 

effects of dislocation-enhanced precipitation and dislocation recovery on the kinetics of 

precipitation and the strengthening behavior during the artificial aging treatment of the alloy 

in the DQ+PA condition. The validity of these models is verified by the good agreement 

between the model predictions and the results from the experimental investigations. 
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𝑎 An equivalent growth rate constant; also used as a constant factor 

𝑎𝑐 Cross-sectional area of the dislocation core 

𝐴 A constant 

b Magnitude of the Burgers vector; also used as a constant factor 

b1 A constant factor 

𝐶, 𝐶2, 𝐶𝐴𝐴 Constant factors 

𝐶𝑡 Main alloying elements percentage (i.e., wt.%: Zn+Mg+Cu) of the alloys 

𝐷 Diffusion coefficient of the solute in the matrix 

𝐷0 Proportionality constant for the diffusivity equation 

𝐷0𝑐 Pre-exponential factors for dislocation core diffusion 

𝐷0𝑠 Pre-exponential factor for self-diffusion 

𝐷0𝑠𝑐 Pre-exponential factor for self-diffusion through dislocation cores 

𝐷0𝑣 Pre-exponential factors for lattice diffusion 

𝐷𝑠 Self diffusivity coefficient 

𝐷𝑠−𝑒𝑓𝑓 Effective self-diffusion coefficient 

𝐷𝑠𝑐 Self-diffusion coefficient in the presence of dislocation cores 

𝑓 Volume fraction of precipitates 

𝑓𝑝𝑒𝑎𝑘 Volume fraction of precipitates at the peak-aged condition 

𝑓𝑟 Relative volume fraction of precipitates 

𝑓𝑟
0 Relative volume fraction of precipitates at the beginning of the artificial aging 

process 

𝑓𝑟
𝑁𝐴 Relative volume fraction of precipitates during natural aging 
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𝑆𝑁𝐴 Relative volume fraction of natural aging precipitates during natural aging of the 
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𝐹 Obstacle strength 
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𝐿𝑤𝑒𝑎𝑘 Average spacing between weak obstacles 

𝑚 A constant 

𝑀 Taylor factor  

𝑛 A numerical exponent for the JMAK relationship 

p A dimensionless number between 1 and 2 

𝑃∗ Normalized time 

𝑄𝐴 An apparent activation energy 

𝑄𝑐
𝑑𝑖𝑓𝑓

 Activation energies for dislocation core diffusion 

𝑄𝑣
𝑑𝑖𝑓𝑓

 Activation energy for lattice diffusion  
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𝑄𝑠 Activation energy for self-diffusion 

𝑄𝑠𝑐 Activation energy for self-diffusion through dislocation cores 

𝑟 Radius of a spherical particle; also, radius of the circular cross sectional area of a 

precipitate on the slip plane 
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𝑟𝑡 Radius of precipitates at time t 

𝑅 Universal gas constant (see text) 
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𝛼 A dimensionless constant 
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𝑖
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𝜌𝑁𝐴 Dislocation density of the material in the DQ+naturally-aged condition 

𝜌
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 Dislocation density of the material in the DQ+PA condition 

𝜎 True stress 

𝜎𝑑 Contribution of dislocation strengthening to the yield strength  

𝜎𝑖 Frictional stress of the lattice 
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𝜎𝑟𝑒𝑐 The amount of recovery 
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𝑃𝐴+𝑆𝑁𝐴 Contribution of solid solution strengthening to the yield strength for natural aging 

of pre-aged material 
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1. Introduction 

Over the years, Al-Zn-Mg-(Cu) (7xxx series) alloys have been widely used in aerospace 

and aircraft industries for their high strength-to-weight ratio and desirable mechanical 

properties and performance [1,2]. To date, the use of AA7xxx alloys for applications in the 

automotive industry has been limited for a variety of reasons [3–5]. However, the high specific 

strength of AA7xxx alloys continues to generate interest for exploring their use in automotive 

applications. AA7xxx alloys are wrought aluminum alloys that can be heat-treated to 

significantly increase their strength through precipitation hardening. The formation of 

precipitates from the supersaturated solid solution effectively strengthens these alloys during 

the aging treatments to the peak-aged condition. To develop tailored mechanical properties in 

final automotive products, proper control of the distribution, size, and density of precipitates 

in the microstructure of these alloys is crucial. This can be achieved through an enhanced 

understanding of the linkages between thermomechanical history, precipitate formation, and 

properties, and the use of this understanding to design appropriate thermal processing routes 

for typical automotive processing routes, such as paint bake cycling.  

The main drawback of using AA7xxx for automotive applications is their poor formability 

at room temperature. One promising solution to overcome this limitation is the combination of 

hot forming and quenching using a cold die (i.e. die-quenching) [6]. High-temperature forming 

at solutionizing temperatures has previously been applied to AA7xxx alloys for aeronautical 

applications [7–9]. The use of high-temperature forming processes for automotive components 

has the capacity to not only exploit the higher formability of the alloys at high temperatures, 

but can also lead to high final yield strength values through the subsequent age hardening 

processes that occur during paint bake cycling (PBC) [6]. In the die-quenching process, the 

solutionized material is simultaneously formed and quenched to room temperature to achieve 

a supersaturated solid solution, which has the highest driving force for subsequent precipitation 

[10], while minimizing any distortion in the final manufactured parts [6,11]. Existing literature 

provides valuable information on certain aspects of the age hardening behavior of solutionized 

and water-quenched AA7xxx alloys [12–15]. However, there are key knowledge gaps 

regarding the effect of the aging history on the precipitation hardening behavior of these alloys, 
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which is of importance for automotive applications. These include understanding the natural 

aging behavior after quenching and the effect of initial lower-temperature aging treatments 

(pre-aging) on mechanical properties (formability and strength). Improving our knowledge of 

the age hardening response after the die-quenching processes and the pre-aging treatments of 

these alloys allows the design of thermomechanical routes to take advantage of the paint-bake 

cycle (PBC) as a final precipitation heat treatment for these alloys. The current study aims to 

increase our understanding of some of these knowledge gaps.  

Previous experimental and theoretical investigations have led to the introduction of 

physically based process models, which are useful tools for the efficient optimization of 

thermomechanical processes, microstructures, and properties and can reduce the necessity of 

significant experimental work. Using physically based relationships, the process models can 

predict the microstructural evolution and final properties of the material after different 

thermomechanical processing routes. This research aims to introduce microstructure-strength 

modeling relationships to predict the precipitation kinetics and age hardening behavior of 

AA7xxx alloys in water- and die-quenched conditions, during natural aging, and multi-step 

aging treatments. The results of this research will provide useful information for the 

development and design of industrially relevant thermomechanical processing routes to exploit 

the age-hardening potential of AA7xxx alloys for future automotive applications. 

1.1 Objectives and Scope 

This research fulfills the following two main objectives: 

 (1) To investigate the effect of industrially relevant thermal processing routes, which 

include water-quenching, forced-air quenching, or die-quenching followed by natural aging or 

multi-step aging treatments, on the precipitation hardening behavior of two Al-Zn-Mg-Cu 

alloys (AA7075 and D-7xxx), 

(2) To analyze and predict the effect of the thermal histories of interest on the 

microstructural evolution and precipitation hardening response of these alloys.  

A number of process routes after hot forming were investigated for the AA7075, including 

water-quenching, forced-air quenching, and die-quenching, followed by: (a) natural aging; (b) 
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2-day natural aging followed by an intermediate temperature aging (pre-aging) prior to final 

aging; (c) secondary natural aging of pre-aged tempers; and (d) artificial aging of a pre-aged 

material.  

The strengthening behavior and microstructure characteristics of the AA7075 alloy during 

the thermal processing routes of interest were investigated using a combination of 

microhardness measurement, tensile testing, transmission electron microscopy, differential 

scanning calorimetry, isothermal calorimetry, and atom probe tomography.  

The second alloy studied is a developmental AA7xxx alloy (D-7xxx). For this alloy, natural 

aging behavior was studied through experimental (tensile testing) and modeling investigations. 

Models of the natural aging process were developed based not only on the measured data from 

the D-7xxx and AA7075 alloys, but also on experimental data taken from the literature for five 

different Al-Zn-Mg-(Cu) alloys.   
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2. Literature Review 

In the current chapter, a brief review of the wrought aluminum categories and second-phase 

particles in AA7xxx alloys will be given. Then, the precipitation sequence in Al-Zn-Mg-(Cu) 

alloys and their precipitation hardening behavior after various thermal processing treatments 

that are pertinent to the current research will be reviewed. Finally, an overview of previous 

studies on modeling the precipitation hardening behavior of heat-treatable aluminum alloys 

relevant to the current research will be presented. 

2.1 Wrought Aluminum Alloys Categories 

Wrought aluminum alloys are aluminum alloys that are initially cast as ingots or billets and 

subsequently, hot and/or cold worked into the desired form. These alloys are subdivided into 

two categories: heat-treatable and non-heat-treatable. Wrought heat-treatable alloys can be 

strengthened through thermal heat treatments (aging treatments). In contrast, non-heat-

treatable alloys do not respond to thermal heat treatments for strengthening and are primarily 

strengthened through various types of cold working and strain hardening processes. The 

classification of wrought aluminum alloys is schematically presented in Table 2-1. 

Table 2-1 Designation of wrought aluminum alloys. 

Alloy designation Alloying element Heat treatment 

1xxx 99% pure aluminum Non-heat treatable 

2xxx Cu containing alloy Heat-treatable 

3xxx Mn containing alloy Non-heat treatable 

4xxx Si Non-heat treatable 

5xxx Mg Non-heat treatable 

6xxx Mg and Si Heat-treatable 

7xxx Zn  Heat-treatable 

8xxx Others (Li, Sn, Fe) Heat-treatable/Non-heat treatable 
 

 

 

http://en.wikipedia.org/wiki/Heat_treatment
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2.2 Second-Phase Particles in AA7xxx Aluminum Alloys 

Second-phase particles that can form in wrought heat-treatable aluminum alloys are 

classified into three different types which appear in the following order during the processing 

sequence [16,17]: 

1. The constituent phases are relatively large Si- or Fe-rich particles (with diameters 

ranging from 2 to 5μm). These brittle particles form during the solidification of the ingot 

and due to the interaction of alloying elements with impurity elements (such as Fe or 

Si). These particles are difficult to dissolve at high temperatures. 

2. The dispersoids are Cr, Zr, or Mn-rich particles (with diameters ranging from 0.05 to 

2μm). They form during solidification or subsequent homogenizing solution treatment 

of the ingot. These elements are added to inhibit and retard recrystallization, as well as 

enhance the stress corrosion resistance of aluminum.  

3. The hardening precipitates are nano-sized particles that form through the aggregation of 

the main alloying elements (i.e., Zn, Mg, and Cu in AA7xxx alloys) during heat 

treatment, specifically at low temperatures after solutionizing, known as aging 

treatments. These particles are responsible for the high strength of the AA7xxx alloys. 

Dispersoids and constituent phases are not associated with age hardening processes and, 

therefore, will not be further discussed. Further information on these particles can be found in  

Ref [18].  

2.3 Precipitation Behavior of AA7xxx Alloys 

Precipitation hardening in metallic alloys is a thermally activated phenomenon where the 

purposeful formation of precipitates with a different composition from the matrix hardens the 

material by impeding the movement of dislocations [19–21]. Precipitation hardening is the 

most significant strengthening mechanism utilized by heat-treatable Al-Zn-Mg-(Cu) alloys 

(7xxx series). These alloys can be strengthened through a sequence of heat treatments that 

result in the formation of hardening precipitates within the matrix. The heat treatment processes 

for precipitation hardening of these alloys involve three steps: (1) solution heat treatment, in 

which the material is heated to an elevated temperature to dissolve all second-phases dissolve 
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into the matrix and transform the aluminum matrix into a single phase; (2) quenching from the 

elevated temperature to room temperature to suppress any solute from precipitating from the 

solid solution and create a supersaturated solid solution; and (3) subsequent age hardening at 

a lower temperature to precipitate second phases in a controlled manner. These alloys can be 

heat-treated by aging either at room temperature (natural aging) or at one or more elevated 

temperatures (artificial aging), which are usually in the range of 100-190°C [22].  

The composition range of the AA7xxx alloys includes Zn (3-7 wt.%), Mg (0.8-3 wt.%), and 

Cu (0-2.8 wt.%) [23,24]. The minimum content of Zn+Mg alloying elements required for 

precipitation hardening to occur (minimum supersaturation) falls within the range of 4.5-8.5 

wt.% [23,24]. Several factors, including the alloy composition, aging parameters (temperature 

and time), and initial material condition, can influence the nature of precipitates, the rate of 

nucleation, growth, and coarsening of precipitates, and the overall kinetics of precipitation. 

The precipitation sequence in AA7xxx alloys and the effect of various aging practices on their 

precipitation hardening will be discussed in the following sections. 

2.3.1 Precipitation Sequence 

The precipitation reactions that occur in AA7xxx alloys during age hardening treatments 

are complex and depend on multiple factors, such as solutionizing temperature, quench rate, 

aging time and temperature, and various microstructural features (e.g., presence of dispersoids, 

dislocations, impurities, and grain boundaries). The precipitation sequence of Al-Zn-Mg-(Cu) 

alloys has been extensively studied using various investigation methods, including electrical 

resistivity, calorimetry experiments, electron microscopy, and X-ray-based methods [18,25–

32]. Figure 2-1 illustrates the general precipitation sequence during the aging treatments of Al-

Zn-Mg-(Cu) alloys at various temperatures. This schematic sequence has been created using 

the vast information present in the literature (e.g., [33–36]). The temperature range for the 

precipitation of different phases in the precipitation sequence of the Al-Zn-Mg-(Cu) alloys is 

depicted in Figure 2-2. This schematic diagram has been created based on the information 

reported in references [19,25,37–40]. It should be noted that Cu atoms can replace Zn or Mg 

atoms in the precipitates during the aging treatments of copper-containing AA7xxx alloys. 

However, it is generally believed that this replacement does not alter the type of hardening 
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precipitates or the sequence of precipitation in these alloys [41–43]. In Al-Zn-Mg-Cu alloys, 

the formation of Cu-containing particles, such as S (Al2CuMg), θ (Al2Cu), and T (Al2Mg3Zn3), 

phases may occur during heat treatments at higher temperatures, depending on the alloy’s 

composition (mainly Mg content) and the thermal processing route [44,45]. 

 

Figure 2-1 Precipitation sequence in Al-Zn-Mg-(Cu) alloys.   

After solution treatment and quenching, the AA7xxx alloy matrix becomes supersaturated 

with vacancies and alloying elements [33]. During the early stages of decomposition of the 

supersaturated solid solution in AA7xxx alloys, three types of zones and clusters can form in 

the microstructure: vacancy-rich clusters (VRCs), solute clusters, and GP I zones. The 

formation of solute clusters during the natural aging of Al-Zn-Mg alloys has been reported by 

several researchers [34,46–48]. These clusters are reported to be Zn-rich solute 

aggregates/clusters, which transform into GP zones with increasing time during the natural 

aging of the investigated Al-Zn-Mg alloys [34,46–48]. GP I zones are another early-stage 

precipitate that form in the microstructure of AA7xxx alloys during natural or artificial aging 

treatments. It is generally accepted that spherical GP I zones are the first precipitates to form 

in an as-quenched (AQ) Al-Zn-Mg-(Cu) alloy when kept at room temperature [33]. GP I zones 

are small precipitates containing Zn, Mg, and Cu [36]. These zones can form over a wide range 

of temperatures from room temperature to 150°C [37], as shown in Figure 2-2. These 

precipitates have a tendency to dissolve within the temperature range of 100-140℃, which 

varies based on the duration of the holding time [36,49,50]. Vacancy-rich clusters (VRCs) are 

assumed to form during or immediately after quenching to room temperature from 

temperatures above 450°C. This temperature is associated with the critical value of vacancy 

supersaturation [50–52]. These clusters are believed to remain stable during natural aging and 

do not impact the formation of natural aging precipitates [35].  
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Many authors have reported the presence of two types of GP zones (GP I and GP II) in both 

naturally and artificially aged AA7xxx alloys [5,36,50,53]. The existence of different types of 

GP zones was first proposed by Schmalzried and Gerold in an Al-Zn-Mg alloy [53]. Later, 

Ungar et al. [25] used small-angle X-ray scattering (SAXS) experiments to report the presence 

of two types of GP zones with different sizes in an Al-Zn-Mg alloy. They found that the 

smallest GP zones disappeared during aging of the alloy above 90℃. GP II zones are reported 

to form from VRCs during aging at higher temperatures (i.e., above 70°C) [19,38,39] or after 

prolonged aging at room temperature [34,46,54,55]. These zones are mostly reported to form 

as thin plates with a thickness of 1-2 {1 1 1} atomic planes and a diameter of 3-6 nm [50–52]. 

The dissolution of GP II zones begins at a higher temperature (125°C) than GP I zones [55]. 

 

Figure 2-2 Temperature ranges for the formation of different precipitates in Al-Zn-Mg-(Cu) 

alloys (Note: GP II zones may also form during aging at lower temperatures for a very long 

time). 

There are three different routes for the formation of 𝜂′precipitates, as shown in Figure 2-1. 

The GP I and GP II zones can serve as nucleation sites for the next phase in the precipitation 

sequence, which are 𝜂′ precipitates [35]. During aging at higher temperatures (above the solvus 

line of GP zones, which is higher than 100°C according to Ungar et al. [25]), GP II zones 

transform to the 𝜂′ phase, while GP I zones either dissolve or transform to 𝜂′. The direct 

nucleation of 𝜂′ can also occur at temperatures of approximately 120-150°C [56]. Furthermore, 

some researchers have reported the nucleation of 𝜂′ precipitates on VRCs [36,57,58]. 

According to their results, in a two-step aging treatment (e.g., at 100℃ and 150℃), VRCs do 

not affect the formation of precipitates (GP zones) during natural aging or artificial aging below 
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the temperature range of 80-100℃ but they can act as precursors of 𝜂′ precipitates during the 

subsequent aging treatment at a higher temperature (e.g., 150℃). In AA7xxx alloys, as the 

aging process continues and 𝜂′ precipitates grow, there will be a range of precipitate sizes in 

the microstructure. As a consequence of precipitate growth, coherency is gradually lost by 

increasing the coherency strains, and the incoherent η (MgZn2 or Mg(Zn,Al,Cu)2) phase forms 

[52]. The transformation of 𝜂′ to η and coarsening of precipitates begins at temperatures around 

150ºC in the AA7075 alloy [40].  

The T phase (Mg3Zn3Al2 or Mg32(Zn,Al)49) is another type of precipitate found in AA7xxx 

alloys with higher levels of Mg (i.e., higher Mg/Zn ratios in the alloy) [41,44].  Cu-bearing 

phases, such as S (CuMgAl2) or 𝜃 (Al2Cu), can also form in copper-containing AA7xxx alloys 

during high-temperature heat treatments [44,59]. To identify the phases present in the 

microstructure of the alloys studied in this research, Error! Reference source not found. d

isplays a section of the Al-Zn-Mg-Cu phase diagram at 1.5 wt.% Cu (which closely matches 

the copper content of the AA7075 alloy) at a temperature of 460℃ [41]. The composition of 

the AA7075 alloy falls near the boundary of the Al+η (MgZn2)+S (CuMgAl2) region in the Al-

Zn-Mg-Cu phase diagram (Figure 2-1). Please note that η, T, and the Cu-bearing phases are 

not associated with age hardening processes and will not be discussed further. Further 

information on the η and T precipitates can be found in References [30,52,60,61] and 

[44,52,62], respectively.  

 

Figure 2-3 Section through the Al-Zn-Mg-Cu phase diagram at a Cu concentration of 1.5 

wt.% and a temperature of 460°C [41]. 
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To gain a better understanding of the evolution of precipitates during aging treatments of 

the AA7075 alloy, the calculated time-temperature-transformation (TTT) diagram for this 

alloy is shown in Figure 2-4. This figure shows the calculated time-temperature-transformation 

(TTT) diagram for the AA7075 alloy for the start of noticeable transformation (0.5% amount 

of phase formed) of the various phases from the supersaturated Al matrix [40]. The TTT 

diagram can be utilized to determine a test matrix for the aging heat treatment of age-

hardenable alloys. According to this figure, GP zones form in the temperature range of 0-170°C 

in the AA7075 alloy, with the nose of the curve occurring at approximately 150°C. The 𝜂′ 

phase forms within a temperature range of 70-370°C, with the nose of the curve lying at 

approximately 325°C. 

 

Figure 2-4 Calculated TTT diagram for AA7075 alloy [40]. 

Figure 2-5 shows the TEM micrographs of all the phases listed in Figure 2-1. It should be 

noted that there is no direct observation of VRC available in the literature. Figure 2-5 (a) shows 

small particles, measuring 1–2 nm diameter, identified as solute clusters within the matrix of 

an Al-Zn-Mg alloy [47]. The GP I and GP II zones in an AA7xxx alloy which have different 

shapes and are fully coherent with the matrix, are shown in Figure 2-5 (b). The 𝜂′ phase has 

been reported to be either coherent [44,63] or semi-coherent [60,63] with the matrix. The 

projections of the η′ phase, with round or plate-shaped morphologies, under different habit 

planes are shown in Figure 2-5 (c). Figure 2-5 (d) shows the rod-shaped incoherent η phase in 

the microstructure of an AA7xxx alloy. GP zones have been reported to have spherical AuCu 

(I)-type, tetragonal, or orthorhombic crystal structures [36,50]. The 𝜂′ phase has been reported 
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to form into platelets on {1 1 1} planes and is mostly reported to have a hexagonal crystal 

structure [26,27,52,64]. The η precipitates have a hexagonal structure, and their composition 

is generally MgZn2, according to the literature [52]. 

 

 

 

 

Figure 2-5 (a) HAADF-STEM image of a 2-min naturally aged Al-Zn-Mg alloy showing 

solute clusters [47], (b) HREM images in [110]Al projection of a AA7xxx alloy [60] aged for 7 

h at 115°C (showing GP I and GP II zones), (c) BF image, and HRTEM image in [110] Al 

projection of AA7085 alloy aged at 150℃ for 8 h (showing η′ precipitates with different 

cross-sectional morphologies) [65] and (d) HREM images in [110]Al projection of a AA7xxx 

alloy [60] aged for 7 h at 115°C plus 12 h at 160°C (showing a rod-shaped η phase) [60]. 
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2.3.2 Age Hardening Behavior  

2.3.2.1 Effect of the Aging Route  

The age hardening behavior of AA7xxx alloys has been investigated in several studies  

[13,51,61,66–68]. Due to complexity of the precipitation processes, it is essential to consider 

multiple microstructures and processing factors when aging AA7xxx alloys. In this section, 

the effect of various factors on the age hardening behavior of AA7xxx alloys is reviewed. 

Natural Aging 

AA7xxx alloys will naturally age harden at room temperature, leading to an increase in their 

hardness with time. The increase in hardness that occurs during natural aging has been reported 

to be due to the nucleation and growth of GP zones [55,69,70]. As shown in Figure 2-6 [69], 

the yield strength of an Al-Zn-Mg-Cu alloy (wt.%: 7.55Zn–2.65Mg–1.97Cu) increases as the 

natural aging time increases up to 3 years. A similar observation was also reported by Staley 

[69] for AA7075 and AA7050 alloys, where the yield strength was found to increase 

continuously with increasing the natural aging time up to two years. Lee et al. [55] found that 

the increase in hardness during the natural aging of this alloy was caused by the nucleation of 

GP I zones and an increase in their size and volume fraction. These have caused the increase 

in hardness during the natural aging of this alloy and these zones grow and transform into GP 

II zones after aging for 1500 hours. The growth of GP zones during natural aging has been 

attributed to the further diffusion of Zn and Mg atoms into these zones [28,46,71]. Some 

researchers have found that the formation of GP zone during the natural aging of Al-Zn-Mg-

(Cu) alloys is preceded by the formation of solute aggregates/clusters, which then transform 

into GP zones [34,46–48,72]. These natural aging clusters have been reported to have the same 

crystal structure as the aluminum matrix and are Zn-rich [46,47]. Zhang et al. [48] suggested, 

based on APT analysis, that the migration of Zn atoms controls the kinetics of solute clustering 

in an Al-Zn-Mg alloy. They observed that the average Zn/Mg ratio of solute clusters increased 

after natural aging from 120 h to 1440 h. In a recent study, Chatterjee et al. [47] found that GP 

II zones form from both solute clusters and GP I zones during early stages of natural aging in 

an AA7xxx alloy. They also observed that these zones grow with increasing natural aging time. 

Liu et al. [46] reported that after more than three months of natural aging in an Al-Zn-Mg 
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alloy, GPI and GPII zones formed with Zn/Mg atomic ratios of 1.2 and 1.3–1.4, respectively. 

The presence of semicoherent 𝜂′ precipitates has also been reported after one month of natural 

aging in Al-Zn-Mg alloys with a high Zn concentration [73]. Although the presence of solute 

clusters, GP I, GP II zones, and 𝜂′ precipitates has been reported in the microstructure of 

naturally aged Al-Zn-Mg-(Cu) alloys, there are many uncertainties regarding their early-stage 

precipitation phenomena. This is due to the complicated precipitation behavior of these alloys. 

Also, limited information has been reported on the differences in the kinetics of natural aging 

in Al-Zn-Mg-(Cu) alloys. Furthermore, the relationship between the microstructural 

characteristics and resultant strengthening behavior of these alloys is not well understood. A 

better understanding of the microstructure evolution during natural aging of Al-Zn-Mg-(Cu) 

alloys is of great importance in optimizing the precipitation structure and improving the final 

strength of the alloy for automotive applications where the occurrence of natural aging is 

inevitable in the manufacturing process chain. 

 

Figure 2-6 The evolution of microhardness and electrical resistivity during natural aging of 

an Al-Zn-Mg-Cu alloy [55]. 

Artificial aging of Naturally-Aged Alloy  

Aluminum alloys that are used for automotive body structures are typically subjected to 

natural aging after solutionizing and quenching, and prior to the paint-bake cycle treatment 

[74]. Natural aging prior to artificial aging affects the nucleation of the 𝜂′ phase and the 

hardening potential of AA7xxx alloys. Both positive and negative effects of natural aging prior 
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to artificial aging on the hardening potential of AA7xxx alloys have been reported in the 

literature. In AA7178 alloy, an increase in the natural aging time prior to T6 heat treatment 

resulted in a reduction of the yield strength values [75]. Similarly, any natural aging time above 

4 hours is reported to have a negative impact on the aging response of AA7075-T6 [75]. In this 

alloy, delays of 4 to 30 hours before T6 heat treatment are reported to be more detrimental than 

longer delays [75]. The formation of clusters and GP zones during natural aging, as well as 

their dissolution during subsequent artificial aging, have been reported as the reasons for the 

detrimental effect on the hardening potential of an AA7xxx alloy subjected to the initial natural 

aging step [52]. This phenomenon is called reversion, wherein the volume fraction of GP zones 

decreases as they dissolve in the matrix and rendering them incapable of serving as nucleation 

sites for the formation of 𝜂′ precipitates. On the other hand, according to Staley’s analysis of 

AA7050 and AA7075 alloys [69], GP zones formed during the natural aging stage can grow 

during slow heating to subsequent artificial aging temperature, and as a result, they act as nuclei 

for the formation of 𝜂′ precipitates. 

Natural Aging of Pre-Aged Alloy 

The pronounced natural aging of AA7xxx alloys after quenching can lead to unpredictable 

final strengths of automotive-manufactured parts and the poor formability of these alloys. 

Applying an intermediate-temperature aging treatment (pre-aging) prior to final artificial aging 

process can assist in minimizing or suppressing the natural aging of these alloys after 

quenching. A few experimental studies have explored pre-aging treatments to minimize or 

inhibit the natural aging process of AA7xxx alloys. Österreicher et al. [76] found that 

application of a pre-aging treatment at 90℃ or 120℃ for one hour can inhibit the secondary 

natural aging process in the AA7021 alloy but it cannot stabilize AA7075 alloy. The observed 

behavior in the AA7021 alloy has been attributed to the formation of stable GP II zones during 

the pre-aging treatment, which prevents the subsequent formation of GP I zones. Wan et al. 

[77] have studied the effect of natural aging prior to the pre-aging process (in a temperature 

range of 120 to 170℃) on the subsequent (secondary) natural aging behavior of an Al-Zn-Mg 

alloy. They reported that the application of 72 hours of natural aging prior to pre-aging 

treatments can significantly reduce the strengthening effect during subsequent natural aging. 
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According to their microstructure analysis (using SAXS and TEM), this inhibition of natural 

aging is due to the formation of precipitates during a pre-aging treatment. These precipitates 

are reported to be precursors of the 𝜂′ phase and are stable at room temperature. For the 

application of AA7xxx alloys in the automotive industry, it is of key importance to design a 

pre-aging treatment that will prevent or minimize natural aging at room temperature and is 

beneficial for achieving the desired mechanical properties after the final paint-bake processes.  

Artificial Aging of Pre-Aged Alloy 

The application of a pre-aging treatment prior to final artificial aging (PBC) process can 

enhance the precipitation kinetics and hardening potential of AA7xxx alloys. For AA7xxx 

alloys, the T6 heat treatment is a commonly used process that significantly enhances the age 

hardening response of these alloys. This heat treatment, which typically results in maximum 

peak hardness, involves solutionizing followed by artificial aging at 120°C for 24 hours [78]. 

𝜂′ is the main precipitate phase present in the microstructure of AA7xxx alloys in the T6 

condition, and it is the main contributor to the age hardening response of these alloys [79]. 

However, for automotive applications of these alloys, T6 treatment (where the material is peak-

aged) is not suitable for achieving the optimal strength after PBC treatment. As shown in Figure 

2-4, for the AA7075 alloy, the kinetics of GP zone formation are rapid at temperatures ranging 

from 100-120ºC. Saunders [40] reported that if aging continues in this temperature range, these 

GP zones will grow and transform into 𝜂′. This transformation can be accelerated by a 

subsequent aging treatment at temperatures ranging from 140-180ºC. During the aging process 

at low temperatures up to 120°C, the nucleation and growth of GP zones become more 

dominant [51,80]. These precipitates can serve as nuclei or heterogeneous nucleation sites for 

the formation of 𝜂′ precipitates during the subsequent aging step at higher temperatures, 

typically in the range of 140-180°C, which results in an enhanced strengthening effect [25]. 

Cao et al. [81] used TEM analysis to demonstrate a fine distribution of GP zones in the matrix 

of an Al-Zn-Mg-Cu aluminum alloy after pre-aging treatment (80℃ for 12 hours). Their results 

showed a closely spaced distribution of strengthening 𝜂′ precipitates following the subsequent 

artificial aging process at 180℃ (peak-aged condition). In contrast, a microstructure consisting 

of coarse needle-like or lath-like precipitates was observed for the alloy which was artificially 
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aged (peak-aged) at 180℃ without a pre-aging treatment. Similar results have been also 

observed by other researchers [40,51,82], where a multi-step aging process resulted in the 

formation of finer and more closely spaced 𝜂′ precipitates in AA7xxx alloys. This led to an 

improved hardening and strengthening response compared to a single artificial aging process. 

Therefore, to exploit the precipitation hardening potential of AA7xxx alloys in automotive 

applications, several factors, such as the pre-aging time and temperature, as well as the effect 

of different pre-aging treatments on subsequent natural aging of these alloys prior to PBC 

treatment, should be considered. 

2.3.2.2 Effect of Deformation  

The effect of deformation on the age hardening response and precipitation kinetics is 

another subject of interest in studying the precipitation hardening behavior of AA7xxx alloys. 

The presence of dislocations in the microstructure of the deformed material has various effects 

on the precipitation process of these alloys. Previous studies using the small-angle X-ray 

scattering (SAXS) method have shown that deformation can accelerate the kinetics of dynamic 

precipitation of GP zones at room temperature by enhancing the nucleation of these zones [83]. 

This stems from dislocations acting as favorable heterogeneous nucleation sites, thereby 

reducing the energy barrier for nucleation [10,83]. Deformation can also accelerate the growth 

rate and coarsening of precipitates during artificial aging [84], which is the result of 

dislocations providing fast diffusion paths, known as pipe diffusion [10,84]. Poole et al. [85] 

reported an accelerated rate of growth and coarsening of precipitates during artificial aging (at 

150℃) of pre-aged AA7030 (wt.%: 5.45Zn–1.22Mg–0.3Cu) and AA7108 (wt.%: 5.45Zn–

1.2Mg–0.27Cu) alloys for up to 60 days (in the over-aged region) by increasing the level of 

pre-deformation at room temperature. Dislocations can facilitate the formation of more stable 

precipitates on their cores. Deschamps et al. [86] found, through DSC and TEM analyses, that 

pre-deformation resulted in the direct formation of the η phase on dislocations during the 

artificial aging (at 160℃) of a naturally aged Al-Zn-Mg (wt.%: 6.1Zn–2.35Mg) alloy. They 

suggested that the alteration in the precipitation sequence was linked to the reduction in 

activation energy required for the formation of these precipitates because of the relaxation of 

their elastic misfit energy at the dislocation cores. However, dislocations can cause the 
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annihilation of vacancies, acting as sinks due to the interaction of their elastic fields [6,87]. 

This process can hindering the homogeneous nucleation and growth of precipitates [6,87]. 

Poole et al. [85] attributed the reduction in hardening kinetics during natural aging of pre-

deformed AA7030 and AA7108 alloys to the progressive annihilation of vacancies by 

dislocations, which reduced the formation of GP zones in the matrix of the alloys. Dislocations 

can also serve as solute sinks, thereby reducing the amount of solutes that are available for 

homogeneous precipitation. Deschamps et al. [86] reported the presence of large precipitate-

free zones (PFZs) around dislocations in the microstructure of a naturally aged and deformed 

Al-Zn-Mg alloy (wt.%: 6.1Zn–2.35Mg) during subsequent artificial aging at 160℃, mainly in 

the later stages of aging. The formation of the PFZ was attributed to the flux of solutes towards 

the dislocations, leading to a rapid growth and coarsening of precipitates during over-aging. 

The annihilation of vacancies and solutes on dislocations can adversely affect the precipitation 

process and mechanical properties of AA7xxx alloys [6,87].  

In both the aircraft and automotive (bumper applications) industries, pre-stretching 

operations are applied after solutionizing and quenching AA7xxx alloys and prior to aging 

treatments. Pre-stretching is utilized to remove quenching stress and distortion from 

manufactured parts, and the effect of this deformation process has been the subject of a few 

studies [13,85,87]. By applying the hot stamping or die-quenching (DQ) process, also known 

as hot form quenching (HFQ), the residual stresses associated with the quenching process are 

significantly reduced. This allows for the exploitation of the higher formability of AA7xxx 

alloys at high temperatures. The DQ process is a novel metal-forming process in which forming 

(deformation) and quenching occur simultaneously. A simple schematic representation of the 

die-quenching process sequence and the corresponding time-temperature profile are shown in 

Figure 2-7 (a) and (b), respectively. In the die-quenching process, a blank is heated to the 

solutionizing temperature, then quenched and formed in cold tooling. The formed parts are then 

subjected to age hardening processes to increase the final strength of the manufactured parts. This 

process has the potential to improve the limited cold formability of AA7xxx alloys by forming 

them at elevated temperatures. This expands the application of these alloys in the automotive 

industry and results in a higher final strength of manufactured automotive parts through the 

application of subsequent aging processes.  
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Figure 2-7 (a) A schematic presentation of process steps in the die-quenching process and (b) 

a time-temperature profile of the die-quenching process chain. 

By employing the DQ process, it is possible to minimize the residual stresses associated 

with the quenching process. This, in turn, allows for the utilization of the enhanced formability 

of AA7xxx alloys at elevated temperatures. However, it has been reported that loss of 

vacancies and the formation of residual strain in die-quenched parts can affect the 

microstructural evolution of the material after subsequent aging treatments [6]. Kumar and 

Ross [6] investigated the post-form age hardening response of the AA7921 alloy (wt.%: 

7.28Zn–2.63Mg–0.13Cu) after hot stamping (from the side-wall section of a deep drawn 

sample). They reported that the hardness of the alloy in the T4 temper (solutionized, water-

quenched, and naturally aged for 2 weeks) was higher (~28%) than that of the hot-formed (at 

470°C) and die-quenched parts after two weeks of natural aging. This difference was explained 

by the fact that dislocations act as vacancy sinks, thereby annihilating the quenched-in 

vacancies that are available for the formation of GP zones during natural aging. Furthermore, 

the hardness of the die-quenched material increased by 29% after two weeks of natural aging 
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and 1-step PBC, attributed to the formation of 𝜂′ [6]. However, as seen in Figure 2-8, the 

hardness of the material after the aforementioned heat treatments, and even after a 3-step PBC 

(20-minute heat treatments at temperatures of 180, 160, and 140°C), was still lower than that 

of the initial T6 condition (~520 MPa) [6]. They attributed this trend in the hardness values to 

the decreasing stability of 𝜂′ precipitates in the following order: T6, 3-step PBC, and 1-step 

PBC [6]. Omer et al. [88] found that high strength values, close to the T6 strength, can be 

achieved in the die-quenched AA7075 alloy by application of a pre-aging treatment (120℃ for 

8 h) and performing a PBC treatment (177℃ for 30 min). Schuster et al. [89] found that the 

HFQ process increased the hardness of die-quenched AA7021 and AA7075 alloys (compared 

to the hardness of the undeformed materials in the W-temper) due to strain aging. According 

to their results, the hardness evolution during the 21-day natural aging of both alloys after the 

HFQ process followed a trend parallel to that of the undeformed material (W-temper). They 

also investigated the effect of a stabilization (pre-aging) treatment, specifically at 80℃ for 1 

hour after HFQ process, on the hardness of the AA7021 alloy. They concluded that the 

hardness of the stabilized alloy remained unchanged during subsequent natural aging for up to 

21 days.  

Another factor that has been the subject of a few investigations in the aging treatments of 

die-quenched AA7xxx alloys is the effect of the quench rate. Omer et al. [88] investigated the 

effect of quench rate on the hardening potential of die-quenched AA7075. They revealed that 

by applying a quench rate of more than 30℃/s during the die-quenching process, a maximum 

hardening potential could be achieved during the subsequent natural aging (up to two weeks) 

of the die-quenched AA7075. Zheng et al. [90] reported that the quench-sensitive temperature 

range for the AA7075 alloy is between 250 to 400℃. In this range the formation of coarse η 

precipitates, both in the matrix and on grain boundaries, decreased the amount of solutes 

available for precipitation of 𝜂′ phase during subsequent T6 treatment [90]. They also found 

that 350 °C was the most critical temperature at which the T6 strength of the alloy decreased 

by 45% within 10 seconds of being held. Zhu et al. [91] investigated a new method of hot 

stamping for the AA7075 alloy. The method involves applying a pre-cooling treatment prior 

to the start of deformation during die-quenching. They found that the critical cooling rate 

during die-quenching of the AA7075 alloy to achieve the maximum volume fraction of 
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hardening precipitates during subsequent T6 treatment was 30°C/s. Reportedly, by decreasing 

the pre-cooling temperature, the hardness of the alloy decreased after the subsequent T6 

treatment due to the formation of more η particles during quenching [91].  

 

Figure 2-8 Effect of the processing history on the yield strength of AW-7921 sheet in the warm 

forming. All measurements were made at room temperature except for the preheat treatment 

measurements, which were measured at 230°C [6] (Note: W-temper=solution heat treated).  

The abovementioned results show that there are various possible interactions that can affect 

the precipitation hardening behavior of die-quenched AA7xxx alloys. In the literature, there is 

a lack of comprehensive understanding of the nature of precipitation processes and their 

evolution during subsequent multi-step aging treatments, which are relevant to automotive 

applications, of hot-formed and die-quenched AA7xxx alloys. This proves the necessity of 

optimizing the thermal routes to achieve high strength levels after age hardening processes for 

automotive AA7xxx alloys. In this study, the precipitation hardening behavior of AA7xxx 

alloys after various thermal processing heat treatments have been investigated. The 

experimental results will be presented in Chapter 4, concerning the factors and phenomena 

discussed in Section 2.3.2. 

2.4 Process Modelling Applied to Age-Hardenable Aluminum Alloys 

The process modeling methods applied to the thermal treatment of age-hardenable 

aluminum alloys, such as AA6xxx and AA7xxx alloys, have been the subject of several studies 

[20,33,67,92–97]. The objectives of such models are to predict the microstructural changes or 

the mechanical properties of aluminum alloys, which will help in optimizing the process and 
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the properties of these alloys and also achieve a better scientific understanding of processing-

structure-property relationships. This review mostly concentrates on the literature related to 

the modeling approaches, which is pertinent to the current study. 

2.4.1 Modeling of Precipitation Kinetics 

The overall kinetics of the phase transformations during aging treatments of AA6xxx alloys, 

which have a history of intermediate aging (i.e., pre-aging) prior to the final artificial aging 

treatment, have been modeled by Esmaeili and Lloyd [98], as follows: 

𝑓𝑟  = 1 − (1 − 𝑓𝑟
0) exp [− ∫ 𝑎𝐼𝑡𝛽𝑑𝑡

𝑡

0
] Eq. 2-1 

where 𝑓𝑟
0 is the relative volume fraction of precipitates in the pre-aged material, 𝑎 is the 

equivalent growth rate constant, I is the nucleation rate per unit volume, and 𝛽 is a generic time 

exponent. According to their study [98], for an isokinetic system, 𝑎𝐼 is a single function of 

temperature (𝑎𝐼 = 𝑓(𝑇)). Such a formulation for isothermal transformations (where 𝑓(𝑇) is 

constant) simplifies to [98]: 

𝑓𝑟 = 1 − (1 − 𝑓𝑟
0) exp(−𝑘𝑡)𝑛 Eq. 2-2 

where: 

𝑛 = (1 + 𝛽) Eq. 2-3 

and: 

𝑘 = [
𝑓(𝑇)

𝑛
]1/𝑛 Eq. 2-4 

For non-isothermal aging treatments, Eq. 2-1 is expressed as: 

𝑓𝑟  = 1 − (1 − 𝑓𝑟
0) exp [− ∑ 𝑘𝑖

𝑛(𝑡𝑖
𝑛 − 𝑡𝑖−1

𝑛 )𝑖 ] Eq. 2-5 
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where 𝑘𝑖 is the temperature dependent rate constant and has an Arrhenius type relationship 

with temperature, as in Eq. 2-8. The parameters k and n in Eq. 2-2 have been obtained for 

AA6xxx alloys using calorimetry experiments [98].  

For aging treatments of the materials without a pre-aging history (i.e., an as-quenched 

condition), 𝑓𝑟
0 is equal to zero, and thereby Eq. 2-5 reduces to a generalized form of the 

Johnson-Mehl, Avrami, Kolmogorov (called JMAK) formulation [99–101]. According to this 

modelling approach, the relative volume fraction of precipitates that form isothermally at time 

t, 𝑓𝑟 , is described as: 

𝑓𝑟 = 1 − exp (−𝑘𝑡)𝑛 Eq. 2-6 

where 𝑘 is the temperature-dependent kinetic parameter related to both nucleation and growth 

rates, and n is a numerical exponent independent of temperature, on the condition that there is 

no change in the nucleation mechanism. n can vary from ~0.5 to 4 depending on the 

assumptions made regarding the nucleation and growth processes [102,103]. The JMAK 

formulation has been used by Shercliff and Ashby [104] and Esmaeili et al. [105] to model the 

microstructural evolution during aging treatments of AA6xxx alloys. Poole et al. [85] have 

also used this formulation to model the kinetics of age hardening during aging treatments of 

AA7xxx alloys. The kinetic parameters k and n are usually obtained by experimental 

measurement of 𝑓𝑟 as a function of temperature. Then plotting the 𝑙𝑛 𝑙𝑛(
1

1−𝑓𝑟
) vs. 𝑙𝑛 𝑡 and 

finding the slop and y-axis intercept of the resultant line, as Eq. 2-7 shows: 

ln ln (
1

1 − 𝑓𝑟
) = ln 𝑘 + 𝑛 ln 𝑡 Eq. 2-7 

Having the 𝑘 values for at least three different temperatures, the Arrhenius type relationship of 

k ( 𝑠−1) as a function of temperature is found [98]: 

The parameter 𝑘0 is the proportionality constant, 𝑄𝐴 (kJ 𝑚𝑜𝑙−1) is the equivalent activation 

energy, and R is universal gas constant. This approach was adopted by Esmaeili and co-workers 

𝑘 = 𝑘0exp (−
𝑄𝐴

𝑅𝑇
) Eq. 2-8 
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[105] to describe the precipitation kinetics in the AA6111 alloy, where isothermal calorimetry 

was used for experimental analysis of 𝑓𝑟. 

Baghbanaghaei [106] has further expanded the kinetic model developed by Esmaeili and 

Lloyd [98] to account for the effect of deformation on the precipitation kinetics during the final 

artificial aging of a pre-aged and warm-formed (PA+WF) material. Accordingly, the evolution 

of 𝑓𝑟 during the final artificial aging treatment has been formulated as follows [106]: 

𝑓𝑟(𝑡𝑜𝑡) = 1 − (1 − 𝑓𝑟
0)  exp[− ∑  (𝑡𝑖

𝑛 − 𝑡𝑖−1
𝑛 )((𝑘𝑖𝑣)𝑛 + (𝑘𝑖𝑒𝑓𝑓)𝑛)𝑖 ]    Eq. 2-9 

where 𝑘𝑖𝑣 is the temperature-dependent constant describing the reaction rate in the absence of 

dislocations, and 𝑘𝑖𝑒𝑓𝑓 is the temperature dependent constant describing the reaction rate in the 

presence of dislocations (during the warm-forming stage and the final aging treatment). In 

developing Eq. 2-9, it is assumed that dislocations enhance the kinetics of precipitation by 

increasing the solute diffusivity through the effect of dislocation core diffusion (pipe 

diffusion). Thereby, the effective precipitation rate parameter (𝑘𝑒𝑓𝑓) is defined as follows 

[106]:   

𝑘𝑒𝑓𝑓 =  𝑘𝑣 (1 + 𝜌𝑎𝑐

𝐷0𝑐

𝐷0𝑣
exp(

𝑄𝑣
𝑑𝑖𝑓𝑓

− 𝑄𝑐
𝑑𝑖𝑓𝑓

𝑅𝑇
)) Eq. 2-10 

in which, ρ is the dislocation density, 𝑎𝑐 is the cross-sectional area of the dislocation core, 𝐷0𝑣, 

and 𝐷0𝑐  are the pre-exponential factors for lattice and core diffusion, respectively. 𝑄𝑣
𝑑𝑖𝑓𝑓

, 

𝑄𝑐
𝑑𝑖𝑓𝑓

are the activation energies for lattice and core diffusion, respectively. Baghbanaghaei’s 

model has been implemented to predict the evolution of 𝑓𝑟 during warm-forming of the pre-

aged AA7075 alloy and also during subsequent aging of the PA+WF alloy at four different 

aging temperatures. The evolution of 𝑓𝑟 obtained through modeling and experiments (IC 

analysis) is shown in Figure 2-9 [106]. The comparison of the two results showed their good 

agreement beyond the earliest stage of the final artificial aging process. The discrepancy 

between the initial modeled and experimental values for 𝑓𝑟 was ascribed to precipitate 

dissolution due to the change in aging temperature (i.e., from the WF to the final artificial aging 
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temperature), possible dissolution of some “pre-aging zones” during the warm-forming cycle, 

and annihilation of the VRCs. 

 

Figure 2-9 The comparison of the predicted and measured values of 𝒇𝒓 during non-

isothermal processing of AA7075, which includes the WF sequence and final aging treatment 

at three artificial aging temperatures of 150 ℃, 165℃ or 177℃ (AA = artificial aging) [106].  

2.4.2 Modeling of Yield Strength 

Over the years, various yield strength models based on the microstructural evolution have 

been developed for aging treatments of age-hardenable aluminum alloys. The most common 

approach is to use the concept of process modeling [107] combined with the internal state 

variable approach (originally proposed by Richmond [108]) which relates the material 

response of interest to microstructural variables. Process modeling which was first introduced 

by Shercliff and Ashby [107] is “a mathematical relation between the process variables (alloy 

composition and heat treatment temperature and time) and the alloy strength or hardness, based 

on physical principles (thermodynamics, kinetic theory, dislocation mechanics, and so on). 

This section has been concentrated on the modelling approaches used in the literature that are 

related to the current investigation.  

For the modeling of precipitation hardening in aluminum alloys, it is generally accepted that 

during aging treatments, the yield strength of the material (𝜎𝑦) is contributed by the intrinsic 

strength of the aluminum matrix (𝜎𝑖), dislocation (𝜎𝑑), precipitation (𝜎𝑝𝑝𝑡), and solid solution 

(𝜎𝑠𝑠) hardening [97,106,109,110]: 

https://www.sciencedirect.com/topics/engineering/aluminum-alloys
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𝜎𝑦 = 𝜎𝑖 + 𝜎𝑠𝑠 + (𝜎𝑝𝑝𝑡
𝑚 + 𝜎𝑑

𝑚)
1

𝑚⁄
 Eq. 2-11 

m value can vary between 1 and 2. For the cases where there is a high density of weak obstacles, 

m is equal to 1, and for strong obstacles, m is equal to 2 [109,110]. For intermediate cases, m 

falls between 1 and 2 [101]. Esmaeili et al. [105] assumed that the yield strength of an aged 

alloy in the absence of dislocations (pre-deformation) can be obtained using a linear addition 

law, as follows: 

𝜎𝑦 = 𝜎𝑖 + 𝜎𝑠𝑠 + 𝜎𝑝𝑝𝑡 Eq. 2-12 

The basis of modeling of 𝜎𝑝𝑝𝑡 in Eq. 2-12 is the interaction between precipitates and moving 

dislocations, where the precipitates act as obstacles to dislocation movement. Accordingly, the 

contribution of precipitation strengthening, 𝜎𝑝𝑝𝑡, to the yield strength depends on the average 

obstacle spacing and strength, as follows [105]: 

𝜎𝑝𝑝𝑡 =
𝑀𝐹

𝑏𝐿
 Eq. 2-13 

where 𝑀 is the Taylor factor, 𝐹 (𝑛𝑁) is the maximum interaction force between an average-

size precipitate and dislocation, 𝑏 (𝑛𝑚) is the magnitude of the Burgers vector, and 𝐿 (𝑛𝑚) is 

the average spacing between obstacles. In Eq. 2-13, 𝐹 and 𝐿 change with aging time and 

temperature and are functions of microstructural variables. Based on a simple force balance, 𝐹 

has been defined as [96,111]: 

𝐹 = 2𝛤 𝑐𝑜𝑠 (
𝜑𝑐

2
) Eq. 2-14 

in which 𝜑𝑐 is the critical breaking angle and 𝛤 (𝐺𝑃𝑎 𝑛𝑚2) is the dislocation line tension. F 

increases with increasing the precipitate size for shearable precipitates, while it is constant for 

non-shearable ones (i.e., 2Γ). When the dislocation breaking angle while encountering an 

obstacle, 𝜑𝑐 (Figure 2-10), is small, the dislocation movement becomes harder. Esmaeili et al. 

[105] have described shearable obstacles with 120° > 𝜑𝑐 ≥ 0°, as strong obstacles, while for 

180° ≥ 𝜑𝑐 > 120°, obstacles are considered weak. Accordingly, non-shearable obstacles, 
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which interact with dislocations according to the Orowan mechanism (i.e., 𝜑𝑐 = 0°) are always 

strong obstacles. It has been reported that the average spacing between strong obstacles can be 

related to the total volume fraction of precipitates after an aging treatment, as [96,105,112]: 

𝐿𝑠𝑡𝑟𝑜𝑛𝑔 = √
2𝜋

3𝑓𝑣
𝑟 Eq. 2-15 

where 𝑓𝑣 is the volume fraction of precipitates and r (𝑛𝑚) is the radius of an average-sized 

obstacle. The average spacing between weak obstacles is found as [96,105,112]: 

𝐿𝑤𝑒𝑎𝑘 = (
𝐹

2𝛤
)−1/2𝐿𝑠𝑟𝑡𝑜𝑛𝑔 Eq. 2-16 

 

Figure 2-10 The interaction between dislocations and obstacles in a triangular array of 

obstacles [105]. 

𝜎𝑝𝑝𝑡 for materials in the under-aged and peak-aged conditions can be obtained by replacing 

the corresponding relationships for F and L in Eq. 2-13. The theoretical relationships for 𝜎𝑝𝑝𝑡, 

using weak and strong-obstacle assumptions, developed by Esmaeili and co-workers [105], are 

outlined in Table 2-2. The weak obstacle model in Ref. [105] was further used by Sepehrband 

and Esmaeili [112] to derive a simplified equation for modeling of 𝜎𝑝𝑝𝑡 (see Table 2-2) which 

eliminates the need to have the precipitate radius r as a function of aging time. Sepehrband and 

Esmaeili reported that pure growth of precipitates (and not nucleation) was assumed to be the 

dominant controlling mechanism of precipitation (in the presence of pre-existing precipitates). 

For the modeling of the evolution of precipitate size (𝑟) during aging processes in which 

concurrent nucleation and growth of precipitates happen, Baghbanaghaei [106] developed a 

modeling equation (described as the “nucleation-affected growth” model), as follows: 

𝑟𝑡 =  √𝑓𝑟(𝑡) × 𝑟𝑝𝑒𝑎𝑘   Eq. 2-17 



27 

 

in which 𝑟𝑝𝑒𝑎𝑘  is the radius of precipitates at the peak-aged condition and 𝑟𝑡 and 𝑓𝑟(𝑡) are the 

radius and the relative volume fraction of precipitates at time t during aging treatment. As 

described in Baghbanaghaei’s work, this equation would better define nucleation-dominated 

aging processes (e.g., the earlier stages of aging during artificial aging of pre-aged materials). 

By substituting Eq. 2-17 in Eq. 2-13, Baghbanaghaei also developed a theoretical formulation 

for 𝜎𝑝𝑝𝑡 (described as “modified-weak obstacle” model), for nucleation-dominated aging 

processes, as listed in Table 2-2. 

Table 2-2 Formulations for precipitation strengthening contribution. 

Assumption for 𝝈𝒑𝒑𝒕 Formula Symbols Reference 

Weak obstacle 𝜎𝑝𝑝𝑡|𝑊𝑒𝑎𝑘 =  𝐶2(𝑟𝑓𝑟)1/2 𝐶2, and 𝐶 are 

proportionality 

factors related to 

the microstructure-

strength 

relationship for the 

peak-aged material. 

[105] 

Weak obstacle 𝜎𝑝𝑝𝑡|𝑊𝑒𝑎𝑘 =  𝐶(𝑓𝑟)2/3 [112] 

Strong obstacle 𝜎𝑝𝑝𝑡|𝑆𝑡𝑟𝑜𝑛𝑔 =  𝐶(𝑓𝑟)1/2 [105] 

Modified-weak obstacle 𝜎𝑝𝑝𝑡|𝑀𝑜𝑑𝑖𝑓𝑖𝑒𝑑−𝑊𝑒𝑎𝑘 = 𝐶(𝑓𝑟)3/4 [106] 

 

The yield strength modeling relationships reviewed in this section were implemented in 

References [96,98,105,106,112,113] to predict the precipitation hardening behavior of 

AA6xxx and AA7xxx alloys during various aging paths. Using Eq. 2-12, Esmaeili et al. [105] 

modeled the yield strength evolution during artificial aging of (a) solutionized [105], (b) 

naturally aged [113], and (c) pre-aged AA6xxx alloys [98]. The methodology developed by 

Esmaeili and Lloyd [98] was also implemented on the modelling of precipitation hardening for 

a pre-aged AA7030 alloy during artificial aging by Sepehrband and Esmaeili [112]. The 

evolution of yield strength during aging at 150°C, obtained through modeling and experiment, 

is shown in Figure 2-11 (b). In this work, they used the results of isothermal calorimetry and 

DSC experiments to analyze the evolution of 𝑓𝑟 (as shown in Figure 2-11 (a)) and to model the 

evolution of 𝜎𝑦 during final aging step. The yield strength modeling results showed that the 

weak obstacle model better suits the earlier stages of aging during artificial aging of pre-aged 

AA7030 alloy.  
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Figure 2-11 (a) The evolution of 𝒇𝒓 using DSC vs. IC approach and (b) comparison of the experimental and 

modeling results for yield strength evolution [112]. 

There are a few process models for predicting the yield strength evolution of AA7xxx alloys 

after pre-straining (in the presence of dislocations) and aging treatments in which the radius, 

volume fraction of precipitates, and relative volume fraction of precipitates are used as 

variables [13,85,97,106]. In a study by Baghbanaghaei [106], the evolution of yield strength 

during artificial aging of a PA+WF AA7075 alloy at 177℃ was modeled using Eq. 2-11 and 

assuming m=1, and the results are shown in Figure 2-12. The overestimation of yield strength 

during the final aging treatment (as seen in Figure 2-12) was attributed to the effect of 

dislocation recovery reducing the strengthening potential of the alloy, which has not been 

considered in their model [106]. 

 

Figure 2-12 Comparison of the modeling and the experimental results for the evolution of 

yield strength during artificial aging of the PA+WF AA7075 at 177℃ [106]. 
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The investigation of recovery processes during aging treatments of age-hardenable 

aluminum alloys has been very limited. In a study by Poole et al. [85], a “simplified decay 

law” was used to incorporate the effect of annihilation/recovery of dislocations to 𝜎𝑑 (in Eq. 

2-11) during a two-step artificial aging treatment of solutionized and pre-deformed AA7030 

alloy, as follows:  

𝜎𝑑 = 𝜎𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑑𝑖𝑠 + 𝜎𝑟𝑒𝑐(exp(−𝑘3𝑃∗) − 1) Eq. 2-18 

where 𝑃∗ is a normalized time, 𝜎𝑖𝑛𝑖𝑡𝑖𝑎𝑙𝑑𝑖𝑠 is the contribution of dislocations to yield strength 

right after deformation, and 𝑘3 is a constant. In this equation, the amount of recovery (𝜎𝑟𝑒𝑐) 

was reported to be related to the pre-strain level as [85]: 

𝜎𝑟𝑒𝑐 = 𝐴(1 − exp(𝑘4𝜀)) Eq. 2-19 

where 𝐴 and 𝑘4 are constants. In their work, the constant parameters were estimated by fitting 

the model to the experimental yield-stress values (60-day overaged yield strength values) for 

artificial aging of pre-deformed AA7030 alloy deformed at different pre-strain levels, and the 

total amount of recovery was modeled as a function of pre-strain level, as seen in Figure 2-13 

[85]. The authors further stated that more experimental work would be needed to further 

analyze the level of accuracy of their recovery modeling approach [85].  

 

Figure 2-13 Predicted values for total static recovery vs. pre-strain level [85]. 

In regard to process modeling of precipitation hardening in pre-deformed AA7xxx alloys, 

there are two shortcomings within the current literature: (1) there is a lack of modeling work 
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to predict microstructural and yield strength evolution of AA7xxx alloys after hot-forming and 

die-quenching processes, and (2) the effect of static recovery during aging treatments has been 

neglected in the current models. Therefore, the precipitation hardening behavior of AA7xxx 

alloys after hot-forming and die-quenching needs to be further investigated, and relevant 

process modeling should be developed for successful application of these alloys in the 

automotive industry.  
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3. Experimental Methodology 

In this chapter, the materials, heat treatment, thermo-mechanical procedures, and 

experimental methods of investigation, which include hardness measurements, tensile tests, 

atom probe tomography (APT), transmission electron microscopy (TEM), isothermal 

calorimetry, and differential scanning calorimetry, will be described. 

3.1 Materials 

The materials used in this study were AA7075 and a developmental alloy, denoted here as 

D-7xxx. The alloys were provided by Arconic in sheet form, measuring 2 mm in thickness, 

and in the industrially processed T6 and T76 conditions, respectively. The composition of the 

AA7075 sheet was tested using inductively coupled plasma atomic emission spectrometry, 

according to ASTM E1097-12 [114]. The resultant data, along with the nominal composition 

of the D-7xxx alloy, are provided in Table 3-1.  

Table 3-1 Chemical compositions for AA7075 and D-7xxx [106] (wt.%). 

Alloys Al Zn Mg Cu Zr Fe Cr 

AA 7075 90.07 6.35 1.92 1.46 Negligible 0.1 0.1 

D-7xxx 87.6-90.4 7.0-8.0 1.2-1.8 1.3-2.0 0.08-0.15 0.08 0.04 

3.2 Thermo-Mechanical Processing 

The solution treatment process was conducted in two ways: (a) sand bath heating followed 

by water quenching and (b) heating in a thermomechanical simulator (Gleeble) followed by 

hot-form quenching. The following sections describe the heat treatments and 

thermomechanical processing routes related to these solutionizing processes. 

3.2.1 Aging Treatments on Solutionized and Water-Quenched Alloys (In 

Relevance to Sections 4.1 and 5.15.1) 

The alloy samples were solutionized at 470℃ for 10 minutes in a Techne FB-08C fluidized 

bed furnace (sand bath) with temperature fluctuations within ±1°C and a heating rate of 

7ºC/min and then quenched in water. The overall heat treatment profiles used in this 

https://www.sciencedirect.com/topics/engineering/inductively-coupled-plasma
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investigation for the solutionized and water-quenched samples are schematically presented in 

Figure 3-1 for the (a) natural aging, (b) pre-aging, (c) secondary natural aging of pre-aged 

samples, and (d) artificial aging of pre-aged alloy. 

  

  

Figure 3-1 Heat treatment profiles of (a) natural aging treatment, (b) artificial aging of 2-day naturally aged 

samples (pre-aging treatment), (c) secondary natural aging treatment of pre-aged samples and (d) artificial 

aging treatments of pre-aged samples (SHT = Solutionizing Heat Treatment, WQ=Water-Quenching and 

NA=Natural Aging).  

To assess the natural aging behavior of AA7075 and D-7xxx alloys (Figure 3-1 (a)), samples 

were kept at room temperature (~25℃) for different times after solution treatment and water 

quenching, as summarized in Table 3-2.  
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Table 3-2 Heat treatment conditions for experimental analyses of natural aging for AA7075 and 

D-7xxx. 

Test type 

Heat treatment 

AA7075  D-7xxx 

Microhardness NA for 1 h to 1 year  - 

Tensile testing 

#1 AQ (6 min NA) 
 

 #1 AQ (6 min NA) 

#2 As-received T6  #2 NA for 1, 2, 7, and 30 days 

DSC 
#1 AQ (2 min NA)  - 

#2 NA for 1, 2, 3, 14, and 28 days  - 

APT 

#1 1-day natural aging  

- 
#2 2-days natural aging  

#3 4-days natural aging  

#4 14-days natural aging  

*Note: NA=Naturally-Aged, AQ=As-Quenched, SHT=Solution Heat-Treated, WQ=Water-Quenched. 

The initial condition for all heat treatments (except as-received T6) was SHT + WQ. 

An analysis of the effect of pre-aging treatments at three different temperatures (Figure 

3-1 (b)) on the microstructure evolution and yield strength of the AA7075 alloy was conducted, 

and the heat treatment details for various samples are summarized in Table 3-3. For this 

purpose, the as-received (T6) samples were first solutionized and then naturally aged for two 

days (NA2 condition) before the subsequent artificial aging step. It should be noted that this 

preliminary two-step aging treatment in the current study is considered a pre-aging treatment 

before the final aging step. The fluidized sand bath furnace was used for all aging treatments 

in this study. 
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Table 3-3 Heat treatment conditions for experimental analyses of pre-aging for AA7075. 

Test type Heat treatments Designation 

Microhardness 

 Initial condition  SHT + WQ + 2-days NA 2NA 

#1 

Aging 

80℃ for 0.5, 1, 2, 4 hours PA80 

#2 100℃ for 0.5, 1, 2, 4 hours PA100 

#3 120℃ for 1, 2, 4 hours PA120 

IC 

#1 

Initial condition  SHT + WQ WQ 

Aging during IC 2-days at room temperature - 

#2 

Initial condition  SHT + WQ + 2-days NA 2NA 

Aging during IC t at 80, 100, and 120℃ - 

* Note: NA=Naturally-Aged, PA=Pre-Aged, SHT=Solution Heat Treated, WQ=Water-Quenched. 

Secondary natural aging of two different pre-aged AA7075 samples (Figure 3-1 (c)) was 

analyzed to assess the stability of these tempers after storage at room temperature, as 

summarized in Table 3-4.  

Table 3-4 Heat treatment conditions for experimental analyses of secondary natural aging for 

pre-aged AA7075 samples.  

Test type Heat treatments Designation 

Microhardness 

#1 

Initial condition  SHT + WQ + 2-days NA + 4 h at 100℃ PA 

Aging Natural aging at room temperature for 6 to 4320 hours SNA 

#2 

Initial condition  SHT + WQ + 2-days NA + 4 h at 120℃ PA120-4 

Aging Natural aging at room temperature for 6 to 5040 hours SNA 

DSC 

#1 SHT + WQ + 2-days NA + 4 h at 100℃ PA 

#2 SHT + WQ + 2-days NA + 4 h at 120℃ PA120-4 
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#3 SHT + WQ + 2-days NA + 4 h at 100℃ + Natural aging for 2 or 4 weeks  - 

#4 SHT + WQ + 2-days NA + 4 h at 120℃ + Natural aging for 2 or 4 weeks  - 

* Note: NA=Naturally-Aged, PA=Pre-Aged, SHT=Solution Heat Treated, WQ=Water-Quenched, SNA= 
Secondary Natural Aged. 

The aging kinetics and evolution of the yield strength during artificial aging treatments of 

AA7075 alloy samples in the PA condition (Figure 3-1 (d)) were investigated. The first two 

steps of aging (PA) were chosen based on the preliminary tensile testing results. As a 

preliminary investigation, different pre-aging treatments were employed to examine the effect 

of different natural aging times during the first step and different artificial aging times and 

temperatures during the second step of aging on the evolution of the yield strength in the D-

7xxx alloy. The yield strength values obtained from the tensile testing results (not reported 

here) showed that a maximum yield strength value similar to that of a conventional T6 temper 

can be achieved by employing the pre-aging treatment, as shown in Figure 3-1 (d).  

Table 3-5 Heat treatment conditions for experimental analyses of artificial aging of AA7075 

samples in PA condition. 

Test type Heat treatments Designation 

Microhardness 

Initial condition  SHT + WQ + 4 h at 100℃ PA 

Aging Final stage aging at 150, 165 or 177℃ MSA 

IC 

Initial condition  SHT + WQ + 4 h at 100℃ PA 

Aging during IC t at 150, 165 or 177℃ - 

DSC 

#1 SHT + WQ + 2-days NA + 4 h at 100℃ + 6h at 150 ℃  - 

#2 SHT + WQ + 2-days NA + 4 h at 100℃ + 0.5 h at 177 ℃ PB 

* Note: NA=Naturally-Aged, PA=Pre-Aged, SHT=Solution Heat Treated, WQ=Water-Quenched, 

MSA=Multi-Step Aged, PB=Paint-Baked, For the IC tests, 𝑡 was selected as the time required to 

achieve peak strength. 
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3.2.2 Thermo-Mechanical Processing History and Aging Treatments of Die-

Quenched and Forced-Air Quenched AA7075 (In Relevance to Sections 4.2 and 

5.2) 

To simulate the hot forming and die-quenching processes, the AA7075 samples were 

simultaneously heat-treated and deformed using a thermomechanical simulator (Gleeble-3500, 

Dynamic Systems Inc.). A modified version of the standard ASTM subsize tensile sample was 

used (Figure 3-2). The sample size modification was applied to minimize the thermal gradients 

along the length of the coupons. Further details regarding the sample geometry and thermal 

gradient profile have been given in Ref. [115].  

 

Figure 3-2 Gleeble sample dimensions. 

For the simulated die quenching process, the samples were first heated to a solutionizing 

temperature of 470±1℃ in 35 s and held at this temperature for 10 min. They were then forced-

air quenched with compressed air using a pair of air nozzles pointing at the center of the sample 

and simultaneously pulled (deformed) at a constant stroke rate. Deformation was applied non-

isothermally during the quenching process in the temperature range of 400-225℃ in 4 s. The 

temperature range was chosen to simulate the temperature variation that occurs in the sheet 

during actual die-quenching processes [116]. The deformed regions of the samples, with pre-

determined maximum strain levels of ~15% and 26% equivalent true strains, were used for 

further experimental analyses. Figure 3-3 (a) shows the temperature/stroke (displacement)-

time profile for the entire solutionizing and quenching processes in the Gleeble for the 

simulated die-quenched samples.  
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Figure 3-3 (a) Typical temperature and displacement measurements for the DQ (simulated 

die-quenched) samples and (b) temperature-time profile for the DQ and FAQ (forced-air 

quenched) samples during quenching step in Gleeble. 

The tensile strains during the hot forming process were monitored using an in-situ digital 

image correlation (DIC) technique. Two 4-megapixel, 140 frames per second, Gazelle cameras 

were used for this purpose. A 10mm long virtual extensometer was used at the center of the 

gauge section for strain measurements. The raw load-displacement data were obtained and 

analyzed by data processing of the captured images using the Correlated Solutions Vic 3D© 

software. For displacement measurement using the DIC technique, samples were prepared as 

follows: they were first sandblasted with glass beads, cleaned using ethanol, and etched with a 

10 wt.% NAOH solution for 5-6 seconds. Then, one side of the sample’s cross-sectional 

surface was painted with a fine, random, black-speckle pattern for surface strain mapping via 

DIC. To track the thermal gradient across the samples, two thermocouples were spot-welded 

to the center of the non-painted sides of the samples using a voltage set point of 25 V. 

To investigate the effect of the sole cooling rate during simulated die-quenching on the 

precipitation hardening behavior of the AA7075 alloy during subsequent aging treatments, 

some samples were solutionized and forced-air quenched in the Gleeble simulator without any 

deformation. All the samples were subjected to an approximate true strain of 0.006 during the 

heating and holding periods. The cooling curves of the DQ and FAQ samples are shown in 

Figure 3-3 (b). The DQ and FAQ samples were placed in dry ice (-78.5℃) for up to 8 hours, 

immediately after quenching. Two square-shaped samples sized 5×5×2 𝑚𝑚3 were then cut 

from the center of the gauge length of the Gleeble samples using a Struers Accutom-5 precision 
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saw for calorimetry, hardness measurements, and TEM. The cutting process took less than 10 

minutes.  

All aging treatments carried out on the FAQ and DQ samples were conducted in a sand bath 

furnace. A schematic representation of the heat treatment profiles used for the analysis of aging 

treatments on the die-quenched samples is shown in Figure 3-4.  

  

Figure 3-4 Schematic presentation of the ageing treatment routes for (a) naturally-aged and 

(b) multi-step aging treated samples in the DQ temper. 

For the analysis of the natural aging behavior, the DQ and FAQ samples were kept at room 

temperature (~25℃) for different times after solutionizing (Figure 3-4 (a)). A summary of the 

thermal processing routes and the experiments conducted on AA7075 for the analysis of 

natural aging are outlined in Table 3-6. 

Table 3-6 Heat treatment conditions for experimental analyses of natural aging of AA7075-DQ. 

Test type Thermal processing route Designation 

Microhardness 

#1 

Initial condition SHT + Forced-air quenched FAQ 

Aging Natural aging for different times - 

#2 

Initial condition 
SHT + Simulated die-quenched (15% 

deformed) 

DQ 

Aging Natural aging for different times - 

* Note: SHT=Solution Heat Treated, FAQ=Forced-Air Quenched, DQ=Die-Quenched. SHT, DQ and 

FAQ were conducted in Gleeble. 
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For the multi-step aging treatment (Figure 3-4 (b)), the artificial aging behavior of the FAQ 

or DQ samples was investigated after three aging sequences in a multi-step aging route, as 

shown schematically in Figure 3-4 (b). For some analyses, the third aging step was chosen as 

30 min at 177°C [115], in accordance with the automotive paint-baking process [74]. A 

summary of the thermal processing routes and the experiments conducted on AA7075 alloy is 

presented in Table 3-7. 

Table 3-7 Heat treatment conditions for experimental analyses of multi-step aging in AA7075-

DQ. 

Test type Thermal processing route Designation 

Microhardness 

#1 SHT + Forced-air quenched + 2-days natural aging FAQ + 2NA 

#2 SHT + Die-quenched (15% deformed) DQ + 2NA 

#3 SHT + Forced-air quenched + 2-days natural aging + 4h at 100℃ FAQ + PA 

#4 
SHT + Die-quenched (15% deformed) + 2-days natural aging + 4h at 

100℃ 
DQ + PA 

#5 
SHT + Forced-air quenched + 2-days natural aging + 4h at 100℃+ 0.5h at 

177℃ 
FAQ + PB 

#6 
SHT + Die-quenched (15% deformed) + 2-days natural aging + 4h at 

100℃ + 0.5h at 177℃ 
DQ + PB 

IC 

#1 

Initial condition  SHT + Die-quenched (15% deformed) DQ 

Aging during IC t at 177℃ - 

#2 

Initial condition  
SHT + Die-quenched (15% deformed) + 2-days 

natural aging + 4h at 100℃ 
DQ + PA 

Aging during IC t at 177℃ - 

TEM 

#1 
SHT + Die-quenched (15% deformed) + 2-days natural aging + 4h at 

100℃ 
DQ + PA 

#2 SHT + Water-quenched + 2-days natural aging + 4h at 100℃ WQ + PA 



40 

 

#3 
SHT + Die-quenched (15% deformed) + 2-days natural aging + 4h at 100℃ 

+ 0.5 h at 177 ℃ 
DQ + PB 

#4 
SHT + Die-quenched (26% deformed) + 2-days natural aging + 4h at 100℃ 

+ 0.5 h at 177 ℃ 
DQ (26%) + PB 

#5 
SHT + Water-quenched + 2-days natural aging + 4h at 100℃ + 0.5 h at 

177 ℃ 
WQ + PB 

DSC 

#1 SHT + Forced-air quenched  FAQ 

#2 SHT + Die-quenched (15% deformed) DQ 

* Note: NA=Naturally-Aged, PA=Pre-Aged, SHT=Solution Heat Treated, WQ=Water-Quenched, MSA=Multi-Step 

Aged, PB=Paint-Baked, FAQ=Forced-Air Quenched, DQ=Die-Quenched. For the IC tests, 𝑡 was selected as the time 

required to achieve peak strength. SHT, DQ and FAQ were conducted in Gleeble. 

3.3 Experimental Methods of Investigation 

3.3.1 Mechanical Testing 

3.3.1.1 Hardness Testing 

Microhardness measurements were conducted using a Wilson 402MVD Vickers hardness 

tester using a 300 g load. Square-shaped samples, 7mm ×7mm ×2mm in size, were cut from 

the as-received AA7075 sheet for microhardness measurements. The samples were prepared 

and tested as per the ASTM-E384 standard. The hardness measurements were performed on 

the surfaces of the polished samples. The reported hardness for each condition is the average 

value obtained from at least five indentations on a single sample. The error bars included in 

the hardness plots represent one standard deviation, assuming a normal distribution. 

Microhardness data for the AA7075 alloy was used to estimate the evolution of yield strength 

during different aging treatments of this alloy by assuming that the yield strength in MPa was 

approximately equivalent to the measured Vickers Hardness Number (VHN) multiplied by 3 

[56]. 

3.3.1.2 Tensile Testing 

For tensile testing, the D-7xxx and AA7075 samples were cut from the as-received sheet in 

the rolling direction according to the ASTM E8 standard, solutionized in the sand bath (at 
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470℃ for 10 min), and then quenched in water. The samples were put in dry ice for up to 6 

hours, immediately after quenching. Tensile tests were conducted at room temperature using a 

screw-driven MTS Criterion 49 machine and an initial strain rate of 0.001𝑠−1. A commercial 

stereoscopic digital image correlation (DIC) system was used for displacement measurements 

according to the methodology reported in Ref. [88]. The raw load-displacement data was 

obtained by data processing of the captured images using the Vic-7 software (Correlated 

Solutions, Inc.). The load-displacement data was then converted to true stress-strain values. 

The yield strength values were obtained based on the 0.2% offset method using the true stress-

strain curves. The test repeatability was confirmed by conducting at least three tests for each 

aging condition. The reported yield strength values for these alloys are the average of all 

repeatable measured values.  

3.3.2 Microstructure Characterization 

3.3.2.1 Atom Probe Tomography  

Samples for atom probe tomography (APT) were prepared by creating ‘matchstick’ samples 

0.5×0.5×10 𝑚𝑚3 in size. The matchstick samples were solutionized in a sand bath, quenched 

in water, and then stored at room temperature before testing. The samples were then 

electropolished to obtain sharp tips (less than 150 nm in diameter) using a standard 2-stage 

electropolishing method and perchloric acid solutions [117].  APT data acquisition was 

performed using a Cameca LEAP4000X HR operating in voltage pulse mode with a pulse 

fraction of 20%, a pulse frequency of 200 kHz, and a nominal detection rate of 0.03 ion/pulse 

(3%). The sample chamber was kept in a vacuum environment below 4 × 10−11 Torr, and the 

sample stage at a temperature of approximately 38 K. APT data reconstruction was done using 

IVAS 3.8.2 (CAMECA Instruments, Inc.). Reconstructions were spatially-calibrated using the 

crystal poles, which were apparent on the detector desorption maps, and well-known plane 

spacings for FCC-Al [117]. To visualize and quantify solute clustering in each dataset, the 

maximum separation method [117,118] was used. The cluster search algorithm used Mg and 

Zn as target solutes with a 1st order, dmax of 0.52 nm, Nmin of 13, and both envelope and erosion 

distances as 0.26 nm [119]. 
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3.3.2.2 Transmission Electron Microscopy  

Sub-microstructural analysis was performed using FEI’s (Thermo Fisher Scientific) Tecnai 

Osiris transmission electron microscope (TEM) equipped with an X-FEG gun operating at 200 

keV. Foil samples were prepared by polishing plates down to approximately 100 µm and 

punching out 3 mm disks. These discs were subsequently thinned electrolytically until 

perforation with the A2 electrolyte using Struers twin-jet TenuPol-5 to create an electron-

transparent region around the perforation. Conventional bright field (BF) and dark field (DF) 

imaging, selected area diffraction (SAD), and convergent beam electron diffraction (CBED) 

techniques have been used for phase identification and crystallography. STEM mode using 

bright field (BF) and high-angle annular dark field (HAADF) detectors was used in 

combination with energy-dispersive X-ray spectroscopy (EDS). EDS mapping was performed 

using the ESPRIT software. The precipitate size distributions in different samples were 

analyzed by image analysis of the TEM-BF and HAADF images using ImageJ 1.53e software. 

Image analysis was performed on the TEM images at the locations where the precipitates did 

not interfere with each other. To verify the consistency of the results, the size (diameter) of at 

least 800 precipitates was measured for each heat-treatment condition studied here. The 

measurement was performed on at least four different TEM images (at similar magnifications) 

for each condition. For the elongated (plate-shaped) precipitates, the size of the precipitate’s 

long axis was approximately treated as a measure of the precipitate diameter ([011] in this 

study). To measure the volume of the measured area, the thicknesses of the samples were 

measured for each mapped area by electron energy loss spectroscopy (EELS) using the 

Malis/Egerton log ratio formula [120]. Thickness measurements were also used to analyze the 

dislocation density measurements. For dislocation density measurements, the technique 

described in Ref. [121] was used in this study. For this purpose, STEM images were taken at 

a low-index zone axis (i.e., [011]), where all dislocations were visible. The reported values for 

dislocation density are the average of at least five measurements. 

3.3.3 Calorimetry 

Calorimetry experiments were conducted using a SETARAM C80 calorimeter (see Figure 

3.5) in an air atmosphere. Calorimetry experiments measured the materials’ response, i.e., heat 
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flow, to heating. In isothermal calorimetry (IC) tests, the heat flow was recorded as a function 

of the aging time at a constant aging temperature. For differential scanning calorimetry (DSC) 

experiments, the heat flow was recorded as a function of temperature using a constant heating 

rate. The heat released or absorbed resulted in exothermic and endothermic peaks, 

corresponding to precipitation and dissolution reactions, respectively. 

 

Figure 3.5 Schematic diagram of C80 calorimeter [122]. 

Multiple-piece samples with an approximate total mass of ~930 mg (7 mm×7 mm×2 mm in 

size) for the WQ condition and ~670 mg (5 mm×5 mm×2 mm in size) for the DQ or FAQ 

condition were used for each IC or DSC test. 

3.3.3.1 Differential Scanning Calorimetry 

DSC experiments were carried out on the heat-treated samples, using a heating rate of 

1°C/min and in the temperature range of 30-300°C. A second DSC test was run on a pure 

aluminum sample with the same mass as the alloy sample, in order to obtain a baseline trace. 

The net DSC trace was obtained by subtracting the pure aluminum baseline data from the test 

data of the alloy sample. The DSC runs for each condition were repeated at least three times 

to confirm the test repeatability. In Chapter 4, all of the DSC traces were plotted with a y-axis 

shift so that all traces coincided at the third exothermic peak at ~200℃. The DSC traces of the 

alloy in the FAQ and DQ conditions in Chapter 4.2.2.2.1 were also corrected so that all traces 

coincide at the fourth exothermic peak at ~230℃. 
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3.3.3.2 Isothermal Calorimetry 

For the IC runs, the SETARAM C80 calorimeter was first stabilized at the test temperatures. 

For each test, the sample pieces were dropped simultaneously into the test vessel 50 s after 

data acquisition started, while the reference vessel was kept empty. The IC tests were 

conducted at the temperature of interest until the heat flow was reduced to the approximate 

baseline level (i.e., ~(1.2 − 2) × 10−4 W/g). An isothermal run was also performed at each 

test temperature on pure aluminum samples (i.e., blank runs) with approximately equal mass 

to the alloy samples. Subtraction of the resultant data of the blank run from the data obtained 

from testing the alloy sample (test run) for each temperature yielded the net heat evolution 

data. The initial calorimeter disturbance, which is inherent in the sample drop procedure, 

requires the exclusion of the data acquired within the time range of 450-900 s. This correction 

is based on the methodology introduced by Esmaeili and Lloyd [25]. Multiple IC tests were 

conducted for each heat-treatment condition to establish reproducibility.  
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4. Experimental Analysis 

In this section, the results of the investigation on the precipitation hardening behavior of the 

two AA7xxx alloys of this study are presented and discussed. The applied thermal processing 

histories for each section of this chapter are shown schematically in Figure 4-2. 

 

 
 

 
 

Figure 4-1 Schematic presentations of the thermal processing routes studied for the AA7075 

alloy including: a) WQ + Natural Aging, b) WQ + Natural Aging + Pre-Aging + PBC, c) DQ 

or FAQ + Natural Aging, and d) DQ or FAQ + Natural Aging + Pre-Aging + PBC. . 

4.1 Precipitation Hardening Behavior of the Water-Quenched Materials 

In this section, precipitation hardening behavior during natural aging of AAA7xxx alloys 

(Section 4.1.1) and multi-step aging of AA7075 (Section 4.1.2) is presented. The natural aging 

behavior (Section 4.1.1) has been published in a journal paper [123].  
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4.1.1 Natural Aging of AA7xxx Alloys  

4.1.1.1 Mechanical Testing 

The strengthening behaviors of AA7075 and D-7xxx alloys are evaluated by analyzing the 

yield strength evolution with natural aging time. As Figure 4-2 (a) shows, the yield strength 

values for both alloys follow linear relationships with the logarithm of time beyond the earliest 

stage. The quick rise in yield strength during early-stage natural aging can be observed, that 

then trails off slowly as the natural aging time increases (i.e., logarithmic trendline). This 

behavior is representative of natural aging in not only these AA7xxx alloys but also in AA6xxx 

alloys, as previously reported by Lloyd and Gupta [124] and Esmaeili and co-workers 

[113,125]. The observed trends in the natural aging rate reduction can be described based on 

consideration of the thermodynamics and kinetics of the decomposition of the supersaturated 

solid solution. The highest rate of solid solution decomposition occurs in the as-quenched 

condition of the alloy, the condition for which the alloy experiences the highest driving force 

for precipitation. As natural aging progresses, more of the excess solutes and vacancies are lost 

from the matrix, decreasing the driving force for precipitation and thus the rate of natural aging.  

 

 
  

Figure 4-2 The evolution of yield strength during natural aging of (a) AA7075 (YS data for 

naturally-aged AA7075 has been calculated assuming YS= hardness×3) and D-7xxx 

(experimental results) and (b) AA7075 [45] and AA7050 alloys [45]. 

As suggested by their parallel strength-time trends shown in Figure 4-2 (a), the two alloys 

studied in this research, appear to have similar rates of natural aging beyond the earliest stage. 

Examining the yield strength data reported by Staley [69] (Figure 4-2 (b)), a similarity in the 
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strength-time trends is revealed for on AA7050 and AA7075 alloys, as well. The parallel trends 

are proposed to stem from the compositional similarity of the alloys, particularly the 

proportional Zn, Mg, and Cu alloy content, and the potential presence of composition-

dependent “quenching clusters”, as previously suggested by Esmaeili and Lloyd [125] in 

explaining the similar natural aging trends in AA6xxx alloys. In AA7xxx alloys, copper has 

been reported to accelerate the rate of precipitation of GP zones and to increase their number 

density during low temperature (20-90℃) aging processes [43]. Accordingly, the parallel 

strength-time trend observed in Figure 1 can be rationalized based on the similarity in the 

copper content in the composition of the alloys investigated in Figure 4-2. This compositional 

similarity can result in similar driving forces for formation of natural aging precipitates and 

similar rates of precipitation during natural aging. 

4.1.1.2 Differential Scanning Calorimetry Analysis 

DSC experiments were performed on the AA7075 alloy to better understand the effect of 

the natural aging time on the precipitation (i.e., exothermic) and dissolution (i.e., endothermic) 

reactions. Figure 4-3 shows the results of the tests (i.e., traces) for the as-quenched as well as 

naturally-aged samples.  

 

Figure 4-3 DSC traces of as-quenched and naturally-aged AA7075 for different times. 
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Considering the temperature range for the formation of GP zones during DSC [54,126], the 

first exothermic peak (i.e., peak I) is associated with the precipitation of GP zones during the 

DSC test. The second and third exothermic peaks, II, and III are considered precipitation events 

associated with the formation of 𝜂′ and η phases, respectively [54,126]. Figure 4-3 also 

highlights two endothermic events A and B, which are attributed to precipitate dissolution 

events [29]. The important observations from DSC traces in Figure 4-3 are as follows:  

1. An increase in the magnitude of the endothermic heat associated with peak A is 

observed in the DSC trace of the 1-day naturally-aged sample, compared to that of 

the as-quenched (AQ) sample. Peak A disappears as the material is naturally-aged 

beyond 1-day. 

2. The exothermic peak I is not present on the DSC traces of any of the naturally-aged 

alloy samples. 

3. The traces for the samples naturally-aged for 3 days and beyond reveal the presence 

of a second endothermic event, i.e., peak B, which occurs in the temperature range 

well above 50°C. By increasing the natural aging time peak B increases in 

magnitude and moves to higher temperatures. 

The presence of event A on the DSC traces of the as-quenched (AQ) AA7075 and 1-day 

naturally-aged alloy suggests that the microstructure of these samples contains very fine 

primary precipitates that dissolve as soon as the DSC heating process starts. Such early-stage 

precipitates are suggested to be primary clusters or GP zones that form immediately after 

quenching (i.e., the earliest stage of natural aging). The increase in the magnitude of the 

endothermic heat associated with peak A in the DSC trace of the 1-day naturally-aged sample, 

compared to that of the AQ sample, indicates that more of the “primary precipitates” form 

during the early stages of natural aging of this alloy. As the material is naturally-aged beyond 

1-day, the endothermic event A disappears, suggesting that the stability of precipitates 

drastically increases beyond 1-day natural aging.  

Reporting the DSC traces for as-quenched AA7020 and AA7150 alloys, Dupasquier et al. 

[34] and Ghosh and Gao [93] have related the endothermic peaks that appear at the lowest 

temperature ranges during ramp heating to the dissolution of small GP zones formed before 
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the DSC scan. Their interpretation is consistent with the observation of peak A in the current 

DSC traces (Figure 4-3) suggesting the presence of primary precipitates that become 

thermodynamically unstable during the DSC scan. Evidence for the homogeneous formation 

of nano-sized precipitates prior to the start of natural aging, i.e., during fast cooling, has also 

been reported in AA7449 [127]. Schloth et al. [127] have identified these early precipitates as 

quench-induced GP I zones with a smaller Guinier radius and volume fraction compared to GP 

I zones formed during natural aging. These independent observations all attest to the presence 

of “primary precipitates” which form during or immediately after quenching of AA7xxx alloys.     

The absence of the first exothermic peak (Peak I) on the traces of all naturally-aged alloy 

samples is primarily due to the formation of natural aging precipitates (i.e., solute clusters/GP 

zones) during natural aging. The overlapping effects with endothermic events, and/or the 

changes to the driving force for the formation of natural aging precipitates, associated with 

Peak I, can also promote the shift or disappearance of that peak on DSC traces of the samples 

naturally-aged for relatively short times.  

Endothermic peak B, the magnitude of which increases with increasing natural aging time, 

appears to be equivalent to the endothermic event analyzed by Riontino and Massazza [128]. 

The increase in the magnitude of the endothermic event B with natural aging time is attributed 

to the increase in the volume fraction of natural aging precipitates (solute clusters/GP zones) 

and matches well with the strengthening observed in Figure 4-2 during natural aging of the 

alloys, and the analysis by Riontino and Massazza [128]. The absence of event B on the DSC 

traces of the samples naturally-aged for 1- and 2-days (Figure 4-3) might be due to the 

overlapping effect of this event with the small exothermic event around 80℃.  

By increasing the natural aging time, endothermic event B moves to higher temperatures. 

This is commonly attributed to the increase in the temperature stability of the precipitates 

formed during natural aging with increased natural aging time. The increase in the temperature 

stability of these precipitates can also be due to a combination of factors such as changes in the 

size, chemistry, and structural evolution of precipitates during natural aging as well as the 

overlapping effect of the exothermic event B with the endothermic event I. The evolution of 

size and chemistry of these precipitates during natural aging will be discussed in section 
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4.1.1.3. On the basis of the observed trends in the evolution of the DSC peaks by increasing 

natural aging time (Figure 4-3), the overlapping effect of peaks B and I during natural aging 

of the alloy is schematically represented in Figure 4-4. This figure shows the deconvolution of 

DSC traces for transformation peaks I and B assuming that the start, peak, and finish 

temperatures for events I (i.e., 𝑇𝑆𝐼, 𝑇𝑃𝐼, and 𝑇𝐹𝐼) and B (i.e., 𝑇𝑆𝐵, 𝑇𝑃𝐵, and 𝑇𝐹𝐵) do not change 

by increasing natural aging time and 𝑇𝑃𝐼 < 𝑇𝑆𝐵 < 𝑇𝐹𝐼. Note that the same increasing trend in 

the endothermic peak B would be observed in the event of other scenarios for the starting, 

peak, and finish temperatures for the events I and B (considering the overlapping stability 

ranges of different peaks). In the cumulative DSC curve shown in Figure 4-4, the temperature 

at which the exothermic event I and endothermic event B come together (i.e., 𝑇𝐶) is assumed 

to be constant with an increase in the natural aging time. This trend is also observed in Figure 

4-3 in which all of the DSC traces of the naturally-aged AA7075 alloy intersect at around 65℃ 

at which point heat flow is equal to zero. Figure 4-4 demonstrates that the endothermic peak B 

inevitably moves to higher temperatures by decreasing the magnitude of exothermic peak I and 

the concomitant increase in the magnitude of peak B. Therefore, the overlapping effect of these 

peaks can lead to the experimentally observed increase in the peak temperature of endothermic 

event B, by increasing the natural aging time. 

 

Figure 4-4 Schematic illustration showing the overlapping effects of exothermic and endothermic 

events on the resultant Peak B where TSB>TPI (TSB is the starting temperature of endothermic 

event B, and TPI is the temperature of peak I). 
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4.1.1.3 Atom Probe Tomography Analysis 

To better understand the microscopic aspects of natural aging, particularly the evolution of 

size, number density, and chemistry of precipitates, APT analysis has been employed on 

AA7075 that was naturally-aged for 1-, 2-, 4-days, and 2-weeks. 

4.1.1.3.1 General Findings 

The microstructure of the 2-week naturally-aged sample is introduced here so that a broad 

picture of the multi-scale particle population is demonstrated. Zn-Mg precipitates with 

significantly different average size ranges (0.8±0.1 and 2.2±0.1 nm), and Cr-rich particles 

(approximate composition of Al68Mg15Cr9Zn6Cu2, and 50-200 nm in size) are present in the 

microstructure of the naturally-aged alloy sample (Figure 4-5 (a)). A high number density of 

fine Zn-Mg precipitates, homogeneously distributed in the matrix, as well as less-common 

larger Zn-Mg precipitates, are notable in Figure 4-5 (a). The latter precipitates appear to be 

more heterogeneously-formed on the Cr-rich particles (see black arrows in Figure 4-5 (b)), 

although they are also observed in the matrix. It is well established that both homogeneously 

and heterogeneously distributed precipitates can form in the microstructure of the quench-

sensitive AA7xxx alloys during quenching from high temperatures (i.e., solutionizing 

temperature) [11,88,127,129–131]. Formation of precipitates on pre-existing second phase 

particles during quenching in AA7xxx alloys has been previously reported [43,132,133]. The 

incoherent Cr-rich particles (referred to as E phase [134] in the literature), due to their high 

interfacial energy, can act as preferential nucleation sites for Zn-Mg precipitates. The 

heterogeneous precipitation of large Zn-Mg particles on the Cr-rich particles causes the 

depletion of solutes in the adjacent matrix, resulting in the formation of an apparent precipitate-

free zone (PFZ). Also, Cr-rich particles can act as vacancy sinks at their interface with the 

matrix during quenching, reducing the possibility of the formation of Zn-Mg precipitates in 

the vicinity (i.e., PFZ). Due to the effect of these particles on the clustering and precipitation 

in their vicinity, the datasets including Cr-rich particles (e.g., dataset in Figure 4-5) have not 

been used for clustering analysis and quantification purposes. 
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Figure 4-5 APT analysis results of 2-week naturally-aged AA7075 showing (a) Cr-rich 

particles and Zn-Mg precipitates highlighted by 2 at.% Cr and 10 at.% Zn iso-concentration 

surfaces, respectively (magnified 60×80×275 𝒏𝒎𝟑 volume) and (b) Zn-Mg precipitates and 

PFZs in the vicinity of the Cr-rich particles defined by cluster-search analyses. 

APT atom maps representing the results of cluster search algorithm (i.e., 3D reconstructions 

of Zn and Mg solutes in precipitates) for different natural aging times are presented in Figure 

4-6. The aggregation of Zn and Mg atoms into fine Zn-Mg precipitates continues by increasing 

the natural aging time, as shown in Figure 4-6. The number density of fine Zn-Mg precipitates 

increases by increasing the natural aging time from 1-day to 2-weeks. Although both fine and 

large-type Zn-Mg precipitates are observed in the microstructure of the 1-day, 2-day, and 2-

week naturally-aged samples, larger Zn-Mg precipitates are not observed in the atom map of 

the 4-day naturally-aged alloy, as seen in Figure 4-6 (c). AA7075 is a quench-sensitive alloy 

[11,88,90,135,136], for which a small change in the quenching conditions may entail changes 

in the formation of these quenching precipitates during cooling from high temperatures. 

Therefore, the lack of large-type Zn-Mg precipitates in the atom map of the 4-day naturally-

aged sample can be related to the quench sensitivity of this alloy. The evolution of Zn-Mg 

precipitates with natural aging time is further analyzed in the following section. 
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Figure 4-6 Reconstructed microstructure (cluster analysis) showing the 3D atom distribution 

of Zn-Mg clusters in AA7075 alloy naturally-aged for (a) 1-day, (b) 2-day, (c) 4-day and (d) 2-

week. 

4.1.1.3.2 Zn-Mg Precipitate Analysis 

The size distribution of Zn-Mg precipitates for all four naturally-aged conditions is shown 

in Figure 4-7. It should be noted that the diameter of smaller precipitates, found by the cluster 

search algorithm, was defined as twice the average radius of gyration, defined by the ranged 

ions detected within the cluster. The bi-modal size distribution of Zn-Mg precipitates is evident 

in Figure 4-7 (b). In Figure 4-7 (a), (c) and (d), one clear peak can be seen at a diameter of 

approximately 0.8 nm. The presence of numerous precipitates with a diameter of 1.2 nm < d < 

3 nm, beyond the main peak in Figure 4-7 (a), and (d), is indicative of the bimodal distribution 

of precipitates in these naturally-aged conditions (as in the case of 2-day NA condition). No 
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bimodal size distribution is observed in the APT results of 4-day naturally-aged alloy (Figure 

4-7 (c)), due to the absence of larger size Zn-Mg particles (as seen in Figure 4-6 (c)). As seen 

in Figure 4-7 (b), the two peaks overlap in a size range of 1.2-1.6 nm. The lowest limit of this 

overlap range (1.2 nm) is the largest size of precipitates in 4-day naturally-aged alloy (Figure 

4-7 (c)). Therefore, this boundary is selected as the threshold from fine (F) to large (L) Zn-Mg 

precipitates. 

 

 

 

 

Figure 4-7 Precipitates size distribution in the (a) 1-day, (b) 2-day, (c) 4-day and (d) 2-week 

naturally-aged AA7075. 

The statistical analysis of APT data also reveals the presence of two size ranges of Zn-Mg 

precipitates within the matrix of 2-day and 2-week naturally aged samples. To investigate the 

trends of solute segregation, the first approach taken is to analyze the nearest-neighbor (NN) 

distribution of solutes [117]. Figure 4-8 shows the 10th nearest-neighbor (10NN) distributions 

data for different phases present in the microstructures of 2-day and 2-week NA samples 

(Figure 4-8 (a) and (b)), as well as the superposition of all these distributions in 2-day and 2-
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week NA datasets (Figure 4-8 (c)). It should be noted that in Figure 4-8 (c) the overall 10NN 

distribution heights are normalized based on total solutes. 

  

 

Figure 4-8 Distribution of the 10th nearest neighbour distance for (a) different phases in 2-day 

NA alloy, (b) different phases in 2-week NA alloy and (c) Zn+Mg solutes in 2-day and 2-week 

NA dataset. 

The bimodal nature of the 10NN distribution in Figure 4-8 (c) and the evolution of peak B 

by increasing natural aging time reveal the presence of two size range of particles in the 

microstructures of 2-day and 2-week NA alloy. Peak A, in Figure 4-8 (c), is due to the L 

particles and the identical distribution distance of this peak in both naturally aged conditions 

indicates that the concentration of these particles does not change after two weeks of natural 

aging. The main observations that can be drawn from the shape of peak B in Figure 4-8 (c) are: 

(1) a shift of the peak to shorter distribution distances and (2) a broadening of the distribution, 

with increasing natural aging time. Both phenomena are caused by solute ordering within the 

matrix due to the increase in the number density of F particles in the alloy by increasing the 

natural aging time.  
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The quantitative information about F and L particles for the four natural aging conditions is 

given in Table 4-1 and Table 4-2. The average sizes of F and L precipitates are about 0.8 nm 

and 2.3 nm, respectively, and do not change significantly with increasing natural aging time 

up to two weeks, as reported in Table 4-1 and Table 4-2. 

4.1.1.3.2.1 L particles 

The chemical composition of L particles is investigated for the 1-day, 2-day, and 2-week 

naturally-aged samples by the results of the proximity histograms (proxigrams) [137]. The 

proxigrams in Figure 4-9 (a), (b), and (c) demonstrate significant Zn and Mg segregation within 

the L particles, whereas the copper content of these particles is very small. Note that the zero 

distance in the proxigrams represents the particle interface (defined by the 6 at.% Zn 

isosurface) and the positive values (upper bounds) represent the interior of a precipitate. Due 

to the small size and evaporation field of L particles (which is lower than the surrounding Al 

matrix), it is believed that the high Al content detected within the particles in the proxigrams 

(Figure 4-9) is an artifact of the evaporation process. The chemistry of these particles (i.e., the 

ratio of solutes, excluding Al) for different natural aging conditions is reported in Table 4-1. 

According to the literature, the diameter of the GP zones has been reported to range from about 

1 to 6 nm [35,138,139] with a Zn:Mg ratio ranging from 1 to 1.4 in different Al-Zn-Mg-(Cu) 

alloys under various aging conditions [27,46,140–142]. Considering the size range and 

chemistry of the L particles (as listed in Table 4-1), these precipitates are regarded as GP zones. 

The chemistry data reported in Table 3 as well as the narrow composition distribution for L 

particles observed in Figure 4-9 (d) indicate that the composition of these particles does not 

change significantly during this duration of natural aging.  
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Table 4-1 Average size, chemistry, and number density of L particles in the microstructure of 

AA7075 naturally-aged for different times measured via APT. 

Natural 

aging 

time 

Chemistry of the average size particle 

(Mean Zn: Mg solute ratio) 

Number density 

(clusters / nm3) 

Average size 

(nm) 

1-day 1.2±0.3 0.5×10−4 2.2±0.1 

2-day 1.2±0.3 0.8×10−4 2.3±0.1 

4-day - - - 

2-week 1.2±0.3 0.1×10−4 2.3±0.1 

As shown in Table 4-1, the evolution of number density of L particles with natural aging 

time does not follow an increasing (or decreasing) trend. It should be noted that the reported 

number densities of both F and L particles for the alloy in 1-day NA condition are the weighted 

average of three datasets (since the acquired data in each dataset was smaller than that for other 

natural aging conditions) obtained from three different samples (each solutionizied and 

quenched separately).  The result of the APT analyses for the 1-day NA samples also shows 

the presence of different number densities of L particles in each case. These observations 

suggest that L particles form during quenching and their formation is highly dependent on the 

minor variation in the quenching condition (i.e., the quench rate). The higher yield strength of 

AA7075 in the as-quenched condition, compared to the D-7xxx alloy, can be attributed to the 

presence of these quenching precipitates (L particles) in the AA7075 microstructure. 

The observation of the constant size of the L particles during natural aging, as well as the 

insignificant change in their composition (in contrast to the wide range of composition 

distribution for F particles as presented in the next section), further suggests that the L particles 

are precipitates that form during quenching. Therefore, they do not evolve during aging at low 

temperatures (e.g., natural aging). Gerlach and L𝑜̈ffler [143] have also reported that the size of 

GP zones does not remarkably increase during aging of an Al-Zn-Mg alloy at low temperatures 

(<70 °C). The insignificant change in the size of L particles can stem from the very slow growth 

rate of these precipitates during natural aging when the diffusion rate of solutes is low.  
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Figure 4-9 Proxigrams of L particles in (a) 1-day, (b) 2-day, and (c) 2-week naturally-aged alloy, 

taken from the averaged total across all precipitates, yielding 1D concentration profiles normal 

to the particle interface and (d) the distribution of composition of L particles in 1-, 2-day, and 2-

week naturally-aged AA7075. 

4.1.1.3.2.2 F particles 

The evolution of the chemical composition of the F particles during natural aging (i.e., 

atomic ratios of Zn vs. Mg) is analyzed using the composition distribution charts, as shown in 

Figure 4-10. A wide range of Zn:Mg ratios for these particles can be seen in the microstructure 

of the alloy for the natural aging conditions shown in Figure 4-10 (a) and (b). The highest 

population of F particles has a Zn:Mg atomic ratio in a range of 0.8 to 1.2 in the microstructure 

of the alloy in both 1-day and 2-weeks natural aging conditions. The distribution data charts 

for Zn:Mg solute ratios of F particles, i.e., APT datasets in Figure 4-10 (a), and (b), as well as 

the APT datasets for the other two natural aging conditions, are then used to obtain Figure 4-10 

(c). This figure shows the distribution of Zn vs. Mg content in F particles in comparison with 

that for the L particles (Figure 4-9 (d)). There is a wide distribution of composition for F 

particles, influenced by the greater degree of variation in APT measurement that comes with 

lower total solute counts per cluster, as well as a limited detection efficiency (i.e., 
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approximately 0.36 in this case).  This high degree of variability leaves significant uncertainty 

in determining a mean solute ratio for these particles and raises a question as to how 

representative it may be of their true chemistry. Any change in the chemistry for F particles 

with increasing natural aging time is not significant enough, relative to the measurement 

uncertainty, to be reflected in the solute ratio distributions, as seen in Figure 4-10 (c). This is 

also consistent with previous observation of a very slow rate of compositional change in the 

natural aging precipitates during natural aging of an Al-Zn-Mg alloy, where a Zn:Mg ratio 

convergence was obtained after 3-months of natural aging [46]. The wide range of composition 

distribution of F particles for all the natural aging conditions (Figure 4-10 (c)) is also consistent 

with nucleation of F particles and the evolution of their chemical composition being an ongoing 

process within 2-weeks of natural aging. 

Table 4-2 Average size, chemistry, and number density of F particles in the microstructure of 

AA7075 naturally-aged for different times measured via APT. 

Natural 

aging 

time 

Chemistry of the average size 

particle  

(Zn: Mg solute ratio range) 

Number density 

(clusters / nm3) 
Average size (nm) 

1-day 0.15-3 1.6 ×10-4 0.8±0.1 

2-day 0.16-2.1 6.6 ×10-5 0.8±0.1 

4-day 0.18-3.3 1.3 ×10-4 0.8±0.1 

2-week 0.08-4 7.5 ×10-4 0.8±0.1 

The number densities of F particles for all four natural-aging conditions have been 

determined and reported in Table 4-2. The results show that for 1-day naturally-aged sample, 

the estimated number density of F particles is slightly higher than those for the 2- and 4-day 

naturally-aged conditions. This observation implies the presence of primary precipitates in the 

microstructure of 1-day naturally-aged alloy as suggested by peak A in the DSC trace of 1-day 

naturally-aged alloy (Figure 4-3). Primary precipitates are regarded as fine F particles (i.e., Zn-

Mg particles with a diameter of <0.7 nm in Figure 4-7). The observed increase followed by a 

decrease in the number density of F particles has been similarly reported for the evolution of 

number density of Mg-Si clusters during natural aging of Al-Mg-Si alloys where the 

subsequent decrease in the number density of clusters has been ascribed to the dissolution of 
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early-stage clusters upon further natural aging [144]. As natural aging evolves, the number 

density of F particles increases more than one order of magnitude with increasing the natural 

aging time from 2 days to 2 weeks (see Table 4-2). This is consistent with the observed increase 

in the magnitude of peak B in the DSC traces of the naturally-aged alloy (Figure 4-3). 

Considering the size and chemistry of F particles in the current APT results, the natural aging 

precipitates are categorized as F particles, observed in the microstructure of naturally-aged 

AA7075 alloy. 

  

 

Figure 4-10 The distribution of atomic ratios of F particles in (a) 1-day, and (b) 2-week 

naturally-aged alloy and (c) the distribution of composition of F particles in 1-, 2-, 4-day, and 

2-week naturally-aged AA7075. 

The average size of the natural aging precipitates (i.e., F particles) does not evolve 

significantly during natural aging of AA7075 up to 2 weeks, as listed in Table 4-2. Further 

diffusion of Zn and Mg atoms is needed for the growth of natural aging precipitates during 

natural aging of AA7xxx alloys. The lower migration energy of Zn compared to that of Mg 

[46] can cause the very slow growth rate of natural aging precipitates during natural aging of 
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these alloys. Considering the observed trend in the number density as well as the insignificant 

size evolution of the natural aging precipitates, it is concluded that the formation of these 

precipitates should be mainly in the nucleation regime during natural aging up to two weeks.  

4.1.2 Multi-Step Aging of AA7075 Alloy 

In this section precipitation hardening behavior during (a) artificial aging of naturally-aged 

(Section 4.1.2.1), (b) secondary natural aging of pre-aged (Section 4.1.2.2), and (c) artificial 

aging of pre-aged (Section 4.1.2.3) AA7075 alloy is presented. 

4.1.2.1 Pre-Aging Treatments of AA7075  

4.1.2.1.1 Hardening Response 

Microhardness measurements were conducted on samples that had been naturally aged for 

two days (2NA) after undergoing artificial aging at three different temperatures. This was done 

to better understand the effect of different intermediate-temperature aging treatments on the 

hardening behavior. Figure 4-11 shows that the hardness of the 2NA samples increased with 

increasing the artificial aging time and temperature. It has been reported that natural aging 

precipitates (clusters/GP I zones) formed during room-temperature pre-aging can act as 

precursors of the next precipitates (i.e., GP zones and 𝜂′) during subsequent artificial aging 

treatments (i.e., the intermediate-temperature aging treatments in this study), and the formation 

of 𝜂′ is facilitated by the heterogeneous nucleation of these precipitates [145]. As seen in Figure 

4-11, the increase in hardness is more significant with aging of the 2NA samples at 120℃. The 

higher increase in hardness during aging at 120℃ is attributed to the formation of 𝜂′ 

precipitates in the microstructure of the PA120 alloy. On the other hand, GP zones are 

identified as the dominant precipitates in the microstructure of the PA100 sample after 4 hours 

of aging, as reported in the TEM results in Section 4.2.2.2.3. Likewise, previous studies have 

reported that the microstructure of the AA7075 alloy artificially aged at 120℃ for 2 hours, 

contains significant amounts of the 𝜂′ precipitates [76]. The results of the hardness 

measurements in this section have been further used for modeling validation purposes in 

Section 5.1.2.1. 



62 

 

 

Figure 4-11 Measured evolution of hardness during aging of water-quenched and 2-day 

naturally aged AA7075 samples at 80, 100, and 120℃. 

4.1.2.1.2 Isothermal Calorimetry  

The objective of the IC tests was to study the evolution of the relative volume fraction of 

precipitates during aging, through which the yield strength values of the aged material could 

be estimated. To calculate the relative volume fraction of precipitates at the end of the 

intermediate temperature aging treatments (𝑓𝑟
0), IC results for the two-step isothermal aging 

associated with pre-aging, as well as the aging of the as-WQ material at 177℃, are required. 

The IC result of the first aging step, which shows the aging history of the samples before the 

intermediate aging step, is shown in Figure 4-12 (a). The result of the IC test on the as-

quenched sample at 177℃ is shown in Figure 4-12 (b).  

  

Figure 4-12 Isothermal calorimetry traces of AA7075-WQ alloy (a) aged at room temperature 

for 48h (b) during aging at 177℃. 
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IC tests were conducted at three different temperatures on the 2-day naturally aged AA7075 

samples. The results of these tests are shown in Figure 4-13 (b). The IC traces in Figure 4-13 

show an exothermic heat flow that rapidly increases to a maximum level and then drops back 

to the baseline level. 

 

Figure 4-13 Isothermal calorimetry traces of AA7075-WQ alloy after 2-days of NA at three 

different temperatures. 

The calculated areas under the IC traces (Figure 4-13), which represent the total heat 

evolved after a certain aging time at the aging temperatures due to precipitation reactions, are 

tabulated in Table 4-3.  

Table 4-3 The evolution of total heat for AA7075 after 2-days natural aging at different 

temperatures. 

Aging temperature (°C) 
Total heat effect after aging at different times (J/g) 

0.5 h 1 h 2 h 4 h 6h 

80 0.4 0.8 1.3 2.1 2.5 

100 0.7 1.6 2.3 2.9 - 

120 3.1 3.9 4.7 6 7.2 

The total area under the IC traces of the as-quenched material and during the first step of 

aging has been calculated for the AA7075 alloy, and the results are presented in Table 4-4. 
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Table 4-4 The total heat evolved during aging treatments of AA7075. 

Heat treatment Total heat effect (J/g)  

As-quenched aged at 177 ̊C 20.9 (±0.5) 

1st step 8.7 (±0.8) 

4.1.2.1.3. Estimation of the Relative Volume Fraction of Precipitates  

The total volume fraction of precipitates at the end of the intermediate temperature aging 

(i.e., after the 2-step pre-aging treatments), 𝑓𝑣|𝑃𝐴, can be expressed as: 

𝑓𝑣|𝑃𝐴 = 𝑓𝑣|𝑠𝑡𝑒𝑝 1 + 𝑓𝑣|𝑠𝑡𝑒𝑝 2 Eq. 4-1 

To estimate the total relative volume fraction of precipitates in pre-aged samples, 𝑓𝑟
0, Eq. 4-1 

is divided by the fraction of precipitates at the peak-aged condition, i.e., 𝑓𝑝𝑒𝑎𝑘. 𝑓𝑟
0 is then 

formulated as: 

𝑓𝑟
0 =

𝑓𝑣|𝑠𝑡𝑒𝑝 1 + 𝑓𝑣|𝑠𝑡𝑒𝑝 2

𝑓𝑝𝑒𝑎𝑘
  

Eq. 4-2 

where 𝑓𝑟
0 =

𝑓𝑣|𝑃𝐴

𝑓𝑝𝑒𝑎𝑘
. 

Analyses of the Calorimetry Results 

The evolution of the relative volume fraction of precipitates during aging treatments of 

interest is quantified using calorimetry results and the analytical methodology developed by 

Esmaeili et al. [98,146,147]. To analyze and model the evolution of 𝑓𝑟 during the aging 

treatments of heat-treated material in under-aged conditions, it is assumed that the precipitation 

process is complete at the peak-age condition, i.e., 𝑓𝑟=1 when t=𝑡𝑝𝑒𝑎𝑘  [146]. 

According to the general methodology [146], the area under the IC trace at aging time t 

divided by the total area under the IC trace will provide 𝑓𝑟 as a function of the aging time: 

𝑓𝑟 =
∫

𝑑𝑄
𝑑𝑡

𝑑𝑡 
𝑡

0

∫
𝑑𝑄
𝑑𝑡

𝑑𝑡
𝑡𝑝𝑒𝑎𝑘

0

 
Eq. 4-3 
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According to Eq. 4-2, 𝑓𝑟
0 can be obtained by calculating the fraction of the total heat 

evolution due to precipitation during the first two steps of aging (pre-aging) in a 3-step aging 

route. 𝑓𝑝𝑒𝑎𝑘 can be found from isothermal calorimetry experiments at the artificial aging 

temperature of interest (i.e., the aging temperature of the third step) on as-quenched material. 

Hence:   

𝑓𝑟
0 =

∫
𝑑𝑄

𝑑𝑡
𝑑𝑡|𝑠𝑡𝑒𝑝 1+∫

𝑑𝑄

𝑑𝑡
𝑑𝑡|𝑠𝑡𝑒𝑝 2

𝑡𝑠2
0

𝑡𝑠1
0

∫
𝑑𝑄

𝑑𝑡
𝑑𝑡|𝐴𝑄+𝐴𝐴

𝑡𝑝𝑒𝑎𝑘
0

    Eq. 4-4 

Using the heat flow values reported in Table 4-3 and Table 4-4 in Eq. 4-4, the evolution of 

𝑓𝑟
0 after certain aging times at temperatures of 80, 100, and 120°C is quantified for the AA7075 

alloy, as shown in Figure 4.14.  

 

Figure 4.14 Predicted relative volume fraction of precipitates after aging at particular times 

and temperatures based on IC measurements.  

4.1.2.1.4 Calculation of Yield Strength 

The main objective of this section is to estimate the yield strength values of the AA7075 

alloy in pre-aged conditions. For this purpose, first, the values of 𝑓𝑟
0 (the relative volume 

fraction of precipitates after pre-aging treatment) for the pre-aged samples are determined 

through the experimental analysis of IC tests, as described in the previous section. Then, the 

yield strength values for the pre-aged samples are calculated using the experimentally obtained 

𝑓𝑟
0 values and the yield strength modeling formulations. The modeling framework is the 
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approach developed by Esmaeili et al. [105], and the equations applied for this purpose are 

reported in the chart shown in Figure 4-15. To calculate 𝜎𝑝𝑝𝑡 for a pre-aged material (in an 

underaged condition), it is assumed that precipitates act as weak shearable obstacles, and thus, 

the modified-weak obstacle modeling equation has been used. This is also in accordance with 

the initial assumption for using the modified-weak obstacle model, in which the concurrent 

nucleation and growth of precipitates are considered to be the precipitation mechanisms that 

occur during the investigated aging times and temperatures.  

 

Figure 4-15 Schematic outline of the calculation of yield strength for pre-aged materials 

(PA=Pre-Aged). 

The calibration parameters are listed in Table 4-5. The values of the relative volume fraction 

of precipitates for pre-aged conditions, shown in Figure 4.14, are then used to calculate 𝜎𝑠𝑠 and 

𝜎𝑝𝑝𝑡, as outlined in Figure 4-15. The yield strength values during the second step of aging at 

different aging temperatures and times for the AA7075 alloy are then estimated using the 

equation for 𝜎𝑦, listed in Figure 4-15.  
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Table 4-5 Input parameters for modeling of the yield strength of AA7075 after pre-aging 

treatments. 

Parameter Value Remarks 

𝜎𝑖(MPa) 10 From Ref. [97] 

𝐶𝐴𝐴 (MPa) 488 Obtained from experiments (Ref. [123]) 

𝜎0𝑠𝑠(MPa) 130 Obtained from experiments (Ref. [123]) 

The results of the yield strength model predictions are compared with the experimental 

values for artificial aging at three different temperatures for the 2-day naturally aged AA7075 

in Figure 4-16. It is evident that the model provides excellent predictions for the investigated 

aging times, with a difference of up to 11%. The obtained 𝑓𝑟
0 values can be further used as 

input for modeling the evolution of microstructure and yield strength during artificial aging 

treatments of the pre-aged AA7075 (reported in Section 5.1.2.2).  

 

Figure 4-16 Comparison of the modeling predicted yield strength to the measurements after 

the second aging step at three different temperatures.  

4.1.2.2 Secondary Natural Aging of Pre-Aged AA7075  

4.1.2.2.1 Hardening Response 

The evolution of hardness during the natural aging of AA7075 alloy with different pre-

aging histories (secondary natural aging) is shown in Figure 4-17. It appears that a linear 
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logarithmic trend, as also found for the natural aging of AA7xxx alloys [123], holds for the 

natural aging that follows pre-aging treatments of AA7075. However, the rate of hardness 

increase is lower for the pre-aged materials compared to materials without pre-aging (Section 

4.1.1.1). This reduction in the rate is more significant when pre-aging includes intermediate 

aging at 120℃ for 4 hours. The increase in hardness of the PA material (2-day NA+4h at 

100℃) is more significant during natural aging for up to 14 days compared to the later stage 

of aging (up to 365 days). However, the hardness of the alloy in the PA120-4 condition, 

however, does not change significantly at room temperature during the investigated time 

period. This increase in the stability of the AA7075 alloy at room temperature is attributed to 

the reduction in supersaturation caused by the formation of precipitates (GP zones and 𝜂′) 

during pre-aging. The DSC results reported in Section 4.1.2.2.2 further support this finding. In 

addition, the TEM results reported in Section 4.2.2.1.2.2, show that GP zones are the main 

precipitates in the microstructure of the alloy in the PA condition, while 𝜂′ precipitates have 

been reported to form at intermediate temperatures of typically 120°C-180°C [25,56]. The 

above results are in agreement with the findings of Wan et al. [77] who reported that the 

hardness of the pre-aged AA7003 samples, which are strengthened by 𝜂′ precipitates and their 

precursors, does not change significantly during subsequent natural aging.  

 

Figure 4-17 Measured microhardness changes over time showing the kinetics of the natural 

aging of AA7075 alloy in the PA (2-days NA+4h at 100ºC) and PA120-4 (2-day naturally 

aged+4h at 120ºC) conditions. 
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4.1.2.2.2 Differential Scanning Calorimetry Results for Secondary Natural 

Aging of Pre-Aged AA7075 

To investigate the evolution behavior of precipitates during the non-isothermal heating of 

PA and PA120-4, DSC experiments were conducted on AA7075 samples that were held at 

room temperature for different times. The corresponding DSC thermograms are shown in 

Figure 4-18. Peaks I, II, and III are similar to the peaks observed in the DSC traces of the as-

quenched and naturally aged materials, as reported in Section 4.1.1.2. Peak I, observed in the 

range of 50-80℃, decreases in magnitude as the natural aging time increases up to 2 weeks 

after pre-aging at 100℃. In other words, after two weeks of natural aging, the PA sample 

shows a reduced capacity for GP zone formation during DSC. The samples that were naturally 

aged for 2 and 4 weeks after the PA treatment have similar DSC traces. This observation is 

consistent with the hardness data in Figure 4-17, which indicates that the hardness of the PA 

sample does not significantly increase when the natural aging time is increased from 2 to 4 

weeks. It should be noted that the changes in the second and third peaks (peaks II and III) due 

to natural aging after pre-aging are not significant, as seen in Figure 4-18 (a). 

  

Figure 4-18 DSC traces of pre-aged AA7075 alloy at (a) 100℃ and (b) 120℃ after natural aging 

for different times. 

Figure 4-18 (b) shows the DSC traces of the PA120-4 samples kept at room temperature for 

different times up to 4 weeks. There is not a significant change in the first peak, peak I, in the 

DSC traces of the three heat-treated samples, as shown in Figure 4-18 (b). The DSC results 

match well with the microhardness measurements, where there was not significant increase in 



70 

 

the hardness of the PA120-4 samples kept at room temperature. The negligible change in peak 

I confirms that the material is microstructurally stable at room temperature after pre-aging at 

120℃ for 4 hours. To predict the extent of natural aging that occurs after pre-aging, a modeling 

approach has been formulated, as reported in Section 5.1.2.1.  

4.1.2.3 Artificial Aging of Pre-Aged AA7075  

4.1.2.3.1 Hardening Response 

The two-step aging process (reported in Section 4.1.2.1) is designed and employed to 

generate a high density of GP zones so that they can act as nucleation sites for the formation 

of  𝜂′ precipitates during the subsequent high-temperature aging process. Figure 4-19 shows 

the effect of artificial aging at 150, 165, and 177°C on the yield strength of AA7075 in PA 

condition (2-days NA+4h at 100℃). There is a rapid increase in the yield strength during the 

first 2 hours of aging at 150°C, followed by a smaller increase at a slower rate up to 6 hours of 

aging. As expected, age hardening occurs more quickly during aging at higher temperatures of 

165 and 177°C. Figure 4-19 also shows that artificial aging to the peak-aged condition of the 

pre-aged material at all three temperatures of 150, 165, and 177°C results in hardness values 

comparable to the T6 hardness value  of the AA7075 alloy (~173HV). Thus, the application of 

the pre-aging treatment is found to be beneficial for the accelerated hardening response of 

AA7075 alloy (as compared to single-step T6 heat treatment), which is more notable during 

aging at higher temperatures such as 177℃. 

A slow drop in the yield strength evolution is observed during the aging of pre-aged 

AA7075 at 150℃ (Figure 4-19) for 8 hours, implying a slow-rate precipitate coarsening 

process. On the other hand, during aging at the higher temperatures of 165 and 177°C, the yield 

strength decreases at a faster rate after the peak hardness is achieved. Similar behavior has 

been reported for a 7055 alloy during aging at 120 and 160°C, where the peak strength is 

plateaued during aging at 120°C between 300 min to 48 h [148]. The presence of this plateau 

was explained by TEM observation, where there was little change in the volume fraction and 

radius of 𝜂′ during aging for more than 300 min compared to the early stage of aging, 

suggesting that the precipitates remained shearable during aging at this time period [148]. The  
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absence of significant coarsening after a long aging time at 150°C might be due to the small 

size distribution of precipitates after the pre-aging treatment because of the enhanced 

nucleation phenomenon occuring at the low temperatures used for pre-aging.  

 

Figure 4-19 The evolution of yield strength during aging of the pre-aged AA7075 at 150, 165, 

and 177°C. 

4.1.2.3.2 Isothermal Calorimetry  

The IC results are used to study the precipitation kinetics and then model the precipitation 

hardening response during the aging of the pre-aged AA7075 alloy. For this purpose, IC tests 

were conducted on AA7075-PA in the temperature range of 150-177°C. The resultant IC test 

data were analyzed using the approach of Esmaeili et al. [146]. Figure 4-20 shows the IC traces 

at three aging temperatures of 150, 165, and 177℃. It is observed that the times to reach the 

zero heat effect during the IC tests are similar to the peak-aged times found using hardness 

measurements (Figure 4-19) during aging treatments of the PA material. This confirms the fact 

that the time to reach the ignorable heat release corresponds to the time to reach the peak-aging 

condition [98,105,146]. 
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Figure 4-20 The isothermal calorimetry results for artificial aging of AA7075-PA samples at 

different temperatures. 

Analyses of the Calorimetry Results 

The calculation of the relative volume fraction of precipitates (𝑓𝑟) for the final stage artificial 

aging of pre-aged alloys (i.e., three-step aging routes) is based on the assumption that the 

volume fraction of precipitates in peak-aged conditions in an artificially aged material is 

independent of its pre-aging path [98]. To quantify the precipitate evolution during the artificial 

aging of pre-aged alloys, first, this assumption should be checked using the following equation 

[98]: 

𝑓𝑣 = 𝑓𝑣|𝑃𝐴 + 𝑓𝑣|𝐴𝐴 Eq. 4-5 

where 𝑓𝑣  is the volume fraction of precipitates which form during the artificial aging of pre-

aged alloys up to the peak-aged condition, 𝑓𝑣|𝑃𝐴 is the volume fraction of precipitates of the 

pre-aged materials, and 𝑓𝑣|𝐴𝐴 is the volume fraction of precipitates that form during the final 

step of aging (i.e., the third step of aging). For a three-step aging route, Eq. 4-5 is rewritten as 

[112]: 

∫
𝑑𝑄

𝑑𝑡

𝑡𝑝𝑒𝑎𝑘

0

dt|𝐴𝑄+𝐴𝐴 ≅  ∫
𝑑𝑄

𝑑𝑡
𝑑𝑡|𝑠𝑡𝑒𝑝 1 +  ∫

𝑑𝑄

𝑑𝑡
𝑑𝑡|𝑠𝑡𝑒𝑝 2 + ∫

𝑑𝑄

𝑑𝑡
𝑑𝑡|𝑠𝑡𝑒𝑝 3

𝑡𝑠3

0

𝑡𝑠2

0

𝑡𝑠1

0

 Eq. 4-6 
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where dQ/dt is the heat flow per unit mass (J/g) and the integration limits ts1, ts2 and ts3 represent 

the times for the three sequential steps of aging, and AQ+AA represents the artificial aging of 

the as-quenched (as-WQ) alloy.  

Eq. 4-6 is examined here using the integrated heat effects for the three steps of aging (i.e., 

PA+artificial aging at 177℃) and the aging of the as-WQ material at 177℃ (IC tests were 

reported in Sections 4.1.2.1.2 and 4.1.2.3.2) which are listed in Table 4-6. The result, with the 

left-hand side of Eq. 4-6 being ~20.9 J/g and the right-hand side being 21.5 J/g, and the levels 

of the measurement errors suggest that Eq. 4-6 is a valid assumption.  

Table 4-6 The total heat evolved during aging treatments of AA7075. 

Heat treatment Total heat effect (J/g)  

As-quenched aged at 177 ̊C 20.9 (±0.5) 

1st step 8.7 (±0.8) 

2nd step 3 (±0.2) 

3rd step (aging at 177 ̊C) 9.8 (±0.3) 

 

Following the validation of Eq. 4-6, 𝑓𝑟 is obtained as follows [98]: 

𝑓𝑟 = 𝑓𝑟
0 +

∫ (
𝑑𝑄
𝑑𝑡

) 𝑑𝑡|PA+AA
𝑡

0

∫ (
𝑑𝑄
𝑑𝑡

) 𝑑𝑡|𝐴𝑄+𝐴𝐴
𝑡𝑝𝑒𝑎𝑘

0

 
Eq. 4-7 

 

where:  

𝑓𝑟
0 =

∫ (
𝑑𝑄
𝑑𝑡

) 𝑑𝑡|𝐴𝑄+𝐴𝐴 − ∫ (
𝑑𝑄
𝑑𝑡

) 𝑑𝑡|PA+AA
𝑡𝑝𝑒𝑎𝑘

0

𝑡𝑝𝑒𝑎𝑘

0

∫ (
𝑑𝑄
𝑑𝑡

) 𝑑𝑡|𝐴𝑄+𝐴𝐴
𝑡𝑝𝑒𝑎𝑘

0

 
Eq. 4-8 

 

where ∫ (
𝑑𝑄

𝑑𝑡
) 𝑑𝑡|𝑃𝐴+𝐴𝐴

𝑡

0
 is the area under the IC trace up to time t for artificial aging of the pre-

aged alloy. The evolution of 𝑓𝑟 during artificial aging of the AA7075-PA at the three aging 

temperatures of 150, 165, and 177℃ is shown in Figure 4.21. It is observed that the time to 
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reach the peak-aged condition (i.e., when 𝑓𝑟 = 1) has a decreasing trend with respect to the 

aging temperature. The obtained data for the evolution of 𝑓𝑟 will be used to model the 

precipitation kinetics during aging of the PA material in Section 5.1.2.2.1. 

 

Figure 4.21 The calculated evolution of the relative volume fraction of precipitates during 

aging of the AA7075-PA alloy. 

4.2 Precipitation Hardening Behavior of Die-Quenched and Forced-Air 

Quenched AA7075  

The following section focuses on the precipitation hardening behavior of the die-quenched 

(DQ) and forced-air quenched (FAQ) AA7075 during natural aging (Section 4.2.1), after a pre-

aging treatment, and during the subsequent artificial aging treatment associated with 

automotive paint-bake cycling (Section 4.2.2). To isolate the effect of quench rate from 

deformation, FAQ samples were quenched by forced air at the same rate as in the die-

quenching process. 
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4.2.1 Natural Aging  

4.2.1.1 Results 

4.2.1.1.1 Hardening Response 

The hardening behavior of the AA7075 samples in the DQ condition during subsequent 

natural aging is evaluated by analyzing the evolution of hardness with natural aging time, as 

shown in Figure 4-22. To investigate the effect of the quench rate used in the die-quenching 

process (without deformation) on the subsequent natural aging behavior of the AA7075 alloy, 

the hardness evolution of the FAQ samples with the natural aging time is also examined (Figure 

4-22). The hardness measurements of the WQ sample during natural aging reported in Ref. 

[123] are included in Figure 4-22 for comparison. The DQ samples have higher hardness values 

in the as-quenched and naturally aged conditions than the FAQ and WQ samples. The hardness 

values increase as the natural aging time increases in all three cases, and their evolutions follow 

linear relationships with the logarithm of the natural aging time. The hardness evolution in the 

FAQ and WQ samples is nearly identical, while the rate of hardening in the DQ sample is 

slightly slower, suggesting slower kinetics of natural aging in this sample.  

 

Figure 4-22 The evolution of hardness during natural aging of AA7075 with different 

quenching conditions. 
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4.2.1.1.2 Differential Scanning Calorimetry (Analysis of As-Quenched Conditions) 

DSC results (Figure 4-23) are analyzed to investigate the effect of forced-air quenching and 

die-quenching on the microstructure evolution of the as-quenched AA7075 alloy during 

heating in a DSC experiment. This analysis can help us gain a better understanding of the 

changes in the transformation sequence and kinetics that occur due to the effects of the quench 

rate applied in the die-quenching process (FAQ condition) and deformation in the DQ material. 

Figure 4-23 shows the DSC traces of the FAQ, DQ, and WQ samples. The first endothermic 

peak (peak A) is attributed to the dissolution of primary quenching clusters, which form 

immediately after quenching in the alloy [123]. The first exothermic peak (peak I) is associated 

with the precipitation of GP zones, as indicated by previously reported DSC results [54,126]. 

The second exothermic peak (peak II), ranging from ~110 to ~190℃, results from the 

formation of 𝜂′ during DSC [54,126]. The third and fourth peaks (peaks III and IV) can be 

associated with the formation of η and T phases, respectively [44,54,126].  

 

 

Figure 4-23 DSC traces of AA7075 alloy in the WQ, FAQ and DQ conditions. 

The important observations from the DSC traces in Figure 4-23 are as follows:  

1. Peak I shifts to higher temperatures on the DSC traces of the DQ sample (indicated by the 

yellow dotted line) compared to those of the WQ and FAQ samples (indicated by the purple 

dotted line). 
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2. Peak II is the most prominent peak on the DSC trace of the alloy in the DQ condition. The 

magnitude of peak II appears to be higher than those of the WQ and FAQ conditions. In 

addition, this peak occurs at a noticeably higher temperature (indicated by the blue dotted line) 

than that in the WQ and FAQ samples (indicated by the red dotted line). 

3. The peak temperature of peak C is higher on the DSC trace of the DQ sample (green dotted 

line) than those of the WQ and FAQ samples (grey dotted line). 

4. Peak III does not show any noticeable change on the DSC traces of the DQ and FAQ 

samples compared to the WQ sample. 

4.2.1.2 Discussion of Experimental Results 

In this section, the effects of the quench type (applied during forced-air quenching) and 

deformation (applied during die-quenching) on the natural aging behavior of the AA7075 alloy 

are discussed using the combination of hardness and DSC results.  

Effect of Quench Type 

The increase in the hardness of the FAQ and DQ samples during natural aging (Figure 4-22) 

is due to the formation of fine Zn-Mg precipitates and an increase in their number density, as 

previously reported for the natural aging of AA7075 in the WQ conditions (Section 4.1.1 

[123]). A slow quench rate after solutionizing in some alloys may lead to the loss of vacancies 

due to their annihilation during quenching and/or the loss of solutes due to quench-induced 

precipitation [149,150]. The lower magnitude of the exothermic heat associated with peak I on 

the DSC trace of the FAQ and DQ samples compared to that of the WQ sample (Figure 4-23) 

indicates that fewer GP zones form in the microstructures of the FAQ and DQ samples. This 

observation may reflect the effect of the quench rate and the loss of vacancies and/or solutes 

during quenching, which reduces the potential for the precipitation of GP zones in these two 

samples. Furthermore, the FAQ and DQ samples have been stored at room temperature for a 

longer time before conducting the DSC runs, which also affects both the peak temperature and 

the magnitude of peak I. The similarity in the hardness values of the as-WQ and as-FAQ 

samples indicates that forced-air quenching does not cause noticeable increase in hardness in 

the as-quenched material. This suggests that the amount of solutes lost during forced-air 
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quenching, due to precipitation during quenching, is negligible. Additionally, the similarity in 

the rates of natural aging for the WQ and FAQ samples suggests that the quench rate applied 

during forced-air quenching has been sufficient to prevent the significant loss of vacancies 

and/or solutes. As a result, the supersaturation of solutes in the as-FAQ sample or the formation 

of fine Zn-Mg precipitates during subsequent natural aging is not affected.  

Effect of Deformation 

The natural aging behavior of the alloy in DQ condition can be influenced by both the 

deformation and quench rate applied during the die-quenching process. To investigate the 

effect of deformation and the combined effects of deformation and quench rate, the natural 

ageing behavior of the DQ sample is compared with that of the FAQ and WQ samples in this 

section. As discussed in the previous section, the quench rate applied during the die-quenching 

process does not significantly affect the evolutions of microstructure and hardness for the DQ 

sample during subsequent natural aging. Therefore, the higher hardness values of the DQ 

sample in the as-quenched and naturally-aged conditions (Figure 4-22), compared to those for 

the WQ and FAQ samples, are attributed to the effect of deformation applied during the die-

quenching process. The persistent formation and accumulation of dislocations in the 

microstructure of the alloy during die-quenching result in the strain hardening of the as-DQ 

sample. Owing to this strain hardening effect, the hardness value of the DQ sample remains 

higher during natural aging compared to those for the FAQ and WQ conditions (see Figure 

4-22).   

The slightly lower rate of natural aging of the DQ sample compared to the WQ sample 

(Figure 4-22) is attributed to the consistent annihilation of vacancies on dislocations during the 

natural aging processes. Similarly, a decrease in the precipitation kinetics has been reported 

during the natural aging of a hot-formed quenched AA7921 alloy [6]. In aluminum alloys, the 

formation of solute clusters and/or natural aging precipitates in the early stages is affected and 

facilitated by the excess vacancies obtained after quenching [151,152]. The loss of vacancies 

in the DQ sample can increase the energy barrier for the nucleation of natural aging 

precipitates. This results in a lower nucleation rate of natural aging precipitates and a lower 

hardening rate during the natural aging of the DQ sample, as shown in Figure 4-22. The shift 
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of peak I to higher temperatures on the DSC trace of the DQ sample, compared to the WQ and 

FAQ samples (as seen in Figure 4-23), is also attributed to the effect of the presence of 

dislocations on GP zone precipitation. During the DSC experiment, GP zones form at a higher 

temperature in the microstructure of the DQ sample, compared to the WQ and FAQ samples, 

due to the annihilation of vacancies on dislocations and the reduction of the vacancy 

supersaturation.  

4.2.2 Multi-step Aging  

In this section, the precipitation hardening response and microstructural evolution of the 

AA7075 alloy in the DQ and FAQ conditions and after a multi-step aging treatment are 

presented, as schematically shown in Figure 4-24. 

 

Figure 4-24 Schematic of the multi-step aging process. 

4.2.2.1 Results 

4.2.2.1.1 Hardening Response 

The effect of the thermal processing history (i.e., different quenching conditions) on the age 

hardening response of AA7075 alloy during a multi-step aging treatment is investigated, as 

shown in Figure 4-25. The important observations from these measurements can be 

summarized as follows: 

(1) The difference in hardness values of the alloy samples in the FAQ and WQ conditions 

is relatively insignificant in the AQ, 2NA, and PA conditions. However, the hardness 

value of the FAQ sample in the PB condition is lower than that of the WQ sample. 
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(2) The DQ samples in the AQ, 2NA, and PA conditions exhibit higher hardness values as 

compared to those for the WQ and FAQ samples. However, the DQ sample achieves a 

lower hardness value after the PBC treatment than the FAQ and WQ samples. 

(3) The increase in the hardness of the DQ sample after each aging step is lower than that 

of the other two quenching conditions. 

 

Figure 4-25 Measured microhardness values of the WQ (Water Quenched), FAQ (Forced-Air 

Quenched), and DQ (Die-Quenched) AA7075 alloy after different aging steps. (AQ=As-

Quenched, NA=2-day Naturally Aged, PA=Pre-Aged, PB=Paint Baked). 

The hardness evolution of the samples in the PA (WQ+PA condition) and DQ+PA 

conditions during the final artificial aging at 177°C is shown in Figure 4-26. Although the 

hardness value of the DQ sample is higher than that of the WQ sample in the as-PA condition, 

the lower peak hardness (~22 HV difference) is achieved during the artificial aging of the 

sample in the DQ+PA condition. Figure 4-26 also shows that the peak hardness in the DQ+PA 

condition is achieved faster than in the PA condition during aging at 177°C. 
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Figure 4-26 Measured microhardness values of AA7075 alloy in the PA and DQ+PA tempers 

during aging at 177°C. 

4.2.2.1.2 Microstructural Evolution 

4.2.2.1.2.1 Isothermal Calorimetry Analysis (Analysis of Multi-Step Aged Conditions) 

The evolution of the relative volume fraction of precipitates during the aging treatments of 

interest is quantified using the calorimetry results and the analytical methodology developed 

by Esmaeili et al. [98,146,147]. The analytical methods applied in this section also require IC 

tests of the as-quenched samples at 177°C, as shown in Figure 4-27 (b). The results of the IC 

test conducted on alloy samples in the DQ+PA and PA conditions at 177°C are presented in 

Figure 4-27 (a). As shown in Figure 4-27 (b), the time to reach the peak-aged condition during 

the aging of AA7075-PA at 177°C is approximately 2.5 hours. This confirms the fact that the 

time to reach the zero heat effect corresponds to the time to reach the peak-aged condition in 

this sample, as shown in Figure 4-26 [98,105,146].  
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Figure 4-27 IC results for artificial aging of AA7075 in the (a) PA and DQ+PA conditions, and 

(b) DQ condition, during aging at 177℃. 

Analysis of the Calorimetry Results 

For the analysis of 𝑓𝑟 during artificial aging of AA7075-DQ+PA, the total areas under the 

IC traces for the as-DQ and DQ+three-step aged conditions, have been calculated and are 

presented in Table 4-7. The respective areas under the IC traces for the DQ samples are slightly 

smaller than those of the WQ material (Table 4-6). The slight decrease in the total heat effects 

in the DQ sample indicates a slight reduction in the volume fraction of precipitates that form 

during the IC run. It should be noted that this difference can also be attributed to the potential 

errors involved in analyzing the IC results [98].  

Table 4-7 The values of the total heat evolved during aging treatments of AA7075-DQ. 

Heat treatment Total heat effect (J/g) 

As-DQ sample aged at 177 C̊ 19.6 (±0.7) 

DQ+PA sample aged at 177 C̊ 9.2 (±0.3) 

The areas under the IC traces (Figure 4-27) are used according to Eq. 4-2 and Eq. 4-4 to 

obtain the evolution of 𝑓𝑟 during aging of the AA7075 alloy in the PA and DQ+PA tempers at 

177°C. The results of the IC analysis are shown in Figure 4-28. It is evident that 𝑓𝑟 reaches 1 

faster during artificial aging of the material in the DQ+PA condition as compared to the PA 

condition. 
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Figure 4-28 The calculated evolution of relative volume fraction of precipitates for the 

materials in the PA and DQ+PA conditions during aging at 177°C.  

4.2.2.1.2.2 Transmission Electron Microscopy Analysis of Multi-Step Aged AA7075 

Alloy Samples 

TEM imaging has been employed on selected AA7075 samples with different processing 

histories to capture the effect of die-quenching and subsequent aging treatments (including 

PBC) on the microstructural characteristics of the alloy in comparison with water-quenched 

samples. The TEM micrographs of the PA and DQ+PA samples are reported here, respectively, 

as shown in  Figure 4-29. As seen in Figure 4-29 (a) and (b), nano-sized spherical precipitates 

(in an approximate size range of ~0.5-3.9 nm) are homogeneously distributed in the 

microstructures of the sample in the PA condition. It should be noted that the measurements of 

the size distribution for the nano-sized precipitates for the samples in the PA and DQ+PA 

conditions are not reported here due to the very small size of the precipitates and the resultant 

errors of measurements.  
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Figure 4-29 Bright field TEM micrographs for samples with different heat treatment 

histories: (a), (b) PA, (c), (d) DQ+PA, and (e) diffraction patterns for PA condition 

along <001>Al zone axis and (f) schematic diagram of diffraction pattern from 

different precipitates in [001]Al zone axis. 

Previous TEM studies [140,153,154] have shown that nano-sized precipitates in the 

microstructure of AA7xxx alloys can be revealed in the [001] Al matrix orientations by 

characteristic diffuse scattering patterns, as shown schematically in Figure 4-29 (f). This 
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schematic diagram has been prepared and used to readily identify the types of precipitates in 

the microstructure of the alloy after different thermal processing histories; the analysis results 

are presented in Table 4-8. GP zones are found to be the dominant precipitates in the 

microstructure of the alloy in the PA condition. According to the EDS results (refer to 

Appendix A), these precipitates contain Zn, Mg, and Cu. It should be noted that the very small, 

sharp diffraction spots present in the diffraction patterns shown in Figure 4-29 (e), Figure 4-30 

(e), and (f) are assigned to Cr-rich particles. Some nano-sized precipitates are heterogeneously 

formed on the large dispersoids, as shown in Figure 4-29 (b). According to the EDS results 

(Appendix A), these dispersoids are Cr-rich particles (with an approximate composition of 

Al68Mg15Cr9Zn6Cu2 [123] and an FCC crystal structure [155]), which are also observed in the 

microstructures of the AA7075 alloy with other thermal processing histories (Figure 4-29 and 

Figure 4-30). General information regarding these particles is provided in Section 4.1.1.3. The 

heterogeneous formation of nano-sized precipitates on Cr-rich particles, which has also been 

reported by Bai et al. [123], has been observed in all AA7075 samples with different thermal 

processing histories. 

Table 4-8 Summary of scattering spots observed in the diffraction patterns of thermally treated 

AA7075 alloy. 

Heat treatment condition Diffraction spots in [001]Al Zone Axis 

PA Weak spots from GP zones (indicated by blue arrows) 

PB 
Spots from GP II (indicated by blue arrow), and 𝜂′ (indicated by 

red arrow) 

DQ+PB 
Spots from GP I (indicated by green arrow), GP II (indicated by 

blue arrow), and 𝜂′ (indicated by red arrow) 

Bright-field TEM micrographs of the alloy in the DQ+PA condition are shown in Figure 

4-29 (c) and (d). In these figures, an inhomogeneous distribution of precipitates can be 

observed, with arrays of larger precipitates present along the dislocation lines. Precipitates that 

are far from dislocations are homogeneously distributed, and their size range is found to be 

similar to that of the sample in the PA condition. The presence of precipitate-free zones (PFZ) 

around dislocations is evident in Figure 4-29 (c) and (d). It should be noted that clear diffraction 

spots from the precipitates were not obtained in the diffraction patterns of the sample in the 
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DQ+PA condition. This can be attributed to the effect of dislocations, which can cover the 

local elastic strain contrast of small nano-sized precipitates [156], leading to extremely weak 

diffraction spots.  

Figure 4-30 shows the TEM micrographs of the samples in the PB and DQ+PB conditions. 

Compared to the as-PA sample (Figure 4-29 (a) and (b)), the precipitates in the microstructures 

of the PB sample (Figure 4-30 (a) and (b)) are larger. Nano-sized precipitates with two different 

cross-sectional morphologies (i.e., plate and lath-shaped) are homogeneously distributed in the 

microstructure of the PB sample (Figure 4-30 (a) and (b)). The analysis of DP in the [001]Al 

zone axis revealed the presence of GP zones and 𝜂′ precipitates in the microstructure of the PB 

sample (Table 4-8). 

For the DQ+PB sample (Figure 4-30 (c) and (d)), precipitates that are far from dislocations 

are homogeneously distributed with two distinct cross-sectional morphologies, similar to the 

PB sample. In addition, some relatively larger precipitates have formed heterogeneously along 

the dislocation lines in the microstructure of the DQ+PB sample (Figure 4-30 (c) and (d)). 

Similar to the DQ+PA sample, PFZs can be readily observed around the dislocations in the 

microstructure of this sample. As listed in Table 4-8, GP zones and 𝜂′ are present in the 

microstructures of the DQ+PB sample. The absence of spots from GP I zones in the diffraction 

pattern of the alloy in the PB condition can be attributed to either the absence of these zones 

or the smaller volume fraction of these precipitates in the microstructure of the PB sample. 

Similarly, Stiller et al. [140] have previously reported the dissolution of GP I zones during the 

artificial aging of a pre-aged (100℃ for 6 hours) Al-Zn-Mg alloy at 150℃. The presence of 

diffraction spots from GP I zones in the microstructure of the DQ+PB sample, on the other 

hand, may suggest an increase in the stability of these zones. This increase is likely due to the 

larger size range of precipitates that result from their enhanced growth on dislocations.  
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Figure 4-30 Bright field TEM micrographs along <011>Al zone axis for 

samples with different heat treatment histories: (a), (b) PB, (c), (d) DQ+PB, and 

<001>Al diffraction patterns for (e) PB and (f) DQ+PB conditions. 

To further investigate the nano-sized precipitates with two different cross-sectional 

morphologies in the microstructure of the PB sample, a TEM micrograph of the sample in the 

[110]Al zone axis, along with the corresponding DP and Fast Fourier Transform (FFT) 
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diffraction images are further analyzed, as shown in Figure 4-31. The corresponding DP 

(Figure 4-31 (b)) shows diffraction spots assigned to 𝜂′ precipitates, which are identified by 

red arrows. The FFT diffraction image (Figure 4-31 (c)) shows that the precipitates are 

coherent with the matrix. Furthermore, the edge-on configurations of these precipitates reveal 

that they possess two different (11̅1)Al and (1̅11)Al habit planes. The precipitates shown by 

the red dashed line are suspected to be GP II zones or a precursor of 𝜂′, based on the aspect 

ratio of the precipitate (thickness of ~1 nm and a diameter of ~5.5 nm) [44], whereas the 

precipitate shown by the dotted blue line appears to be 𝜂′ (thickness of ~2 nm and a diameter 

of ≥7 nm). Considering the size range of the precipitates in comparison with the reported size 

range for 𝜂′ (i.e., 5-10 nm [157]) and their presence on {111}Al when observed in the [110]Al 

zone axis and the DP analysis, it can be concluded that 𝜂′ precipitates are the major precipitates 

in the microstructure of the alloy in the PB condition. 

 

 

 

Figure 4-31 (a) The TEM micrograph taken from the PB sample along the [110]Al zone axis, 

(b) corresponding diffraction pattern and (c) corresponding HRTEM micrograph.  
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Figure 4-32 shows histograms of the size distribution of precipitates for the AA7075 alloy 

in the PB and DQ+PB conditions. The average and maximum sizes of the precipitates for both 

conditions are reported in this figure. Both the average and maximum sizes of precipitates in 

the DQ+PB sample are larger than the corresponding data for the PB condition. Figure 4-32 

also shows that there is a notable increase in the population of larger precipitates with diameters 

larger than 10 𝑛𝑚 in the DQ+PB sample. 

 
 

Figure 4-32 Measured size distribution of precipitates in AA7075 alloy in the (a) PB and (b) DQ+PB 

conditions. 

4.2.2.2 Discussion of Experimental Results  

The precipitation hardening behavior of aluminum alloys is affected by microstructural 

parameters, including size, volume fraction, and types of precipitates. The combination of 

hardness, DSC, IC, and TEM results are used to discuss the effects of quench type (applied 

during forced-air quenching) and deformation (applied during die-quenching) on the 

microstructure and hardening response of AA7075 alloy after different aging steps (i.e., pre-

aging and final artificial aging).  

4.2.2.2.1 Effect of Quench Type 

The similarity in hardness values obtained for the FAQ and WQ samples in the PA 

conditions, as seen in Figure 4-25, suggests a similarity in the microstructures of these samples. 

According to the TEM results, the GP zones are the primary precipitates in the microstructure 

of the WQ+PA sample. It can be concluded that forced-air quenching does not significantly 
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affect the formation of GP zones in the microstructure of the PA samples. The lower quench 

rate for the FAQ sample, compared to the WQ sample, can reduce the number of excess 

vacancies and VRCs in the microstructure by allowing them to annihilate on defects. As 

discussed in Section 4.2.1.2, for NA conditions, the similarity in the hardness values of the 

samples in the WQ+PA and FAQ+PA conditions suggests that the quench rate during forced-

air quenching has been sufficient to inhibit the significant loss of vacancies and/or solutes 

during quenching. Furthermore, this similarity may imply that the loss of VRCs does not affect 

the formation of GP zones during the pre-aging treatment. Similar observations were made by 

other researchers [36,57,58] regarding VRCs and their effect on the formation of GP zones. 

They concluded that VRCs do not significantly affect the formation of GP zones in the low-

temperature region (i.e., below 80–100°C), and they remain stable enough to act as nucleation 

sites for precipitation of 𝜂′ at higher temperatures (e.g., 150°C).  

The lower hardness value obtained for the FAQ+PA sample, compared to that for the 

WQ+PA sample, after the PBC treatment, is attributed to the loss of vacancies and/or the 

formation of less vacancy-rich clusters (VRC) during or immediately after quenching as a 

result of the slower quench rate. VRCs are reported to be precursors of the 𝜂′ phase [36,57,58]; 

therefore, a decrease in their number density reduces the amount of 𝜂′ precipitates that form 

during the PBC (suppressed precipitation of 𝜂′). This, in turn, results in a decrease in the 

hardening potential of the FAQ+PA sample during subsequent aging treatments at higher 

temperatures (e.g., PBC). 

4.2.2.2.2 Effect of Deformation 

Microstructural Evolution 

 The deformation applied during die-quenching has several effects on the microstructural 

evolution and hardening behavior of the alloy during the subsequent aging treatments. 

Dislocations stored in the microstructure of the DQ sample serve as heterogeneous nucleation 

sites for the formation of hardening precipitates during subsequent aging steps. Furthermore, 

the enhanced diffusion of solutes through the dislocation paths can ultimately lead to the 

formation of larger precipitates, as observed in the TEM images of the DQ+PA and DQ+PB 

samples (Figure 4-29 (c), (d) and Figure 4-30 (c), (d)). For the DQ+PB sample, this is 
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confirmed by the observation of larger values of average and maximum size of precipitates, as 

well as a higher population of larger precipitates (which are heterogeneously formed 

precipitates) in the histograms of the size distribution of precipitates (Figure 4-32 (b)), 

compared to the PB sample (Figure 4-32 (a)). The reduced time taken to reach the peak aging 

time during artificial aging of the DQ+PA sample at 177℃, as compared to the WQ+PA 

sample, is evident in Figure 4-26 and Figure 4-27. This is attributed to an increase in the 

nucleation, growth, and coarsening rate of the precipitates, which is caused by the presence of 

dislocations. 

To gain a better understanding of the effect of dislocations on the transformation sequence 

in the DQ samples, it is worthwhile to examine the DSC results reported in Section 4.2.1.1.2. 

The higher magnitude of peak II on the DSC trace of the DQ sample (Figure 4-23), compared 

to those of the WQ and FAQ samples, indicates that dislocations in the DQ sample promote 

the formation of 𝜂′ precipitates during heating to higher temperatures, close to the PBC 

temperature. This DSC observation also suggests that dislocations act as heterogeneous sites 

for the direct formation of 𝜂′ precipitates during the DSC run. The heterogeneous precipitation 

of 𝜂′ on dislocations has been previously reported during aging treatments in deformed Al-Zn-

Mg and AA7050 alloys [158,159]. The shift of the dissolution peak for 𝜂′ precipitates (Peak 

C) to a higher temperature on the DSC trace of the DQ sample, compared to the WQ and FAQ 

samples, suggests the presence of a larger population of larger 𝜂′ precipitates in the 

microstructure of the DQ sample. This also indicates an increase in their stability during the 

DSC run. This shift could also be caused by the overlapping effects of peak C and exothermic 

events.  

Dislocations not only cause the nucleation and growth of larger precipitates, but they can 

also act as vacancy sinks, which affects the formation of precipitates in their surrounding area. 

The higher magnitude of Peak II on the DSC trace of the DQ sample, indicating the enhanced 

formation of 𝜂′ precipitates, can be attributed to the microstructure evolution resulting from 

vacancy annihilation on dislocations. Trapping and annihilation of vacancies on dislocations 

can decrease the volume fraction of GP zones that form during the DSC run in the DQ sample 

(as discussed in Section 4.2.1.2). As a result, a higher concentration of solute remains in the 
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matrix of the alloy sample. This, in turn, results in a higher driving force for the formation of 

𝜂′precipitates and a higher magnitude of Peak II on the DSC trace of the DQ sample compared 

to the FAQ and WQ samples. The occurrence of Peak II at a higher temperature in the DSC 

trace of the DQ sample, compared to those of the WQ and FAQ samples, can be attributed to 

the annihilation of vacancies on dislocations, which can delay the formation of 𝜂′precipitates. 

The presence of a narrow PFZ around dislocations, as seen in the TEM images of the DQ+PA 

and DQ+PB samples in Figure 4-29 and Figure 4-30, further suggests the annihilation of 

vacancies on dislocations and the depletion of vacancies in the vicinity of dislocations right 

after quenching and during natural aging (as discussed in Section 4.2.1). 

Hardening Response 

The deformation applied during die-quenching affects the hardening response of the material 

in DQ condition during subsequent heat treatments by influencing the precipitation 

characteristics and strain hardening caused by dislocation accumulation. The reduced 

hardening potential of the DQ material after the PA and PA+PBC treatments, compared to the 

similarly aged WQ samples (Figure 4-25), can be ascribed to the annihilation of vacancies on 

dislocations and the depletion of vacancies in the vicinity of dislocations immediately after 

quenching and during natural aging. Due to the annihilation of vacancies, the formation of 

precipitates around the dislocations is inhibited during the subsequent aging steps, namely PA 

and PBC. Furthermore, the heterogeneous formation of precipitates on dislocations, such as 𝜂′ 

precipitates in the microstructure of the DQ+PB sample, may have resulted in the depletion of 

solutes from the surrounding matrix. Both of the aforementioned phenomena lead to the 

formation of a PFZ in the vicinity of dislocations and widen the size distribution of the 

precipitates. The formation of the PFZ leads to a reduction in the volume fraction of 

homogeneous precipitates in the DQ+PB sample compared to the WQ+PB temper. The lower 

value for the total heat released during the IC experiment (i.e., the volume fraction of 

precipitates) associated with the aging of the DQ+PA sample at 177℃ (Table 4-7), as 

compared to that of the WQ+PA sample (Table 4-6), is also consistent with the above-

mentioned interpretation. The lower volume fraction of precipitates results in a decrease in the 

strengthening contribution due to precipitation. As a result, the DQ+PA sample exhibits lower 
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hardness values during artificial aging at 177℃ (Figure 4-26) compared to the WQ+PA 

sample. In addition, the widening of the size distribution of precipitates can potentially 

decrease the hardening capacity of the DQ+PA material during the aging at 177℃ and after 

the PBC treatment (refer to Figure 4-25 and Figure 4-26). In the presence of a precipitate size 

distribution (i.e., in DQ+PB), only a fraction of the precipitates has a critical size (assuming 

that the peak strength occurs at a precipitate size, 𝑟𝑐) in the peak-aged condition. As a result, 

not all of the precipitate populations simultaneously contribute to the yield strength at the same 

time. Deschamps and Bréchet [97] have theoretically studied this effect and showed that 

widening the size distribution of precipitates reduces the peak strength of a pre-deformed and 

artificially aged Al-Zn-Mg alloy.  

The smaller increase in the hardness values of the DQ sample after the PA and PBC 

treatments, compared to the WQ sample, can also be rationalized by the effect of the 

rearrangement of dislocations and partial recovery during these artificial aging treatments. 

During the die-quenching process, dislocations form in the microstructure of the DQ sample; 

thus, the stored energy of the material increases. This provides the driving force for the 

recovery of dislocations during subsequent aging treatments. The recovery of dislocations has 

been reported to be insignificant during the natural aging of the AA7075 alloy [55]. Therefore, 

a considerable proportion of the dislocations that form during the die-quenching process are 

presumed to be persistently present in the microstructure of the alloy in the 2NA condition. 

The annihilation of dislocations is expected to be more noticeable during aging at higher 

temperatures (i.e., aging at 177℃ or PBC treatment), at which dislocations go through a 

rearrangement or partial recovery more easily [112]. As a result of the decrease in dislocation 

density, the strength/hardness contribution due to dislocations is reduced in both the DQ+PA 

and DQ+PB conditions. To predict the microstructure and yield strength evolution during 

artificial ageing (such as PBC treatment) of AA7075 in the DQ+PA condition, a precipitation 

hardening model is developed and is detailed in section 5.2.2, based on the experimental 

observations reported in this section. 
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4.3 Summary 

In this chapter, the microstructural evolution and precipitation hardening behavior of 

AA7xxx alloys in the WQ and DQ conditions were studied. The kinetics of precipitation and 

strengthening behavior during natural aging of AA7xxx-WQ alloys were discussed. The 

precipitation hardening behavior of the AA7075-WQ alloy during multi-step aging treatments, 

including pre-aging treatments, secondary natural aging, and artificial aging of the alloy in pre-

aged tempers were investigated. The effects of natural aging and a multi-step aging treatment 

on the microstructure and hardening response of a die-quenched AA7075 alloy were evaluated, 

and the interactions between the precipitates and dislocations were analyzed. The acquired 

knowledge has been used to model the microstructural and yield strength evolution of these 

alloys during natural and multi-step aging treatments, which will be presented in the next 

chapter. 
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5. Modeling Analysis 

The aim of this chapter is to model the precipitation kinetics and age hardening behavior of 

the AA7xxx alloys used in this study in the WQ and DQ conditions and during natural aging 

and multi-step aging treatments. The applied thermal processing histories for each section of 

this chapter are shown schematically in Figure 5-1. 

 
 

  

Figure 5-1 Schematic of the thermal processing routes, showing positioning of each section in 

this chapter. 

5.1 Modeling of Precipitation Hardening in Solutionized and Water-

Quenched Materials 

In this section, the microstructural and yield strength evolutions during natural aging of the 

AA7xxx alloys in WQ condition (Section 5.1.1) and multi-step aging treatments of the 

AA7075 alloy in WQ condition (Section 5.1.2) are modeled.  

The modeling of natural aging kinetics (Section 5.1.1) has already been published in a 

journal paper [123].  
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Yield Strength Model 

The evolution of the yield strength during precipitation hardening of the WQ materials is 

modeled using the methodology introduced by Esmaeili et al., as outlined in Table 5-1. All 

modeling equations used for this purpose are listed in Table 5-1. In this model, it is assumed 

that the shape and orientation of the hardening phases do not change during the aging process 

and that the precipitates act as spherical obstacles to dislocation motion. The spherical shape 

of the precipitates has also been assumed in previous modeling results for AA7xxx alloys 

[85,97]. To model the yield strength evolution during aging treatments, the strengthening 

components 𝜎𝑠𝑠 and 𝜎𝑝𝑝𝑡 are modeled using the microstructural variable 𝑓𝑟. 

Table 5-1 Summary of equations used in the yield strength model. 

Parameter Equation References Calibration parameters 

𝜎𝑦 𝜎𝑦 = 𝜎𝑖 + 𝜎𝑠𝑠 + 𝜎𝑝𝑝𝑡 [105] 𝜎𝑖 

𝜎𝑠𝑠 𝜎𝑠𝑠 = 𝜎0𝑠𝑠(1 − 𝑓𝑟)2/3 [96,105] 𝜎0𝑠𝑠 = 𝜎𝑦
𝐴𝑄 − 𝜎𝑖  

𝜎𝑝𝑝𝑡 

Natural aging: 𝜎𝑝𝑝𝑡 = 𝐶 (𝑓𝑟
𝑁𝐴)1/2 [113] 

𝐶 = 𝜎𝑦
𝑝𝑒𝑎𝑘 − 𝜎𝑖  

Multi-step aging: 𝜎𝑝𝑝𝑡 = 𝐶 (𝑓𝑟)3/4 [106] 

5.1.1 Natural Aging Kinetics of AA7xxx Alloys  

Using the methodology introduced by Esmaeili et al. [113] for AA6xxx alloys, the 

strengthening relationships used to define natural aging is applied to formulate and analyze the 

stability of the as-quenched 7xxx alloys at room temperature. In this approach, the knowledge 

of the empirical linear-log relationship between yield strength and natural aging time, as well 

as the physically-based yield strength modeling formulation for the weak obstacle assumption 

[105] are used to numerically calculate the evolution of the microstructure (i.e., relative volume 

fraction (𝑓𝑟
𝑁𝐴) and size (radius, r) of the precipitates) that form during natural aging as follows: 

𝑎 ln (𝑡𝑁𝐴) + 𝑏 = 𝜎𝑖 + 𝐶2 𝑟
1/2 (𝑓𝑟

𝑁𝐴)1/2 + 𝜎0𝑠𝑠 (1 − 𝑓𝑟
𝑁𝐴)2/3 Eq. 5-1 
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where 𝜎𝑖 is intrinsic strength of aluminum matrix, 𝜎0𝑠𝑠 is the contribution from solid solution 

to yield strength for the as-quenched material, and 𝐶2 is a proportionality factor related to the 

microstructure-strength relationship for the peak-aged (i.e., long-term naturally-aged 

condition). 

For the alloy systems with practically constant size natural aging precipitates, Eq. 5-1 

reduces to a single unknown parameter equation [113]: 

𝑎 𝑙𝑛 (𝑡𝑁𝐴) + 𝑏 = 𝜎𝑖 + 𝐶 (𝑓𝑟
𝑁𝐴)1/2 + 𝜎0𝑠𝑠 (1 − 𝑓𝑟

𝑁𝐴)2/3 
Eq. 5-2 

Using the experimental input parameters of 𝑎, 𝑏, 𝐶, and 𝜎0𝑠𝑠, Eq. 5-2 is solved to obtain 

𝑓𝑟
𝑁𝐴 as a function of 𝑡𝑁𝐴. In Eq. 5-2, 𝜎𝑖 is equal to 10 MPa [97], and 𝜎0𝑠𝑠, and 𝐶 are found as 

follows; assuming 𝑓𝑟
𝑁𝐴 is 0 and 1 for the as-quenched and peak-aged conditions, respectively: 

𝜎0𝑠𝑠 = 𝜎𝑦
𝐴𝑄 − 𝜎𝑖, Eq. 5-3 

𝐶 = 𝜎𝑦
𝑝𝑒𝑎𝑘 − 𝜎𝑖 Eq. 5-4 

For AA7075 alloy, 𝜎𝑦
𝑝𝑒𝑎𝑘

 is assumed to be equal to 𝜎𝑦
𝑎𝑠−𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑 𝑇6 =498 MPa and for D-

7xxx alloy, 𝜎𝑦
𝑝𝑒𝑎𝑘

 is assumed as 𝜎𝑦
2−𝑦𝑒𝑎𝑟𝑠  𝑁𝐴

 where 𝜎𝑦
2−𝑦𝑒𝑎𝑟𝑠  𝑁𝐴

 is obtained using the 

logarithmic relationship in Figure 4-2 (a). The values of 𝜎𝑦
𝐴𝑄

 for both alloys are obtained using 

tensile data in Figure 4-2 (see Table 5-2 for the resultant input parameters). 

Table 5-2 Input parameters for modeling of the yield strength during natural aging. 

Alloys 𝝈𝟎𝒔𝒔 (MPa) 𝑪 (MPa) 𝒂 𝒃 

AA7075 130 488 20.286 282.77 

D-7xxx 100 386 22.91 171.63 

Following the APT observation of no significant change in the natural aging precipitate size 

in AA7075 APT results, Eq. 5-2 is used to reverse calculate 𝑓𝑟
𝑁𝐴 as a function of 𝑡𝑁𝐴 for 

AA7075 and D-7xxx alloys. For this purpose, Eq. 5-2 is solved using Newton’s numerical 

analysis method (in MATLAB 9.3), using the input parameters listed in Table 5-2. Table 5-2 

also outlines how input parameter 𝐶 is obtained from the known strength values.  
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Figure 5-2 The plot of 𝒍𝒏𝒍𝒏 (
𝟏

𝟏−𝒇𝒓
𝑵𝑨 ) vs. 𝐥𝐧(𝒕𝑵𝑨) for the three alloys where 𝑿 =

𝟏

𝟏−𝒇𝒓
𝑵𝑨  in the y-axis title. 

By solving Eq. 5-2 for both alloys, 𝑓𝑟
𝑁𝐴 is obtained as a function of 𝑡𝑁𝐴 within the range of 

24 hours to 180 days. This reverse calculated data is further used to plot 𝑙𝑛𝑙𝑛(
1

1−𝑓𝑟
𝑁𝐴) vs. 

𝑙𝑛 (𝑡𝑁𝐴). As Figure 5-2 shows, for each alloy, the plot identifies a linear relationship between 

𝑙𝑛𝑙𝑛(
1

1−𝑓𝑟
𝑁𝐴) and 𝑙𝑛 (𝑡𝑁𝐴). These linear relationships, as in the case of AA6111 alloy [113], are 

indicative of the well-known JMAK equation [96,105,160], as follows: 

𝑓𝑟
𝑁𝐴 = 𝑓𝑟 = 1 − exp (−𝑘𝑡𝑛) 

Eq. 5-5 

The kinetic parameters n and k, as obtained from Figure 5-2, are presented in Table 5-3. 

The two alloys have similar n values, suggesting similarity in the morphology of precipitates. 

This interpretation is consistent with the formation of the same type of precipitates, i.e., 

spherical GP zones, during natural aging of AA7xxx alloys [46,54,161]. For better comparison, 

Table 5-3 also contains n and k values for three other alloys as analyzed in the next section.  

Table 5-3 Natural aging kinetic parameters. 

Alloys n k (h−𝑛) 

AA7075 0.3 0.08 

D-7xxx 0.3 0.05 

AA7050 (Ref. [69]) 0.3 0.1 

Al-Zn-Mg (Ref. [56]) 0.3 0.04 

Al-Zn-Mg (Ref. [46]) 0.3 0.01 
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5.1.1.1 Applicability of the Reverse Calculation Approach 

5.1.1.1.1 Cu-Free Al-Zn-Mg Alloys 

The general applicability of the reverse calculation methodology to AA7xxx alloys is 

evaluated by considering the age hardening data of a Cu-free alloy (wt.%: 6.5Zn, 2.3Mg, and 

0.1Zr), reported in Ref. [56]. A close examination of the hardness data for this alloy (Figure 

IV.2 of Ref. [56]) shows that the data falls on a single log-linear trend line when the data for 

the three shortest natural aging times (i.e., 0.5, 1, and 2 hours) are not included. Therefore, the 

hardness values for the rest of the reported range (i.e., 24 to 2208 hours) are used in the analysis 

to define the Cu-free alloy’s natural aging kinetics. The input parameters used for this purpose 

are listed in Table 5-4. 

Table 5-4 Input parameters for modeling of the yield strength during natural aging. 

Alloys 𝝈𝟎𝒔𝒔 (MPa) 𝑪 (MPa) 𝒂 𝒃 Remarks 

Al-Zn-Mg (Ref. [56]) 194 460 18.256 278.9 
𝜎𝑦

𝑝𝑒𝑎𝑘
 assumed to be ≅ 𝜎𝑦

𝑝𝑒𝑎𝑘−𝑎𝑔𝑒𝑑 𝑎𝑡 160℃
 [56]. 

YS (MPa) is assumed to be equal to 3×hardness 

(HV). 

Al-Zn-Mg (Ref. [46]) 164 356 20.296 187.59 
𝜎𝑦

𝑝𝑒𝑎𝑘
 is equal to 𝜎𝑦

8−𝑚𝑜𝑛𝑡ℎ𝑠  𝑁𝐴 [46]. 

YS (MPa) is assumed to be equal to 3×hardness 

(HV). 

AA7050 (Ref. [69]) 160 451 23.766 228.86 𝜎𝑦
𝑝𝑒𝑎𝑘

 assumed as 𝜎𝑦
2−𝑦𝑒𝑎𝑟𝑠  𝑁𝐴

 [69] 

AA7010 (Ref. [56]) 160 540 - - 
𝜎𝑦

𝑝𝑒𝑎𝑘
 assumed to be ≅ 𝜎𝑦

𝑇6 [56] 

Hardness (HV) is assumed to be 1/3 of the YS (MPa). 

AA7108 (Ref. [5]) 149 398 - - 
𝜎𝑦

𝑝𝑒𝑎𝑘
 assumed to be ≅ 𝜎𝑦

𝑇6 [5] 

YS (MPa) is assumed to be equal to 3×hardness 

(HV). 

Note: For all the alloys, the values of 𝜎0𝑠𝑠 and 𝐶 are obtained using the literature data as listed in Table 5-4 and Eq. 5-3 and Eq. 5-4.  

The calculated 𝑓𝑟
𝑁𝐴 values for the above ternary alloy are used to plot 𝑙𝑛𝑙𝑛(

1

1−𝑓𝑟
𝑁𝐴) vs. 

ln (𝑡𝑁𝐴) in Figure 5-3. Similar to all other cases, this plot reveals that the JMAK equation is a 

valid formulation to define the kinetics of natural aging. As listed in Table 5-3, the obtained n 

value for this ternary alloy is similar to the value found for AA7075 and D-7xxx alloys, while 

the k value is lower than that of the Cu-containing AA7xxx alloys in Table 5-3.  
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Figure 5-3 The plot of 𝒍𝒏𝒍𝒏 (
𝟏

𝟏−𝒇𝒓
) vs. 𝐥𝐧(𝒕𝑵𝑨) for the Al-Zn-Mg alloy in Ref. [56] where 𝑿 =

𝟏

𝟏−𝒇𝒓
 in the y-axis label. 

The validity of the JMAK formulation to define the kinetics of natural aging in AA7xxx 

alloys is further evaluated by using the small-angle X-ray scattering (SAXS) data for an Al-

Zn-Mg alloy as reported in Figure IV.1 of Ref. [56]. Using the calculated kinetic parameters 

(Table 5-3), the evolution of 𝑓𝑟 during natural aging of this alloy from 4 to 100 hours is 

predicted (Figure 5-4). The integrated intensity data obtained from the SAXS measurements 

(𝑄0) is reported [162] to represent the volume fraction of precipitates (𝑓𝑣|𝑡 at time t), and 

thereby, the relative volume fraction of precipitates (𝑓𝑟=𝑓𝑣|𝑡 /𝑓𝑝𝑒𝑎𝑘). Hence, the same trends 

for the modeled 𝑓𝑟 and measured 𝑄0 with natural aging time, presented in Figure 5-4, validates 

the model outcome.  

 

Figure 5-4 Comparison of the modeling results for 𝒇𝒓 with the experimental data for 

integrated intensity obtained from Ref. [56] for Al-Zn-Mg alloy. 
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5.1.1.1.2 Copper-Containing AA7xxx Alloys 

The kinetic model is also evaluated by implementing the model to predict the yield strength 

of the AA7010 (wt.%: 6.5Zn, 2.3Mg, 1.5Cu, 0.1Zr, 0.1Fe, and 0.1Si) alloy. The prediction 

results are further compared with independent data from the literature [56]. Considering the 

compositional characteristics, it is assumed that the AA7010 alloy has natural aging kinetic 

parameters similar to those of the AA7075 alloy (see Table 5-3). Using these kinetic 

parameters in Eq. 5-5, the evolution of 𝑓𝑟
𝑁𝐴 during natural aging, from 6 to 648 hours, is 

estimated for the AA7010 alloy. The 𝑓𝑟
𝑁𝐴 values are then used to predict YS and hardness as 

a function of time for the alloy. The hardness predictions are compared with the above-

mentioned experimental data, as seen in Figure 5-5. The predicted and experimental results 

follow a similar trend, while the predictions underestimate (up to 12%) the experimental 

values. This underestimation may stem from the simplifying assumptions used for calculations 

(i.e., strength-hardness conversion factor and the compositional dependence of the kinetic 

parameter). 

 

Figure 5-5 Comparison of the model predictions for the AA7010, using the kinetic parameters 

for AA7075, with the experimental data obtained from Ref. [38]. 

5.1.1.2 Influence of Composition on the Kinetics of Natural Aging in Al-Zn-Mg-(Cu) 

Alloys 

To further investigate and compare the kinetics of natural aging in different Al-Zn-Mg-(Cu) 

alloys, the kinetic parameters for natural aging of copper-containing AA7050 (Figure 4-2) and 

a copper-free Al-Zn-Mg alloy (with a nominal composition of 4.62Zn, and 0.9Mg (wt.%)) are 
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obtained using the yield strength and hardness data reported in references [69] and [46], 

respectively. The input parameters used for this purpose are listed in Table 5-4. The reverse 

calculation of 𝑓𝑟
𝑁𝐴 (using Eq. 5-2) is performed for these two alloys. The calculated 𝑓𝑟

𝑁𝐴 values 

for these alloys are used to plot lnln(
1

1−𝑓𝑟
𝑁𝐴) vs. ln (𝑡𝑁𝐴) in Figure 5-6. This figure is then used 

to find the natural aging kinetic parameters for the two alloys as listed in Table 5-2. 

 

Figure 5-6 The plot of 𝐥𝐧𝐥𝐧 (
𝟏

𝟏−𝒇𝒓
) vs. 𝐥𝐧(𝒕𝑵𝑨) for the Al-Zn-Mg alloy in Ref. [46] and AA7050 

in Ref. [69] where 𝑿 =
𝟏

𝟏−𝒇𝒓
 in the y-axis label. 

As in the case of the Cu-free alloys, the estimated values for n are found to be 0.3. More 

detailed future work is necessary to elaborate on the similarity in the n values obtained for 

natural aging kinetics of AA7xxx alloys. In contrast to the similarity in the n values, a lower k 

value is obtained for the copper-free alloy compared to the Cu-containing AA7050 alloy. The 

data in Figure 5-7 shows that the k value increases with increasing Zn+Mg+Cu (wt.%) alloy 

content in the composition of these alloys. An increase in the content of the main alloying 

elements in the alloy results in achieving a higher supersaturation of the matrix thereby 

enhancing the driving force for nucleation of natural aging precipitates right after quenching. 

According to classical nucleation theory, an increase in the driving force for transformation 

will reduce the energy barrier for nucleation (∆𝐺∗). Consequently, the rate of nuclei formation 

will increase resulting in faster kinetics of natural aging. 
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Figure 5-7 Comparison of k parameter vs. Zn+Mg+Cu content for the investigated AA7xxx 

alloys. 

The variation of k with the sum of Zn+Mg+Cu (wt.%) alloy content was trial fit to a power-

law (Eq. 5-6) as follows: 

𝑘 = 𝑘1𝐶𝑡
𝑚 Eq. 5-6 

where 𝐶𝑡
 is the main alloying elements percentage (i.e., wt.%: Zn+Mg+Cu) of the alloys and 

𝑘1, and 𝑚 are constants, that were determined to be 𝑘1 = 0.00002, and 𝑚 = 3.576. 

As an independent assessment of this approach to determine k, Eq. 5-6 is used to predict the 

microstructural evolution and the evolution of yield strength during natural aging of AA7108 

(wt.%: 5.36Zn, 1.21Mg, 0.01Cu, 0.16Zr, 0.15Fe, and 0.08Si) using hardness and yield strength 

data reported in Ref. [5]. 𝑓𝑟
𝑁𝐴 values are found using Eq. 5-5 and assuming n=0.3 and k=0.02 

(according to Figure 5-7) for the alloy. The 𝑓𝑟
𝑁𝐴 values and the parameters in Table 5-4 are 

then used to predict YS as a function of time during natural aging of this alloy from 24 to 672 

hours. Figure 5-8 shows the predicted values for yield strength compared with the experimental 

data obtained from Ref. [5]. The predicted data slightly underestimates the experimental values 

(maximum 10%). The relatively good agreement between the predicted and experimental 

results for this alloy suggests that Eq. 5-6 can be used to have an approximate value for the k 

parameter, enabling natural aging predictions for various AA7xxx alloys. 



104 

 

 

Figure 5-8 Comparison of the model-predicted yield strength values, using Equation 6, for 

AA7108 with the experimental data obtained from Ref. [3]. 

5.1.2 Multi-Step Aging Treatments of AA7075 Alloy 

5.1.2.1 Secondary Natural Aging of the Pre-aged Material  

5.1.2.1.1 Natural Aging Kinetics 

The stability of the pre-aged samples at room temperature (secondary natural aging, SNA) 

is formulated and analyzed using the same approach reported for the analysis of the natural 

aging kinetics of the as-quenched AA7xxx alloys (Section 5.1.1). For secondary natural aging, 

however, the relative volume fraction of the precipitates during natural aging is assumed to be 

as follows: 

𝑓𝑟 = 𝑓𝑟
0 + 𝑓𝑟

𝑆𝑁𝐴 Eq. 5-7 

where 𝑓𝑟
𝑆𝑁𝐴 is the relative volume fraction of precipitates formed during secondary natural 

aging. In this equation, 𝑓𝑟
𝑆𝑁𝐴 is a function of the secondary natural aging time (𝑡𝑆𝑁𝐴). 

The evolution of hardness for the A7075 alloy in the PA condition follows a linear 

logarithmic relationship with time during secondary natural aging, as previously reported in 

Section 4.1.2.2.1. Therefore, it is assumed that the same trend holds for the evolution of the 

yield strength of the AA7075-PA during secondary natural aging as a function of 𝑡𝑆𝑁𝐴, as 

formulated in Eq. 5-2 and replacing 𝑡𝑁𝐴 with 𝑡𝑆𝑁𝐴. This equation is then used to numerically 
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calculate the evolution of 𝑓𝑟. For secondary natural aging, as in the case of natural aging of as-

water-quenched AA7075 [163], it is assumed that there is no significant change in the natural 

aging precipitate size during subsequent natural aging. The equations used for the back-

calculation analysis to formulate 𝑓𝑟 and the yield strength modeling equations are reported in 

the chart shown in Figure 5-9. 

 

Figure 5-9 Schematic outline of the modeling of natural aging kinetics for pre-aged materials 

(PA=Pre-Aged, SNA= Secondary Natural Aged). 

The modeling equations in Figure 5-9 are used to find 𝑓𝑟 as a function of 𝑡𝑆𝑁𝐴 and to 

analyze the kinetics of secondary natural aging for the AA7075 alloy in the PA condition. The 

yield strength modeling formulation (reported in Figure 5-9) is then solved using Newton’s 

numerical analysis method (in MATLAB 9.3), and the input parameters that are listed in Table 

5-5. The 𝑓𝑟
𝑆𝑁𝐴 values are then estimated using the calculated 𝑓𝑟 values and the 𝑓𝑟

0 value for the 

PA condition (Figure 4.14). 
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Table 5-5 Input parameters for modeling of the yield strength during natural aging of the 

AA7075-PA.  

Parameter Value 

𝑎 7.4 

𝑏 403 

𝐶 (MPa) 488 

𝜎0𝑠𝑠(MPa) 130 

𝜎𝑖 10 

Plotting 𝑙𝑛𝑙𝑛(
1

1−𝑓𝑟
𝑆𝑁𝐴) vs. 𝑙𝑛 (𝑡𝑆𝑁𝐴) yields a straight line, as shown in Figure 5-10. 

Therefore, the evolution of 𝑓𝑟
𝑆𝑁𝐴 can be formulated by using the JMAK relationship. n and k 

parameters for the secondary natural aging of AA7075 alloy in the PA condition are obtained 

as 0.3 and 0.02 ℎ𝑟−0.3, respectively. The obtained n value is similar to the value found for the 

natural aging of water-quenched AA7075, whereas the k value is lower than that of the WQ 

sample (see Table 5-3). The similarity in the n values obtained for the evolution of natural 

aging of AA7075 in the PA and WQ conditions is ascribed to the similarity in the morphology 

of precipitates that form during secondary natural aging in the microstructure of this sample, 

as suggested in Section 5.1.1.1 [123] for the natural aging of as-water-quenched AA7xxx 

alloys.  

 

Figure 5-10 The plot of 𝒍𝒏𝒍𝒏 (
𝟏

𝟏−𝒇𝒓
𝑺𝑵𝑨) vs. 𝐥𝐧(𝒕𝑵𝑺𝑨) where 𝑿 =

𝟏

𝟏−𝒇𝒓
𝑺𝑵𝑨 in the y-axis label. 
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5.1.2.1.2 Modeling of Yield Strength 

The yield strength model for the natural aging of pre-aged AA7xxx alloys has been 

validated by implementing it to predict the yield strength and hardness of the AA7075 alloy 

and comparing the results with experimental data. The evolution of 𝑓𝑟
𝑆𝑁𝐴 during the natural 

aging of the AA7075-PA (up to 2880 hours) has been predicted using the JMAK equation for 

the kinetic model and the kinetic parameters reported in Section 5.1.2.1.1. The evolution of 𝑓𝑟 

during secondary natural aging has been then calculated using the evolution of 𝑓𝑟
𝑆𝑁𝐴 and 𝑓𝑟

0 

value for the PA condition in Eq. 5-7. The evolution of 𝑓𝑟 and the calibrated parameters in 

Table 5-5 are then used in yield strength modeling formulation reported in Figure 5-9 to model 

the evolution of yield strength during natural aging of this alloy in the PA condition. It should 

be noted that σy
peak

 has been assumed to be equal to the peak strength of AA7075 during aging 

at 120℃, that is the T6 condition. The modeled yield strength values have then been converted 

to hardness values by assuming that the yield strength in MPa was approximately equivalent 

to the Vickers hardness number multiplied by 3 [56,123]. A comparison of the modeling and 

experimental results is shown in Figure 5-11. It is evident that the model and experimental 

results agree very well (up to a difference of 4 HV). The difference between the experimental 

and modeling results can be due to the approximations made for the calibration parameters and 

the simplifying assumptions used for calculations. 

 

Figure 5-11 Comparison of the model-predicted hardness (line) for pre-aged AA7075 with 

experimental measurements (symbols). 
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5.1.2.2 Artificial Aging of Pre-Aged AA7075  

5.1.2.2.1 Modeling of Precipitation Kinetics 

The precipitation kinetics during artificial aging treatments of the alloy in the PA condition 

are predicted using a kinetic model developed by Esmaeili and Lloyd for AA6xxx alloys [98]. 

The modeling equations are listed in Table 5-6. 

Table 5-6 Summary of equations used in modeling of precipitation kinetics for artificial aging of 

the material in the PA condition. 

Equation type Parameter Equation References 

Modeling 

equation 

𝑓𝑟 𝑓𝑟 = 1 − (1 − 𝑓𝑟
0) exp(−𝑘𝑡)𝑛 [98] 

𝑘 𝑘 =  𝑘0 exp(−𝑄𝐴/𝑅𝑇) [98] 

Experimental 

analysis equation 
𝑓𝑟

0 𝑓𝑟
0 =

∫ (
𝑑𝑄

𝑑𝑡
)𝑑𝑡|𝐴𝑄+𝐴𝐴−∫ (

𝑑𝑄

𝑑𝑡
)𝑑𝑡|PA+AA

𝑡𝑝𝑒𝑎𝑘
0

𝑡𝑝𝑒𝑎𝑘
0

∫ (
𝑑𝑄

𝑑𝑡
)𝑑𝑡|𝐴𝑄+𝐴𝐴

𝑡𝑝𝑒𝑎𝑘
0

   [96,105] 

The kinetic parameters 𝑘 and n for artificial aging treatments of the alloy in PA condition 

are determined by experimental measurement of 𝑓𝑟 as a function of temperature at three 

different temperatures and plotting the ln ln
(1−𝑓𝑟

0)

1−𝑓𝑟 
 vs. ln 𝑡. The slop and y-axis intercept of the 

resultant lines (Eq. 2-7) are then used to obtain the necessary values. The experimentally 

obtained values for the evolution of 𝑓𝑟  during the artificial aging of AA7075- PA, reported in 

Section 4.1.2.3.2, are used to calculate the 𝑘 values. The resulting n values for all the three 

temperatures are close to unity. The resulting 𝑘 values are used to obtain the kinetic parameters 

of 𝑘0 and 𝑄𝐴 through that equation (as shown in Figure 5-12).  
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Figure 5-12 The Arrhenius plot to determine the kinetic parameters for artificial aging of 

AA7075 in the PA condition. 

The kinetic parameters for the artificial aging of the material in the PA condition are 

summarized in Table 5-7. The activation energy (𝑄𝐴) compares very well with the activation 

energy required for the migration of Mg atoms in Al-Zn-Mg alloys (58 kJ/mol [164]). 

However, it is higher than the activation energy required for the migration of Zn and Zn-

vacancy pairs in Al, which are 39 kJ/mol and 43 kJ/mol, respectively [164]. This finding 

suggests that the growth rate of precipitates during the final aging step of the pre-aged AA7075 

alloy may be controlled by the migration of magnesium atoms.  

Table 5-7 Kinetic parameters for artificial aging of the AA7075-PA alloy. 

Parameter Value 

𝑘0 (1/s) 1.4 × 103 

𝑄𝐴 (𝑘𝐽/𝑚𝑜𝑙) 54 

5.1.2.2.2 Modeling of Yield Strength 

The yield strength of the pre-aged AA7075 alloy is modeled for the third aging step using 

the modeling equations adapted from Ref. [98,105,106,113], as reported in the chart shown in 

Figure 5-13. For this purpose, the evolution of 𝑓𝑟 is modeled during artificial aging of the pre-

aged AA7075 using the equations reported in Figure 5-13 for 𝑓𝑟 and the kinetic parameters 

listed in Table 5-5.  
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Figure 5-13 Schematic outline of yield strength modeling for pre-aged materials (PA=Pre-

Aged, AA=Artificially-Aged, AQ=As-Quenched). 

The evolution of yield strength in the AA7075-PA alloy during artificial aging at 177°C up 

to the peak-aged condition is predicted using the modified-weak obstacle assumption (as 

described in Section 2.4.2) for 𝜎𝑝𝑝𝑡. This modeling assumption has been selected based on 

previous studies [106,112] where using weak obstacle assumptions resulted in a better match 

between predicted and experimental yield strength values for artificial aging treatments of 

AA7xxx alloys, compared to strong obstacle modeling results. The calibration parameters used 

to model the yield strength are listed in Table 4-5.  

An excellent prediction of the yield strength is demonstrated, as shown in Figure 5-14. It is 

concluded that the modeling approaches developed by Esmaeili and co-workers [98,105] are 

applicable for modeling the precipitation kinetics and hardening during multi-step aging 

treatments of the AA7075 alloy. For the yield strength modeling, the modified-weak model 

(𝜎𝑝𝑝𝑡 = 𝐶 (𝑓𝑟)3 4⁄ ) has been found to provide excellent predictions for the yield strength values 

of the PA sample and throughout the artificial aging process. As a result, it is recommended 
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for use in predicting the evolution of yield strength during artificial aging treatments of 

AA7xxx alloys. 

 

Figure 5-14 Comparison of the model-predicted yield strength (line) to experimental 

measurements (symbols) during aging at 177°C for the yield strength of AA7075. 

5.2 Modeling of Precipitation Hardening in Die-Quenched AA7075 

This section presents (a) the general yield strength model applied to model precipitation 

hardening, (b) the modeling of natural aging kinetics of AA7075-DQ (Section 5.2.1), and (c) 

the microstructural and yield strength evolution of the AA7075-DQ+PA alloy during 

subsequent artificial aging (Section 5.2.2), where recovery and precipitation hardening occur 

simultaneously.  

Yield Strength Model 

The evolution of yield strength during aging treatments for the DQ material is modeled 

using the equations for modeling listed in Table 5-8. In general yield strength modeling 

equation, 𝑚 is a hardening exponent that increases from a value of 1 for shearable precipitates 

to a value of 2 for non-shearable precipitates. In this study, it is assumed that 𝑚 =1. A 

comparison between the size of precipitates obtained from the current TEM study (Figure 4-32 

(b)) and those reported by Danh et al. for the shearable to non-shearable transition in an 

AA7075 alloy (6.9< 𝑅𝑐=13.2 nm) confirms this assumption. 
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To model the evolution of 𝜎𝑠𝑠, it is assumed that the loss of solutes during the die-quenching 

process (resulting from the slower quench rate compared to that of water-quenching) is 

negligible. This assumption is supported by experimental observations of very similar hardness 

values obtained for the alloy in both the as-WQ and as-FAQ conditions. 

Table 5-8 Summary of equations used in the yield strength model. 

Parameter Equations References Calibration parameters 

𝜎𝑦 𝜎𝑦 = 𝜎𝑖 + 𝜎𝑠𝑠 + (𝜎𝑝𝑝𝑡
𝑚 + 𝜎𝑑

𝑚)
1

𝑚⁄
 [97,106,109,110] − 

𝜎𝑠𝑠 𝜎𝑠𝑠 = 𝜎0𝑠𝑠(1 − 𝑓𝑟)2 3⁄  [96,105] 𝜎0𝑠𝑠 = 𝜎𝑦
𝐴𝑄 − 𝜎𝑖  

𝜎𝑝𝑝𝑡 

Natural aging: 𝜎𝑝𝑝𝑡 = 𝐶 (𝑓𝑟
𝑁𝐴)1/2 [113] 𝐶= √(𝜎𝑦

𝑃𝑒𝑎𝑘 − 𝜎𝑖)
𝑚 − (𝜎𝑑

𝑝𝑒𝑎𝑘
)𝑚

𝑚
 

where 𝜎𝑑
𝑝𝑒𝑎𝑘

 is the contribution 

of dislocations to the yield 

strength of the alloy at peak-aged 

condition [106]. 
Multi-step aging: 𝜎𝑝𝑝𝑡 = 𝐶 (𝑓𝑟)3 4⁄  [106] 

𝜎𝑑 𝜎𝑑 = 𝑀𝐺𝛼𝑏√𝜌 [104,165,166] − 

5.2.1 Kinetics of Natural Aging  

The natural aging kinetics of the AA7075-DQ alloy are analyzed using the reverse yield 

strength modeling methodology described in Section 5.1.1. Using the empirical linear-log 

relationship for the yield strength and the yield strength modeling formulation for the DQ 

material (outlined in Table 5-8), the evolution of the relative volume fraction (𝑓𝑟
𝑁𝐴) of 

precipitates that form during natural aging of the DQ material is numerically calculated as: 

𝜎𝑦
𝐷𝑄+𝑁𝐴 = 𝑎 ln(𝑡𝑁𝐴) + 𝑏1 = 𝜎𝑖 + 𝐶 (𝑓𝑟

𝑁𝐴)1/2 + 𝜎0𝑠𝑠  (1 − 𝑓𝑟
𝑁𝐴)2/3+ 𝑀𝐺𝛼𝑏√𝜌𝑁𝐴 Eq. 5-8 

Hardness values measured between 24 hours and 365 days are used to determine the natural 

aging kinetics. Microhardness data is utilized to estimate the evolution of yield strength during 

the natural aging of this alloy. It is assumed that the yield strength in MPa is approximately 

equivalent to the measured Vickers hardness number multiplied by 3. To obtain the evolution 
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of 𝑓𝑟
𝑁𝐴 as a function of 𝑡𝑁𝐴, Eq. 5-8 is solved using Newton’s numerical analysis method in 

MATLAB 9.3 with the calibration parameters listed in Table 5-9. 

Table 5-9 Input parameters for modeling of the yield strength during natural aging of AA7075-

DQ. 

Parameter Value Remarks 

𝜎𝑖 (MPa) 10  - 

𝑎 (MPa) 13.4 
Obtained from the hardness measurements results. 

𝜎𝑦 (𝑁𝐴) = 𝑎 ln (𝑡𝑁𝐴) + 𝑏1 

𝑏1 (MPa) 362.6 Obtained from the hardness measurements results 

𝐶 (MPa) 407 
Assumed to be equal to the value of 𝐶𝐴𝐴 for the DQ+PB condition.  

𝐶 = 𝜎𝑦
𝑝𝑒𝑎𝑘 − 𝜎𝑖 − 𝜎𝑑

𝑝𝑒𝑎𝑘
 

𝜎0𝑠𝑠 (MPa) 130 
Obtained from tensile testing experiments (Ref. [123]). 

𝜎0𝑠𝑠 = 𝜎𝑦
𝑎𝑠−𝑊𝑄 − 𝜎𝑖  

𝜌𝑁𝐴 (𝑚−2) 3.69×1014 Assumed to be equal to the 𝜌𝑃𝐴 obtained from TEM analysis. 

𝛼 0.3 Ref. [109] 

M 2 Ref. [83,167] 

𝐺 (GPa) 25. 4 Ref. [109] 

𝑏 (nm) 0.286 Ref. [109] 

By plotting ln ln (
1

1−𝑓𝑟
𝑁𝐴) vs. ln(𝑡𝑁𝐴), as shown in Figure 5-15, a linear relationship is 

indicative of the JMAK equation [96,105,160]; i.e., 𝑓𝑟
𝑁𝐴 = 1 − exp (−𝑘𝑡𝑛). The JMAK 

kinetic parameters for natural aging of AA7075-DQ are n=0.3 and k=0.06. The obtained value 

of n is similar to the value found for AA7075 in the WQ condition. This similarity may suggest 

a similarity in the morphology of precipitates, as discussed in the context of natural aging of 

AA7xxx alloys in the WQ condition. The lower value of k obtained for the DQ sample indicates 

slower kinetics of natural aging compared to the AA7075-WQ (refer to Table 5-3). Excess 

vacancies formed during quenching facilitate the nucleation of precipitates during aging by 

increasing diffusion rates or relieving misfit strain energies (∆𝐺𝑠) [10]. Therefore, the 

reduction in the supersaturation of vacancies in the material in the as-DQ condition (as 

discussed in Section 4.2.1), can lead to an increase in the activation energy required for atomic 

migration (∆𝐺𝑚) and an increase in the energy barrier for the nucleation (∆𝐺∗) of natural aging 
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precipitates. Therefore, the rate of nuclei formation for Zn-Mg precipitates will decrease during 

the natural aging of the material in the DQ condition. This results in a slower kinetics of natural 

aging compared to the WQ condition. 

  

Figure 5-15 The plot of 𝒍𝒏𝒍𝒏 (
𝟏

𝟏−𝒇𝒓
𝑵𝑨 ) vs. 𝐥𝐧(𝒕𝑵𝑨) for AA7075-DQ where 𝑿 =

𝟏

𝟏−𝒇𝒓
𝑵𝑨  in the y-

axis title. 

5.2.2 Artificial Aging of the Pre-Aged Material  

The process model described in this section consists of (1) a microstructure model to predict 

the evolution of the relative volume fraction of precipitates and (2) a yield strength model to 

predict the strengthening response of the DQ+PA condition during subsequent artificial aging 

(e.g., automotive PBC treatment). 

5.2.2.1 Modeling of Precipitation Kinetics 

The evolution of the relative volume fraction of precipitates during the artificial aging 

process of the material in the DQ+PA condition can be predicted by adapting the modeling 

equation (Eq. 2-2) that was developed for the artificial aging of AA6xxx alloys in pre-aged 

conditions [98]. Following Baghbanaghaei [106], who further included the effect of 

deformation on precipitation during artificial aging of pre-aged conditions, the evolution of 𝑓𝑟 

during artificial aging treatments of a die-quenched and pre-aged material can be found 

according to the following equation: 
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𝑓𝑟 = 1 − (1 − 𝑓𝑟 
0) exp (−𝑘𝑒𝑓𝑓𝑡)

𝑛
                                                                    Eq. 5-9 

 

In this equation, n is assumed to be equal to unity [160], 𝑓𝑟
0 is the relative volume fraction of 

precipitates in the DQ+PA material, at the beginning of the final artificial aging step, and 𝑘𝑒𝑓𝑓 

is a temperature-dependent constant that describes the precipitation rate in the presence of 

dislocations. According to Eq. 5-9, the residual dislocations which are primarily generated 

during die-quenching, can alter the precipitation kinetics in the microstructure of the pre-aged 

alloy by enhancing the diffusional mechanisms. The evolution of dislocation density during 

the artificial aging treatment of the alloy in the DQ+PA condition is estimated using modeling 

approaches, which will be described in the following section. The equations used for modeling 

the evolution of 𝑓𝑟 in this section are listed in the chart shown in Figure 5-16. 

 

Figure 5-16 Schematic outline for modeling the evolution of relative volume fraction of 

precipitates during artificial aging of the material in the DQ+PA condition (Note: The 

calculated and the calibration parameters in this chart are defined in the next sections). 

5.2.2.1.1 Estimation of Dislocation Density During Artificial Aging of the Alloy 

in DQ+PA Condition  

During the artificial aging of the material in die-quenched+pre-aged condition (DQ+PA), 

static recovery and precipitation are interdependent processes that occur. To determine 𝑘𝑒𝑓𝑓, it 

is necessary to model the evolution of dislocation density (𝜌) during artificial aging of the alloy 

in the DQ+PA condition (i.e., the kinetics of the reduction in dislocation density during aging). 
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In the current model, the commonly reported empirical relationship for predicting the kinetics 

of recovery during aging treatments, has been utilized [168]: 

𝑑𝜌

𝑑𝑡
= −𝑘𝑟𝜌𝑝 Eq. 5-10 

where 𝑘𝑟 denotes the rate constant. p is equal to 2 for dislocation-dislocation annihilation 

processes and 1 for dislocation adsorption at grain boundary processes [168,169]. Based on the 

TEM observations of dislocations and their substructures (i.e., dislocation tangles and subgrain 

boundaries), 𝑚 is chosen to be equal to 2 in this study. Integrating Eq. 5-10 results in [168,169]:  

 

For the artificial aging of the alloy in the DQ+PA condition, the initial dislocation density (𝜌𝑖) 

is equal to the dislocation density of the alloy after the pre-aging treatment (𝜌𝑃𝐴). The 

dislocation density in the final condition (𝜌𝑓) represents the dislocation density of the alloy in 

the DQ+PA condition during the subsequent artificial aging treatment (𝜌𝐴𝐴). The recovery rate 

constant (𝑘𝑟) is defined as [168,170]: 

𝑘𝑟 =
2𝐷𝑠𝑏𝛤

𝑘𝐵𝑇
 Eq. 5-12 

where 𝐷𝑠 is the self diffusivity coefficient, 𝑘𝐵 is Boltzmann constant and  

𝛤 is the line tension of dislocations which is given by [170]: 

𝛤 = 𝐺𝑏2
 Eq. 5-13 

The self diffusivity coefficient is given as [171]: 

𝐷𝑠 = 𝐷0𝑠 𝑒𝑥𝑝 (
−𝑄𝑠

𝑅𝑇
)                     Eq. 5-14 

in which 𝐷0𝑠 is the pre-exponential factor for self-diffusion and 𝑄𝑠 is the activation energy for 

self-diffusion. It should be noted that Eq. 5-12 assumes that dislocation climb is the dominant 

mechanism controlling dislocation mobility and the kinetics of recovery [168,170]. Although 

different mechanisms of recovery may occur concurrently during heat treatments, such as 

artificial aging, the above-mentioned assumption is made to simplify the model. 

1

𝜌𝑓
−

1

𝜌𝑖
= 𝑘𝑟𝑡                                                                                                          Eq. 5-11 
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In the case of a material that has been die-quenched, the self-diffusivity of the material is 

improved due to the presence of dislocations and their ability to enhance the diffusion 

mechanisms. According to Eq. 5-12, recovery process is a diffusion-controlled process. To 

account for the effect of dislocation density in a die-quenched and pre-aged material on the 

recovery rate constant, the equation proposed by Hart [172] (later modified by Frost and Ashby 

[173]) is used. This equation sums up the contributions from self-diffusion in the bulk (𝐷𝑠) and 

self-diffusion through dislocation cores (𝐷𝑠𝑐) as:  

𝐷𝑠−𝑒𝑓𝑓 =  𝐷𝑠 (1 +
𝜌𝑎𝑐𝐷𝑠𝑐

𝐷𝑠
)                                      Eq. 5-15 

where 𝐷𝑠−𝑒𝑓𝑓 is the effective self-diffusion coefficient. The self-diffusion coefficient in the 

presence of dislocation cores, 𝐷𝑠𝑐 , is given as: 

𝐷𝑠𝑐 = 𝐷0𝑠𝑐  𝑒𝑥𝑝 (
−𝑄𝑠𝑐

𝑅𝑇
) Eq. 5-16 

𝐷0𝑠𝑐 , and 𝑄𝑠𝑐 are the pre-exponential factor and activation energy for self-diffusion through 

the dislocation cores, respectively. In Eq. 5-12, 𝐷𝑠 is replaced by 𝐷𝑠−𝑒𝑓𝑓 to consider the effect 

of the deformation level in a die-quenched material on the recovery rate constant during 

subsequent aging treatments. 

5.2.2.1.2 Estimation of 𝝆𝑷𝑨 

To estimate the dislocation density of the alloy in the DQ+PA condition (𝜌𝑃𝐴), the 

dislocation density of the as-DQ sample must first be predicted. Similar to the approach 

previously developed for predicting the evolution of immobile dislocation density in aluminum 

alloys [106,174], a simplified mathematical treatment of microstructural evolution is adapted 

using the Kocks/Mecking model (KM-model) [109,165]. According to the KM-model, the 

evolution of strain can be described based on the evolution of the total dislocation density 𝜌𝑖, 

as: 

𝜕𝜌

𝜕𝜀
 = (𝑘1𝜌𝑖

1/2 − 𝑘2𝜌𝑖)                                                                                               Eq. 5-17 
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where 𝜀 is the applied plastic strain and 𝑘1 and 𝑘2 are constants. In this equation, the first term 

pertains to the storage of dislocations resulting from the trapping of dislocations by one 

another, which is associated with the statically stored dislocation density). The second term, 

on the other hand, pertains to the annihilation of dislocations which is related to dynamic 

recovery. Both terms assume a uniform spatial dislocation distribution. This assumption is 

reasonable for the case of small strain levels, such as those applied in this study, where the 

accumulation of dislocations at the subgrain boundaries is not significant in the microstructure 

of the deformed material. To further simplify Eq. 5-17, it is assumed that dynamic recovery 

during the die-quenching process is negligible (i.e., 𝑘2𝜌𝑖 = 0). Therefore, integrating Eq. 5-17 

yields: 

√𝜌𝐷𝑄 =√𝜌𝑖0 +
𝑘1

2
 (𝜀 − 𝜀0) Eq. 5-18 

This equation relates the applied plastic strain 𝜀 in the die-quenching process to the residual 

dislocation density in the as-DQ sample (𝜌𝐷𝑄). Assuming that static recovery is negligible 

during the pre-aging treatment (𝜌𝐷𝑄=𝜌𝑃𝐴), the estimated value for 𝜌𝐷𝑄 from Eq. 5-18 can be 

used in Eq. 5-11 to predict the evolution of the dislocation density during artificial aging of the 

alloy in the DQ+PA condition as a function of pre-strain (during die-quenching). To examine 

the validity of the assumption of negligible recovery of dislocations during pre-aging and to 

theoretically determine the dislocation density of the AA7075-DQ+PA sample, two distinct 

approaches can be pursued:  

(i) The difference in yield strength value between the as-WQ AA7075 sample 

(𝜎𝑦|𝑎𝑠−𝑊𝑄) and the as-DQ (15%) sample (𝜎𝑦|𝑎𝑠−𝐷𝑄) is assumed to be due to the 

contribution of dislocations to the yield strength (i.e., 𝜎𝑦|𝑎𝑠−𝐷𝑄 − 𝜎𝑦|𝑎𝑠−𝑊𝑄 = 𝜎𝑑 =

78 𝑀𝑃𝑎). By using 𝜎𝑑 = 78 𝑀𝑃𝑎 in the equation for 𝜎𝑑 (reported in Table 5-8), the 

dislocation density for the as-DQ sample is found to be 3.3× 1014 𝑚−2, which is 

very close to the dislocation density value for the alloy in the DQ+PA condition 

(𝜌𝑃𝐴), listed in Table 5-10. This finding also supports the assumption that only a 

negligible amount of dislocation annihilation takes place during the pre-aging 

process. 
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(ii) Using Eq. 5-10, Eq. 5-11, and the value for 𝑘𝑟 reported in Table 5-10 and assuming 

𝜌𝑓 = 𝜌𝑃𝐴 (the values listed in Table 5-11) and 𝜌𝑖 = 𝜌2𝑁𝐴, the dislocation density of 

the 2-day naturally aged alloy (at the beginning of intermediate aging at 100℃) is 

estimated as 3.7 × 1014 𝑚−2 (comparable to the value for 𝜌𝑃𝐴, as listed in Table 

5-10). This further supports the assumption that the annihilation of dislocation during 

artificial aging at 100℃ is not significant. 

5.2.2.1.3 Model Calibration 

The model was calibrated using experimental data from the current study, as well as selected 

literature data. The calibration parameters are listed in Table 5-10. The activation energy (𝑄𝑐) 

has been reported to be in the range of 80-88 kJ/mol. The lower and upper limits of this range 

are the values of 𝑄𝑐 for the self-diffusion of aluminum [13,173] and the diffusion of magnesium 

solutes in aluminum alloys [175], respectively. The upper limit of this range has been chosen 

as 𝑄𝑐 for modeling purposes, assuming that Mg diffusion-limited growth of precipitates 

happens during aging of the AA7075-PA (as found in Section 5.1.2.3.2). The value of 𝑘𝑒𝑓𝑓  

has been predicted using the equation for 𝑘𝑒𝑓𝑓 (listed in Figure 5-16), Eq. 5-11, and the 

calibration parameters provided in Table 5-11. 

To estimate the rate of dislocation annihilation during artificial aging of the alloy in the 

DQ+PA condition, 𝑘𝑟 is predicted using Eq. 5-12, Eq. 5-13, and the calibration parameters 

listed in Table 5-11. For bulk diffusivity, using Eq. 5-15 in Eq. 5-12, 𝑘𝑟 is estimated as 

1.17 × 10−18 𝑚2/𝑠. To estimate the effect of dislocations on self-diffusivity (𝐷𝑠−𝑒𝑓𝑓), using 

Eq. 5-15 and Eq. 5-16 in conjunction with Eq. 5-12, and the calibration parameters provided 

in Table 5-11, 𝑘𝑟 is estimated as 1.6 × 10−17 𝑚2/𝑠. Using the values of 𝜌𝑃𝐵 and 𝜌𝑃𝐴 obtained 

from the TEM analysis, in Eq. 5-11, 𝑘𝑟 is experimentally determined to be 1.7 × 10−18 𝑚2/𝑠. 

It has been observed that there is very good agreement between the predicted value for 𝑘𝑟, 

assuming bulk self-diffusion (𝐷𝑠), and the experimental value determined from TEM analysis. 

In the case of 𝐷𝑠−𝑒𝑓𝑓, the discrepancy between the predicted and experimental values for 𝑘𝑟 

may suggest that the effect of dislocations (i.e., dislocation cores) on both 𝐷𝑠 and the kinetics 

of recovery should not be significant at the given aging temperature. However, this discrepancy 
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may attributed to the simplifying assumptions and approximations utilized for the calibration 

parameters. For instance, the activation energy required for the kinetics of recovery may evolve 

during aging due to the evolution of dislocation density [168]. Moreover, the effects of grain 

boundaries, dispersoids, and precipitates on the kinetics of recovery (i.e., their effect on 

dislocation pinning and retardation of recovery [176]) have not been considered in the 

modeling equations. For modeling purposes in this study, the experimentally obtained value 

for 𝑘𝑟 is used in Eq. 5-11 to approximate the evolution of dislocation density during the aging 

of the alloy in the DQ+PA condition. 

Eq. 5-18 is calibrated by determining a constant value of 𝑘1, which is reported to be a 

characteristic of the material under investigation [109,177]. Assuming that the static recovery 

occurring during the pre-aging treatment is negligible, the dislocation density value of the alloy 

in the DQ (26%)+PA condition (𝜌𝐷𝑄26+𝑃𝐴), as listed in Table 5-10, is assumed to be equal to 

𝜌𝐷𝑄26, and is therefore used in Eq. 5-18 to determine 𝑘1, as presented in Table 5-10. Based on 

Eq. 5-18, the dislocation density value for the DQ (15%) alloy (𝜌𝐷𝑄) is estimated to be 

3.48 × 1014 𝑚−2. It has been observed that there is a reasonable agreement between the 

estimated value of 𝜌𝐷𝑄 obtained from the model and the value determined from the analysis of 

TEM results for the DQ+PA material (3.69 × 1014 𝑚−2), taking into consideration the 

negligible recovery of dislocations that occur during the pre-aging treatment. 

Table 5-10 Input parameters for modeling of 𝒇𝒓  during artificial aging of the AA7075-

DQ+PA at 177℃. 

Parameter Value Remarks 

𝜌𝑖0 (𝑚−2) 1012 
Initial immobile dislocation density in Al obtained from Ref. 

[174]. 

𝑎𝑐

𝐷0𝑐

𝐷0𝑣
 1.2 × 10−19 

Assumed to be similar to the experimentally obtained values 

for other AA7xxx alloys in Ref. [178]. 

𝑄𝑣 (kJ/mol) 120 
Assumed to be similar to the experimentally obtained values 

for other AA7xxx alloys in Ref. [178].  

𝑄𝑐 (kJ/mol) 88 From Ref. [175] 

𝑄𝑠 (kJ/mol) 142 From Ref. [10] 
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𝐷0𝑠 (𝑚2/𝑠) 1.7× 10−4 From Ref. [173] 

𝑎𝑐𝐷0𝑠𝑐 (𝑚4/s) 7× 10−25 From Ref. [173] 

𝑄𝑠𝑐 (kJ/mol) 82 From Ref. [173] 

𝑅 (
𝐽

𝑚𝑜𝑙. 𝐾
) 8.314 - 

𝑘1(𝑚−1) 2.3× 108 Estimated using the values for ρi0 and 𝜌𝐷𝑄26 in Eq. 5-18.  

𝑘𝑟 (𝑚2/𝑠) 1.7 × 10−18 
Experimentally obtained value, using the values of 𝜌𝑃𝐵 and 

𝜌𝑃𝐴, obtained from the TEM analysis, in Eq. 5-11. 

𝑘𝐵 (
𝑚2𝐾𝑔

𝑠2𝐾
) 1.38 × 10−23 - 

k 0.0007 
Found using IC on the AA7075-PA at 177℃ (Section 

5.1.1.1.2). 

𝜌𝐷𝑄26+𝑃𝐴 (𝑚−2) 8.9 × 1014 
𝜌𝐷𝑄26+𝑃𝐴 is estimated using the value for 𝜌𝐷𝑄26+𝑃𝐵 and Eq. 

5-11. 

 𝜌𝐷𝑄26+𝑃𝐵 (𝑚−2) 2.37 × 1014 Obtained from TEM analysis 

𝜌𝑃𝐴 (𝑚−2) 3.69×1014 Obtained from TEM analysis 

𝜌𝑃𝐵 (𝑚−2) 1.72×1014 Obtained from TEM analysis 

𝐺 (GPa) 25.4  Ref. [109] 

𝑏 (nm) 0.286  Ref. [109] 

5.2.2.1.4 Comparison of Model Predictions and Experimental Results 

The evolution of 𝑓𝑟  during the artificial aging of the AA7075-DQ+PA at 177℃ is modeled 

using Eq. 5-9. The results are then compared with the IC data (as reported in section 

4.2.2.1.2.1) and presented in Figure 5-17. Eq. 5-9 is then applied to model the evolution of 𝑓𝑟, 

as shown in Figure 5-17. The model’s predictions are in excellent agreement with the 

experimental data, with a maximum difference of 4%. The discrepancy between the 

experimental and modeling results may be attributed to potential errors arising from the 

application of literature data (which provides approximate values) for the 𝑄𝑣, 𝑄𝑐, and 𝑎𝑐
𝐷0𝑐

𝐷0𝑣
 

parameters (i.e., the effect of alloy composition on these parameters). This may also be related 
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to the possible evolution of precipitation, as dictated by the thermodynamic and kinetic factors 

of the precipitation sequence during the final aging step, which has not been considered in the 

model. 

 

Figure 5-17 The comparison of the predicted and measured values of 𝒇𝒓 (𝑫𝑸+𝑷𝑨) during 

artificial aging of the AA7075- DQ+PA at 177℃. 

5.2.2.2 Modeling of Yield Strength 

The equations implemented for modeling the yield strength evolution during artificial aging 

of the material in the DQ+PA condition (discussed in Section 5.2) are summarized in the chart 

shown in Figure 5-18. 

 

Figure 5-18 Schematic outline of yield strength modeling for artificial aging of the material in 

the DQ+PA condition (AA=Artificial Aging). 
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5.2.2.2.1 Calibration of Yield Strength Model 

To determine the calibration parameter 𝐶𝐴𝐴 for the artificial aging of AA7075-DQ+PA at 

177℃, the value of 𝜎𝑝𝑝𝑡 for the DQ+PB material is estimated. 𝜎𝑝𝑝𝑡
𝐷𝑄+𝑃𝐵

 is estimated using the 

estimated values of 𝜎𝑠𝑠
𝐷𝑄+𝑃𝐵

 and 𝜎𝑑
𝐷𝑄+𝑃𝐵

 in the general yield strength modeling equation 

(𝜎𝑦  𝑖𝑛 Figure 5-18). Then, using the values of 𝜎𝑝𝑝𝑡
𝐷𝑄+𝑃𝐵

 and 𝑓𝑟
𝐷𝑄+𝑃𝐵

 in the 𝜎𝑝𝑝𝑡 equation 

(reported in Figure 5-18), 𝐶𝐴𝐴 is calculated as listed in Table 5-11.  

The second approach for estimating 𝐶𝐴𝐴 for artificial aging of AA7075-DQ+PA at 177℃ is 

to use the values for peak strength (i.e., 𝜎𝑦
𝑝𝑒𝑎𝑘

) and 𝜎𝑑
𝑝𝑒𝑎𝑘

 (listed in Table 5-11)  in the 𝐶𝐴𝐴 

equation (reported in Figure 5-18). A reasonable agreement is observed between the value of 

𝐶𝐴𝐴 obtained using the second approach and the value reported in Table 5-11 (i.e., 𝐶𝐴𝐴=412 

MPa vs. 407 MPa). 

Table 5-11 Calibration parameters for modeling the evolution of yield strength during artificial 

aging of the AA7075-DQ+PA at 177℃. 

Parameter Value Remarks 

𝛼 0.3 Ref. [109] 

M 2 Ref. [83,97,167] 

𝜎0𝑠𝑠 (MPa) 130  Ref. [123] 

𝜎𝑖 (MPa) 10  Ref. [97] 

𝜎𝑑
𝑃𝐴 (MPa) 80  

Calculated using the equation for 𝜎𝑑 in Figure 5-18 and the experimental 

value for 𝜌𝑃𝐴. 

𝐶𝐴𝐴 (MPa) 407 - 

𝜎𝑦
𝑃𝑒𝑎𝑘 (MPa) 462 Obtained from experiments. 

𝜎𝑑
𝑝𝑒𝑎𝑘

(MPa) 42 
Calculated using the equation for 𝜎𝑑 in Figure 5-18 and the estimated 

value for 𝜌𝐴𝐴
𝑝𝑒𝑎𝑘

. 
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5.2.2.2.2 Modeling Results and Discussion 

The strengthening contributions of the AA7075-DQ+PA condition during artificial aging 

are evaluated using the equations presented in Figure 5-18, along with the modeled evolution 

of 𝑓𝑟  and 𝜌𝐴𝐴. The evolution of yield strength is predicted with and without considering the 

recovery of dislocations (static recovery) during the final aging step. Both modeling results are 

then compared with experimental data, as illustrated in Figure 5-19. The maximum difference 

between the experiment and the model (including recovery) is ~9%. The modeling of 

dislocation recovery in our modeling equations is essential for accurate modeling predictions. 

The discrepancy between the experimental and modeling results for the as-pre-aged condition 

can be attributed to the effect of dislocations on the precipitation mechanisms occurring in the 

pre-aged material during pre-aging. The growth of precipitates is suggested to be the dominant 

precipitation mechanism in the pre-aged material, resulting in an enhanced precipitation 

hardening contribution while the model takes into account both nucleation and growth effects.  

 

Figure 5-19 Comparison of model-predicted yield strength with and without recovery (lines) 

to experimental measurements (symbols) during artificial aging of the AA7075-DQ+PA at 

177℃. 

To gain a deeper insight into the strengthening mechanisms during artificial aging of the 

alloy in the DQ+PA condition, the contributions of different mechanisms to the yield strength 

have been plotted in Figure 5-20. This figure shows the dominant role of precipitation 
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strengthening on the yield strength of AA7075-DQ+PA during artificial aging. The 

contribution of precipitates to the yield strength increases during aging up to ~1.8 hours of 

aging and thus, the peak strength is expected to happen around 1.8 hours of aging for the alloy 

in the DQ+PA condition (when 𝑓𝑟 = 1 and 𝜎𝑠𝑠 = 0). However, dislocation annihilation (partial 

recovery) during aging reduces the contribution of dislocations to the yield strength and 

prevents further increase in the yield strength of the alloy during aging, as shown in Figure 

5-19. Therefore, the prediction of dislocation recovery during aging is essential for improving 

the accuracy of the prediction of the yield strength during artificial aging of the alloy in the 

DQ+PA condition. The drop in yield strength observed at aging times less than 1 hour in Figure 

5-19 can be related to the possible errors coming from the simplifying assumptions made in 

the recovery model, such as the effect of precipitation on dislocation evolution, which has not 

been considered in the model. 

 

Figure 5-20 Model-predicted strengthening contributions during artificial aging of the alloy 

in the DQ+PA condition at 177℃ (using experimental values for 𝒇𝒓 ). 

5.3 Summary 

In this chapter, modeling formulations have been introduced to model the microstructural 

and yield strength evolution of AA7xxx alloys in the WQ condition during natural aging and 

for AA7075-WQ during multi-step aging treatments, including pre-aging treatments, 
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secondary natural aging, and artificial aging of the alloy in pre-aged tempers. The natural aging 

model introduced for the natural aging of water-quenched AA7xxx alloys has been adapted to 

formulate and analyze the kinetics of natural aging for AA7075-DQ alloy by incorporating the 

effect of dislocation strengthening on the yield strength modeling formulation. The original 

kinetic model for the artificial aging of water-quenched and pre-aged materials has been 

expanded to include the effect of dislocations and their evolution on the precipitation kinetics 

during the artificial aging of a die-quenched and pre-aged material. A process model for 

predicting the yield strength evolution during artificial aging of die-quenched and pre-aged 

AA7075 alloy has been developed and verified, in which the effect of dislocation recovery on 

the strengthening response has been incorporated. The main conclusions of the present work 

and the recommendations for future studies will be summarized in the next chapter. 
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6. Summary and Conclusions 

6.1 Summary 

The objectives of this study were: (1) to investigate the effects of natural aging and multi-

step aging treatments on the microstructural evolution and precipitation hardening behavior of 

water-quenched (WQ) and die-quenched (DQ) AA7xxx alloys, and (2) to model the 

microstructural and yield strength evolution of these alloys for a range of both traditional and 

more complex multi-step aging treatments.  

The thermal processing routes studied for the solutionized and water-quenched samples 

included (i) natural aging of AA7xxx alloys, (ii) pre-aging of AA7075, (iii) secondary natural 

aging of pre-aged AA7075, and (iv) artificial aging of the pre-aged AA7075.  

For the die-quenched material, the thermal processing routes studied included: (i) natural 

aging of as-die-quenched AA7075 and (ii) artificial aging of AA7075 in the die-quenched and 

pre-aged conditions. To isolate the effect of the quench rate from deformation, the samples 

were quenched using forced-air at the same rate as in the die-quenching process. The 

precipitation hardening behavior of a forced-air quenched (FAQ) material was investigated 

during natural aging and after a pre-aging treatment and subsequent artificial aging treatment 

associated with automotive paint-bake cycling, and the results were compared with similarly 

aged die-quenched conditions. 

A modeling methodology was introduced to analyze the precipitation kinetics and yield 

strength evolution during the natural aging of Al-Zn-Mg-(Cu) alloys for a range of process 

conditions. Following validation, this methodology was used to investigate the natural aging 

kinetics of different AA7xxx alloys in water-quenched conditions. A relationship was 

introduced to formulate the relative volume fraction of precipitates during the natural aging of 

AA7xxx alloys with pre-aging histories (secondary natural aging). The kinetics of natural 

aging for a pre-aged AA7075 alloy were analyzed, and the evolution of the yield strength 

during long-term natural aging was predicted. The kinetics of precipitation hardening during 

natural aging of die-quenched AA7075 were also analyzed, this time through incorporating the 

effect of dislocation strengthening into the yield strength modeling formulation.  
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A mathematical model was developed and verified to quantitatively predict the relative 

volume fraction of precipitates (𝑓𝑟
0 values) after different times and temperatures during 

intermediate temperature aging in water-quenched and pre-aged conditions based on 

isothermal calorimetry (IC) experiments. The estimated 𝑓𝑟
0 values were then used to 

successfully calculate the yield strength of the pre-aged tempers.  

The kinetics of precipitation during artificial aging of AA7075 in the PA conditions were 

determined in the temperature range of 150-177℃ using IC experiments and by implementing 

previously developed modeling approaches. The evolution of the yield strength of AA7075-

PA during artificial aging at 177℃ was predicted using the modeled 𝑓𝑟 values and a previously 

developed yield strength model.  

A model was developed and verified to predict the evolutions of microstructure and yield 

strength during the artificial aging treatment of AA7075 alloy in the DQ+PA condition, up to 

the peak-aged condition. For this purpose, the effects of dislocation recovery on the 

precipitation kinetics and strengthening response were incorporated through the following 

steps: 

- The kinetics of recovery were modeled using empirical and theoretical relationships 

to predict the evolution of the dislocation density during the artificial aging of the 

material in DQ+PA condition. For this purpose, a modeling relationship was 

introduced to estimate the residual dislocation density in the microstructure of the 

material in the as-die-quenched condition (𝜌𝐷𝑄) as a function of the strain level 

applied during the die-quenching process. Methodologies were described to calibrate 

the model parameter 𝜌𝐷𝑄+𝑃𝐴 (dislocation density of the alloy in the DQ+PA 

condition) using the predicted value for 𝜌𝐷𝑄.  
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- The evolution of the relative volume fraction of precipitates during artificial aging of 

the material in the DQ+PA condition was predicted by adapting a previously 

developed kinetic model. In this model, the effect of dislocation recovery (during the 

final aging step) on the kinetic parameter 𝑘𝑒𝑓𝑓 is incorporated.  

- The evolution of the yield strength during artificial aging of AA7075-DQ+PA was 

modeled by adopting a linear superposition law for the individual strengthening 

mechanisms. The model used the relative volume fraction of the precipitates and the 

dislocation density as variables. Methodologies for calibrating the model parameter 

CAA were described.  

The accuracy of the modeling results for aging treatments of the WQ condition indicates that 

the microstructure and yield strength evolution during natural aging and multi-step aging 

treatments of AA7xxx alloys can be predicted using the precipitation kinetics and yield 

strength models introduced in this research. Likewise, the accuracy of the modeling results for 

the artificial aging of the material in DQ+PA condition indicates that the precipitation kinetics 

and strengthening behavior of the AA7075-DQ+PA alloy during artificial aging are well captured 

using the process model proposed in this research. 

6.2 Conclusions 

6.2.1 Solutionized and Water-Quenched Tempers 

The combination of modeling and experimental results for the aging treatments of the WQ 

tempers has led to the following findings: 

Natural Aging 

▪ Three types of particles were identified in the microstructure of the as-water-

quenched and naturally-aged conditions of AA7075: natural aging Zn-Mg 

precipitates (F particles), quenching Zn-Mg precipitates (L particles), and Cr-rich 

particles.  
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▪ It was found that only the population of F particle evolved (through an increase in 

their number density) during the natural aging of the AA7075 alloy, while no change 

occurred for the L- and Cr-rich particles.  

▪ Compositional similarities in Cu-containing AA7xxx alloys, particularly the 

proportional contents of Zn, Mg, and Cu, resulted in similar rates of natural aging. 

▪ Modeling analyses for the natural aging of variously processed AA7xxx alloys 

resulted in a JMAK-type equation for the natural aging description in all cases. The 

JMAK parameter n was found to be equal to 0.3 for the natural aging of the materials 

in the WQ, DQ, and PA conditions studied here. The similarity in the obtained n 

values is suggested to be due to the similarity in the morphology of the precipitates 

formed during natural aging. The JMAK parameter, k, for the WQ conditions, was 

found to be dependent on the total strengthening solute content (i.e., the percentage 

of Zn+Mg+Cu).  

Pre-Aging Treatments 

▪ The experimental results for the pre-aged tempers revealed that GP zones and 𝜂′ 

precipitates were present in the microstructure of AA7075-2NA after artificial aging 

at 120℃ (PA120). The GP zones were the main precipitates in the microstructure 

of AA7075 pre-aged at 80 and 100℃ (PA80 and PA100 conditions).  

▪ The higher increase in hardness of the AA7075 samples pre-aged at 120℃ for 

different times, compared to the samples pre-aged at lower temperatures (80 and 

100℃), was attributed to the formation of 𝜂′ precipitates.  

Secondary Natural Aging 

▪ It was found that pre-aging for the same duration at a higher temperature (i.e., 120℃ 

vs. 100℃) reduced the hardening rate during subsequent storage at room 

temperature. This effect was attributed to the reduction in supersaturation caused by 

the greater advancement in the formation of precipitates (GP zones and 𝜂′) during 

the pre-aging treatment at higher temperatures.  
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Artificial Aging of the Pre-Aged Material 

▪ The microstructure of pre-aged and paint-baked AA7075 (PB condition) was found 

to contain GP zones and 𝜂′ precipitates. GP zones formed during the pre-aging 

treatment (PA condition) were found to accelerate the formation of 𝜂′ precipitates 

during subsequent high-temperature artificial aging treatments. 

▪ A slower drop in the yield strength evolution was observed during the aging of 

AA7075-PA at 150℃ compared to aging at higher temperatures, implying a slow-

rate precipitate coarsening process. The absence of significant coarsening was 

ascribed to the small size distribution of precipitates after the pre-aging treatment, 

resulting from the enhanced precipitate nucleation occurring at such a low aging 

temperature. 

▪ The value obtained through modeling analysis of the kinetic parameter 𝑄𝐴 for 

artificial aging of the PA material suggests that the growth rate of the precipitates 

during the final aging step of the pre-aged AA7075 alloy is controlled by the 

migration of Mg atoms.  

6.2.2 Forced-Air Quenched and Die-Quenched Tempers 

The analysis of the combined modeling and experimental results for the aging treatments of 

AA7075 alloy in FAQ and DQ tempers suggests the following findings: 

▪ The forced-air quenching applied in this study did not cause noticeable hardening in 

the naturally-aged and pre-aged conditions, compared to water quenching, implying 

that it did not perturb the supersaturation of solutes in the as-FAQ condition or the 

formation of GP zones during subsequent aging treatments.  

▪ Forced-air quenching followed by pre-aging (FAQ+PA condition) led to a lower 

hardness value after the PBC treatment relative to the water-quenched material. This 

behavior was ascribed to a decrease in the volume fraction of 𝜂′ precipitates formed 

in the microstructure of AA7075-FAQ+PB due to the formation of fewer vacancy-

rich clusters (VRCs) during or immediately after the quenching process. 
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▪ The higher hardness values obtained for the material in the as-DQ and DQ+NA 

conditions, relative to the WQ and FAQ conditions, were attributed to the effect of 

strain aging.  

▪ The obtained value of the kinetic parameter k for the natural aging of AA7075-DQ 

was found to be smaller than that for the WQ condition. The slower kinetics of 

natural aging for the material in the DQ condition were proposed to be caused by 

the annihilation of vacancies on dislocations which reduced the rate of nuclei 

formation for natural aging precipitates. 

▪ Due to the strain aging effect, die-quenching increased the material hardness after 

the PA treatment compared to the similarly aged material after water-quenching or 

forced-air quenching. However, after the final stage of aging (i.e., PBC treatment), 

the material in the DQ+PA condition exhibited a lower hardness value than the 

similarly aged WQ and FAQ samples. This result was attributed to the reduced  

precipitation potential due to the annihilation of vacancies on dislocations, as well 

as the effect of dislocations on the precipitate size distribution and the annihilation 

and recovery of dislocations during the final aging step.  

▪ The kinetics of precipitation hardening were accelerated by dislocation-enhanced 

precipitation during the artificial aging of the DQ+PA material, as compared to the 

WQ+PA material. 

▪ The predicted values for the dislocation densities, based on the recovery modeling 

formulations, indicated that the annihilation of dislocations is negligible during the 

pre-aging treatment of the DQ material. The annihilation of dislocations was more 

noticeable during high-temperature aging, such as the PBC treatment, of the DQ+PA 

material, at which dislocations go through a rearrangement or partial recovery more 

easily.  

6.3 Implications for Industry 

The results of this study showcase the potential for the effective use of AA7xxx alloys in 

automotive applications. The development of modeling relationships that can predict the 
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evolution of microstructure and yield strength during natural aging and multi-step aging 

treatments creates opportunities to design heat treatment cycles that take advantage of the 

alloy's age hardening potential and optimize the performance of the final product.  

The presented formulations for the modeling of natural aging enable predictions of 

precipitation kinetics and yield strength during natural aging of variously processed Al-Zn-

Mg-(Cu) alloys. For natural aging predictions of as-water-quenched AA7xxx alloys, the 

relative volume fraction of precipitates (𝑓𝑟) can be estimated using the JMAK kinetic parameter 

n = 0.3 and an empirical relationship that approximates k as a function of the alloying element 

content (i.e., wt% Zn+Mg+Cu). Then, by utilizing the estimated 𝑓𝑟 values in the yield strength 

modeling formulations, the yield strength of the naturally-aged material can be predicted. This 

is beneficial for property predictions for industrial applications of these alloys, where a room-

temperature delay after solution treatment and before subsequent thermomechanical steps is 

usually inevitable. 

The pre-aging (PA) treatment identified in this research enhances the precipitation 

hardening capabilities of the alloy after subsequent artificial aging, resulting in hardness values 

(~171HV) comparable to the T6 hardness. It also accelerates the hardening response of the 

AA7075 alloy after the PBC treatment, compared to a single-step T6 heat treatment. The 

modeling framework introduced in this research can be implemented for predicting the 

evolution of microstructure and yield strength for the AA7075 alloy in pre-aged conditions and 

during subsequent aging treatments (up to peak-aged conditions). For new AA7xxx alloys, 

these predictions can be made by conducting limited isothermal calorimetry tests to 

characterize the relative volume fraction of the precipitates (𝑓𝑟) at each aging step.  

The experimental results for the material in the current DQ temper demonstrate that the die-

quenching process, followed by pre-aging and paint bake cycle treatment, increases the 

hardness value of the as-quenched alloy up to 153HV. However, the final hardness value is 

88% of that of AA7075-T6 (~173HV). This observation may indicate the necessity for further 

optimization of the final aging treatment (i.e., the paint bake cycle) in order to achieve peak 

strength in the final manufactured parts. The process model developed in this research, which 

models precipitation hardening during artificial aging of die-quenched and pre-aged material, 
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provides a useful roadmap for future process design associated with the automotive 

applications of AA7075 and similar alloys. 
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7. Recommendations for Future Work 

The following section introduces areas which are identified as being important for future 

work related to the current research. 

▪ For the natural aging of as-quenched AA7xxx alloys, as suggested by the findings of 

the current study, a more detailed future study, including a comprehensive 

microstructural analysis, is necessary to elucidate the similarity in the JMAK 

parameter n values obtained for the natural aging kinetics of AA7xxx alloys. This can 

also be beneficial for elucidating the effect of a pre-aging treatment on the subsequent 

natural aging kinetics (secondary natural aging).  

▪ For the artificial aging of naturally-aged AA7075 alloy, the findings of this research 

can be used to predict the initial relative volume fraction of precipitates (i.e., 𝑓𝑟
0) and 

yield strength of the alloy using the analysis of IC experiments after different pre-

aging treatments. However, more detailed work is required to expand the modeling 

work (for the three-step aging treatments) in order to consider the effect of concurrent 

dissolution and formation of precipitates during the artificial aging of naturally aged 

alloys at higher temperatures. This can broaden the applicability of modeling 

formulations for predicting the microstructural and yield strength evolution over a 

wide range of temperatures. 

For the DQ process, this study has not considered certain areas of research concerning the 

die-quenching process.  

▪ It is proposed to investigate the effect of the cooling rate during die-quenching on the 

microstructure and strengthening response of multi-step aged AA7xxx alloys for better 

optimization of the thermal processing routes and mechanical properties of manufactured 

automotive parts. 

▪ In the die-quenching process, the effects of non-isothermal heating and heating rate to 

solutionizing temperature on the microstructure evolution of AA7xxx alloys during 

subsequent aging treatments is another area where the application of detailed 

experimental work would be beneficial. The results can be invaluable for optimizing 
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industrial processes, including non-isothermal furnace heating and ramp heating 

treatments. 

▪ The effect of high deformation levels (e.g., in the corner section of a die-quenched part) 

in the die-quenching process on the precipitation hardening behavior of AA7xxx alloys 

during subsequent aging treatments is proposed. The increase in the dislocation density 

of the DQ parts accelerates the kinetics of precipitation and may ultimately cause 

coarsening of precipitates during the PBC treatments. Therefore, the precipitate 

hardening model for the aging of the material in the DQ+PA condition can be further 

extended to include the effect of precipitate coarsening during the final aging treatments. 

This will improve the range of applicability of the model and may also be advantageous 

for studying the potential application of AA7xxx alloys in die-quenched and over-aged 

conditions for automotive applications, due to the improved corrosion resistance of over-

aged microstructures [61].  

▪ The modeling equation for predicting the dislocation density as a function of plastic strain 

during die-quenching can be further improved by incorporating the effect of dynamic 

recovery on the residual dislocation density after die-quenching. This will result in a more 

accurate prediction of the dislocation density of the as-DQ material. Further 

investigations are proposed to elucidate the effect of dynamic recovery during die-

quenching on the residual dislocation density of AA7xxx-DQ alloys. 

▪ The DQ process model is recommended to be implemented for the non-isothermal aging 

treatments of AA7xxx alloys in the DQ+PA conditions. Non-isothermal paint-bake 

cycling and ramp heating treatments are commonly used in the automotive industry and 

thus the results will be valuable for mechanical property and process optimizations. 
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Appendix A. TEM Results 

Effect of Cr-rich particles on precipitation 

In this appendix, some complementary TEM results for AA7075 samples with different 

thermal processing histories (reported in Section 4.2.2.1.2.2) are presented. Figure A1 shows 

the heterogeneous formation of nano-sized precipitates on large dispersoids. EDS results in 

Figure A1 show that these dispersoids are Cr-rich particles and that they are available in the 

microstructures of the AA7075 alloy with various thermal processing histories. 

 

Figure A1. HAADF images and element mapping showing a Cr-rich dispersoid and a 

distribution of primarily precipitates enriched in Zn and Mg atoms, and to a lesser extent, 

Cu atoms in AA7075-PA. 

As shown in Figure A2, the Cr-rich particles are coherent. These dispersoids are the main 

reason for the quench sensitivity of AA7xxx alloys, as reported in literature [43,59,155]. The 

formation of precipitates on the interfaces of these particles, as seen in the TEM results in 

Figure A1 and Figure A2, further supports the APT results (Section 4.1.1.3) which have 

shown the formation of quenching Zn-Mg precipitates in the microstructure of naturally aged 

AA7075.  
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Figure A2. (a) Bright field (BF) image showing Cr-rich dispersoids in AA7075-PA (beam 

parallel to [011] of Al matrix)), (b) inverse fast Fourier transition (IFFT) image from Cr-rich 

dispersoid, (c) IFFT image from Cr-rich dispersoid and FFT patterns from (1) Al matrix, (2) 

dispersoid, and (3) their interface showing coherency of the Cr-rich dispersoid with Al 

matrix, and (d) selected area diffraction pattern from Cr-rich dispersoids showing an 

orientation relationship with matrix (beam parallel to [001] of Al matrix). 
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Figure A3 and Figure A4 also show the microstructure of AA7075 in the PB and DQ+PB 

conditions, respectively. Regardless of the thermal processing history, heterogeneous 

formation of precipitates on Cr-rich particles occurs in the microstructure of the AA7075 alloy. 

  

  

Figure A3. (a) and (c) BF and (b) and (d) HAADF TEM micrographs for the PB 

samples showing precipitation on Cr-rich dispersoids. 
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Figure A4. (a) HAADF images, and element mapping showing dislocations and primarily 

precipitates enriched in Zn and Mg atoms, and to a lesser extent, Cu atoms and a few Cr-rich 

dispersoids, and (b) energy-dispersive X-ray spectroscopy (EDS) analysis result for the alloy 

in the DQ+PB condition. 

 

TEM micrographs of DQ (26%)+PB sample 

Figure A5 shows the presence of dislocations and precipitates and their interactions in the 

microstructure of the AA7075 alloy in the DQ(26%)+PB condition. The TEM images of this 

sample have been used for the dislocation density measurements described in Section 5.2.2.1. 
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Figure A5. (a), (c), and (e) BF, and (b), (d), and (f) HAADF TEM micrographs for AA7075 

samples in the DQ (26%)+PB condition showing the presence of precipitates and dislocations 

in the microstructure of the alloy sample. 
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Effect of deformation on precipitation on grain boundaries 

Figure A6 and Figure A7 show the TEM micrographs of AA7075 in the DQ (26%)+PB and 

DQ+PB conditions. Comparing the TEM micrographs in Figure A6 and Figure A7, it is found 

that by increasing the amount of pre-deformation during die-quenching, the grain boundary 

precipitates become smaller, their distribution changes from discontinuous to continuous, and 

the width of the PFZ decreases. This observation can be attributed to the effect of dislocations 

assisting the heterogeneous nucleation of the grain boundary precipitates and providing 

heterogeneous nucleation sites for these precipitates. As a result, in the sample that is deformed 

to a higher level (i.e., DQ (26%)+PB sample) grain boundary precipitates are smaller and more 

continuously distributed.  

 

Figure A6. HAADF images, and element mapping of AA7075 in the DQ+PB condition showing 

primarily precipitates enriched in Zn and Mg atoms, and to a lesser extent, Cu atoms, and 

precipitation on a grain boundary and the PFZ around it with a width of approximately 60 nm. 
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Figure A7. (a) BF, and (b) HAADF TEM micrographs for the AA7075 sample in the DQ 

(26%)+PB condition showing precipitation on a grain boundary and the PFZ around it with 

a width of approximately 31 nm, and (c) HAADF images, and element mapping showing 

primarily precipitates enriched in Zn and Mg atoms and to a lesser extent Cu atoms and 

precipitation on a grain boundary. 

 

 

 

 


