
ISBN 978-82-326-6580-8 (printed ver.)
ISBN 978-82-326-6973-8 (electronic ver.)

ISSN 1503-8181 (printed ver.)
ISSN 2703-8084 (online ver.)

Doctoral theses at NTNU, 2022:369

Sohail Shah

Atom probe tomography 
investigations of aging of 
Al-Zn-Mg(-Cu) alloys during 
room temperature storage 
or by cyclic plasticity

D
oc

to
ra

l t
he

si
s

D
octor al theses at N

TN
U

, 2022:369
Sohail Shah

N
TN

U
N

or
w

eg
ia

n 
U

ni
ve

rs
ity

 o
f S

ci
en

ce
 a

nd
 T

ec
hn

ol
og

y
Th

es
is

 fo
r t

he
 D

eg
re

e 
of

Ph
ilo

so
ph

ia
e 

D
oc

to
r

Fa
cu

lty
 o

f N
at

ur
al

 S
ci

en
ce

s
D

ep
ar

tm
en

t o
f M

at
er

ia
ls

 S
ci

en
ce

 a
nd

 E
ng

in
ee

rin
g





Sohail Shah

Atom probe tomography 
investigations of aging of 
Al-Zn-Mg(-Cu) alloys during 
room temperature storage 
or by cyclic plasticity

Thesis for the Degree of Philosophiae Doctor

Trondheim, Desember 2022

Norwegian University of Science and Technology
Faculty of Natural Sciences
Department of Materials Science and Engineering



NTNU
Norwegian University of Science and Technology

Thesis for the Degree of Philosophiae Doctor

Faculty of Natural Sciences
Department of Materials Science and Engineering

© Sohail Shah

ISBN 978-82-326-6580-8 (printed ver.)
ISBN 978-82-326-6973-8 (electronic ver.)
ISSN 1503-8181 (printed ver.)
ISSN 2703-8084 (online ver.)

Doctoral theses at NTNU, 2022:369

Printed by NTNU Grafisk senter



i 
 

Preface 

 

This thesis is submitted in fulfilment of requirements for the Doctor of Philosophy degree 
(Ph.D.) at Norwegian University of Science and Technology, Trondheim (NTNU). The 
doctoral work contained has been carried out at the Department of Materials Science and 
Engineering (DMSE), NTNU, in the period from July 2019 to July 2022. 
 
This work has been carried out under the main supervision of professor Bjørn Holmedal, at 
DMSE, NTNU, and co-supervisions of Randi Holmestad at Department of Physics, NTNU, 
Dr. Calin Marioara and Dr. Sigurd Wenner at SINTEF Industry.  
 
The thesis consists of two main parts. The first part includes the background, introduction and 
experimental methodologies relevant to this work. The second part contains four papers which 
have been published or prepared for submission. These papers present the core work and results 
of the candidate in the Ph.D. project. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Sohail Shah 
Trondheim, July 2022 
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Abstract 

Aluminum (Al) alloys constitute an important group of engineering materials that find 
extensive usage owing to their properties, which include high strength to weight ratio, excellent 
conductivity, corrosion resistance and ease of forming. Al has rapidly become one of the most 
used materials in automotive applications driven by the demands to limit carbon dioxide 
emissions coupled with emphasis on less energy consumption in producing it. Yield strength 
and work hardening are important criteria for design and thermo-mechanical processing of Al 
alloys.  

High strength Al alloys require a series of temperature treatments (typically between (120ºC to 
200ºC) to form a high number density of nanoparticles. The motivation of this study is to 
investigate alternative methods of strengthening Al alloys and understanding the strength 
imparted to them using principle scientific instruments like atom probe tomography (APT) and 
transmission electron microscopy (TEM). APT is an excellent tool that enables the 
characterization of the chemistry of materials with nanometer resolution in three dimensions 
due to its high chemical sensitivity. This enables the study of different types of precipitate 
phases, their distribution, sizes and number densities in the alloy microstructure. The TEM also 
is used as a complementary tool to accurately quantify the clusters studied for the respective 
conditions owing to its higher resolving power and crystal structure determination. 

The cyclic application of mechanical stress to Al alloys at room temperature, referred to as 
cyclic ageing (CA) is studied for Al-Zn-Mg(-Cu) alloys. These alloys are otherwise mostly 
used for automotive applications. CA causes dynamic precipitation of fine solute clusters that 
are uniformly distributed throughout the bulk and are responsible for enhancing the mechanical 
properties. Similar strengths and uniform elongations as compared to the peak aged (PA) 
condition is demonstrated for two 7xxx series of Al alloys, one containing copper (Cu) and one 
without. APT and TEM investigations confirmed a high number density of solute clusters 
exhibiting structural similarities to the GPI zones which are usually seen in natural ageing (NA) 
in such alloys. CA followed by 10 days of NA allowed these early-stage clusters to grow into 
more stable ones, thereby further improving the mechanical response. However, the structure 
of these clusters is fundamentally identical to the GPI zones observed during the NA, consisting 
of the truncated octahedron (TCO) building block. 

Special emphasis on the fracture mode of the CA samples showed shear/slant fracture occurring 
at the same point as reaching maximum strength, i.e., the uniform limit. Interestingly, this was 
also seen for the NA samples. This, however, contrasted with the PA condition which 
underwent diffuse necking and exhibited the conventional post-necking ductility. Artificial 
aging (AA) of the CA and NA conditions restored a necking behavior similar as the one seen 
in the PA condition. The NA and CA conditions had similar microstructure, which is 
completely different from that of the PA condition, indicating that the precipitate structure 
controls the fracture type. The probable effect of dynamic strain aging (DSA) is also studied 
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with low temperature tests and strain mapping. From these tests, it could be concluded that 
DSA is not solely responsible on the early premature fracture of the studied 7xxx alloys.  

Cluster identification in APT is typically challenging when considering clusters as small as the 
ones observed in CA and early-stage NA. The lateral resolution in the APT is heavily affected 
due to the variations in the electrostatic field observed as a result of the presence of chemical 
fluctuations (clusters and precipitates). This results in deflection of ion trajectories, and hence 
it is challenging to quantify the relevant information obtained. We adopt the pair correlation 
functions (PCF) methodology, based on the radial distribution functions (RDF) as a 
complementary methodology to quantify the early-stage clustering observed in the 7xxx alloys 
studied in this work. This is in addition to the iso-position methodology used to identify clusters 
and extract metallurgical information. The advantage of the PCF methodology being, it is a 
parameter independent methodology which extracts an average value of the entire dataset and 
serves as a robust methodology to quantify the chemical fluctuations.  

The evolution of precipitates has been studied in the 7003 alloy. The alloy was NA for 1 year 
and was subjected to AA at 140°C to revisit the precipitation sequence in Al-Zn-Mg alloys. 
Dense population of GPI zones were observed in the NA condition with a small fraction of ƞ’ 
precipitates, as confirmed by TEM. With 10 minutes of AA, the hardness sharply drops form 
121 HV to 88 HV. Similar number densities of clusters were observed as compared to the NA 
condition, however the Zn/Mg ratio decreased from 2 to 1.7 with a slight increase in the solute 
content in the matrix between the two conditions. The clusters were disordered and smaller, no 
longer exhibiting the GPI atomic structure. After a further 5 hours of AA at 140°C, ƞ’ was the 
dominant phase. This study helps understand the precipitation sequence in Al-Zn-Mg alloys 
better, with focus on the early stages of ageing. 
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Chapter 1 Introduction 

1.1 Motivation 

Strengthening of aluminum (Al) alloys by solid state precipitation is one of the most effective 

and widely used strengthening methods currently. High strength Al alloys find a wide variety 

of applications in the automotive and the transport industry. The Al alloys used more 

commonly in the transport applications, include the 2xxx (Al-Cu-Mg), 6xxx (Al-Mg-Si) and 

7xxx (Al-Zn-Mg) systems [1, 2]. Alloy strength is achieved by developing a fine distribution 

of uniform nanoscale particles, which impede the motion of dislocation, thereby increasing the 

strength for the above-mentioned Al alloy systems [3-8]. This is mostly achieved by thermo-

mechanical processing, where the key issue is to control the nucleation and growth of these 

nano-sized precipitates. Many approaches have been tried to obtain a high nucleation rate like 

pre-straining the material after solution treatment (SHT) and before thermomechanical ageing 

[9, 10]. This introduces dislocations, which serve as heterogenous nucleation sites for 

precipitates during further heat treatments. Addition of certain trace elements has also been 

linked to interact with vacancies, such that they help catalyze nucleation of precipitates. Silver 

(Ag) + manganese (Mn) additions or Sn additions to Al-Cu alloys aids in higher nucleation of 

precipitates[11, 12].  

Recently, Sun et al. [13] demonstrated a novel approach for precipitating a high number density 

of clusters, enabling the strengths to reach as high as that of the conventional peak aged 

material. The novel cyclic strengthening approach involves cyclic deformation of a solution 

heat treated and quenched 2xxx, 6xxx and 7xxx industrial alloy. During plastic deformation, 

the back-and-forth gliding of dislocations creates vacancies that are continuously produced 

during dragging of jogs. Local diffusion of solute is a consequence of the excess vacancies 

generated. The extremely fine distribution of solute clusters being formed, contributes to a 

major part of the strength, in a similar manner to that of the conventional artificially aged 

samples.  

New challenges emerge when novel processing methods lead to even stronger properties but 

their behavior when exposed to in service conditions or elevated temperatures remain a 
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question mark. In this study, we focus on Al-Zn-Mg(-Cu) alloys consistent to precisely 

understand the cyclic strengthening mechanisms identical to those obtained by Sun et al.  A 

fundamental understanding of this behavior and correlating the microstructure using the Atom 

Probe Tomography (APT) complimented by TEM to the mechanical response of the cyclically 

strengthened 7xxx system are the major motivations of this PhD.  

Quantification of early-stage clusters in APT has been challenging, due to the lateral resolution 

being affected by variations of the electrostatic field between different phases that cause 

deflections in the trajectories of ions to the detector [14]. With clusters studied in this work 

being within the resolution limit of the APT, as suggested by De Geuser et al [15], identifying 

and quantifying these fine clusters is challenging. Moreover, cluster identification 

methodologies use fixed thresholds which is challenging to obtain and reproducible results.  In 

this regard, the large volumes of microstructural information gained by APT will be used to 

implement the parameter free methodology of PCF to quantify clusters. This would serve as an 

additional tool to verify trends and quantitatively assess the metallurgical information extracted 

from APT such as number densities, volume fractions, solute ratios, and size distributions. 

1.2 Objectives and scope 

The material studied in this work are mainly Al-Zn-Mg(-Cu) alloys. The overall project 

objective is to establish a scientific basis based on a large volume of microstructural 

information gained through advanced APT work and correlate it to the mechanical response of 

the cyclically strengthening phenomenon. Plate materials are mainly studied in this work, 

however, axisymmetric 6xxx alloys have also been investigated to assess the effect of texture 

affecting the fracture modes and accumulated plastic strains. This is done in collaboration with 

a master’s student in the same project. Keeping the overall goal in mind, the secondary 

objectives, which are directly relevant to this PhD, involve: 

• Optimization of processing parameters for room temperature cyclic aging (CA) at 

different frequencies, stress, and number of cycles. 

• Implement digital image correlation [16] methodology to quantify the strain 

measurements and accurate calculations of cumulative plastic strains (CPS) during CA. 

• Study the fracture modes observed in conventionally aged and CA samples for extruded 

plates and compare it to axis-symmetric modes. 
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• Investigate the fracture modes for plate type 7xxx and 6xxx alloys and that of axi-

symmetric 6xxx alloys. 

• Conduct APT analysis on the CA conditions and quantify the chemistry of early-stage 

clusters formed. 

• Summarise the CA effect on the strength and compare it to natural ageing (NA) by 

correlating the microstructure utilizing the APT and TEM methodologies. 

• Comparing the cluster identification methodologies of iso-position (IPM) and 

maximum separation (MSM) to a parameter free method to quantify early-stage 

clustering in the Al-Zn-Mg(-Cu) alloys. 

• Study the evolution of precipitates in Al-Zn-Mg systems to complement the TEM and 

to quantify the chemistry and correlate morphology of different phases through 

different heat treatments. 

This PhD thesis is organized into two parts: 

The section ‘Background’ contains the following chapters: 

Chapter 1 outlines the motivation and scientific background of this research work. 

Chapter 2 focuses on giving an overview of the precipitation in Al alloys and more 

specifically dynamic precipitation in 7xxx system. 

Chapter 3 discusses the APT experimental methodology, reconstruction parameters and 

optimizations for 7xxx system. 

Conclusions and future work are addressed in Chapter 4. 

The section 'Research’ contains the four articles produced during the PhD.
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Chapter 2 Aluminum alloys and strengthening  

2.1 The Al alloy system 

The use of metals is one of the main cornerstones of the technological advancements that have 

been made over the past few decades and can be seen in our everyday lives. For instance, there 

is ever growing demand for fuel efficient vehicles in the automotive industry to reduce air 

pollution and reduce energy consumption. Al is widely used as a structural material giving 

emphasis to the mechanical properties. Despite pure Al having a yield strength of around 7-10 

MPa, alloying Al with different elements (Zn, Mg, Si, Cu) coupled with different heat 

treatments, the mechanical response can be tremendously improved [17].  The age-hardening 

Al-Zn-Mg, Al-Cu and Al-Mg-Si alloy systems exhibit yield strengths from 200 to 600 MPa, 

greatly exploiting the precipitation strengthening phenomenon. Furthermore, in addition to the 

material strength, many additional properties such as ductility, weldability, formability and 

corrosion resistance can also be improved. Based on specific applications, it is the optimization 

of various properties that has given rise to many different alloying systems. 

In the following section, the microstructural origins of Al alloys’ properties are explained. The 

use of Al-Zn-Mg(-Cu) system is used as a main example, due to its high relevance to the 

research carried out in this PhD. 

2.2  Processing of Al alloys 

The effect of thermal ageing and mechanical processing- together denoted as 

thermomechanical processing (TMP), has been widely used in industrial applications. Figure 

1 shows an example of the industrial TMP steps for an extruded 7xxx alloy. The materials will 

undergo changes in microstructure in all the processing steps, having consequences on the final 

material properties. The first steps of casting and extrusion indicated in Figure 1 is mainly used 

to shape and form the material while the solution heat treatment (SHT) and artificial ageing 

[18] are important for the formation of precipitate phases. 
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Figure 1. The thermomechanical processing carried out on extruded aluminum alloys. 

Since the solubility of alloying elements is limited in Al, secondary phases are formed in order 

to minimize the total energy of the system. When an SHT treatment is carried out, the solute is 

uniformly distributed in the face-centered cubic (FCC) Al matrix. A rapid quench allows a high 

concentration of vacancies to appear, along with the solute in a state of non-equilibrium 

generally referred to as  supersaturated solid solution (SSSS) [19]. The solute present in SSSS 

diffuses with the aid of vacancies by substitutional diffusion, which eventually nucleates 

atomic clusters that are regions enriched in solute. The nucleation is a result of a negative free 

energy change, while the growth/coarsening is a result of the balance between two forces: 

precipitate-matrix interface energy and volume free energy. It also depends on the lattice strain 

energy component. If we assume a cluster to be spherical this can be expressed as: 

 

 ∆𝐺!"!#$ =	−
4
3𝜋𝑟

%∆𝐺& + 4𝜋𝑟'𝛾	 + 4𝜇𝛿'𝑉	 
(1) 

Where, ∆𝐺!"!#$ is the change in free energy, r is the radius of the cluster, ∆𝐺& is the bulk free 

energy and γ is the interfacial energy. The term 𝛿	exists as the new phase formed can have a 
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different lattice parameter to the existing phase. 𝜇 is the shear modulus of the matrix and V is 

the volume of the unconstrained hole in the matrix. A more detailed understanding of cluster 

nucleation and growth can be found elsewhere [20-24]. 

2.3 Precipitation in Al-Zn-Mg alloys 

The main strengthening potential of age-hardening Al alloys comes from the high density of 

nano sized precipitate phases formed due to thermal ageing. Precipitation involves the 

formation of a phase which is different in composition and crystal structure to that of the host 

matrix. This is usually in a sequence, with multiple metastable phases forming towards the 

equilibrium crystal structure.  In typical 7xxx Al alloys, several different precipitate sequences 

exist and are partly dependent on the alloy composition, quenching condition and ageing 

temperatures[25-27]. The formation of metastable precipitates has a strong influence on the 

nucleation of other stable phases, which also allows the use of multiple step ageing to optimize 

properties.  In the following section, we will discuss the precipitation sequence of Al-Zn-Mg(-

Cu) alloys as it is the alloy system mainly investigated in this work. 

2.3.1 GP zones 

The established precipitation sequence for Al-Zn-Mg alloys is given as [28-31]: 

 SSSS	 → 		solute	clusters	 → GP	zones(GPI	and	GPII) → 	η( → 	η(𝑀𝑔𝑍𝑛') (2) 

   

Clustering of solute in the as quenched state starts immediately which was detected by a rapid 

increase in hardness and electrical resistivity by Juhasz et al. [32]. Near room temperature, the 

formation of GPI zones occurs and quenched in vacancies play an important role in accelerating 

the rate of GPI zone formation by accelerating the diffusion process [33, 34].  HRTEM 

investigations have revealed that the GPI zones formed at room temperature are spherical and 

fully coherent with the Al matrix [35]. Both Zn and Mg take part in the formation of zones, 

though the rate of the process is controlled more by the motion of Mg atoms [30]. The atomic 

structure of GPI zones for 7xxx was recently determined and were found to be built by a single 

building block that connects along certain directions in the Al matrix. The basic unit can be 
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described as a truncated cube octahedron (TCO), consisting of three shells centered on a 

possible interstitial with a Zn/Mg ratio close to 2 [36]. An upper limit of temperature at which 

no GP zones formation exists, is noted to be around 120 ± 5ºC [37].  Usually, a multi-step 

ageing process, which generally involves a room temperature storage after quench, is followed. 

The first step involves ageing at a temperature lower than the dissolution temperature, to form 

a high number density of GP zones. GP zones formed at room temperature also act as 

nucleation sites for more stable precipitates. The second step (aging at 120ºC- 170ºC) involves 

the formation of the main hardening phase (η(). 

 

Figure 2. APT mapping of (a) spherical GP zone in a ternary 7xxx alloy, (b) spherical GP 
zone in a quaternary 7xxx alloy and (c) ellipsoidal GP zone of a quaternary alloy [38]. 

Reprinted by permission from Elsevier publishers. 
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The other type, called the GPII zone, forms above 70ºC from vacancy solute clusters (VRC), 

as exemplified in Equation (2) and when quenched from temperatures above 450ºC. These are 

elongated ellipsoidal in shape and are seen as more stable and may serve as nucleation for the 

semi-coherent η( phase [39].  Figure 2 shows the two different types of GP zones detected by 

APT for a ternary and Cu containing quaternary 7xxx alloy system. The GPII zones shown in 

Figure 2(c) are ellipsoidal in shape and the Cu content is high, as reported by Chinh, N. Q., et 

al. [40].  

 

Figure 3. The effect of 2 hours of ageing at different temperatures on the YS of two different 
alloys investigated [40]. Reprinted by permission from Elsevier publishers. 

The effect of Cu is seen to increase considerably the age hardening response potential in alloys 

as compared to alloys without Cu.  Cu is not involved in the formation of new phases, rather, 

it increases the strength contribution per cluster along with refining the microstructure [41, 42]. 

Addition of 3 at.%  Cu results in increase of hardness after quench with the nucleation of GPII 

zones, as seen by Fang, Xu, et al. [43].  These are quaternary high strength alloys which have 

very limited or no weldability.  

The transition from GP zones to the main hardening phase is supported by two mechanisms: 

• Complete reversion: When the alloy is heated to sufficiently high temperatures such 

that the volume fraction of GP zones decreases to the as quenched state, it is termed as 
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‘reversion’, as was first observed in the 1920s [30]. In such a case, the physical 

properties measured (hardness and mechanical properties) reach that of the AQ state. 

• Partial reversion: Dissolution of GP zones and the nucleation of η( takes place 

simultaneously. In such a case, the physical properties measured do not reach that of 

the AQ state. GP zones exceeding a critical size do not dissolve and serve as nucleation 

sites for η( in such a case [44]. 

The transition from GP zones to the intermediate phase is more smoother without the reversion 

of GP zones, as reported by Chinh, N. Q., [40] also seen in Figure 3. The early-stage strength 

of Cu containing alloys is found to be higher than the Cu free alloy due to the presence of VRCs 

rich in Cu. 

2.3.2 The η’ phase 

Upon ageing at temperatures higher than formation of GP zones, the maximum strength 

attained in Al-Zn-Mg alloys is associated with a metastable η( phase. The formation of η( is 

predominant at temperatures 120ºC- 170ºC [45], however, a small fraction of  η(  nucleation 

has also been observed in long term NA of Al-Zn-Mg alloys. These are plate like precipitates 

on {111}Al and semi-coherent with the aluminum matrix . There are in total 13 reported η-

phases with the Al matrix [26, 27] and have a hexagonal structure [46] with lattice parameters 

of a = 0.496 nm and c = 1.403 nm. Marioara et al. [47] resolved the structure of η(  and η2  

using the high angle annular dark field scanning transmission electron microscopy (HAADF-

STEM) and labeled them as ‘Type 1’ and ‘Type 2’, respectively. VRCs have been found to be 

important in the nucleation of η( in the case of low alloying element concentrations [30]. 

However, GP zone to η( transition has also been a dominant mechanism studied by many 

groups [44] and is also one of the topics in this study. Other studies have linked nucleation of  

η( to stacking faults, but without any direct observation [27, 31].  Partial reversion has been 

explained in several ways, one presuming that the overcritically sized GP zones can directly 

transform into nuclei of the η( phase [27, 48, 49].  The role of VRCs is also highlighted as a 

potential nucleus for η( phase with the co-precipitation of GPI and VRCs during preaging [50]. 

It is possible that two types of GP zones do form during preaging and the less stable one’s 

dissolve feeding solute to the matrix while the more stable ones could be potential nuclei for 
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η(. Quenching to a temperature of artificial aging directly has been found to give a heterogenous 

nucleation of metastable precipitates [51]. This could possibly be on the VRCs or other 

heterogeneities. The two-step ageing process commonly used in 7xxx alloys allows the room 

temperature NA to increase the GP zones which in turn decreases the VRC formed immediately 

after the SHT.  

 

Figure 4. APT analysis and concentration profiles of precipitates present in specimens aged 
for (a) 168 h at 60ºC, (b) 168 h at 90 ºC and (c) 45 h at 150 ºC [52]. Reprinted by permission 

from Elsevier publishers. 

Figure 4 shows the different types of precipitates during different aging treatments. A Zn/Mg 

ratio close to 1.4 has been quantified based on the APT results for η( [52]. Zhao et al. [18] 

studied the composition evolution at different aging time and precipitate state for an Al-Zn-

Mg(-Cu) alloy. A high number density of precipitates of the order 1024 m-3  was seen after 30 

minutes of aging at 120ºC. The composition of precipitates plateau’s after this until the peak 

aged state (12 hours at 120ºC) since this aged at a lower temperature than the typical aging 

temperature for peak age, the precipitates are still GP zones, in agreement with Marlaud et al. 
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[53].  In the over-aging state however, the composition was more compatible with that of η(. 

This study also highlights the stability of GP zones up to 120ºC. 

 

Figure 5. (a) Hardness evolution of the different precipitate state analyzed by APT. 
Composition evolution of the entire dataset along with the matrix composition shown in (b) 
and composition evolution for the precipitates shown in (c) as a function of different aging 

time [18]. Reprinted by permission from Elsevier publishers. 

The equilibrium phase is considered to have a Zn/Mg close to 2 in accordance with its 

equilibrium concentration (MgZn2), however, the crystal structure of the equilibrium phase is 

different and is not a semi-coherent phase like the η(. 

2.4 Strengthening by dynamic precipitation 

This section aims at providing an understanding of the dynamic precipitation occurring in 

metals and specifically in aluminum alloys. Later, the concept of low cycle fatigue on 

aluminum alloys and its effect on precipitation is highlighted.  
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2.4.1 Dislocation interaction 

The dislocations that exist in a crystal lattice are in general mixed dislocations, for which edge 

and screw dislocations are special cases. A slip plane, contains the dislocation line and the 

Burgers vector. The main difference between the screw and the edge dislocation is that the 

burgers vector and dislocation line are perpendicular for a pure edge dislocation while they are 

parallel for a screw dislocation. 

In metals, dislocations interact during plastic deformation. Three different types of interaction 

products are formed during the crossing of two dislocations: length-change, jog or kink [54]. 

A jog is a step on the dislocation line out of the plane, with length and magnitude equal to the 

Burgers vector of the other dislocation.  

The glide plane of a dislocation has to contain its burger’s vector and the dislocation line. 

Hence, when a screw dislocation receives a jog, the jog does not have a glide plane to glide 

along with the dislocation. As a consequence, the dragging of the jogs during the gliding of the 

dislocation leave behind dipole loops as seen in Figure 6. As a screw dislocation at some point 

stops, say being temporarily arrested at a set of sufficiently strong obstacles, it will have 

attached a number of such dipoles, which could be alternatively considered as either be a chain 

of vacancies or an extra line of self-substitutional atoms. During the time the dislocation is not 

moving, there is time for diffusion and the dipoles will pinch off into loops of self-interstitial 

or vacancy type. The vacancy loops formed, have a high concentration of vacancies leading to 

a non-equilibrium state in the localized region eventually causing diffusion of these vacancies 

into the surrounding bulk. This enables the vacancies to be utilized for nucleation or growth of 

precipitates (in our case, since we have underaged condition of the 7xxx alloys, we are 

precipitating GP zones).  
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Figure 6. Schematic representation of formation of vacancies and precipitation during cyclic 

ageing. 

2.4.2 Coupling dynamic precipitation and thermal aging 

The conventional elevated temperature aging to induce precipitation has been used for many 

decades to obtain high strength states. The vacancies play an important role for the precipitation 

and are required to facilitate substitutional diffusion of the solute atoms playing a role for 

cluster/precipitates nucleation. In general, diffusion, and hence precipitation kinetics, are faster 

at elevated temperatures, as the equilibrium concentration of vacancies and their diffusivity 

increases with temperature [13]. However, the driving force for nucleation increases with 

higher supersaturation at lower temperatures [19]. This can be seen through Figure 7 wherein, 

for nucleation to proceed, an energy barrier 𝛥𝐺∗ must be overcome [19] as shown in Equation 

(3).  
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 exp J
−𝛥𝐺∗

𝑘*𝑇
M 	 (3) 

   

This essentially implies that the probability of nucleation increases with a decrease in 

temperature.  

 

Figure 7. Schematic illustration of nucleation and growth rate of a secondary phase as a 
function of temperature. 𝐶&		is the bulk solute content and 𝐶+, 	is the equilibrium solute 

content . 𝑘* is the Boltzmann constant.  

 

The growth rate of nucleated particles on the other hand, is diffusion controlled and increases 

with a rise in temperature as the vacancy concentration increases with higher temperature and 

accelerates solute transport. This indicates the combination of temperature and time for 

conventional precipitation aging to be a compromise between these two factors. This has 

prompted an increased interest in researchers to investigate and look for alternatives to break 

this compromise between thermodynamics and kinetics. 
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2.4.3 Previous investigations on dynamic precipitation 

Plastic deformation modifies the precipitation behavior in multiple ways but in general mostly 

accelerates the kinetics as compared to static precipitation (in the absence of plastic 

deformation). Dynamic precipitation has been studied for aluminum alloys in tension [55, 56], 

fatigue [57-59] as well as high pressure torsion [60-62] before. Here, we focus on the 

microstructural changes during dynamic precipitation by plastic straining and fatigue/cyclic 

loading of Al alloys, since it is extremely relevant with the work done during this PhD. 

When plastic straining is applied, several possible mechanisms can occur.  For precipitates that 

have a significant misfit with the matrix, elastic stresses can have an effect on the precipitate 

nucleation as seen for an Al-Cu system [63]. An acceleration of nucleation is possible due to 

the presence of dislocations [64] or the growth and coarsening of precipitates is possible due 

to pipe diffusion [65]. Plastic deformation is known to change the equilibrium vacancy 

concentration, which could have an influence on the nucleation, growth as well coarsening 

mechanisms [66]. In other cases, a complete or partial dissolution of precipitates has been seen, 

due to shearing of precipitates by dislocations [56].  

 

Figure 8.  Maximum precipitate growth rate as a function of (a) plastic strain and (b) strain 
rate [9]. Reprinted, courtesy of Elsevier publishers. 

The characteristics of the imposed strains (strain rate, strain or temperature) and the conditions 

used for precipitation (morphology of precipitates, SSSS and temperature) could possibly be 
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playing a part in dictating the dominating interaction phenomenon. Deschamps et al. [9] studied 

the effect of plastic straining (different strain rate and straining conditions) and observed an 

accelerated precipitate growth rate linearly with strain (Figure 8(a)) that reached a maximum 

at the end of the straining stage. The strain rate did not influence the precipitate growth rate as 

seen in Figure 8(b). The evolution of precipitate radius and volume fraction as function of strain 

and time shows the enhanced dynamic precipitation effect as opposed to conditions without 

deformation [64], as seen in Figure 8.  

 

Figure 9. Evolution of (a) precipitate size and (b) volume fraction as a function of strain and 
time with and without deformation [64]. Reprinted by permission from Taylor and Francis 

publishers. 

Cyclic deformation behavior of an Al-Zn-Mg(-Cu) alloy in an underaged and peak aged 

condition have been looked at to study the effect of cumulative strain, plastic strain amplitude 

and strain rate [58].  As seen in Figure 9(a), the hardening response is most pronounced for the 

underaged condition, while the 10 hours aged sample has a higher flow stress, and the 

hardening increment is not significant as compared to the other two. The size of GP zones 

formed, was constant, irrespective of applied strain rate, plastic strain amplitude and 

cumulative plastic strain. The volume fraction is constantly increasing while straining, 

suggesting the nucleation phenomenon to dominate during this time. The size of the GP zone 

evolution can be affected by diffusion-controlled growth, which ultimately increases the size 

of the particles. The other scenario could be the shearing of GP zones by dislocations, during 

which the size of the GP zones will decrease. Another possible effect of cyclic deformation 

could be the reversibility of the mobile dislocations. The overall size of GP zones remaining 
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constant throughout the cyclic tests suggests that it could possibly be a balance between the 

processes mentioned above.  

 

Figure 10. Average absolute values of tensile and compressive stresses for 10 min, 30 min 
and 10 h aged samples cyclically deformed at 0.2 Hz and plastic strain amplitude of 5 . 10-4 

(b) square of average absolute values of cyclic hardening increment as a function of 
cumulative plastic strain for different number of cycles [58]. Reprinted by permission from 

Elsevier publishers. 

Hutchinson et al.[58] found that the cumulative plastic strain as a function of the hardening 

increment was almost linear for all strain rates as seen in Figure 10(b) and since the size of 

dynamically formed GP zones remained constant, it was suggested that the nucleation rate is 

constant with respect to strain. The effect of change in plastic strain amplitude was found to be 

negligible during dynamic precipitation. 

Sun et al. [13] proposed a novel method to generate excess vacancies using incremental cyclic 

loading. The mechanism is assumed to be the concept of dragging of jogs on dislocations, as 

discussed in section 2.4.1, which greatly increases the diffusivity of solute elements. The result 

of cyclic strengthening is a fine distribution of high number density of solute clusters at room 

temperature. Strength and uniform elongation equivalent or exceeding the PA condition with 

outstanding fatigue failure resistance were reported for Al-Cu, Al-Mg-Si and Al-Zn-Mg 

systems [67]. The large tensile elongations and thus high ductility, have been attributed to the 

homogenous distribution of solute clusters and the absence of precipitate free zones (PFZs) 
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[13, 68]. These PFZs are known to be soft regions devoid of a fine distribution of clusters, 

reducing the ductility severely.  

Zhang et al. [69] observed an increase in yield strength without a decrease in the uniform 

elongation, due to a simultaneous increase in the strain hardening capability for long term NA 

of an Al-Zn-Mg alloy. This was attributed to the dramatic evolution of solute clusters during 

plastic straining, where the clusters show a dissolution to coarsening transition during 

deformation.
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Chapter 3 Atom Probe Tomography 

The work presented in this thesis is mainly experimental, and multiple techniques have been 

used to test and characterize the mechanical properties and microstructure. The 

characterizations to investigate the microstructure is done mainly using the APT in this thesis. 

Since the APT is used in all research papers presented in the latter sections, this chapter focuses 

on presenting APT reconstruction protocols used for the datasets studied. Particular attention 

on the determination of experimental conditions is highlighted to obtain useful and 

reproducible information from the atom probe data for 7xxx alloys. Different biasing 

phenomena or artifacts occur during APT evaporation process and when analyzing objects 

down to the nanometer scale like in the present case. A description on the different biasing that 

take place with respect to nanoparticles is given. Other experimental techniques used for 

complementary study is also summarized in the last part of the chapter. 

3.1 Evaporation phenomenon- atom by atom 

APT is one of the few characterization techniques that enable the investigation of matter down 

to the atomic scale. It is based on the principle of field evaporation of surface atoms of the 

sample being analyzed [70]. This enables the possibility to obtain the chemical nature of atoms 

evaporated by time-of-flight mass spectroscopy along with spatial resolution information based 

on a position sensitive detector. In order to evaporate atoms from a surface of a material that is 

‘n’ times charged, it needs to overcome a barrier of Qn as seen in Figure 11. This energy barrier 

is significantly high; however, it can strongly decrease in the presence of an electric field. A 

thermal activation or ‘tunneling effect’ enables the evaporation of ions and forms the principle 

of field evaporation., The frequency of atom evaporation in the case of thermal activation is 

described empirically by the Arrhenius law given as: 

 𝐾 = 	𝑣	exp	 J
−𝑄-
𝑘*𝑇

M (4) 
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Figure 11. Schematic of atom and ion potential energy at surface during field evaporation. Ui 
and Ua are the potential energies of the ion and atom respectively and E is the electric field. 

Where Qn is the activation energy, 𝑣 is the mean vibrational frequency of the surface atom and 

T is the sample temperature. The exponential variation of the frequency of evaporation with 

that of the reciprocal of applied temperature has been well established for a variety of materials 

experimentally [71]. 

 

Figure 12. Schematic representation of the principal operation of an atom probe with a local 
electrode. Atoms are ionized with the electric or laser pulses and then can be accelerated 

towards a detector. 

A typical APT sample consists of a sharp needle with a tip radius of 50-100 nm and is cooled 

down to temperatures between 25-80 K under high vacuum. A DC voltage in the range of 2-
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12 kV is then applied to create a high electric field which allows controlled field evaporation 

of atoms layer by layer from the surface. The electric potential at the specimen surface is 

expressed by the relation 

 𝐹 = 	
𝑉
𝑘.𝑅

 (5) 

Where F is the field required and V is the applied voltage to a specimen of radius R. However, 

as seen in Figure 12, the specimen is assumed to be a truncated cone with a quasi-hemispherical 

end cap whereas in real, the specimen is a sharp needle [72]. In this case, a small correction 

factor to the voltage/field relationship is used known as the field factor constant (𝑘.). 

Numerous numerical simulations show the dependency of it primarily on the shank angle of 

the truncated cone geometry of specimen [73]. 

The time of flight for each ion is recorded from the time of departure to it reaching the position 

sensitive detector to calculate its mass. Each chemical element has a unique time of flight which 

differentiates it from other elements. The initial position of the atom on the material surface 

can be inferred from the position it hits on the detector as shown in Figure 12. 

As mentioned earlier, field evaporation can be induced thermally or electrically. In the case of 

voltage mode, the field at the tip of the specimen is increased above the threshold required for 

evaporation using a pulsed voltage. Thermal evaporation is achieved using laser power and 

was introduced by Kellogg and Tsong [74]. A thermal pulse using a laser increases the 

temperature at the tip above the threshold required for ion evaporation and can be followed 

through Figure 13.  
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Figure 13. Schematic showing the effect of electric and laser pulsing on field evaporation. 

Advantage of using laser mode for evaporation: 

• The probability of premature specimen fracture reduces since less stress is being 

applied compared to voltage pulsing. 

• Specimens with lower conductivity (semiconductors) can be analyzed. 

Disadvantages of using laser power to evaporate are: 

• Laser illumination is not uniform on the surface of the sample. This may cause 

evaporation from one side of the sample causing non-uniform end form and non-

uniform field evaporation behavior.  

• Loss in mass resolution for samples with low heat conducting capacity. Since the 

temperature of the specimen is increased, surface migration effect increases and the 

probability of multiple ions evaporating simultaneously also increases [75]. This leads 

to an overall decrease in the mass resolution. 

The instrument used in this study is the LEAP 5000XS from CAMECA inc. The local electrode 

is introduced close to the specimen tip to enhance the electric field as shown in Figure 12 [76-

78]. This also reduces the path over which the evaporated ions must be accelerated thus 
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improving the mass resolution. Overall, data acquisition rates are also increased as a result of 

reduced voltage required to create a sufficient field for evaporation.  

3.2 Time of flight mass spectroscopy 

When an atom is ionized, it possesses an initial potential energy given as  

 𝐸/ = 𝑛𝑒𝑉 (6) 
Where n is the charge, e is the elementary charge of the electron ad V is the total voltage applied 

to the specimen. It is assumed that ions have no initial velocity and a constant velocity during 

flight such that the entire potential energy is converted into kinetic energy during flight given 

as: 

 𝐸0 =
1
2𝑚𝑣

' (7) 

Where 𝑚 is the mass of the ion and 𝑣 is the velocity of the ion. Since it is assumed that the 

potential energy is fully converted into kinetic energy, Equations (6) and (7) can be combined 

to give a relation to obtain the mass to charge ratio (m/n) given as [79] 

 𝑚
𝑛 = 2𝑒𝑉

𝑡1'

𝐿' 
(8) 

 

Where 𝑡1 is the time of flight and L is the flight length. Equation (8) implies that by knowing 

the time of flight it is possible to find the mass to charge ratio for each ion that has departed 

from the specimen and hit the detector. The typical detection efficiency (Q) for the LEAP 

5000XS is 80%. This implies that 8 out of 10 evaporated ions are detected. The loss of ions is 

more random and not sensitive to any chemical element. The mass to charge ratio and hence 

the chemical identification of the detected ions are still obtained from equation (8). 

A typical mass spectrum for Al-Zn-Mg(-Cu) system obtained during an APT analysis is shown 

in Figure 14(a). For each isotope of a particular chemical species, a characteristic peak is 

obtained. The indexing of these peaks allows for the identification of the elements present in 

the analyzed volume. The mass resolution of the spectrum shown in Figure 14(b) allows the 

distinction of the minority peak of 13Mg and the isotope of 13.5Al situated immediately after 

it. These are the second isotopes of 26Mg2+ and 27Al2+ respectively. If there is a significant 
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change in the isotope abundance, there is a possibility of another element contributing to that 

peak. However, we do not see such a case in the present material studied, hence will not be 

discussed further. 

 

Figure 14. (a)Typical mass spectra obtained after evaporation of an Al-Zn-Mg(-Cu) alloy. (b) 
Peak identification for closely lying isotopes. 

The concentration of each element is measured by the number of atoms contained in each peak. 

It is expressed in atomic percentage using equation (9) 

 𝐶2 =	
𝑁2

𝑁!"!#$
 (9) 

Where 𝑁2 is the total number of atoms of species ‘i’ and 𝑁!"!#$ is the total number of atoms. 

The uncertainty is purely statistical and is given as the standard deviation: 

 
∆𝐶 = 2\

𝐶(1 − 𝐶)
𝑁!"!#$

 
(10) 

Where C is the concentration of a specific species or element. 

A higher mass resolution is crucial to deconstruct the isotopic recovery events but also to be 

able to separate two peaks in very close proximity to each other as seen in Figure 14. The 

analysis conditions like temperature, pulse fraction etc. influence the mass resolution and will 

be discussed in the later sections. These conditions must be optimized in advance for each 

material studied to accurately obtain a resolution in optimal mass. 
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3.3 Specimen preparation 

To perform an APT experiment, a sharp needle must be fabricated form the bulk of the material. 

The two methods used to prepare samples are electropolishing [80-82] and focused ion beam 

milling techniques [83-87] and since both techniques are used to prepare samples in the present 

work, a brief description of them is given below. 

3.3.1 Electropolishing 

The shape of the needle to be fabricated requires a small cross-sectional blank of material to 

be cut from the bulk material. In the present case, match-stick shaped blanks of size 0.5 x 0.5 

x 15 mm were cut along the extrusion direction of the material. Smaller the cross section, lesser 

will be the time taken for electropolishing. Ideally the cross section of the blank should be 

circular, and hence a mild grinding process is carried out after the cut. Due to their small size, 

the blanks are mounted onto Cu stubs and crimped for easy handling. Electropolishing is 

carried out in a two-step process. The first step involves passing the blank through a layer of 

electrolyte consisting of 25% perchloric acid and 75% acetic acid until a neck is formed and 

eventually breaks the blank into two parts. Voltages in the range of 15-22V is used during this 

step. The specimen is then moved through a counter electrode loop with a thin layer of 

electrolyte consisting of 2% perchloric acid and 98% 2-butoxyethanol. This is schematically 

shown through Figure 15 and is the final step of electropolishing rendering a sharp needle of 

50-100 nm end radius. Lower voltages in the range of 4-7 V is used, since the needle is much 

thinner in this step, and an attempt is made to pass it through the micro loop many times to 

make the needle sharp enough. Specimens are finally cleaned with iso-propylene and stored in 

a vacuum desiccator to avoid further oxidation. 
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Figure 15. Schematic of the different steps in electropolishing for sample preparation of APT. 

• Challenges during electropolishing 

A high concentration of Cu is seen during the initial startup of the APT analysis. Famelton et 

al. [88] also observed a Cu enrichment layer during sample preparation. A similar phenomenon 

has been seen previously [89] on TEM sample preparation using electropolishing as well and 

is understood to be an influence of the electrolytic solution. Danoix et al.[90] also shows the 

presence of a Cu layer on electropolished Al systems previously.  In our case, since Cu stubs 

were initially used to mount the blanks, a possible capillarity phenomenon could be occurring 

responsible for the Cu capping layer. Figure 16 shows the Cu enriched layer along with a 1D 

concentration profile highlighting the enrichment at the early stages of the analysis.  
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Figure 16. Cu capping layer on the tip of a 7046 alloy specimen analysed by APT and the 
corresponding 1D concentration profile along the evaporation direction to show the 

enrichment in Cu. 

This is particularly challenging since the Cu seems to evaporate in bursts often prematurely 

fracturing the specimens. The evaporation of Cu in sudden bursts is mainly due to it being a 

high field element as compared to the matrix (Al) and is preferentially retained. A deeper 

explanation of this is given in the coming sections. 

3.3.2 Focused ion beam (FIB) milling 

Typically, for site specific samples, FIB is used to selectively cut out regions from the bulk of 

the sample and prepare needles. In the present study, cyclic aged samples needed to be probed, 

which had undergone significant mechanical damage and are brittle. The Cu capping layer from 

electropolishing also did not help as these samples were highly susceptible to fracture.  With 

FIB prepared samples, the initial Cu capping layer was avoided and yielded high volume 

datasets.  

The FEI Helios G2 dual beam instrument with a Ga+ ion source was used to cut lamella of 

dimensions 3.5 x 25 x 3.5 μm by sputtering the surface with 30kV Ga ions. A protective layer 

of around 500 nm of platinum (Pt) is deposited to minimize the Ga implantation into the 

specimen. Silicon microtip coupons provided by Cameca Inc. were used to deposit the lamella. 
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The cut lamella was brought in contact with the top of the silicon post and welded on one side 

with Pt. The lamella was cut free, as seen in Figure 17 and the weld was strengthened by 

rotating the post by 180º (not shown in Figure 17). A sharp needle was then formed by annular 

milling of the lamella welded onto the post in steps. This was done in multiple steps with the 

steps summarized in Table 1. It is important to reduce the energy of Ga+ ions to as low as 

possible in the final steps to prevent further implantation of Ga. 

 

Figure 17. FIB specimen preparation involving (a) and (b) lamella preparation by depositing 
Pt, digging trenches and attaching the cantilever to the omni probe. (c) Deposition of a part of 

the lamella on the Si posts. (d) Milling of the deposited lamella in accordance with Table 1 
and (e) showing the final tip. 

Table 1. Recipe for sample preparation by FIB used for CA 7xxx alloys. 

Inner Diameter 
(μm) 

Outer Diameter 
(μm) 

Ga+ energy 
(kV) 

1.6 5 30 
0.8 4 16 
0.5 4 8 
0.3 2 2 

The extent of the FIB induced damage region varies for different materials and is between 8-

40 nm for most solid elements. During the implantation process, introduction of vacancies, 
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dislocation loops and self-interstitials takes place at the surface layer of the specimen [91-93]. 

It is also known to diffuse to the grain boundaries and dislocations in Al alloys [94-98].  An 

increase in the number density of clusters has been seen in  Ga+ and Xe+ FIB sample preparation 

as compared to traditional electropolishing on Al alloys, although not very severe for Ga+ [99]. 

A thin layer of Ga can be observed in the samples fabricated according to Table 1. This region 

is excluded from further data processing, as it is not representative of the true material being 

analyzed. To further reduce the influence of Ga, a control volume of set dimensions is used 

away from the crystallographic poles and Ga implanted regions to carry out cluster 

identification.  

3.4 Reconstruction protocols 

Multiple models have been developed to explain the image formation and projection of ions in 

field ion microscopy [100-103]. The reconstruction of datasets was done using based on the 

point projection model and is explained in detail elsewhere [104]. The x and y coordinates of 

each ion is calculated by back projection from the position of impact on the detector (Xd and 

Yd) with the relation  

 𝑥 = 	
𝑋3
𝑀 	and	𝑦 = 	

𝑌3
𝑀 (11) 

Where M is the magnification which is strongly dependent on the shape of the specimen. The 

magnification is expressed as 

 𝑀 =	
𝐿

𝜉 × 𝑅 (12) 

Where 𝜉 is the image compression factor (ICF). It takes into account the fact that the 

magnification is slightly reduced due to the influence of the specimen shank and the effect it 

has on the trajectory of ions onto the detector. 

The z coordinate is then determined based on the evaporation sequence of ions from the 

specimen tip. The relationship used to calculate the depth increment change is given as: 

 
∆𝑧 = 	

𝑄	𝑘1'	𝐹'	𝐿'

ξ	𝑆4	𝑀'	𝑉' 
(13) 

Where 	𝑆4 is the detector area. Hence, to create a 3D reconstruction of a dataset requires the 

knowledge of the above parameters.  
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3.4.1 ICF determination 

As mentioned in the above section, the ICF directly relates the distribution of field and thus 

depends on the shape of the specimen. In such a case, the ICF affects the magnification of the 

image formed on the surface of the detector and is commonly seen in field ion microscpy (FIM) 

[104]. The orientation imaging microscopy (OIM) tool developed by EDAX AMETEK© is 

used in the state-of-the-art reconstruction software provided by CAMECA to help estimate the 

ICF as seen in Figure 18. Since the field desorption image contains crystallographic 

information of the specimen being analyzed, the angle between two crystallographic directions 

obtained on the detector is measured (𝜃"&5) and compared with the theoretical crystalline 

structure of the material (𝜃!6+") to obtain the ICF given as: 

 𝜉 = 	
𝜃"&5
𝜃!6+"

 (14) 

 

 

Figure 18.(a) Low density crystallographic pole regions observed on the detector during APT 
analysis. (b) Indexed crystallographic poles to measure the angle between specific 

crystallographic directions 

Typically, the ICF varies between 1 and 2. A radial projection would correspond to an ICF of 

unity while the stereographic projection would account the ICF to be 2. 
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3.4.2 Field factor determination 

In the case of Al alloys characterized in this study, the atomic volume of the atoms of the matrix 

as well as that of the particles is fixed at 0.0177 nm3. This atomic volume corresponds to the 

average atomic volume of the analyzed volume with a lattice parameter 0.404 nm used to 

calculate the distance between successive planes as 7.979
√%

= 0.233 nm. As seen in Figure 18(a), 

the difference in density corresponds to the crystallographic pole (black dotted square) 

identified as one of the {111} planes from the stereographic projections of FCC using the OIM 

crystallography software.  

 

Figure 19. (a) Section of a reconstructed volume of an Al-Zn-Mg(-Cu) alloy showing atomic 
density variations corresponding to a crystallographic orientation identified from 

stereographic projection of an FCC cell. (b) Visualization of atomic planes {111} observed at 
the core of the crystallographic pole. (c) Spatial distribution map showing interplanar 

distance. 
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A section of the volume reconstructed is then extracted to observe the spatial distribution of 

the majority atoms (Al) as shown in Figure 19(b). The field factor is then adjusted so that the 

distance measured between two successive planes after reconstruction corresponds to the 

theoretical distance of the Al matrix (d<111> = 0.233 nm). 

3.5 APT artefacts 

It is very well established that the spatial resolution of the APT is controlled by the aberrations 

in the ion trajectories and was first observed in the FIM [105-109]. When the distribution of 

electric field close to the surface of the specimen being analyzed is non-uniform, there can be 

undesirable displacement (lateral) of the ions during the evaporation phenomenon. This leads 

to high- and low-density zones on the detector, which turn out to be high and low atomic density 

regions in the reconstruction like the poles and desorption lines.  The electric field distribution 

around the poles tends to divert the trajectories of ions [110, 111].  

 

Figure 20. Density variations on the detector due to changes in surface curvature for low and 
high field precipitates. Dashed arrows show ideal trajectory path while the solid arrows show 

the trajectory aberrations. 
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Particles in the analyzed volume can also cause trajectory aberrations since particles require a 

different electric field for evaporation.  

• If the electric field required to evaporate a particle is lower than that of the matrix, it 

causes a local flattening of the surface at the tip. This causes a lower field region as 

seen in Figure 20 and deflect the ions inwards causing an artificial increased density of 

atoms in the particle. 

• If the electric field required to evaporate a particle is higher than that of the matrix, it 

causes an increase in the local curvature at the tip. This causes a higher field repelling 

the ions and an artificial decrease in the density of atoms in the particle is seen. 

3.6 Analysis conditions 

All APT analysis shown in this study have been carried out under laser pulses. They reduce the 

risk of rupture of fragile materials by avoiding electrical pulses which induce repeated 

mechanical stress on the sample[112, 113]. Laser pulses also help improve the mass resolution 

by reducing the energy spread.  Optimization of parameters is also critical in order to obtain a 

high mass resolution with low background levels during the analysis. There are several 

parameters that can have an impact on the quality of an APT analysis. For instance, even the 

quality of vacuum maintained can have a significant role to play. In this section, brief 

explanation of the important parameter optimizations is mentioned. 

3.6.1 Temperature 

Adjustment to the base temperature is required for the stable imaging and optimal mass 

resolution. In general, for a majority of the alloys, a temperature in the range of 30-60 K is 

used, yielding high quality analysis without causing embrittlement of the specimen. This is 

common for very low temperatures and specimens more prone to fracture at low temperatures. 

Preferential evaporation is a common phenomenon observed if the optimized temperature 

range is not chosen. Typically, a lower temperature is used to yield a higher mass resolution. 

This is particularly important to resolve peaks situated very close to each other. Since not many 

fractures were observed at temperatures of 30K, all analysis in this work is fixed at 30K. 
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3.6.2 Pulse fraction 

Phases with different evaporation fields can induce a preferential evaporation phenomenon if 

the voltage or laser pulses are not optimized. If the standing voltage (𝑉7) and pulsed voltage 

(𝑉;) are underestimated, it could possibly preferentially retain one of the species while an 

overestimation would cause preferential evaporation of the species. In order to avoid this, the 

optimal pulse fraction (𝑓/) is determined using the following relation: 

 𝑓/ =	
𝑉; − 𝑉7
𝑉7

 (15) 

This is done experimentally by first measuring the standing voltage (𝑉7) in kV for different 

laser energies P to obtain a fixed detection rate as shown in Figure 21(a). These points are fitted 

by a linear regression line as: 

 𝑉7 = 𝑘	x	𝑃 +	𝑉; (16) 

In one particular case shown in Figure 21(a), the standing voltage necessary to evaporate ions 

without laser energy is 5.28 kV and the coefficient k is -0.006 V pulse/nJ. These values can 

then be reintroduced in Equation (15) and (16) to express the equivalent pulse fraction (EPF) 

as: 

 𝑓/ =	
−1

1 +	𝑉; 𝑘	x	𝑃k
 (17) 

A plot of the EPF as a function of laser energy (Figure 21(b)) shows the laser energy required 

for a desired pulse fraction. In the example shown in Figure 21(b), it corresponds to a laser 

energy of 66 pJ/pulse for an equivalent pulse fraction close to 20%.  
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Figure 21. (a) Experimental data points fitted to obtain 𝑉; and k for a 7003 alloy. (b) EPF 
curve showing the required laser energy for different pulse fractions.  

An additional step to verify the process can be carried out. This involves setting a fixed laser 

energy to the one obtained above, and 𝑉7 is adjusted to obtain the desired detection rate. Using 

Equation (15), the potential required to evaporate ions without the aid of laser energy is used 

to recalculate the EPF. This calculation step ensures the accuracy of the method and to have a 

real EPF estimated along with the one obtained from Figure 21(b).  

3.7 Characterization of particles analyzed in Al-Zn-Mg(-Cu) alloys 

As mentioned in the earlier sections, aging allows the strengthening of Al alloys by forming 

nano sized particles. These are chemical heterogeneities and can be identified by visual analysis 

in most cases after the APT analysis has been reconstructed. One of the aims of performing 

APT is to quantify the chemical heterogeneities formed after the early-stage aging and 

comparing different conditions. The easiest and most commonly used methodology is to use a 

concentration profile to measure local chemical fluctuations. It involves a 3D selection box 

positioned across the particle/volume to be examined. The volume is then divided into smaller 

sections (bins) normal to the z axis of the volume. The concentration of every element in that 

section is then calculated and represented in a graph, the concentration as a function of the 

distance. This method allows for individual examination of each particle and is used often in 
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this study to study the chemical fluctuations in the dataset. A more robust method is explained 

below for defining and characterizing the chemical heterogeneities. 

3.7.1 Iso-concentration cluster identification method 

The iso-concentration clustering algorithm is one of the fastest in terms of time computing. 

The dataset volume is divided into sub-volumes whose size can be adjusted. The atomic 

concentration of each species is then calculated for each of the sub-volumes (𝐶2< =
𝑁2

𝑁k ) and 

a composition is assigned to the center of the sub-volume. However, this is not as 

straightforward since, at least it requires the consideration of compositions calculated for sub 

volumes in the vicinity of a particular element as shown in Figure 22(a). A gaussian weighting 

is applied, initially proposed by Hellman et al. [114, 115] to each atom to calculate the value 

of composition in each sub-volume. This principle is known as delocalization and the 

concentration of each atom within the sub-volume is the weighted average of the concentrations 

calculated with the neighboring sub-volumes. The weighted average is defined as the distance 

of the particular atom to the center of the sub-volume as shown in Figure 22(b).  

 

Figure 22. (a) Dividing the volume into smaller sub-volumes to calculate the concentrations. 
(b) Concentration calculation of each species based on its distance to neighboring sub-

volumes. 

If the concentration is higher than a chosen threshold, it forms a part of the particle, otherwise 

it is considered as a part of the matrix. The final step is to assign the atoms to a particle and is 

done based on the minimum size of the particle. If a particle is smaller than Nmin number of 
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atoms, it again is considered a part of the matrix. The parameters chosen for the identification 

of particles in the 7xxx series is given in  

Table 2. These parameters are accurate enough to identify a majority of the existing particles, 

however, very slight fluctuations or extremely small particles can be left out as matrix based 

on the parameters chosen and the sampling volume. 

Table 2. Parameters for iso-concentration cluster identification in 7xxx Al alloy system. 

Material 
Elements chosen for cluster 

identification 

Minimum threshold 

(at.%) 

Al-Zn-Mg (7003) Mg, Zn 10.2 

Al-Zn-Mg(-Cu) (7046) Mg,Zn 12.4 

 

3.7.2 Determination of the number density 

From the cluster identification explained in the above section, it is possible to measure the 

density of particles present in the APT dataset. Particles can either be present completely inside 

the dataset or on the edge. In the latter case, the entire volume of the particle is not present 

inside the volume and is accounted for as a half particle. The number density of particles (Nv) 

is calculated from the number of particles detected (Np) and the total number of atoms contained 

in the analyzed volume, taking into account the detection efficiency (Q) and the average atomic 

volume [38]. The number density is thus given as: 

 𝑁= =	
𝑁/	x	𝑄
𝑁; 	x	𝑉#!

 (18) 

The uncertainty on the number density of particles is given by the relation: 

 ∆𝑁= =
𝑁=
l𝑁/

 (19) 

 

3.7.3 The Particle size 

The size of a particle can be defined in a number of ways with the mean size and the size 

distributions the most important part of the information. With spherical particles, which is the 
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main type of particles studied in this thesis, the radius of gyration is the common measurement 

used. It is defined as: 

 
𝑅> =	

∑ {(𝑥2 − 𝑥7)' +	(𝑦2 − 𝑦7)' +	(𝑧2 − 𝑧7)'}-
2?@

𝑁  
(20) 

Where xi, yi and zi  are the coordinates of the ith atom within the defined particle and N is the 

number of atoms in the particle. The radius of gyration cannot be directly compared with the 

size or radii measured in the TEM. However, the radius of gyration does help estimate the size 

distribution of a given system.  

Typically, the radius of gyration is converted to the ‘Guinier radius’ as a more accurate 

representation of the size of the particles. However, the conversion factor used has no physical 

meaning as far as APT is concerned [116], coupled with trajectory aberrations complications 

was not the ideal way to define particles in this study. 

Instead, the size of clusters was extracted from the ExtentZ parameter (𝐸A) obtained from the 

cluster analysis. This parameter is defined as 

 𝐸A = max	 |𝑍B#< −	𝑍B2-| 
 

(21) 

 

Where 𝑍B#<		and 	𝑍B2- are the outermost atoms of the defined particle in the z-direction 

(projection direction). The z direction is chosen since it is the least biased direction in the APT 

[98]. 

 

 

 

 

 

 



 
 
 
Summary and Outlook 

 
 
 

43 

 

Chapter 4 Summary and Outlook 

 

This thesis is broken down into four journal articles prepared along with corresponding 

supplementary information, which provide the main investigations and findings of this PhD. 

The effect of cyclic aging has been investigated on two Al-Zn-Mg(-Cu) alloys to study the 

response on mechanical properties. This has been used to correlate with the microstructure 

investigated by advanced characterization tools such as APT and TEM. Cluster identification 

using a parameter dependent, and a parameter independent methodology has been applied to 

efficiently characterize the metallurgical information such as size of precipitates, composition, 

number density and solute ratio in particles. Additionally, the precipitate sequence in an Al-

Zn-Mg alloy has been investigated to understand the nucleation of the main hardening phase 

in such an alloy. This chapter includes the main results and conclusions of the work followed 

by suggestions for future work. 

4.1 Summary 

CA on two different 7xxx alloys, one containing Cu (7046) and one being Cu free (7003), have 

been investigated. The cyclic aging was performed in stress-controlled mode, where the initial 

stress applied was close to the YS of the AQ state of the alloys. The targeted stress chosen was 

close to 70% of the maximum strength of the alloys in PA condition. CA and a further 10 days 

of NA exhibited strength and uniform elongations similar and slightly higher than that of the 

PA condition. This is attributed to a uniform distribution of fine solute clusters enriched in Mg 

and Zn. The fracture mode of the CA samples, however, was in shear without prior necking. 

In all cases, this started at around maximum strength, similar as the onset of necking as 

predicted by Considere criterion and are called slant fractures in this study. An aging treatment 

similar to the PA treatment was carried out after the CA. This restored the post necking 

ductility, indicating that possible damage caused by the CA did not influence the fracture mode. 

Instead, the precipitate type and the symmetry of the plate material used in this study could be 
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precursors for such fracture modes, which has otherwise not been observed in axisymmetric 

materials.  

Detailed microstructural investigations of the alloys revealed that the early-stage clusters 

formed during and after CA had similar chemistry and structure to that of the conventional GP 

zones formed during NA and AA up to a certain temperature. Storage of CA samples for 10 

days is found to be very important for obtaining higher strength, since these GP zones then 

grow further by utilizing the solute from the matrix. The number density of clusters formed in 

the 7046 alloy is consistently slightly lower than that of the 7003 alloy, while a similar trend is 

seen for the size measurements. The Cu containing clusters in the 7046 alloy, with a different 

Zn/Mg ratio to that of the 7003 alloy must be acting as stronger obstacles for dislocation glide. 

Cluster identification by IPM and PCF methodologies for experimental datasets of 7003 and 

7046 consisting of early-stage clusters have been performed to test the robustness of both 

methodologies. The PCF methodology helps extract an average value for different 

metallurgical information, such as size, composition, and volume fraction, while the IPM helps 

extract similar information cluster by cluster. A good agreement is seen by both methodologies 

in quantifying the clusters of both alloys; 7003 having slightly larger clusters than the 7046 

alloy.  Chemical compositions of clusters are quite similar for both alloys (GPI zones) with an 

average Zn/Mg ratio of around 2 for the 7003 alloy and 1.5 for the 7046 alloy. Furthermore, 

atom probe volumes have been simulated with predefined composition and volume fraction,. 

This is used to assess the sensitivity of different methods (PCF and IPM) on particle 

quantification. An additional parameter, the resolution of the atom probe has also been used to 

study its effect on accurate quantification of particles. Resolution and average size of particles 

play an important role in detecting them and hence quantification depends on it. 

To study the evolution of precipitates and revisit the precipitation sequence in Al-Zn-Mg 

alloys, the 7003 alloys that has been NA for 1 year is subjected to AA at 140ºC. The NA 

condition has a dense population of GPI zones along with a small fraction of η’ precipitates. A 

10-minute AA treatment at 140ºC saw the hardness decrease from 121 HV to 88 HV. The 

number densities for the two conditions were similar, however, the Zn/Mg ratio decreased from 

2 to 1.7 during the 10 minutes of AA and the solute level in the matrix slightly increased. The 
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solute clusters no longer showed the GPI atomic structure. The peak in hardness was reached 

after 5 hours of AA at 140ºC. This condition was dominated by η’ in combination with η1, η2 

and T’ phases seen by scanning transmission electron microscopy. 

4.2 Outlook 

The alloys investigated in this work are extruded plates of 7003 and 7046 alloys. A similar 

study on axisymmetric 6082 system has shown lower cumulative plastic strains as compared 

to the flat plate extruded alloys, and also with conventional necking behavior. Indications of 

symmetry breaking perturbations in the extruded alloys with orthotropic symmetry is seen as 

a possible triggering factor for early slant fractures. However, this hypothesis needs to be tested 

for the 7xxx system. Hence, axisymmetric processed alloys should be tested in future to see if 

they have slant fracture or necking. 

The potential of CA on inducing precipitation in the heat treatable alloys has been promising 

and can be explored further moving ahead. This methodology can be tested in particular to the 

non-heat treatable alloys, such as the 3xxx and 5xxx alloys to study the effect of CA on strength 

and ductility.  

CA has shown promise in the rapid hardening response but has constraints in specimen 

geometry to implement both tension and compression part of the test. However, there is 

potential for different process innovations to carry out other ways to keep on deforming 

plastically without too large geometry change in order to implement such a methodology in 

industrial use. A possible tension and retraction to zero load can be tried for large sheets where 

the compression part of the test would give buckling. 
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Abstract 

The cyclic application of mechanical stress to aluminum alloys at room temperature, referred 
to as cyclic ageing, continuously injects vacancies, enabling dynamic precipitation of a fine 
distribution of solute clusters. These are uniformly distributed throughout the bulk and are 
responsible for enhancing the mechanical properties to comparable values as T6 conditions 
obtained by conventional artificial aging. The atomic structure of the clusters in two Al-Zn-
Mg(-Cu) alloys is studied using atomically resolved transmission electron microscopy, and 
their size, volume density and chemistry are investigated using atom probe tomography. It was 
found that cyclic ageing yields a high number density of solute clusters exhibiting structural 
similarities to the GPI zones commonly observed after low temperature ageing in such alloys. 
A subsequent 10-day natural ageing allows both cluster nucleation and further cluster growth, 
without altering their atomic structure. As compared to natural ageing, the strengthening caused 
by the solute clusters is accelerated during cyclic ageing, due to dynamic precipitation. The 
copper containing alloy also had higher amounts of Mg and Zn. Still, a slightly lower number 
density of smaller clusters with lower Zn/Mg ratio formed in this alloy, both after cyclic aging 
and after natural aging. The higher strength of this alloy is attributed to a higher strength 
contribution from each cluster.  

Keywords 

Aluminum alloys, Atom probe tomography (APT), Transmission electron microscopy (TEM), 
Cyclic ageing, Natural ageing 

1. Introduction 

The Al-Zn-Mg(-Cu) alloys are widely used in the aerospace and automotive industry primarily 
due to their high strength to weight ratio and high corrosion resistance. Having good 
formability, these alloys allow for a wide range of processing routes such as extrusion, rolling 
and forging. [1-3]. The main strengthening mechanism is precipitation hardening which 
involves a high temperature treatment above the solvus line of the system, such as a solution 
heat treatment (SHT, at >400°C), followed by a rapid quench to room temperature and artificial 
aging (AA). During the high temperature treatment, the solute is dissolved into the host Al 
matrix and will, together with the high density of vacancies form a supersaturated solid solution 
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(SSSS) after the rapid cooling. This condition has the maximum precipitation potential that 
will be utilized during the AA (usually at temperatures between 120 to 200ºC) to form a high 
density of nano-sized metastable precipitates, strengthening the material by providing obstacles 
for dislocation motion.  

However, the SSSS is unstable even during natural ageing (NA) at room temperature, in which 
case the material gradually hardens due to formation of atomic clusters that are coherent with 
the aluminum lattice. When the clusters achieve periodic order in one or more spatial 
dimension, they are often referred to as Guinier-Preston (GP) zones [4, 5]. Two types of GP 
zones have been reported for the Al-Zn-Mg alloy system, namely the spherical GPI zones and 
the plate-like GPII zones [6].  

The general precipitation sequence during artificial ageing is given as  

 SSSS	 → atomic	clusters	 → GP	zones	 → 	η( → 	η (22) 

   

Recently, Sun et al. [7] have demonstrated a new approach for precipitating a very high number 
density of clusters, leading to strengths equal to and even higher than those from conventionally 
aged materials. The novel cyclic strengthening approach involves cyclic deformation of a 
solution heat treated and quenched material. During plastic deformation, the back-and-forth 
gliding of dislocations creates vacancies produced during dragging of jogs. These excess 
vacancies aid local diffusion. Some dislocation loops were present in the microstructure, but 
the extremely fine distribution of solute clusters being formed, contributes to a major part of 
the strength, in a similar manner to that of the conventional artificially aged samples. Clusters 
observed in that study were suggested to not be the same type as those formed during 
conventional NA (the GPI and GPII zones).  

Dynamic precipitation has been studied for a variety of heat-treatable aluminum alloys, and 
promising strength and work hardening have been reported [8-12], while other aspects like 
influence of the crystallographic texture, fatigue and fracture properties are still lacking. 
Studies focusing on the atomic structure of the clusters precipitated during cyclic strengthening, 
are sparse. In the present study, we aim at investigating the crystal structure of such clusters 
and compare them with the clusters precipitated during long-time storage, i.e., NA. 

Recently, the atomic structure of the GPI zones in the 7xxx alloy system was determined [13]. 
The study showed that the GPI zones are built with a single building block that connects along 
certain directions in the Al matrix to form larger particles. The basic unit can be described as a 
truncated cube octahedron (TCO) consisting of three shells centered on a possible interstitial. 
The first shell consists of the atoms at the corners of the six faces of an inner octahedron and 
are occupied by Zn atoms. The second shell is an inscribed cube, for which the eight corners 
are occupied by Mg. The corner atoms of the octahedron are located at the cube centers. The 
last shell is a TCO. Its 24 vertices are ideally occupied by Zn, while the corners of the cube are 
located at the centers of the hexagonal faces of the TCO. The TCO can connect along <001>Al 



 
 
 
Paper I 
 
 

 
 
 

64 

with its unique axis [001]GPI. Normal to its unique axis it can connect along <411>Al and 
<330>Al. Mixing of the <411>Al- and <330>Al connections is common, hence the individual 
GPI zones show variation in structure.  

The focus of this study is to systematically compare the clusters formed in two commercial 
7xxx alloys immediately after cyclic ageing. Their stability during NA is assessed and the effect 
of 10 days further storage at room temperature is characterized. Emphasis is placed on 
characterization of the structure and chemistry of these clusters in relation to the conventional 
GPI zones formed by NA. 

 

2. Materials and Methods 

2.1.  Materials 

Two commercial alloys are studied, both received as extruded 6 mm thick plates from Benteler 
automotive. The compositions of the two alloys are given in Table 3. Both the alloys had similar 
texture. The major difference is that the 7046 contains copper and is slightly denser in solute 
than the 7003. The samples were SHT at 480ºC for half an hour in a salt bath followed by water 
quenching.  

Table 3. Alloy composition of the investigated alloys (in wt.% and at.%) 

  Cu Fe Mg Si Ti Zn Zr Al 

7046 

 

wt% 

at% 

0.28 

0.12 

0.2 

0.1 

1.31 

1.52 

0.08 

0.08 

0.03 

0.00 

6.47 

2.79 

0.15 

0.05 
Bal. 

7003 

 

wt% 

at% 

0.01 

0.00 

0.22 

0.11 

0.73 

0.84 

0.09 

0.09 

0.02 

0.01 

5.68 

2.43 

0.15 

0.05 
Bal. 

 

Peak Aged (PA) samples were also prepared for comparison with samples strengthened by 
cyclic deformation. Peak ageing heat treatment for these two alloys involved heating the 
samples up to 140ºC for 7 hours (16.4℃ per hour) and keeping them at 140ºC for 17 hours. 
The microstructure of PA samples is well known to consist of developed plate shaped η’, along 
with η1-2 [14, 15]. Only the mechanical strengths were used for comparison. NAed samples 
from both alloys were also used to compare the structure of clusters formed during CA with 
the GPI zones formed during conventional NA. Long NAed samples with stabilised hardness 
were also used for comparison of strength contributions with the CA samples. 

2.2.   Cyclic Ageing and Hardness Measurements 

Samples for cyclic ageing (CA) tests, with the tensile axis along the extrusion direction, were 
machined. As shown in Figure 23, they were flat-shaped with a square cross section of 6 mm 
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thickness and width. The uniform length was 12 mm. CA tests, comprising of tension-
compression following a sinusoidal waveform for the applied force, as seen in Figure 23b, were 
carried out at a range of different frequencies. Initially, the stress amplitude was set around the 
yield strength (YS) of the SHT condition. The stress amplitude was gradually increased during 
the CA, up to a target stress. To ensure the CA samples were not subjected to excessive plastic 
deformation, the target stress was chosen slightly below the YS of the PA condition and the 
frequency was optimized. The CA experiments were designed based on the studies by 
Hutchinson et al. [10] and Sun et al. [7]. The stress amplitude was increased systematically, 
with the stress for cycle n given by:  

 𝜎- = 𝜎7 +	(𝜎! −	𝜎7)t
-
C

. (23) 

   

Here 𝜎7	and	𝜎! are the initial and target stress amplitude strength. An optimization study had 
been carried out previously guiding how to optimally choose the target stress and the number 
of cycles N to reach it. The ideal condition for each alloy was applied, and the clusters in the 
resulting condition were studied by transmission electron microscopy (TEM) and atom probe 
tomography (APT). The optimization study will be published as part of a separate article. 

Flat pieces from the tensile samples were ground and polished for micro-hardness 
measurements using a 1000 gf Vickers indenter. The mean hardness values were based on 5 
readings each.  
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Figure 23. (a) Geometry of test specimen used for cyclic ageing and tensile tests, (b) cyclic 
ageing profile. Insert shows a section of the gradual increase in stress amplitude. 

 

2.3.  APT sample preparation, acquisition parameters and cluster characterization 
methodologies 

Electropolishing is preferred preparation methodology to avoid the contamination by ion 
implantation techniques. However, attempts to prepare the cyclic aged samples by 
electropolishing did not succeed. Hence, the APT needles from the cyclic aged material were 
prepared according to the conventional focused ion beam (FIB) lift out method [16] using the 
FEI Helios G2 dual beam instrument with a Ga+ ion source. The needles were sharpened to 
around 50-100 nm using an 8 kV Ga+ beam, followed by a 2 kV final clean-up step to remove 
higher concentrations of implanted high-energy Ga ions.  

APT samples from the 3 months NA condition were prepared by following a standard two-step 
electropolishing process [17]. Rods of 0.3 x 0.3 x 20 cm3 were cut from the samples and 
mechanically ground. The first step of the electropolishing was done using 25 vol.% perchloric 
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acid in 75 vol.% acetic acid. The final step was a two-step process using 10 vol.% perchloric 
acid followed by 2 vol.% perchloric acid in 98 vol.% 2-butoxylethanol to produce sharp 
needles. APT analysis was carried using a Local Electrode Atom Probe (LEAP) 5000XS by 
Cameca Instruments Inc. This is a straight flight path instrument with a detection efficiency of 
about 80%. All samples were run at 30 K base temperature in laser mode with a detection rate 
of 0.5%. An equivalent pulse fraction of 20% was used and calibrated in the range of 55-110 
pJ, depending on the sample geometry. The pulse rate used was 250 kHz for all samples. 
Datasets, ranging from 50-150 million ions, were collected for the CA material. The 
reconstructions and the post processing analyses were carried out using the Integrated 
Visualization and Analysis Software (IVAS) by Cameca Instruments Inc. Complementary to 
IVAS, the Norwegian Atom Probe App [18] software has been used. It has been developed by 
C. Hatzoglou from the Norwegian University of Science and Technology (NTNU) and is an 
open access software dedicated to APT data treatment [19]. The accurate estimation of the 
reconstruction parameters was carried out using the structural information and following the 
protocols of Gault et al. [20]. Sub-volumes were carefully chosen from APT datasets of cyclic 
aged samples for performing cluster analyses from regions without Ga implantation and away 
from the poles. The NA 3-month conditions were prepared by electropolishing and hence 
contained no Ga implantation, making the whole dataset suitable for analysis. 

The “isoposition method” (IPM) was used to identify clusters in all the APT datasets. This 
method developed at the Groupe de Physique des Materiaux (University of Rouen, France) is 
based on chemical concentration (i.e., Mg+Zn) and atomic distance criteria. A detailed 
explanation of this algorithm and its criteria estimation can be found elsewhere [21, 22]. The 
identified clusters exhibit an over atomic density compared to the matrix (up to 4-5 times 
higher), plus a morphological distortion (spherical in TEM, Fig.5 and ellipsoidal in APT). This 
is due to the local magnification effect typically seen due to difference in evaporation fields 
between cluster/matrix during APT analysis [23, 24]. The cluster dimension along the 
evaporation direction (i.e. Z direction) remains unchanged by local magnification as previously 
reported in [25, 26]. The size of the clusters is so estimated from the Extent z (𝐸A) parameter, 
obtained from the cluster analysis. This parameter is defined as  

 𝐸A = 	 |𝑍B#< −	𝑍B2-| (24) 

where 𝑍B#<	 and 𝑍B2- are the outermost atoms of the cluster in the z-direction (the direction 
of evaporation). Considering local magnification effects, this is the least biased direction in the 
APT. 𝐸A is based on the maximum distance between cluster atoms in this direction. The size 
and composition errors were calculated based on the standard deviation between the clusters 
while the error of the number density was calculated by dividing the number density by the 
square root of the total number of clusters. The clusters at the edge of the dataset which are not 
completely inside are considered contributing half to estimate the number density. 

Cluster finding algorithms have many drawbacks, because of parameter selection biasing [27], 
in particular for very small clusters with size ranging from 1-2 nm. An alternative method is 
used here, based on the pair correlation functions (PCF) obtained from the APT dataset, as 
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illustrated in Figure 25. It is a radial distribution function (RDF) based method with the 
advantage of being self-consistent, parameter free and uses the information from all atoms in 
the dataset. This methodology has previously been used to characterize precipitates in an Al-
Cu-(Li-Mg) alloy system [28] as well as an Al-Zn-Mg system [29].  

The approach makes use of an RDF calculated from the APT datasets, in which the specified 
species (in our case Zn and Mg) are examined. De Geuser et al. [30] introduced an 𝛾2DE pair 
correlation function between two elements by normalizing and scaling the RDF as  

 𝛾2DE(𝑟) = 	𝐶2𝐶2DE(𝑟) −	𝐶2𝐶E (25) 

where 𝐶2 and 𝐶E are the bulk compositions of the respective elements obtained from the APT 
dataset, and 𝐶2DE(𝑟) is the average composition of element 𝑗 at a distance 𝑟. This is obtained 
from the atoms of element i obtained from the RDF.  

For 𝑖 = 𝑗, i.e., correlations of the same element, Eq (25) can be written as  

 𝛾2D2(𝑟) = 	𝐶2𝐶2D2(𝑟) −	𝐶2' (26) 

Also, when there is no correlation, which is the case for large r values, 𝛾2D2(𝑟) = 0. At 𝑟 = 0, 
the PCF corresponds to the mean square composition fluctuation, i.e. of precipitates and matrix, 
and can be written as,  

 𝛾2D2(0) = 	∆𝐶2' = w𝐶/ − 𝐶x(𝐶 − 𝐶B) (27) 

where, 𝐶, 𝐶B, and 𝐶/ are the bulk, matrix, and precipitate compositions respectively. The mean 
square compositional fluctuation (∆𝐶2') is observed at 𝑟 = 0 and decreases to zero as 𝑟 
increases with a characteristic correlation length which relates to the size of the compositional 
fluctuations (precipitates/clusters).  

2.4.  TEM sample preparation and acquisition parameters 

For TEM specimen preparation, the samples were first mechanically thinned down to ~ 100 
μm. The specimens were punched out to 3 mm disks and subsequently electropolished with a 
Struers TenuPol-5 machine using an electrolyte consisting of 1/3 HNO3 and 2/3 CH3OH. The 
electrolyte was kept at -25°C ± 5°C and the applied voltage was 20 V. An image- and probe 
corrected JEOL ARM200CF microscope, operated at 200 kV, was used for high-angle annular 
dark-field scanning TEM (HAADF-STEM) imaging. The convergence semi-angle was 27 
mrad and the inner and outer collection semi-angles were 68 and 155 mrad, respectively. The 
probe current was about 60 pA, which gives a good signal, while maintaining sufficient spatial 
resolution. The images were filtered by performing a fast Fourier transform (FFT) and 
superimposing a low-pass mask on the FFT of approximately 6.7 nm-1, before performing an 
inverse FFT. 
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3. Results 

3.1.  Hardness 

The hardness immediately after quenching was recorded and the subsequent reading was taken 
directly after CA, which took 4 hours and 40 minutes for the optimized condition running at 
0.025 Hz. The results are shown in Figure 24 for both alloys. The hardness of the grip region 
of the CA samples was also measured as a reference. Since this region did not undergo CA and 
is assumed unaffected, it gives a precise estimation of the hardness evolution by NA during the 
time spent performing the CA. Sample preparation for both TEM and APT took around 3 hours 
for all conditions analyzed. As expected, the 7046 alloy was stronger than the 7003 alloy, due 
to its higher alloying content and Cu addition, c.f. Table 3 [31]. The hardness of 7046 was 61 
± 2 HV after solutionising and increased to around 135 ± 3 HV during the CA treatment. At 
the same time, the hardness at the grip area (NA) increased to 96 ± 3 HV. A similar trend was 
observed for 7003, where the hardness sharply increased from the as quenched (AQ) state at 
47 ± 2 HV to 105 ± 1 HV after CA.  

  

 

Figure 24. Hardness evolution after SHT and quenching follows the red curves, highlighting 
the hardness evolution of the CA samples. The black curves show the corresponding NA 
evolution. The blue circles indicate the conditions studied by TEM and APT. 

For both alloys, there was a gradual increase in hardness during NA after CA. After 10 days at 
room temperature, it almost saturated to a hardnesses of around 158 ± 2 HV and 121 ± 2 HV 
for 7046 and 7003, respectively. Selected samples were chosen for detailed APT and TEM 
analysis, as indicated with blue circles in Figure 24. 

3.2.  APT data interpretation 

APT analyses for all three conditions (CA, CA + NA 10 days and NA 3 months) show a high 
number density of fine solute clusters (of the order of 10'9	clusters/m%) for both alloys, see 
Figure 25. As seen in Figure 25(c) and (d), the 10 days of storage (NA) after the CA resulted 
in slightly larger clusters compared to the ones after CA, shown in Figure 25(a) and (b) for 



 
 
 
Paper I 
 
 

 
 
 

70 

7046 and 7003, respectively. During this time the number density also increased, as seen from 
Table 4. Figure 25(e) and (f) display the APT results of 3 months NA for 7046 and 7003, 
respectively, also showing a high number density of similarly sized spherical clusters. The size 
of the clusters in 7046 is consistently smaller compared to the ones in 7003 for the three 
conditions analyzed, but the difference in size is not large c.f. Table 4. 

The chemistry of the clusters does not vary much between the three conditions of the same 
alloy, with an average Zn/Mg ratio of around 1.6 for 7046, and around 2.1 for 7003, see Table 
4.   

The clusters are rich in Mg and Zn and are in general spherical, which is evident from the 
cluster morphology maps shown in Figure 26a-c. Each map is divided into four quadrants, 
corresponding to disc, sphere, lath and rod. These are defined based on the oblateness and 
aspect ratio of the best fit of an ellipsoid to each cluster [32, 33]. L1, L2 and L3 are defined as 
the three major axes of each cluster, where L1>L2>L3, and the aspect ratio (L2/L1) vs oblateness 
(L3/L2) is plotted in the cluster morphology map. Each circle represents one cluster and has a 
size proportional to the number of ions detected in that cluster.  

Table 4. Statistical results of cluster analysis for 7046 and 7003 alloys. 

Alloy Condition 
Number 
Density 

(𝟏𝟎𝟐𝟒/𝐦𝟑) 

Size 

(nm) 
Zn/Mg (Zn+Cu)/Mg 

7046 

CA 1.81 ± 0.19 1.12 ± 0.53 1.63 ± 0.49 1.66 ± 0.51 

CA + NA 10 
days 3.15 ± 0.23 1.50 ± 0.89 1.58 ± 0.26 1.61 ± 0.27 

NA 3 months 2.11 ± 0.64 1.87 ± 0.65 1.53 ± 0.12 1.58 ± 0.11 

7003 

CA 3.75 ± 	0.25 1.27 ±0.44 2.14 ± 0.13 2.15 ± 0.14 

CA + NA 10 
days 4.36 ± 0.27 1.57 ± 0.58 2.24 ± 0.25 2.21 ± 0.15 

NA 3 months 2.95	 ± 	0.67 2.01 ± 0.85 2.09 ± 0.14 2.10 ± 0.14 

 

Table 5. Calculated contribution of SSSS to the yield stress based on APT measurements of 
solute levels in-between the clusters, and experimentally measured yield stress and UTS for 
the two alloys in the three investigated conditions. * indicates the yield stress and UTS from 
NA 1-year samples. This is done since the hardness measured has plateaued from 3 months to 
1 year. The samples needed for tensile testing were not available in the 3 months NA condition. 
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Condition YS from SSSS 
(MPa) 

Experimental YS 
(MPa) 

Experimental UTS 
(MPa) 

 
7046 7003 7046 7003 7046 7003 

CA 63.0 47.8 408 308 475 372 

CA + NA 10 
days 

53.1 36.6 447 356 532 445 

NA 3 months 48.5 35.3 368* 299* 534*   463* 

 

Figure 26(d) and (e) show the calculated Mg-Mg and Zn-Zn PCFs, respectively, for all datasets 
of 7003 shown in Figure 25. Careful observation of the PCFs shows that the width of the PCF 
increases from CA to CA + NA 10 days and it is even larger at NA 3 months. As explained by 
De Geuser and Gault [34], an increased width of the PCF means an increased correlation length 
which in turn signifies the trend of increase in the size of clusters. This is the case for both Mg-
Mg and Zn-Zn correlation lengths. The PCF for CA + NA 10 days and NA 3 months are almost 
identical and overlapping. 

The solute concentration in the matrix in the clustered conditions was extracted based on the 
DIAM methodology from the APT datasets [35]. The results are summarized in Figure 26(f). 
A high amount of solute in SSSS is consumed during the CA as the concentrations of Mg and 
Zn drop sharply from SSSS assuming all solutes dissolve during SHT. The solute consumption 
from the matrix continues after CA until the 10 days NA. Interestingly, 3 months NA has very 
similar solute content in the matrix as the CA + NA 10 days in both alloys. 

Table 5 summarizes the contribution of SSSS to the yield strength estimated from the model 
of Deschamps et al. [36] as  

 
𝜎5"$ = 𝐾𝐶5"$

'
%  

(28) 

where, 𝜎5"$ is the strength contribution from the solute in the matrix, 𝐾= 840 MPa is a constant 
adjusted to the yield strength of the material in SSSS and 𝐶5"$ is the added volume 
concentrations of the solutes in the matrix; in our case sol corresponds to being Mg, Zn and Cu 
[37]. The K value for both alloys is chosen the same, since the effect of Cu is negligible due to 
very low concentrations of it in solid solution. 
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Figure 25. Sub-volumes within the dataset of dimensions 25 x 25 x 80 nm3 to spatially visualize 
the clusters. The three conditions shown are (a) CA (c) CA aged + NA 10 days (e) NA 3 months 
for 7046 and (b) CA (d) CA + 10 days NA and (f) NA 3 months for 7003. 
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Figure 26.  Aspect ratio vs oblateness plots for clusters identified in the sub-volumes for CA, 
CA + NA 10 days and NA 3 months shown through (a-c) respectively for the 7003 alloy. The 

color scale shows the size of the clusters as radius of gyration in the evaporation direction 
while the size of the circles indicate the total number of atoms inside each cluster.  Pair 

correlation functions for (d) Mg-Mg pairs and (e) Zn-Zn pairs from the APT datasets shown 
for 7003 in Figure 25. The black line represents the theoretical PCF for a random distribution. 

(f) Zn and Mg concentrations in the matrix of the two alloys compared with the SSSS for 
different conditions. 
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3.3. Atomic structure of the CA and NA clusters by TEM 

Figure 27 shows atomically resolved HAADF-STEM images of the microstructure in the three 
investigated conditions, CA, CA + NA 10 days and NA 3 months for the 7046 and 7003 alloys. 
All images are taken along the <001>Al zone axis. One overview HAADF-STEM image and 
two enlarged regions are shown for each condition. We could identify TCO structural units of 
the GPI zones [13] in all conditions of both alloys, and centers of TCOs are indicated with red 
disks in the enlarged regions, some of the disks are indicated by yellow arrows. 

 

Figure 27. Atomically resolved HAADF-STEM images along <001>Al for the three 
investigated conditions. a1- f1: Overview image for each condition. a2- f2 and a3- f3: Enlarged 

regions showing example clusters for each condition. The red disks along with the yellow 
arrows indicate the center of the TCOs. The lattice appears skewed in some images because 

of sample drift during image acquisition. 
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All three conditions exhibited a high number density of spherical clusters with varying sizes. 
Some clusters showed no clear atomic ordering, exemplified in Fig. 5a2 and 5d2 for 7046 and 
7003, respectively. Such contrast might arise from clusters being far from the entrance surface 
or clusters consisting of randomly aggregated solutes rather than GP zones exhibiting clear 
atomic ordering. Most probably, a mixture of buried clusters and randomly aggregated solutes 
is present. The clusters that do exhibit ordering were all based on the same TCO structural units 
previously found in conventional NA samples [13, 38]. The main difference was that in CA 
conditions they always consisted of single TCOs, as highlighted in Figure 27a3 and 5d3 by the 
red disks indicating the central atomic column of the TCO.  

To investigate the microstructural evolution from CA to CA + 10 days NA and compare with 
the microstructure after NA 3 months, 300-400 clusters per condition were investigated. The 
clusters were investigated in terms of atomic ordering and categorized as single TCO, 
connected TCO and disordered. Their relative occurrence is shown in Table 6.  

 

Table 6. Quantification of the cluster microstructural differences in CA, CA+NA 10 days and 
NA 3 months based on the HAADF-STEM experiments. The clusters were categorized as 
single-, connected TCOs and disordered, and the numbers show their relative occurrence. 

Alloy Condition Single TCO 
clusters 

Connected 
TCO clusters 

Disordered 

(no structure 
identified) 

7046 

CA 7% 0% 93% 

CA + NA 10 days 9% 1% 90% 

NA 3 months 8% 4% 88% 

7003 

CA 7% 0% 93% 

CA + NA 10 days 11% 2% 87% 

NA 3 months 4% 12% 84% 

 

The microstructures after 10 days NA are shown in Figure 27b1 and Figure 27e1 for 7046 and 
7003, respectively. Most of the ordered clusters were still single TCOs. A small population of 
connected TCOs were observed in this condition for both alloys. Such clusters are exemplified 
in Figure 27b3 and Figure 27e3 for alloys 7046 and 7003, respectively.  
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By comparing the appearance of the GPI zones in alloy 7046 with those in 7003 in the NA 3 
months condition, there is a noticeable difference: alloy 7003 contains a higher fraction of 
clusters based on connected TCOs. This is exemplified in Figure 27f2 and f3, where GPI zones 
consisting of 5 and 4 TCOs connected along the <411>Al directions are shown, respectively. 
In contrast, the GPI zones in 7046 more often consist of single TCOs, exemplified in Figure 
27c2. This effectively implies that the clusters are in general coarser in alloy 7003 compared to 
those in 7046. About half of the connected GPI zones in the 3 months NA condition of alloy 
7046 consist of multiple TCOs connected only along <411>Al, as exemplified in Figure 27c3.  

3.4.  Mechanical Response 

The engineering stress-strain curves from all the test conditions are shown in Figure 28(a) and 
(b) for 7046 and 7003, respectively. Samples with NA for 1 year were used instead of NA 3 
months to measure the effect of long-term NA and compare it with the strength of the CA 
conditions.  

Immediately after CA, the samples are consistently lower in YS than the artificially PA samples 
for both alloys but have higher uniform elongations. After further 10 days NA, the samples 
have higher YS and UTS than CA, but similar uniform elongation. For both alloys, the CA + 
NA 10 days condition results in higher UTS than the PA condition. For alloy 7003, the YS in 
the CA + NA 10 days condition is similar to, while for 7046 it is smaller than, the respective 
PA condition. The uniform elongation is significantly larger for the one-year NA condition, 
while for all other conditions is between 0.09 to 0.11 as summarized in Figure 28 (c-f). For 
alloy 7003 the NA 1-year condition had YS similar to that immediately after the CA, while the 
YS of the CA condition of alloy 7046 was larger than the corresponding NA 1-year condition. 

It is noted that the CA, as well as NA conditions, fractured very close to when they reached the 
maximum nominal stress. On the other hand, the PA condition for both alloys experienced a 
significant amount of necking before fracture occurred in the neck, as seen in Figure 28 (a and 
b). 
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Figure 28. Mechanical response of the two alloys subjected to CA, CA + NA, NA and artificial 
aging (PA). Engineering stress strain curves of (a) 7046 and (b) 7003. Correlation in YS and 
uniform elongation for (c) 7046 and (d) 7003. Correlation in UTS and uniform elongation for 
(e) 7046 and (f) 7003. 
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4. Discussion 

The iso-position cluster analysis reveals a slight increase in size from CA to CA + NA 10 days 
and an even larger cluster size for the NA 3 months condition (c.f. Table 4). Note that due to 
local magnification effects and the resolution limit of the APT, it is challenging to quantify 
very small clusters with cluster identification algorithms [34]. The different composition and 
potential crystal structure of the particles compared to the matrix lead to differences in the 
electric field evaporation. The difference in evaporation field leads to a development of a local 
radius of curvature near the specimen surface and hence in the projection’s image. This also 
causes trajectory aberrations and overlaps, not enabling the one-to-one mapping between the 
detector and the specimen surface.  These errors will contribute similarly for the different 
samples, hence the relative differences should be more trustworthy than the precise size 
estimates.  

As an alternative to the iso-position cluster analysis, the PCF approach can be used to assess 
the size estimate with good statistical significance. A comparison of the decay widths of the 
PCFs in Figure 26 (d and e) indicates that the correlation lengths for both Mg-Mg and Zn-Zn 
pair correlations shows the same trend as the cluster sizes found by the iso-position method, 
and therefore gives the same conclusions. The PCF for the CA+ NA 10 days and NA 3 months 
conditions are close, indicating that the sizes of the clusters are similar for these two conditions. 
Hence, it can be concluded that CA for a few hours induces accelerated kinetics, and after 10 
days of storage, the cluster size is almost similar to NA for three months.  

The strength increases about 50MPa and 70 MPa for the 7046 and 7003 alloy respectively 
during the 10 days of storage after CA. During the same period of time, the concentrations of 
elements in solid solution, as estimated in Figure 26(f), decays due to the consumption by the 
growing clusters. From Table 5, this contribution to loss of strength can be estimated to be 
about 10 MPa. Therefore, the measured strength increases must come from the evolution of 
clusters. As their number density has only a small increase while they grow (see Table 4), the 
increase in strength must therefore be caused by the larger clusters that act as stronger obstacles 
for the gliding dislocations.    

The size of the clusters in the 7046 alloy is smaller, with slightly lower number densities 
estimated than in the 7003 alloy. However, the measured strength of 7046 is higher, as seen 
from Figure 28 (a and b). To understand this, solute concentrations from the matrix was used 
to estimate the strength contribution from the atoms in solid solution. The solute concentration 
in the 7046 is higher than 7003 and contributes to increasing the strength of 7046 by about 15-
20 MPa, according to the rough estimate by Eq.(28). However, as seen in  Table 5, the 
difference in their strength from the experimental data is about 100 MPa, which cannot be 
adequately explained by the solute concentration difference. This suggests that a major part of 
the strength increase must stem from differences in the intrinsic cluster characteristics. In other 
words, the Cu-containing clusters in alloy 7046 must be acting as stronger obstacles than the 
Cu-free clusters of similar size in alloy 7003. The other significant difference between the 
clusters in the two alloys is their average Zn/Mg ratio as seen in Table 4. The lower Zn/Mg 
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ratio in the 7046 along with the presence of Cu must be the reason for the enhanced strengths 
of this alloy.  

The HAADF-STEM images showed a large population of nano-sized clusters in both alloys 
after the CA treatment. As the specimen thickness in this work was around 30-40 nm, many of 
the clusters will be far from the electron entrance surface and such clusters will exhibit a lower 
contrast as compared to clusters close to the electron entrance surface. Due to this, the 
‘Disordered’ category in Tab. 4 most likely also incorporates some TCO-based clusters. 

The particles that did have a clear structure consisted of single TCOs, which is the basic 
building block of the GPI zones in Al-Zn-Mg(-Cu) alloys. A single TCO spans four (110)Al 
planes measured from corner to corner. This distance is 4d110 = 1.14 nm. This fits well with the 
size of the clusters in the CA condition as measured by APT, which on the average was 1.1 nm 
and 1.3 nm for 7003 and 7046, respectively, c.f. Table 4. 

 Sun et al. postulated in their work that the clusters precipitated during CA should not be 
structurally similar to those observed during conventional natural aging, i.e. GP zones [7]. In 
our study however, we find that the CA clusters consisted of the same TCO building block that 
constructs the GPI zones in NA conditions. The main difference was that most of the structured 
CA clusters consisted of single TCOs, while the NA clusters consisted of aggregated TCOs. 
Consequently, the CA clusters must be smaller, which was proven in our work by the APT 
measurements c.f. Table 4. After CA + 10 days NA the microstructure consisted of more 
aggregated clusters, as compared to directly after the CA treatment. This aggregation was 
attributed to a combination of growth of the disordered clusters and the TCO clusters. 

Earlier works on Al-Zn-Mg alloys have shown that the GPI zones nucleated after prolonged 
NA or in the early stages of AA most often consisted of connected TCOs rather than single 
TCOs [13, 38]. In the present study this is only verified for the NA 3 months condition of the 
Cu-free 7003 alloy. For the Cu-containing 7046 however, more single TCOs compared to 
connected TCOs were observed in the NA condition. APT showed that the clusters in the 7046 
alloy incorporated Cu for all three conditions. By investigating the Z-contrast in GPI zones in 
HAADF-STEM images we conclude that Cu most likely substitutes Zn in their structure, as 
this contrast is similar in both 7003 and 7046 alloys. If a significant amount of Cu substituted 
Mg, the Mg atomic columns of the GPI zones would have higher brightness in 7046 compared 
to 7003, which was not observed. A few atoms in the Zn atomic columns may be substituted 
with Mg without being observable with the TEM, but as we consistently observed that the Zn 
atomic columns were much brighter than the Mg atomic columns, this effect is expected to be 
minor. 

A small-angle X-ray scattering (SAXS) investigation [39] has earlier shown that the addition 
of Cu decreases the nucleation radius of GPI zones. This is in accordance with our observations 
that 7046 has a smaller average cluster size than 7003 after CA and/or NA, supported both by 
APT and TEM. The addition of Cu is also known to refine the structure of η’ [40], 
demonstrating that this effect is important for precipitates as well as clusters/GP zones. Upon 
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comparing the CA clusters with the NA clusters for the Cu-free 7003, it is evident that the 
effect of CA is similar to that of Cu addition, reducing cluster size and increasing structural 
disorder.  

It has been suggested [7] that the cyclic plastic deformation injects vacancies into the material 
from dragging of jogs on the gliding dislocations. This is assumed to increase the local 
substitutional diffusion kinetics, which enhance the precipitation and solute aggregation, and 
correspondingly strengthening the alloy. A 10-day NA after CA demonstrates a steady increase 
in the hardness, suggesting diffusion of elements in solid solution even after the CA.  

The accumulated plastic strain during CA is large. By monotonic loading, e.g. cold rolling, this 
would give a significant strength contribution from dislocations being stored during 
deformation. However, during cyclic straining at low strain amplitudes, like during low-cycle 
fatigue, most of the storage of dislocations during tensile load are removed in the compression 
part of the cycle. Very few dislocations could be observed in the structure after CA, and the 
strength obtained was similar as by NA with a similar number density of GP-zones of 
comparable size. Hence, it can be concluded that the strength contribution from stored 
dislocations is small. 

In both alloys, higher strengths are found in the 1-year NA and CA + NA 10 days conditions 
as compared to the strengths of the CA conditions without any NA. From Table 4 we see an 
increase in cluster density and size when subjecting the CA conditions to subsequent NA, 
which most likely is responsible for the strength increase. The 3 months NA conditions had 
lower cluster densities than the CA + NA 10 days, but the clusters were larger. The role of CA 
here is more of accelerated kinetics by pumping in vacancies and allow for nucleation of 
clusters with a higher number density. CA does not enhance the mechanical response compared 
to PA conditions for the alloys used in this study. It is known from the work by Hutchinson et 
al. [10] that the cluster number density keeps increasing during CA, while the cluster sizes 
remain more or less constant. They suggest that repeated shearing prevents further increase of 
the cluster sizes. The 10-day NA allows these clusters to slightly grow, which increases the 
area of the cross-sectional plane the dislocation must cut through and increases the surrounding 
misfit strain in the lattice. Hence, each cluster should be slightly more difficult to cut through 
by the gliding dislocations. This is important for achieving higher strength. This implies that 
the clusters immediately after CA still have the potential to grow during further NA at room 
temperature. As cluster density is smaller for the NA conditions, their larger clusters act as 
stronger obstacles to dislocation glide. The NA 1-year sample produced the highest tensile 
strength, as seen in Figure 28(a and b). 

Interestingly, and of importance for some applications, all samples for both alloys, with and 
without Cu, as processed with NA, CA, and also the samples with CA + 10 days NA, fractured 
abruptly during tensile testing. A slant ductile shear fracture was observed in all cases, without 
the commonly observed necking instability, i.e., without the diffuse necking expected for 
specimens with a square cross section. This is in contrast to the PA samples, which undergo 
significant amount of necking c.f. Figure 28(a and b). Although the uniform elongations for 
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the CA and NA samples are comparable with those of the PA conditions, fracture strains are 
severely compromised due to lack of post necking ductility.  This is in contrast to what is earlier 
reported for CA [7]. An important difference is that earlier axisymmetric material and 
specimens are considered for a slightly different alloy. CA, although shows promise in the 
rapid hardening response, has constraints in specimen geometry in order to carry out tension 
and compression part of the test. However, there is potential for process innovation to carry out 
similar tests for commercial use.  Tension and retraction to zero load can be possibly tried for 
large sheets where compression can be a challenge. Incremental bending and unbending can 
also be implemented to see the effect on the mechanical response.   

5. Conclusion 

Clusters nucleated during cyclic ageing and during natural ageing have been studied by APT 
and TEM for two Al-Zn-Mg(-Cu) alloys. One of the alloys contained Cu, while the other one 
was Cu-free. A high number of solute clusters were observed after cyclic ageing. After 
subsequent storage at room temperature cluster density and size increased, which correlated 
with increasing material strength. This saturated after 10 days of storage, suggesting that the 
clusters had stabilized. Storage at room temperature after CA is concluded to be very important 
for obtaining strength levels comparable to that of the peak age conditions obtained by artificial 
ageing.  

When the same alloys were subjected to conventional natural aging for three months, slightly 
larger clusters were observed as compared to the CA conditions, but with similar chemistry.  
From TEM analysis of the atomic structure of the clusters it is concluded that the dynamically 
precipitated clusters are constructed with the same TCO structural unit as the GPI zones 
nucleated during conventional natural ageing. For both alloys, most of the structurally ordered 
clusters found in the CA and in CA + NA 10 days conditions consisted of single TCOs. Single 
TCOs were also found to dominate in the naturally aged Cu-containing 7046 alloy. The Cu-
free 7003 alloy, on the other hand, contained a higher number density of connected TCOs along 
<411>Al and <330>Al in the naturally aged condition. The number density of clusters in the 
7046 alloy, either natural or cyclic aged, was found to be similar or slightly lower, and the 
clusters smaller than in the 7003 alloy. The higher strength of natural or cyclic aged 7046 alloy 
could not be explained solely by a higher concentration of elements in solid solution. It is 
concluded that the Cu-containing clusters with a different Zn/Mg ratio to the 7003 alloy must 
be acting as stronger obstacles for dislocation glide, as compared to Cu free clusters of similar 
size. 
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Abstract 

Natural and artificial ageing treatments are compared with ageing by cyclic deformation at 
room temperature. Atom probe tomography and transmission electron microscopy revealed 
that a fine distribution of GP-zones, was responsible for the strength after cyclic ageing. Ten 
days further natural ageing allowed these early-stage clusters to grow into more stable ones, 
thereby improving the mechanical response. This resulted in similar tensile strength and 
uniform elongation as for the peak aged condition by artificial ageing. It was found that fracture 
of cyclic aged samples occurred earlier, in the form of a ductile slant shear fracture without 
necking in advance. In all cases, the slant fracture started at about the same point as reaching 
maximum strength, i.e., at the uniform limit. However, by an artificial ageing treatment after 
the cyclic hardening treatment, an ordinary necking behavior was seen, similar as for the peak 
aged samples. Natural aged samples had similar GP-zones as the cyclic hardened ones, and the 
same slant fracture mode, indicating that the precipitation structure controls the fracture type.  
Similar behavior was observed for two different Al-Zn-Mg alloys, with and without copper. 

 

Keywords 

Aluminum alloys, Atom probe tomography (APT), Slant fractures, Cyclic ageing, Natural 
ageing 

1. Introduction 

Aluminum alloys aged by precipitation hardening have a good combination of strength, 
formability, corrosion resistance and low weight, making them attractive as engineering 
materials. The alloying elements in supersaturated solid solution after solution heat treatment 
and quenching, forms a high number of nano-sized precipitates that act as obstacles for 
dislocation movement and thereby strengthen the alloy. In Al-Zn-Mg alloys, similar high 
strength can be obtained either by natural ageing (NA) for several months or by artificial ageing 
(AA) for some hours [1].  
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After quenching, the density of vacancies is also supersaturated. The vacancies play an 
important role for the precipitation. They are required to facilitate substitutional diffusion of 
the solute atoms and play a role for the cluster nucleation. In general, diffusion, and hence 
precipitation kinetics, are faster at elevated temperatures, as the equilibrium concentration of 
vacancies and their diffusivity increases with temperature [2]. However, the driving force for  

 

nucleation increases with higher supersaturation at lower temperatures [3]. The optimal 
combination of temperature and time for the conventional precipitation ageing, is always a 
compromise between these two factors. 

Recently, Sun et al. [2] demonstrated that aluminum alloys can be processed at room 
temperatures with cyclic plasticity, providing  strength and uniform elongation equivalent or 
slightly exceeding the peak aged (PA) condition. The repetitive cyclic deformation leads to 
dragging of jogs on dislocations, which produces vacancies [4] and thereby facilitates local 
diffusion at room temperature.  

With precipitation and deformation occurring simultaneously, the process becomes more 
complex. The plastic straining will influence the precipitation. In general, nucleation and 
growth are accelerated as a result of the local vacancy generation by glide of heavily jogged 
dislocations during plastic deformation [5, 6]. As argued by Sun et al. [2] the repeated shearing 
of the clusters might prevent their early growth and enable an increased  number of nuclei to 
form. The dislocations may act as heterogeneous nucleation sites for precipitates, which was 
reported by Deschamps et al. [7] for cases of artificial ageing of a pre-strained Al-Zn-Mg alloy. 
Dynamic strain ageing occurs in Al-Zn-Mg alloys, causing heterogenous plastic deformation 
and involving local substitutional pipe diffusion of Zn and Mg around temporarily stored 
dislocations [8-10].  

Hutchinson et al. [11] studied the room temperature cyclic deformation behavior of underaged 
and peak aged Al-Zn-Mg-Cu alloys for different plastic strain amplitudes, strain rates and 
number of cycles. Based on small angle X-ray scattering measurements, they concluded that 
the nucleation rate of GP zones formed during cyclic deformation remained constant. Based on 
their characterization, they vaguely suggested that the size of the GP zones did not increase 
significantly during the cyclic treatment, suggesting continuous nucleation and restricted 
growth of the GP-zones during cyclic deformation.  

Even though it takes months of storage at room temperature, NA can in some cases be an 
interesting alternative for achieving the desired strength for Al-Zn-Mg alloys. Also, NA plays 
an important role for the welding properties [12]. Interestingly, higher work hardening, higher 
uniform elongation and higher uniform strength, as well as a yield strength similar to the 
artificially peak aged condition, was reported to be obtained by NA of an Al-Zn4.8-Mg1.4 
alloy [13]. However, in some cases, an early shear fracture has been reported to occur, rather 
than ordinary necking in tensile tests of naturally aged alloys [14-16]. Chung et al. [15] found 
for an as quenched 7075 alloy, that the shear fracture was replaced by ordinary necking 
instability at low temperature tests and suggested that the reason for shear fractures may be the 
dynamic strain ageing phenomenon, associated with the Portevin-Le Chatelier effect in this 
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type of alloys [17]. The early fracture may make the NA alloy less suited for applications in 
energy absorbing safety parts, e.g., in automotive applications.  

The specific purpose of this study is to investigate the effect of systematic cyclic ageing (CA) 
at different frequencies on strengthening of two Al-Zn-Mg(-Cu). Most of the investigations are 
done on the 7046 alloy, however some experiments on a copper [18] free leaner 7003 alloy 
have also been done. The mechanical properties and work hardening imparted to the alloy as a  

 

result of the CA, are studied by tensile testing. Atom probe tomography has been employed to 
characterize the clusters formed after the CA. Special emphasis has been given to the type of 
fracture causing these samples to fail, which is characterized by light optical and scanning 
electron microscopy.  

 

2. Experimental 

A commercial 7046 and 7003 alloy with composition Al-6.5Zn-1.3Mg-0.3Cu-(Fe,Zr,Si) and 
Al-5.7Zn-0.7Mg-0.01Cu-(Fe,Zr,Si) respectively measured by spectrograph analysis, was 
received from Benteler automotive as extruded 6 mm thick plates. The thermomechanical 
treatment performed in this study involves 40 minutes of solution heat treatment (SHT) at 480
ºC in a salt bath followed by a drop quench in cold water. This is done to retain a complete 
solid solution. Then the samples are strengthened by either NA, AA or CA treatments. 

Samples with the tensile axis along the extrusion direction were machined with dimensions 
suited for CA tests. They had a square cross section of 6x6 mm2 and a short uniform length of 
12 mm, to avoid buckling during the compression part of the cyclic loading. Detailed 
information about the sample geometry can be found in the supplementary information. 
Selected samples were grounded and polished for micro hardness testing, using a 1000 gf 
Vickers indenter with 5 parallel readings for each condition.  

The cyclic loading experiments were  designed based on the study in reference [11] and [2]. 
During each cycle, the engineering stress 𝜎 was varied sinusoidally through tension and 
compression by a prescribed stress amplitude 𝜎#. The stress amplitude was increased 
systematically from cycle to cycle. At cycle number 𝑛, it was prescribed as 

 𝜎- = 𝜎7 +	(𝜎! −	𝜎7)t
𝑛
𝑁 (29) 

 

Here 𝜎7	is approximately the initial yield stress of the material (after solution heat treatment), 
𝜎! is the targeted strength (close to the initial yield stress of the conventional PA sample), and 
𝑁 is the total number of cycles, applied to reach the desired stress. Hence, the CA tests were 
stress controlled, using an INSTRON 250KN with a servo-hydraulic test system. All tests were 
carried out at room temperature. 

Strain measurements during the cyclic experiments were carried out using a digital image 
correlation [19] system developed by Fagerholt [20]. It consists of a high-speed CCD camera 
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with a resolution of 1280×1024 pixels capturing digital images at a rate ranging from 1 to 50 
frames per second. The rate was varied according to the frequency of the cycle sampled in each 
test. The samples were sprayed with a white background on the gauge area, followed by 
decoration with a black speckle pattern. The speckles are used by the DIC software to track the 
strain during deformation. This method of calculating strain is accurate and provides strain 
field maps to check for any strain localization.  

A virtual extensometer for the tensile test was obtained from the DIC processing, by tracking 
the length change between two selected points at the specimen surface, having an initial 
distance  𝑙7 = 12𝑚𝑚. All plots are based on the nominal tensile stress and the nominal strain 
calculated by this virtual extensometer. 

The sinusoidal load cycle 𝑛 consists of first a maximum nominal tensile stress 𝜎B#<- , then a 
minimum nominal compression stress 𝜎B2-- . Each cycle contributes to two stress ranges: 
∆𝜎'-D@ from the maximum to the minimum stress, and ∆𝜎'- from the minimum to the 
maximum stress of the next cycle.  

∆𝜎'-D@ = 𝜎B#<- − 𝜎B2-- , ∆𝜎'- = 𝜎B#<-I@ − 𝜎B2--  
(30) 

The corresponding nominal strain ranges ∆𝑒'-D@ and ∆𝑒'- are calculated as 

∆𝑒'-D@ = 𝑒B#<- − 𝑒B2-- , ∆𝑒'- = 𝑒B#<-I@ − 𝑒B2--  (31) 

The corresponding plastic part of the strain ranges ∆𝑒/'-D@ and ∆𝑒/'- were computed as 

∆𝑒/'-D@ =	∆𝑒'-D@ −	
∆𝜎'-D@

𝐸 , ∆𝑒/'- =	∆𝑒'- −	
∆𝜎'-

𝐸
(32) 

Where E is the elastic modulus. The first onloading ∆𝑒/@ requires special treatment 

∆𝑒/@ =	𝑒B#<- −	
𝜎B#<@

𝐸
(33) 

The cumulative plastic strain is defined as 𝑒J/2  at each extrema, as 

𝑒J/2 =	�∆𝑒/0
2

0?@

 
(34) 

Hence, for each cycle 𝑛, the cumulative plastic strain is recorded at the maximum and minimum 
points, at 𝑖 = 2𝑛 − 1 and 𝑖 = 2𝑛, respectively. 

The grain structure was investigated using an optical microscope. The sample surface was first 
grinded on progressively finer grades of SiC paper up to 4000 mesh and then the surface was 
polished using 3 μm and 1μm diamond paste. Finally, the samples were chemically polished 
using active oxide suspension (OP-U) to obtain a smooth and scratch free surface. The grain 
structure was revealed by anodizing the polished samples using 5% fluoroboric acid (HBF4) 
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for 45 seconds at an applied voltage of around 12 V at ambient temperature. The samples were 
examined in an optical microscope with polarized light. The distribution of the intermetallic 
particles and the fracture surface were studied using the scanning electron microscopy (SEM). 

Atom Probe Tomography (APT) samples were prepared using the FEI Helios Focused Ion 
Beam (FIB) using Ga+ as the ion source. Electropolishing was attempted as it was the preferred 
methodology, though the CA samples fractured. Silicon microtip coupons provided by Cameca  

 

Inc. were used to deposit the lamella and sharpened to around 100 nm to produce the APT 
needles. The specimens were sharpened by using a 16 kV Ga+ beam followed by a 2 KV final 
cleanup step to remove higher concentrations of implanted high-energy Ga ions. The APT 
sample with NA for 1 year was prepared following a two-step standard electropolishing process 
[21], since unlike the CA samples, had high yield in the preferred electropolishing method.  

All APT analyses were carried out using a Local Electrode Atom Probe (LEAP) 5000XS by 
Cameca Instruments Inc. This is a straight flight path instrument with a detection efficiency of 
80%. All samples were run at 25 K base temperature in laser mode with a detection rate of 
0.5%. Depending on the sample geometry, it was calibrated in the range of 70-100 pJ. A pulse 
rate of 250 kHz was used for all the samples. Datasets, ranging from 50- 150 million ions, were 
collected from the samples. The reconstructions and the post processing analyses were carried 
out using the Integrated Visualization and Analysis Software (IVAS) by Cameca Instruments 
Inc and the Norwegian Atom Probe App [22]. The latter has been developed in Norwegian 
University of Science and Technology (NTNU) by C. Hatzoglou and is an open access software 
dedicated to APT data treatment [23]. The estimation of the reconstruction parameters was 
carried out using the structural information, according to the protocols of Gault et al. [24]. The 
size of clusters is defined based on the Extentz parameter as explained in [25] and the number 
densities are measured by taking the ratio of the number of clusters identified to the number of 
atoms in the dataset. This is done by also taking into account detection efficiency of the APT 
and the average atomic volume. The uncertainty is calculated by dividing the number density 
by the square root of the total number of clusters. 

The TEM samples were prepared by first grinding down bulk samples to ~100 μm and 
punching out to 3 mm disks. The specimens were subsequently electropolished in a Struers 
TenuPol-5 machine using an electrolyte mixture consisting of 1/3 HNO3 and 2/3 CH3OH. The 
applied voltage was 20 V and the liquid was kept at -25±5°C. An image and probe corrected 
JEOL JEM-ARM200CF microscope operated at 200 kV was used to collect the high-angle 
annular dark-field scanning TEM (HAADF-STEM) images. The convergence semi-angle was 
27 mrad, while the inner-and outer semi-angles were 67 and 155 mrad, respectively. The high-
frequency noise in the images was reduced using an inverse fast Fourier transform (FFT) 
filtering by applying a low-pass mask on the FFT of approximately 6.7 nm-1 and then taking 
the inverse FFT of the masked FFT. The selected area diffraction patterns (SADP) and bright-
field (BF) images were acquired on a JEOL 2100 microscope operated at 200 kV. 
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3. Results   

CA of 7046 alloy was carried out at different frequencies to examine the plastic strain 
accumulation within the samples during the tension-compression cycles. Times ranging from 
5 sec/cycle to 120 sec/cycle were used for 420 cycles.  

3.1 CA and Hardness 

 

 

Figure 29. Hardness measurements for 7046 alloy at room temperature as a function of time 
after quenching. The different time/cycle from the CA used here are: 7.5 sec/cycle, 40 
sec/cycle, and 120 sec/cycle. The yellow circles indicate the conditions selected for the 

microstructural analyses.  

The stress amplitude (𝜎7) for the first cycle was very close to the yield stress of the material in 
the solutionized state (~120 MPa) and the targeted strength (𝜎KLM) was 370 MPa. Higher 
strengths (𝜎KLM) were tested but resulted in fracture during the CA. To limit the amount of 
damage being inflicted onto the sample, the final strength was chosen slightly lower than the 
yield strength of the PA sample. The optimization of 𝜎KLM is shown in detail in the 
supplementary information. After this initial optimization study, a combination of 420 cycles 
and 𝜎KLM =370 MPa were chosen.  

To check the stability of the strength of the samples immediately after their CA treatment, 
hardness tests were carried out afterwards on the samples that had been cyclically aged at 7.5, 
40 and 120 sec/cycle, respectively. As shown in Figure 29, the hardness increases sharply 
during the first few hours after the cyclic ageing and then gradually less until around 10 days. 
After around 10 days, the hardness from the CA region has saturated. 
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Figure 30. Measured total strain range 𝛥𝑒 and plastic strain range 𝛥𝑒/ during CA 
experiments of 7046 alloy at time/cycle ranging from (a) 5 sec/cycle - (f) 120 sec/cycle, as 

indicated

 

The strain was measured by DIC during each cyclic ageing test. The plastic strain range Δ𝑒/ 
was calculated at two points per cycle according to Equation (32). As can be seen from Figure 
30, the highest frequencies lead to the largest amount of plastic strain in each cycle. The fastest, 
5 sec/cycle sample fractured before completing the 420 cycles. This is evident from Figure 
30(a), where the plastic strain increases rapidly, before ending in a fracture. From Figure 30, 
the 60 and 120 sec/cycle tests with the lowest frequencies and the longest time spent for each 
cycle, went through the least amount of plastic strain range during each cycle.  

In Figure 31, the square of the stress amplitude increases linearly with the cumulative plastic 
strain, similar as earlier reported by Hutchinson et al. [11]. However, for the 5 and 7.5 sec/cycle 
conditions, the curve is no longer linear at cumulative strains larger than around 2. 

Optimizing the frequency for better mechanical response is a trade-off between imposing the 
sufficient amount of plastic deformation that is required for the cyclic hardening to occur and 
limiting the plastic strain to avoid too much damage during the plastic deformation, potentially 
leading to fracture. The 40 sec/cycle sample gave the best mechanical response, as seen from 
Figure 30d. 
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Figure 31. (a) Mechanical response of the 7046 alloy with stress-strain plots showing a 
comparison of CA, NA, PA and CA+ AA. Fracture strengths for the corresponding stress 

strain plots are summarized in (b). (c) the square of the stress amplitude is plotted as a 
function of the cumulative plastic strain, for all tests, ranging from 5 sec/cycle to 120 

sec/cycle. The nominal strain rate of the tensile tests was 1.4	. 10D%. 

3.2 Mechanical testing of the 7046 alloy 
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Tensile tests were carried out immediately after the CA experiments and after 10 days of further 
storage at room temperature. To confirm any statistical fluctuations within the strength 
measurements, 5 tests were performed for each of the optimized conditions. Tensile tests for 
the PA condition and for a specimen with NA for one year are also included in Figure 31. for 
comparison. The yield stress was larger for the PA condition than for any other condition, while 
the NA alloy had the largest uniform strain but the lowest YS as seen in Table 7.  

The tensile tests of 7046 alloy done immediately after the cyclic treatment did not reach the 
initial yield stress (YS) of the PA sample but showed about the same uniform elongation (408 
vs 596 MPa and 9.6% vs 10%). Nor the samples treated by CA+ NA 10 days of reached the 
YS of the PA condition (447 vs 496 MPa). However, as can be seen from Figure 31a and Table 
7, all cyclic aged samples with 10 days of subsequent storage consistently surpassed the UTS 
of the PA sample, with a 12% increase in the UTS from 475 MPa ± 12 MPa to 532 MPa ±10 
MPa, as compared to without the 10 days of storage. The maximum strength reached after 10 
days is similar for all frequencies tested and similar to the one-year NA condition. The average 
yield strength increased from 408 MPa ±8 MPa to 446 MPa ± 2.9 MPa after 10 days of storage, 
a 9.4% increase in YS  

For both 7003 and 7046 alloy, the PA sample had a significant amount of necking before 
fracture occurred, while the cyclic aged samples fractured before reaching the maximum load. 
The fracture, as observed from the transverse plate direction, consisted of a 45° plane fracture 
surface without any visual signs of necking. To investigate if the shear fracture was due to 
damage evolution during the cyclic loading, the CA samples were afterwards artificially aged 
at 140ºC for 8 hours and then tensile tested. Interestingly, the PA condition and CA+ AA 140ºC 
sample had similar strengths and similar normal necking behavior, as seen by the fracture 
strengths from Figure 31b for 7046 alloy and Figure 32(b) for 7003 alloy. The cumulative 
plastic strain evolution of the 7046 alloy is shown in Figure 3c for all cases, as calculated from 
Equation (34). Almost all the curves are nearly straight lines, except for the samples run at 
lowest time per cycle (5 and 7.5 sec/cycle), for which fracture occurred during the CA. The 
true fracture strains measured by inspecting the projected area of the fracture surface for all 
conditions, is listed in the supplementary information. 

Table 7. Measured tensile properties under different test conditions for 7046.82. All 
measurements are based on the standard deviation of 5 values 

 Yield 
Strength 
(MPa) 

 

UTS 
(MPa) 

Fracture 
Strength 
(MPa) 

Elongation at 
Uniform 

Strain 
(%) 

Elongation 
at fracture 

(%) 

CA 
 

408 ± 8 475 ± 17 464 ± 23 9.6 ± 1 10 ± 0.9 

CA + NA 10 days  
 

447 ± 3 532 ± 10 526 ± 14 9.6 ± 1.8 10 ± 1.8 

NA  1 year 
 

364 535 531 18.3 18.3 

Peak Aged 
 

496 530 467 10 22 

CA+ AA 140 °C  503 ± 6 532 ± 9 481 ± 20 9.4 ± 0.7 18 ± 3.3 
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3.3 Mechanical testing of 7003 alloy 

To rule out any role played by Cu in causing the early shear fractures, similar tensile CA 
processing and corresponding tensile tests as for the 7046 alloy, were performed on a Cu free 
7003 alloy. The resulting tensile tests are shown in Figure 32a for the samples fractured in slant 
mode without pronounced necking. An identical trend is seen as compared to the 7046 alloy, 
where the CA and CA + 10 days sample undergo the same type of early shear fractures near 
the point where the stress reaches the UTS, while the PA and CA + PA and a NA 1 year sample 
was Peak aged, all underwent necking behavior prior to fracture as seen in Figure 32b. For this 
alloy the CA+10 days specimens reached a similar YS as the PA samples, while the NA for 
one year reached both a larger UTS and a larger uniform strain than any of the others. 

 

 

Figure 32. Tensile stress-strain curves of the 7003 alloy for all samples that had (a) slant 
fractures and (b) fracture in the neck. The strain rate of the tensile tests was 1.4	. 10D%. LN is 

liquid nitrogen test (-196ºC) 

 

3.4 TEM and APT of the 7046 alloy 

To help understand the origin of the strength gained by CA, APT and HRTEM were used to 
characterize the microstructure. Detailed quantitative microstructural analysis can be found in 
Ref [25]. Some additional HAADF-STEM images and SADPs from the 7046 alloy in the CA, 
CA + 10 days and NA 1 year are provided in Appendix B. Consistently with the work in Ref. 
[25], these additional images provide evidence that the same type of clusters and GP zones are 
present in the three conditions, mainly GPI zones and smaller clusters. Microstructural 
investigations with BF-TEM revealed dislocations that are present both in CA and CA + NA 
10 days condition, as seen in Figure 33(a and b). 

In addition, the NA 1 year condition has been investigated by APT to compare the chemistry 
of the GP zone evolution. As seen from Table 8 which is based on cluster identification, the 
concentrations of Zn and Mg in the clusters do not change from CA to 10 days of storage after 
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CA, while the size increases but is still smaller than after 1 year of NA. Furthermore, the 
number density increased during the 10 days of storage after CA. NA for 1 year showed that 
the number density is consistently lower than the CA condition. 

 

Table 8. Cluster analysis data for APT datasets shown in Figure 5. 

Condition Composition (At%) Number Density 
(10'9/m%) Size (nm) Zn/Mg Ratio 

CA 

Mg- 7.43 ±	1.45  
Zn- 12.17 ±	1.69 
Cu- 0.39 ±	0.21 

 

 
1.81	 ± 0.18 

	
1.12	±	0.52	

	
1.64	±	0.71	

CA + NA 10 
days  

 

Mg- 8.03 ±	0.66 
Zn- 12.58 ±	1.21 
Cu- 0.24 ±	0.11 

3.15 ± 0.23 1.50	±	0.89	 1.58	±	0.48	

NA 1 year 

 
Mg- 7.98 ±	0.33 
Zn- 11.55 ±	0.48 
Cu- 0.29 ±	0.07 

2.29	 ± 0.61 1.85	±	0.88	 1.46	±	0.17	

 

 
Figure 33. BF-TEM images of 7046 (a) CA, (b) CA + NA 10 days and (c) NA 1 year 

conditions showing the presence of dislocations in the cyclically aged conditions. 
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Figure 34. (a) SEM micrograph of the dimples seen on the fracture surface of the 40sec/cycle 
sample for 7046 alloy. (b-d) showing the EDS spectra of the iron rich intermetallic particles. 

3.5 Fracture Surfaces 

The fracture surfaces, after failure of the cyclic aged samples, were inspected using a scanning 
electron microscope (SEM). From a macroscopic level, the fracture appears to be in a shear 
mode making an approximately 45º angle to the transverse axis of the plate specimen. This 
was the case for all cyclically aged samples of 7046 and 7003 alloy (supplementary 
information) that were tested in uniaxial tension until fracture. A high number of dimples were 
seen, with particles inside many of them. Energy dispersive spectroscopy (EDS) of these 
particles, as shown in Figure 34 for 7046 alloy, revealed mainly iron rich particles. Some 
regions had a high density of dimples, but also flat regions without dimples were present, as 
seen in Figure 34(b). 

Optical micrographs, taken from the transverse direction, reveal non-recrystallized grains that 
are elongated in the extrusion direction, as shown in Figure 35(b) for the case of 7046 alloy 
(7003 supplementary information). An overview of the fracture mode in shear is provided in 
Figure 35(a). On a finer scale in Figure 35, near the fracture surface, it can be seen from the 
bending of the grain boundaries close to the fracture surface, that most of the grains did undergo 
shear deformation near the fracture surface just before fracture occurred, indicating a ductile  
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fracture mode. There is a presence also of grains that abruptly end without visible deformation, 
indicating some cases of grain boundary fracture, though not the dominating mode. 

 

Figure 35. (a) Optical micrograph of the shear fracture location after a uniaxial tensile test of 
7046 alloy. (b) Higher magnification optical micrograph of the grains ending at the shear 

fracture, taken from the transverse direction. 

4. Discussion 
 

4.1 Parameter optimizations for CA of 7046 alloy 

Optimization of the CA treatment involved 3 main parameters: frequency, target stress and the 
number of cycles. Higher frequencies led to a large amount of cumulated plastic strain. The 
back and forward glide of jog-dragging dislocations is assumed to generate vacancies locally, 
but when the frequency of the load is high, there seems not to be enough time for the vacancies 
that are generated to contribute to the clustering. With lower frequencies, the measured amount 
of cumulative plastic strain was reduced, offering the time needed for the local solute diffusion 
that is required to form clusters. The minimum amount of plastic strain accumulation was 
obtained with the lowest frequencies (0.016 Hz, 0.008 Hz). These gave very similar strength 
as the 0.025 Hz sample, which therefore was chosen as the optimum condition to minimize the 
time spent during the cyclic ageing.  

4.2 Microstructure and mechanical response of 7046 alloy 

From the series of mechanical tests done after CA and 10 days of storage (NA), higher strengths 
are reached, while maintaining similar elongations, within the statistical measuring variation, 
which is in good agreement with what was reported by Sun et al. [2].  The cyclic plasticity 
forms dislocations as well as excess vacancies [26]. This speeds up the kinetics of 
supersaturated elements in the matrix, forming a high number density of solute clusters [2] (of 
the order of 10'9		𝑚D%), which are seen in atom probe immediately after the CA. The increase 
in strength is attributed to the clusters, which are found to be extremely fine and uniformly 
distributed after the CA.  

Based on extensive SAXS and APT investigations, Hutchinson et al. [11] concluded that the 
back and forward gliding dislocations during the CA repetitive shears the clusters and thereby 
keeps their size small and maintain their nucleation rate. However, there are still excess 
vacancies present after finishing the cyclic loading, which for a while enable faster local  
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diffusion of elements in substitutional solid solution during the subsequent storage and enhance 
further growth of the small clusters present after the cyclic ageing. The increased size of the 
clusters makes them more difficult to cut by gliding dislocations and hardens the material. As 
a result, the hardness increases most rapidly during the first few hours of storage after the cyclic 
ageing treatment. In other words, the clusters immediately after CA grow further during 
storage. However, after 10 days of NA after the CA, the further strength increase is very slow. 

From the APT and TEM analysis of the alloy after 10 days of storage, a combination of larger 
clusters along with smaller ones similar to those seen immediately after CA, are observed. This 
may indicate that either cluster nucleation is still occurring, resulting in new small clusters, or 
there is a coarsening of the clusters, where the smaller ones are subcritical in size and 
dissolving. This indicates that the cluster structure is still evolving, but the measured hardness 
is not changing much anymore. The NA 1 year condition revealed a very similar microstructure 
to the CA + NA 10 days condition with a slightly decreased Zn/Mg ratio indicating the 
coarsening of the microstructure to developed GP zones. The average size of clusters has 
slightly increased as compared to the CA + NA 10 days condition c.f. Table 8 and Figure 36(d) 
and e. Similar strengths for the NA 1 year as compared to the CA + NA 10 days can be strongly 
related to the similar microstructure in the two conditions. 

Size estimates from APT data by a cluster identification method are expected to be sensitive to 
the considered representative material volume, and since the considered clusters are fine, a 
precise cluster analysis is challenging [27]. Hence, to provide an additional qualitative 
judgment of the trend on the evolution of the precipitate sizes, as seen by the cluster 
identification method, we also show the pair correlation function (PCF) in Appendix A. 
Analyzing the radial distribution function, as described by Zhao et al. [28] and also 
implemented in the previous study for the same alloy [25] provides a statistical approach, which 
gives a somehow better estimation of the average values within a dataset. Consistent with the 
cluster identification method, it can be concluded, also from analyzing the PCFs, that the size 
increased during the 10 days of storage after CA and the size after NA for 1 year is consistently 
larger than for the CA conditions.  

Although the accumulated plastic strain during CA is large, most of the stored dislocations 
during the tensile load are removed during the reversal compression part of the cycle. A 
qualitative comparison between the dislocations observed by BF-TEM in, and dislocations seen 
by BF-TEM in the 2% pre-strained alloys in Ref [18], suggests that fewer dislocations are seen 
in CA conditions than by this relatively small pre-strain. The strength contribution from the 
dislocations stored during CA is smaller than the monotonic prestrain contribution of about 60 
MPa, as estimated by Stemper et al.[18]. Since the strength, as well as the structure and 
chemistry of the GP zones, are quite similar for the CA and NA conditions, it is reasonable that 
the strength contribution from the GP zones is dominant, and that the contribution from the 
dislocations present in the CA conditions is very small compared to this. 

 

4.3 Slant fractures in CA and NA samples 

Surprisingly, the CA, CA + NA 10 days, and also the NA conditions, all experienced slant, 
ductile shear fractures for both 7046 and 7003 alloys. This fracture mode occurred at about the 
same strain as the uniform strain predicted by the Considère criterion for the onset of diffuse 
necking. The UTS and the uniform elongation reached after 1 year of NA were higher than for  
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the CA samples, indicating stronger work hardening for the NA condition and that the shear 
fracture seems to occur at the maximum force. The effect of Cu does not seem to influence the 
fracture mode since very similar results were obtained for the Cu free 7003 alloy.  

Pedersen et al. [29] demonstrated similar abrupt shear fractures instead of diffuse necking, in 
tensile tests of a 7075 T651 alloy. In their investigation, the fracture was mainly brittle and 
following the grain boundaries. Whereas in the alloys studied here, the fracture can be regarded 
as mainly ductile, due to the presence of dimples and the bending of the grains close to the 
fracture surface as seen in Figure 35b. Only a few grains do not undergo bending/deformation.  

Fe containing intermetallic constitutive particles are known to nucleate damage during plastic 
deformation, and thereby contribute to a decreased ductility [30]. Their size and number density 
increases with the Fe content. Such particles were observed in the bottom of the dimples in the 
fracture surfaces. The damage and void nucleation seem to be correlated with these particles. 
The question is whether the damage occurred as part of a flow instability leading to the shear 
fracture, or if the damage accumulated due to the plastic cyclic deformation, i.e., low-cycle 
fatigue, was the reason for the fracture to occur? To shed light on this question, the cyclically 
aged tensile samples for both 7046 and 7003 alloys, with accumulated low-cycle fatigue 
damage, were artificially aged at 140 ºC for ~8 hours. As this resulted in diffuse necking, 
similar to the peak aged condition and with considerable ductility (see Figure Figure 31d and 
Figure 32b), it is reasonable to argue that the shear fracture is not caused by the damage 
accumulated during the cyclic plastic deformation.  

The microstructure after the subsequent artificial ageing is assumingly dominated by η’ 
precipitates [31], as opposed to the high number density of clusters in the CA microstructure. 
Since the η’ precipitates are well developed and larger precipitates, there will be more solute 
left in the matrix in the CA condition than it is after the subsequent artificial ageing. The Zn 
and Mg content of atoms in solid solution in the matrix will contribute to dynamic strain ageing 
(DSA). The Portevin Le Chatelier (PLC) instability, causing serrated yielding, can be seen as 
a few MPa serrations on the stress strain curves. The DSA can modify and enhance the strain 
localization during fracture. Chung et al. [15] observed a similar type of slant shear fracture, 
but for an as quenched 7075 alloy with significantly stronger dynamic strain ageing due to 
higher amounts of Mg and Zn in solid solution in this condition. Since they observed normal 
diffuse necking for tensile tests performed at -196°C, where the strain rate sensitivity was found 
to be positive, i.e. no DSA, they concluded, that the reason for this fracture mode in their case 
was the DSA. The fact that this type of shear fracture for 7003 alloy was found in both NA and 
cyclic aged conditions at room temperature as well as at -196°C (LN test), suggests that DSA 
is not the sole reason to the slant fractures observed for the NA and CA conditions considered 
here.  

Wang et al. [32] observed similar shear fractures in C-Mn steels at elevated temperatures, at 
which dynamic strain ageing occurs in these alloys. They observed similar fracture surfaces, 
which are commonly referred to as slant fractures for these alloys. They found from finite 
element simulations that PLC bands, either inclined or conical PLC bands, traversed the 
uniform region during testing of thick tensile specimens. The conical bands lead to cup and 
cone fracture, while the inclined bands lead to ductile shear fractures, similar to those reported 
here. Note that simulations of an isotropic C-Mn steel [33] showed that the choice between a 
slant fracture and an axisymmetric cup and cone fracture depends sensitively on symmetry 
breaking perturbations. Hence, for a plate material with an orthotropic anisotropy, the slant 
fracture might be preferred. Furthermore, this might explain why the shear fracture did not 
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occur in tensile tests of the axisymmetric Al-Zn-Mg cyclic aged alloy tested by Sun et al. [2]. 
Finite element models containing different cracks in Al 2024 T3 alloys observed the direction 
of maximum effective plastic strain at the onset of crack growth to be strongly correlated with 
the orientation of the slant fracture surface[34]. 

Figure 32a and b distinguish the conditions that underwent slant fractures and diffuse necking 
phenomenon respectively. A clear trend is seen wherein the conditions with a microstructure 
of early-stage clusters and GP zones (as seen from the atom probe results in Figure 36) undergo 
slant fractures while the microstructure, which is more developed and dominated by η’, 
undergoes diffuse necking. While the influence of DSA has been ruled out with the tests carried 
out at -196°C (LN tests, see Figure 32), the possible reason for these early slant fractures seem 
to be a combination of microstructure and plate material with an orthotropic anisotropy. 

This type of fracture has not been reported for the cyclic aged Al-Zn-Mg alloys in earlier 
investigations [2]. It involves a very local shear flow instability. This fracture mode can be 
important in applications involving plastic deformations, e.g. in energy absorbing structures 
used for safety constructions like bumpers and crash boxes in a car.  Precautions should be 
taken considering applications of cyclic and/or NA Al-Zn-Mg alloys in such safety 
constructions, where plastic deformations are involved. An interesting question is, whether this 
fracture mode may play a role also after artificial ageing, say for underaged conditions? 

 



 
 
 
Paper II 
 

 
 
 

106 

5. Conclusions 

Processing parameters for room temperature cyclic aging have been optimized with respect to 
strength and ductility for two Al-Zn-Mg(-Cu) alloys. APT and TEM characterization after cyclic 
ageing reveal a high number density of clusters that grow during the subsequent NA occurring during 
10 days of storage at room temperature and contributes to increased strength, while maintaining about 
the same uniform elongation in tensile tests. 

An early shear fracture, denoted a slant fracture, is reported to occur for cyclic and for NA Al-Zn-
Mg(-Cu) plate materials. Fracture surface investigations revealed dimples and plastically deformed 
grains near the fracture surface, from which it is concluded that it is a plastic flow instability causing 
the ductile shear fracture. Due to the presence of a normal diffuse necking instability after subsequent 
artificial ageing, it is concluded that the imposed fatigue damage during the cyclic deformation is not 
causing this instability and fracture mode. Furthermore, the same fracture mode is reported for the 
two alloys with and without Cu. The potential role of dynamic strain ageing in these early slant 
fractures was ruled out by low temperature tests in liquid nitrogen. It is argued that plate materials 
might be more prone for this fracture mode than axisymmetric materials. Special attention is required 
when considering cyclic or NA of Al-Zn-Mg alloys for applications requiring ductility at high 
strengths. 
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Appendix A APT analysis 

 

Figure 36. 25 x 25 x 80 nm3 region of interest chosen from the 7046 APT datasets to magnify 
the visualization of clusters in the respective condition in (a) CA, (b) CA + NA 10 days and (c) 

NA 1 year.  PCF of the above shown APT datasets for (d) Mg-Mg and (e) Zn-Zn pairs. 

The iso-position method (IPM) [35] was used to identify clusters. This methodology is based on 
a solute concentration criterion, where a concentration value is estimated for each atom in the 
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analyzed volume. A concentration threshold of Cthreshold = 14% was used, for which the 
concentration histogram of a randomized dataset is negligible (less than 0.1%). A minimum 
number of atoms, Nmin = 36 or 40 was required for the cyclic and cyclic + 10 days condition, to 
ensure that no clusters were identified in a randomized volume with Cthreshold. A detailed 
explanation of how the clusters are defined and identified can be found elsewhere [35, 36]. A sub 
volume from each dataset was extracted and visualized to have a closer look at the clusters shown 
through Figure 36(a) and (b), showing that 10 days further storage of the sample after the CA 
resulted in slightly larger clusters compared to the ones found immediately after CA.  

The PCFs are plotted for Zn and Mg in Figure 36 (d and e). As explained by De Geuser and Gault 
[27], an increase in the width of the PCF indicates an increased correlation length, i.e. an 
increased cluster size. Hence, the PCFs suggests that the cluster size increased during the 10 days 
of storage after CA, and that the cluster sizes are larger for the NA for 1 year condition than for 
the CA condition. 

Appendix B HAADF-STEM 

 

Figure 37. (a), (c), (e): HAADF-STEM images of the clusters in the CA, CA + 10 days and NA 
3 months for 7046, respectively. (b), (d), (f): SADP from CA, CA + 10 days and NA 3 months 
for 7046, respectively. The blue disks in the SADPS indicate the diffracted intensities from the 

clusters, showing that the same type of clusters prevail in all three conditions.  

 

Figure 37 shows HAADF-STEM images in (a), (c), (e) and SADP in (b), (d) and (f) from the 
7046 alloy in the CA, CA + 10 days and NA 3 months condition. The 3 months condition was 
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chosen here since it is very similar in terms of hardness with the NA 1 year condition. The blue 
disks in the SADPs indicate the diffracted intensities from the clusters and exhibit good 
correspondence with the ones presented in Refs.. Both the HAADF-STEM images and SADP 
provide evidence that the same type of clusters, mainly GPI zones, are present in all three 
conditions. 
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Supplementary Information for 
Early slant ductile fracture characteristics of cyclic and naturally aged Al-

Zn-Mg(-Cu) alloys and its effect on precipitation and strength 

 

1. Specimen Geometry for Cyclic Strengthening Experiments 

 

Samples for cyclic strengthening were cut from 6 mm thick sheets which were heavily cooled by water 
during extrusion.  The specimen geometry for the cyclic treatments and the tensile test is given in Figure 
S1(a). Thickness of sample was 6 mm. Tensile tests in liquid nitrogen (LN) were carried out on smaller 
samples due to setup limitations and the geometry is shown in Figure S1(b). 

 

 

Figure S1. (a) Sample geometry for cyclic and subsequent tensile tests. (b) Sample geometry of 
tensile tests in LN. 
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2. Test for Optimizing Number of Cycles and Maximum Stress to be reached 

 

While choosing the maximum targeted strength (σtarget) close to the yield stress, we saw that the samples 
were prematurely fracturing indicating strain localization. In such a scenario, we decided to go for a 
lower maximum stress while doing it with minimum number of cycles but enough to prevent strain 
localization and fracture of samples.  

Figure S2 shows the optimization considerations used after optimising a targeted stress of slightly less 
than 400 MPa.  Using 400 MPa resulted in extremely high plastic strain accumulation (>3) even after 
regulating the number of cycles.  

 

 

Figure S2. Optimization of cycles and targeted stress. (a) Targeted stress with different cycles 
and (b) square of cyclic hardening increment as a function of half of cumulative plastic strain. 

 

Slightly lower targeted stress (350 and 370 MPa) yielded better results and hence an intermediate 
targeted stress of 370 MPa and 420 cycles was chosen for all the different frequency runs used in this 
study. This optimization study was done for a frequency of 0.13 Hz. 

Tests for 700 cycles to reach the same targeted stress was also performed. As expected, the total 
accumulated plastic strain was lower than the 420 cycle run (Figure S3). However, this did not have 
any significant improvements in the mechanical response between the two as shown in Table1. 
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Figure S3. Variation in the cumulative plastic strain for different cycles for a set targeted 
stress of 370 MPa. 

 

 

Table 1. Yield Strength and Ultimate Tensile Strength for different cycle runs at 0.025 Hz. 

 420 cycles 700 cycles 
Yield Strength 424 407 

Ultimate Tensile Strength 506 471 
 

Table 2. True fracture strains for 7003 and 7046 

Sample 7003 7046  
Initial Final True fracture 

strain 
Initial Final True fracture 

strain 
CA 36 33 8.70 37.50 34.44 8.51 

CA + NA 10 days 36 33.162 8.21 37.20 32.25 14.28 
CA + Peak Aged 36 25.597 34.10 36 29.04 21.47 

NA 1 year 2.26 1.936 15.68 2.23 1.80 21.58 
NA 1 year + Peak 

Aged 
2.23 1.69 27.94 2.26 1.67 30.11 

NA ~ 1 year (LN) 
test 

2.22 1.834 19.10 
 

Peak Aged 36 24.667 37.80 36 28.25 24.24 
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Figure S4. Optical images of grains ending in shear fracture, taken from the transverse 
direction for (a) CA, (b) CA + NA 10 days, (c) CA + AA 140ºC, (d) PA, (e) NA 1 year and (f) 

NA 1 year tested in liquid nitrogen.
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