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a b s t r a c t

The precipitation sequence in AleZneMg alloys has been subject to many revisions over

the years as more structural details of the early-stage Guinier-Preston (GP) zones and

precipitates have been uncovered. To further investigate this, a 7003 aluminium alloy

naturally aged for one year was subjected to artificial ageing at 140 �C to investigate the

evolution of early-stage precipitates. Scanning transmission electron microscopy was

coupled with atom probe tomography and hardness measurements to characterise the

precipitate structure and chemistry of the alloy at different stages in the heat treatment.

The naturally aged condition contained a dense population of GPI zones, co-existing with a

smaller distribution of h0 precipitates. After artificial ageing for 10 min, the hardness

decreased from 121 HV to 88 HV. The number densities of clusters were similar in the two

conditions, while the average size of the clusters had increased during the first 10 min of

artificial ageing. The average Zn/Mg ratio of the clusters decreased from 2.0 to 1.7 and the

clusters no longer exhibited the GPI zone atomic structure, indicating that the GPI zones

had dissolved. Concurrently, the fraction of precipitates having h0 structure increased from

2% to 18%. During further ageing, the hardness increased again, reaching a peak after 5 h.

In this condition, h0 was the dominant phase, co-existing with h1, h2 and T0 phases.

Atomically resolved scanning transmission electron microscopy images in addition to

precession electron diffraction patterns of the disputed T0 phase are presented and

compared to literature.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC

BY license (http://creativecommons.org/licenses/by/4.0/).
1. Introduction

The AleZneMg alloy system comprises a set of medium to

high strength age-hardenable Al alloys [1]. They gain their
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strength by the formation of metastable, semi-coherent,

nano-sized precipitates during artificial ageing (AA). The pre-

cipitates are effective in impeding dislocationmotion, hence a

large number density of precipitates is normally associated
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with high strength. The precipitation is usually given as a

sequence [2e4]:

SSSS/soluteclusters/GPI=GPIIzones/h0/h1�14/hðMgZn2Þ;
(1)

describing the evolution of precipitates following the solution

heat treatment (SHT), conducted at temperatures above the

solvus line of the system. The SHT is usually followed by a

quench to room temperature (RT), forming a state of super-

saturated solid solution (SSSS). This state is associated with a

higher density of vacancies and solutes in solid solution

compared to the equilibrium condition, increasing with the

quench rate. The SSSS is unstable and if kept at RT, solute

clusters form, which is accompanied by a gradual increase in

hardness. This phenomenon is known as natural ageing (NA).

The clusters are solute orderings constituting a supercell in

the Al matrix. Depending on the structure of the cluster, the

misfit with Al may be non-isotropic, resulting in plate- or disk

shaped clusters. The initial solute clusters in Al alloys system

are often considered disordered [5]. When order is detected,

they are referred to as a Guinier-Preston (GP) zones [6,7].

Maximum hardness is achieved by AA at elevated tempera-

tures, due to coherence strain from a high density of solute-

rich, plate-like h0 precipitates on {111}Al planes. Upon further

ageing, the hardness decreases due to coarsening and trans-

formation towards the equilibrium h-MgZn2 phase. There are

fourteen reported orientation relationships of h-phases with

the Al matrix [8e14]. The ones relevant for the present work

are listed in Table 1.

Two types of GP zones, the spherical GPI and the disk-like

GPII zones, have been reported in AleZneMg alloys [2,17].

The crystal structure of the GPI zones was recently solved by

Lervik et al. [18], who found that their structure could be

described by solutes arranging in the Al matrix in molecular

cluster units of high symmetry termed truncated cube octa-

hedron (TCO)s. The TCOmay be understood as an Al cube unit

with 8 Mg at the corners, 6 Zn on the faces, centered around a

possible interstitial of Al, Zn or Mg. The immediate shell of 24

atoms around the cube unit constitutes the TCO, exhibiting a

high Zn concentration. Several such units connect along

specific Al fcc directions to form lager zones [18,19]. While the

structure of the GPII zones is not yet resolved, they are re-

ported to be plates on {111}Al planes, comprising a few atomic

layers. They are regarded as precursors of the h0 precipitates
[17,20].

In addition to exhibiting differentmorphologies and crystal

structures, the GPI and GPII zones are observed after different

ageing treatments. The GPI zones are reported to form from

RT and up to the upper limit for GPI formation Th, which de-

pends on the solute concentration of the alloy [2,3]. In general,

the dissolution temperature for the GPI zones, TGPI
diss does not
Table 1 e Habit planes, morphologies and orientation relation
the present study.

Orientation relationship

h0 (Type 1) ½100�h==½112
̄
�Al [120]h//½1

̄
10�Al

h2 (Type 2) ½100�h==½112
̄
�Al [120]h//½1

̄
10�Al

h1 ½100�h==½11
̄
0�Al [120]h//[001]Al
coincidewith Th. A thorough review of Th and TGPI
diss for different

AleZneMg alloys can be found in the review article by L€offler

et al. [2]. The GPII zones have been observed after quenching

from SHT temperatures above 450 �C and at AA temperatures

above 70 �C [17].

For optimal strength, the AleZneMg alloys usually un-

dergo a two-step ageing treatment [21]. The first step is typi-

cally executed at temperatures below Th, e.g. 100 �C, the

second step above TGPI
diss, e.g. 150

�C [3,17]. Early works have

shown that ageing at RT prior to AA benefits the nucleation of

the main hardening phase, h0 [11,22e24]. Initially, a transient

drop in the hardness is observed during the second step of the

ageing. This is known as the reversion and is attributed to the

dissolution of the GP zones [2]. Two types of reversion have

been observed: Partial and complete reversion. During partial

reversion, the strength does not recover to the as-quenched

level. Some authors claim that this is caused by a fraction of

GP zones acting as nuclei for the hardening h0 phase [25]. Other

authors reason that during the first step of ageing, two types of

clusters form, namely the GP zones and vacancy-rich clusters

(VRC) [2]. The VRC was introduced to explain why indirect

quenching, i.e. quenching to RT before AA, was more benefi-

cial for the nucleation of h0 compared to direct quenching to

the ageing temperature [26]. During complete reversion, the

GP zones fully dissolve prior to the nucleation of h0. It is

possible that the h0 nucleates on the small clusters produced

in the final stages of dissolution of the zones, explaining the

effectiveness of two-step ageing [2]. The stability of the GP

zones against reversion heat treatments increases with

increasing GP zone sizes, which is dependent on the alloy

composition and heat treatment [2].

The most frequent precipitate phases observed after AA

are h0, h1, h2, which are found to be homogeneously distributed

[4,12,16]. The h4 is primarily associatedwith defects and hence

heterogeneously distributed [4,12,16]. All the orientation re-

lationships of h, h1-h14, have identical bulk structures, how-

ever they connect with the Al matrix in different ways, thus

having different interfaces. The h0 precipitate and most of the

orientation relationships between h and Al have been known

and studied for decades [8e12]. Their bulk and interface

structures were solved by atomically resolved high-angle

annular dark field (HAADF)-scanning transmission electron

microscopy (STEM), where the atom columns are more

directly interpretable as compared to high-resolution TEM

(HRTEM). Marioara et al. [15] presented the first atomically

resolved HAADF-STEM images of h0 and h2 precipitates along

the C211DAl direction and labeled them ’Type 10 and ’Type 2’,

respectively. The atomic models for h0 and h2 presented in

Ref. [15] are shown in Fig. 1a and b, respectively. These pre-

cipitates have the same orientation relationship and habit

planes. h0 can be described as consisting of one
ships between h precipitates and the Al matrix reported in

Habit plane Morphology Reference

(001)h//(111)Al Plate [4,8,15,16]

(001)h//(111)Al Plate [9,13,15]

(001)h//(110)Al Plate [4,9,13,16]
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rhomobohedral (R) and one orthorombic unit (O) when viewed

along C211DAl, thus having a fixed width (i.e. plate thickness) of

6dAl
111 [15,28e30]. The O and R layers are visualised in Fig. 1a h2

on the other hand, can be described as layers of R units on

{111}Al planes, the units can be parallel (R) and/or mirrored

(R�1) when viewed along C211DAl [13,15,28,30,31], as visualised

in Fig. 1b. The h-MgZn2 is essentially a zig-zag stacking of such

layers (RR�1RR�1..) and is isostructural with h2, if the solute-

enriched {111}Al interface planes are neglected [15]. Bendo

et al. [16] investigated the h1 precipitate and found that it

consisted of a pairwise stacking of R and R�1 layers when

viewed along [010]h1//[1
̄
10]Al.

Many authors report that the h0 transforms into h2 during

artificial ageing [12,13,20,32]:

h0/h2/h: (2)

Other authors have identified an additional h precursor phase

and its GP zone, hp and GP-hp, respectively, yielding the

following precipitation sequence [33e36]:

GP� hp/hp/h: (3)

By inspection of HAADF-STEM images however, it is evident

that the precipitate structures GP-hp and hp exhibit the same

atomic structure as h0 and h2, respectively. Thismisconception

may be explained by the varying sizes of both precipitates

affecting the intensities in HAADF-STEM and HRTEM images,

since the size of the precipitate and its position in the Al

matrix strongly affect the image contrast. Precipitates

embedded in Al along the viewing direction yield a contrast

different from precipitates occupying the whole thickness of

the TEM sample. This is often not accounted for in image
Fig. 1 e (a): The projected atomic structure of h′ along

C211DAl, indicating its characteristic O and R layers. (b): The

projected atomic structure of h2 along C211DAl, indicating its

characteristic R and R¡1 layers. The atomic structures were

visualised using Vesta [27].
simulations, leading to misinterpretation of the simulated

images. In general, precipitates with habit plane (001)h//(111)Al

and the following orientation relationship: ½100�h==½112
̄
�Al and

[120]h//½1
̄
10�Al can be categorised based on the following

criteria:

, h0: 7 atomic layers with a width of 6dAl
111. One R and one O

layer.

, h2: 11 atomic layers or more with a width of at least 9dAl
111. R

and R�1 layers.

The h0 and h1�2 precipitates can have imperfect stacking

[4,15,16,29,31,37]. Some precipitates do not follow the criteria

given above. These structures consist ofmultiple R-, R�1 and O

layers, referred to as h0 and h0p in Refs. [36,38] and Ref. [35],

respectively. The two precipitation sequences in Eq. (2) and

Eq. (3) are identical if applying the categorising criteria above.

In this work we will adapt the naming convention used by

Chung et al. [13].

In addition to h and its precursors, the equilibriumphase T-

Mg32(AlZn)49 and its precursors have also been observed in

AleZneMg alloys with moderate to high Mg/Zn ratio [2,39,40].

The phase has a large, cubic unit cell and belongs to space

group Im�3 with lattice parameter a0 ¼ 14.16 A [39,41]. The cell

has 256 atoms. The T phase is preceded by the metastable,

semi-coherent T0 phase [42e46]. The orientation relationship

between the T/T0 phases and the Almatrix is often reported as

(100)T//(112)Al and (001)T//(11
̄
0)Al [2]. Other orientation re-

lationships have been reported, e.g. the one reported by Guo

et al. [47] (100)T//(100)Al and (001)T//(011)Al. Early studies indi-

cate that the T phase and its precursor had approximately the

same composition [42], although more recent atom probe to-

mography (APT) and energy-dispersive X-ray spectroscopy

(EDS) studies report that the T0 phase is more Mg-rich

compared to the stable T phase [45,48]. Recently, Zou et al.

[49e51] have reported the co-existence of Zn-rich T0 and h0

precipitates in AleZneMg alloys.

In the present study, we use transmission electron mi-

croscopy (TEM) in conjunction with APT studies and hard-

ness measurements to investigate the evolution of the

precipitates in a commercial 7003 alloy for different AA times

after one year storage at RT. Atomically resolved HAADF-

STEM is employed to investigate the atomic structure of

clusters and precipitates, while scanning precession electron

diffraction (SPED) is used to obtain diffraction patterns from

individual precipitates. The APT technique is complementary

to TEM and gives reliable statistics of clusters and precipi-

tation in terms of size and number densities, as well as giv-

ing information about the chemistry of both the particles and

the Al matrix. The goal is to improve the understanding of

the transformation from GPI zones to h0 and other h variants

and to investigate the reversion phenomena by the means of

modern characterisation tools. To the best of our knowledge,

we also present the first time HAADF-STEM images of the T0

phase.

https://doi.org/10.1016/j.jmrt.2023.02.144
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2. Material and methods

2.1. Material

The investigated material was 6 mm thick, extruded plates of

a commercial 7003 Al alloy, which were supplied by Benteler

Automotive. The composition of the alloy is shown in Table 2.

The samples underwent SHT at 480 �C for 30min in a salt bath.

Immediately after the SHT the samples were water quenched

followed by a NA treatment for 1 year. The samples subse-

quently underwent AA at 140 �C for different times in an oil

bath.

2.2. Hardness measurements

Samples were cut into 3 � 3 cm2 for Vickers hardness mea-

surements. They were grounded and polished. Hardness was

measured using a 1000 gf Vickers indenter. The hardness in a

given condition is the average of four independent indents.

2.3. Atom probe tomography

APT samples for all the three conditions were prepared by

following a standard two-step electropolishing process [52]. A

minor contamination of Cu on the surface of the tip was

detected, similar to the observations in Refs. [53,54]. This is

believed to be an artefact due to copper deposition after

electropolishing and is also observed in electropolished TEM

samples [55]. Thus, the Cu-enriched volume close to the sur-

face was excluded in the analysis.

The APT experiments were performed using a Local Elec-

trode AtomProbe (LEAP) 5000XS by Cameca instruments Inc. It

has a detection efficiency of 80% and is a straight flight path

instrument. The base temperature was set to 30 K and the

laser pulse mode was used with an equivalent pulse fraction

of 20% calibrated to around 70e100 pJ depending on the

sample geometry. A detection rate of 0.5% and a pulse fre-

quency of 250 kHz were used for all of the experiments.

Datasets containing 20e35 million ions were collected. The

reconstructions and the post processing analyses were carried

out using the Integrated Visualisation and Analysis Software

(IVAS) by Cameca Instruments Inc. The Norwegian Atom

Probe App (NAPA) software [56] was used for cluster identifi-

cation, composition measurements and best fit ellipsoid (BFE)

[57] for the size estimations. Reconstructions were done using

the structural information according to Gault et al. [58].

The iso-positionmethod (IPM) enabled identification of the

particles in all the APT datasets. This method has been

developed at the Groupe de Physique des Materiaux (Univer-

sity of Rouen, France) and is based on the chemical concen-

tration (i.e. Mg þ Zn) and atomic distance criteria. A more

detailed description can be found in Refs. [59,60]. All the
Table 2 e The composition of the investigated alloy.

Zn Mg Fe Si Zr Ti

at.% 2.43 0.84 0.11 0.09 0.05 0.01

wt.% 5.68 0.73 0.22 0.09 0.15 0.02
identified particles exhibit an excess atomic density compared

to the surrounding matrix (up to 5 times), suggesting the

presence of local magnification effects [61,62]. The particle

morphological variation observed by Shah et al. [63] on the

same alloy confirms this hypothesis. This well-known APT

artefact strongly modifies the apparent reconstructed particle

morphology [64,65]. For each particle in the aged condition, a

BFE was estimated to extract the principal dimensions of a

particle (L3, L2 and L1 where L3 � L2 � L1) [57]. However, it was

not possible in the present study to distinguish particles as a

function of their morphology (rod (h), plate (h), or spheroidal

(GPI or T’)) as in e.g. Ref. [66]. The particle size is estimated as

L3/2. For a rod-shaped particle, the size corresponds to the

half-length, while for a spheroidal or plate-like particle, the

size correspond to the radius. It should be noted that these

dimensions may be influenced by the local magnification ef-

fect [57,61,65], which depends on the particle morphology and

orientation.

The errors in size were calculated based on standard de-

viation between the particles, while the error in the number

density was calculated by dividing the number density with

the square root of the total number of particles. Particles

located at the edges of the datasets are counted as half a

particle upon calculating the number density and they are

identified using the method by Jenkins et al. [67].

2.4. Transmission electron microscopy

Specimens for TEM were prepared by grinding down bulk

samples to z100 mm thickness, punching out disks of 3 mm

diameter and subsequently electropolishing in a Struers

TenuPol-5 machine using an electrolyte mixture consisting of

1/3 HNO3 and 2/3 CH3OH. The liquid was kept at �25 �C ± 5 �C
and the applied voltage was 20 V.

An image and probe corrected JEOL JEM-ARM200CF mi-

croscope operated at 200 kV was used to acquire the HAADF-

STEM images. For the acquisition, the convergence semi-

angle was 27 mrad and the inner and outer collection semi-

angles were 67 mrad and 155 mrad, respectively. The probe

current was about 60 pA, which gives a good signal and

sufficient spatial resolution. Some of the HAADF-STEM im-

ages were filtered by performing a fast Fourier transform

(FFT) and then applying a low-pass mask on the FFT of

approximately 6.7 nm�1 before performing an inverse FFT.

This reduces the high-frequency noise in the images,

enhancing the contrast of the clusters and precipitates in the

subsequent inverse FFT images. Smart Align (HREM Research

Inc.) was used in the acquisition of some of the images. This

involves acquiring a stack of successive low-dose images and

afterwards aligning them to correct both rigid and non-rigid

scan distortions [68].

A JEOL 2100 F microscope operated at 200 kV was used for

the SPED experiments. During SPED acquisition, the micro-

scope was operated in the nanobeam diffraction mode, using

a convergence angle of 1 mrad. The precession angle and

frequency were 0.5� (¼ 8.7 mrad) and 100 Hz, respectively. The

scan step size was set to 0.93 nm and the scans were 100� 100

pixels. The probe size was about 1 nm. The double-rocking

probe was aligned according to the approach described by

Barnard et al. [69]. The SPED was performed using the

https://doi.org/10.1016/j.jmrt.2023.02.144
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NanoMEGASDigiSTAR control software. The 4D SPED datasets

were recorded using a Medipix3 MerlinEM camera from

Quantum detectors with a 256 � 256 Si chip [70]. The diffrac-

tion patterns were recorded in the 12 bit mode, using an

exposure time of 40e60 ms per pixel, ensuring sufficient

counts for identifying the patterns. To enhance the signal/

noise ratio, each PED pattern shown is the average of multiple

PED patterns from the same precipitate. The SPED data was

analysed using the open source python library pyxem [71] and

a simplified version of the approach described in Ref. [19].
3. Results

3.1. Hardness evolution

The hardness as a function of AA time is shown in Fig. 2. The

first measurement point (NA) corresponds to the hardness

after one year of NA and reads 121 HV. After 10 min of the AA

treatment, the hardness drops to 88 HV, indicated by ’Dip’ in

Fig. 2. This is significantly higher than the as-quenched

hardness, which for this alloy and this SHT is 47 HV. The

hardness subsequently increases, until it reaches a peak age

hardness of 122 HV after 5 h, labeled ’Peak’ in Fig. 2. The yellow

points indicate conditions investigated by APT and TEM and

will in the following be termed ’NA’, ’Dip’ and ’Peak’ condi-

tions corresponding to 1 year NA, 1 year NAþ 10min AA and 1

year NA þ 5 h AA, respectively.

3.2. Particle statistics by APT

3D-elemental maps of the APT datasets from the NA, dip and

peak conditions are shown in Fig. 3a. Based on the size of the

observed particles, they can be classified as either clusters or

precipitates. The radial distribution functions ofMg and Zn for
Fig. 2 e The hardness as a function of artificial ageing time at 140

NA. The yellow points indicate conditions investigated by TEM
the three conditions are shown in Fig. 3b. The NA and dip

conditions exhibit homogeneous distributions of small parti-

cles enriched in both Zn andMg. In the peak condition, the top

of the APT map volume contains a dense and homogeneous

precipitate distribution. The lower part is less dense, probably

due to the presence of three larger precipitates in this region,

which may indicate that there is a defect such as a grain

boundary in the volume.

Number densities and average particle sizes were quanti-

fied for all three conditions and the results are shown in Table

3. For the NA and dip conditions, the whole APT volume was

used for the quantification, while for the peak condition, only

particles above the dashed line in Fig. 3a were included, due to

the less homogeneous microstructure below the dashed line.

The TEM investigations probed volumesmuch larger than the

APT investigations and found a homogeneousmicrostructure,

justifying the neglection of particles below the dashed line.

From Table 3 it can be seen that the number densities of

particles in the NA and dip condition are similar. The size

however increases slightly between NA and the dip condition.

The particle size distributions for all three conditions are

given in Fig. 4 showing that the peak of the size distribution is

shifted to larger sizes in the dip condition. At the peak con-

dition, the number density significantly decreases, correlated

with a modest increase in the average particle size as

compared to the dip condition, c. f. Table 3. As seen in Fig. 4,

the particle size distribution in the peak condition has a larger

spread and does not exhibit a clear peak.

The estimated Mg and Zn and Mg þ Zn compositions of the

bulk, matrix and particles along with the Zn/Mg ratio of the

particles are shown in Table 4 for all three conditions. The Zn/

Mg ratio of the particles in the NA condition is 2.0 and de-

creases to about 1.7 in the dip condition. It is noted that the

solute content of thematrix slightly decreases between theNA

and dip condition, while the solute content of the particles is
�C. The first measurement shows the hardness after 1 year

and APT.

https://doi.org/10.1016/j.jmrt.2023.02.144
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Fig. 3 e (a): 3D atom probe reconstructions showing particles enriched in Mg and Zn, with iso-composition surfaces at

10 at.% of Mg þ Zn, embedded in Al matrix (in gray). (b): radial distribution function of Mg and Zn centered to Mg atoms for

NA, dip and peak conditions.

Table 3 e Number density and average size for NA, dip
and peak conditions. For the peak condition, only
particles above the line in Fig. 3a where taken into
account.

NA Dip Peak

Number density (1023/m3) 8.89 ± 0.38 8.95 ± 0.65 5.05 ± 0.45

Size (nm) 1.64 ± 0.69 2.05 ± 0.83 2.24 ± 1.44
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similar. The compositions were estimated using two different

approaches, the matrix compositions were estimated by using

the distribution of isolated atoms for the determination of the

matrix composition (DIAM) method [72], while the particle

compositions were estimated using the IPM [59]. The fact that

the estimations of solutes in solid solution decreases in the

matrix while staying constant in the particles implies that the

precision of the estimation methods or the mass resolution is

insufficient to probe the small differences between the NA and
the dip condition in terms of solute composition of the matrix

and particles. In the peak condition, the Zn/Mg ratio of the

particles is about 1.8 and the solutes in solid solution has

significantly decreased.

An additional APT dataset from the peak condition is shown

in the supplementary. This dataset indicated a microstructure

with a homogeneous distribution of rod-shaped precipitates. In

general, the peak aged condition of AleZneMg alloys is asso-

ciated with a large number density of plate-like precipitates,

such as h0 and h2, so that the dataset included in the supple-

mentary is not regarded as representative for the microstruc-

ture, supported by the TEM observations. The composition of

the particles in the additional dataset was similar to the one

shown in Table 4, indicating that the precipitates in this con-

dition are variants of h. As h4 has a rod-likemorphology and can

be observed in the peak aged condition, often associated with

defects, it is likely thatmost of the precipitates in the additional

dataset are h4 in a dislocation-rich region.
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Fig. 4 e Particle size distribution for NA, dip and peak conditions measured by APT.

Table 4 e APT measurements of the bulk, matrix and
particle composition in at.% inMg and Zn andMgþ Zn for
NA, dip and peak conditions, in addition to the Zn/Mg
ratio of the particles.

NA Dip Peak

Bulk Mg 0.95 ± 0.02 0.93 ± 0.01 0.92 ± 0.01

Zn 2.75 ± 0.02 2.54 ± 0.01 2.41 ± 0.01

Mg þ Zn 3.70 ± 0.03 3.47 ± 0.01 3.33 ± 0.01

Matrix Mg 0.76 ± 0.02 0.79 ± 0.01 0.53 ± 0.01

Zn 2.25 ± 0.02 2.14 ± 0.02 1.76 ± 0.03

Mg þ Zn 3.01 ± 0.03 2.93 ± 0.02 2.29 ± 0.03

Particles Mg 5.84 ± 0.15 6.43 ± 0.15 9.66 ± 0.08

Zn 11.69 ± 0.20 11.10 ± 0.20 17.06 ± 0.11

Mg þ Zn 17.53 ± 0.25 17.53 ± 0.25 26.72 ± 0.14

Zn/Mg 2.00 ± 0.08 1.73 ± 0.07 1.76 ± 0.02
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3.3. Atomic structure evolution from NA to the peak
aged condition

Overview HAADF-STEM images from the three conditions are

shown in Fig. 5. Images taken along the C001DAl and C110DAl zone

axes are shown in Fig. 5a and b, respectively. A dense popu-

lation of GPI zones in the form of connected TCOs is present in

the NA condition, as seen in Fig. 5a. In addition to the GPI

zones, a small population of fine precipitates with habit plane

{111}Al was observed in Fig. 5b. As shown below, these pre-

cipitates can be categorised as h0. To assess the amount of h0

and h2 nucleated in each condition, at least 300 precipitates

were investigated per condition. The projection of the disc-

like h0 and h2 along an arbitrary C110DAl direction is either

rod-like (viewed edge-on) or elliptical (viewed at 35� angle), the
ratio between the precipitates viewed edge-on and face-on is

one in this direction. Assuming that there are equal amounts

of precipitates on each equivalent {111}Al plane, the number of

h0 þ h2,Nedge-on seen edge-on in each conditionwas quantified.

The occurrence of precipitates may be estimated as two times

the occurrence of Nedge-on (2Nedge-on), accounting for the un-

counted elliptical precipitates [49]. The results are shown in

Table 5. Only 2% of the precipitates in the NA condition were
categorised as h0, while all the others were assumed to be GPI

zones or clusters. No GPII zones were observed in any of the

conditions investigated.

At the dip condition, the structure of the clusters had

clearly changed. In the C001DAl orientation, seen in Fig. 5c, very

few connected TCOs were observed. Few of the precipitates

exhibited ordering in this zone axis. In the C110DAl orientation

(Fig. 5d), it was observed that more h0 precipitates had nucle-

ated during the 10 min of AA, and 17% of the precipitates was

now categorised as h0, c. f. Table 5. None of the other h pre-

cursors were observed in this condition.

At the peak condition, after AA for 5 h, the microstructure

had coarsened significantly: Fig. 5f shows the presence of h0, h1
and seemingly spheroidal precipitates. 70% of the precipitates

in the peak condition could be categorised as h0 and h2 pre-

cipitates, c. f. Table 5.

Fig. 6 shows images of higher magnification of the most

prevalent precipitates observed in C001DAl and C110DAl zone

axes as identified in the overview images in Fig. 5. Fig. 6a

shows a typical GPI zone, comprising 5 TCOs connected along

C411DAl. Single TCOs were observed in both the dip and peak

aged conditions, exemplified in Fig. 6b and c. These are most

likely strings of TCOs stacked along the viewing direction. The

center of the TCOs are indicated by the red circle, while the

full TCOs are indicated by the yellow rectangles. A minor

fraction of the observed clusters in the NA condition exhibited

a structure similar to the ones in Fig. 6bec.

The precipitates in Fig. 6def have the same width and are

similar, but due to the different extension along the viewing

direction, the intensities of the atomic columns appear

different. This can lead to misinterpretation of the precipitate

type. Note that all three precipitates have a width of 6dAl
111 and

hence are identified as h0 according to the categorising criteria

given in the introduction.

3.4. Precipitates in the peak aged condition

Fig. 7 shows three different h precursors imaged in a C211DAl
orientation with the same habit plane and orientation
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Fig. 5 e Overview HAADF-STEM images in C001DAl and C110DAl for 1 year NA (a, b), the dip (c, d) and the peak aged condition (e,

f), respectively. The numbers indicate precipitates of interest: 1 - GPI zone, 2 - h′, 3 - h1 and 4 - spheroidal precipitate.

Table 5 e The relative occurrence of h′ and h2 precipitates
compared to the total number of precipitates in the three
conditions. In the NA and dip condition, the only h

precursors observed were h′, while in the peak aged
condition, h′, h1 and h2 were observed.

NA Dip Peak

Occurrence of h precursors 2% 18% 70%
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relationship.Anexampleof anh0 precipitate is shown inFig. 7a.

The rhomobohedral and orthorombic layers characteristic for

h0 are indicated by ’R’ and ’O’ in figure. InFig. 7b, a small h2
particle is shown - the only h2 precipitate found out of 20 pre-

cipitates in this orientation. The characteristic rhomobohedral

and vertically mirrored rhomobohedral layers of h2 are indi-

catedby ’R’ and ’R�1’ in Fig. 7b.Theprecipitate inFig. 7c exhibits

the same orientation relationship and habit plane as h0 and h2,

but has a different atomic structure. This is highlighted in the

figure, showing that such precipitates comprised both the ’O’

layer of the h0 and the ’R’/’R�1’ layer of h2.

HAADF-STEM images of precipitates imaged along C110DAl
in the peak condition are shown in Fig. 8aec. Here, d-f show

higher magnifications of the images in 8a-c, respectively.

Fig. 8gei are FFTs corresponding to 8a-c, respectively. The PED

patterns (Fig. 8j-l) exhibit good correspondence with the

respective FFTs in Fig. 8gei. Fig. 8a shows an h1 precipitate
viewed along [001]h. The projected unit cell is indicated in d.

Both the FFT (Fig. 8g) and PED pattern (Fig. 8j) exhibit the

characteristic hexagonal reflections of h when viewed along

its principal, hexagonal axis.

Fig. 8b gives an example of h1 viewed along [100]h. The

projected unit cell is indicated in the enlarged region in Fig. 8e.

Here the characteristic R and R�1 layers are indicated. The

corresponding FFT and PED pattern of h1 in this projection are

given in Fig. 8h and k, respectively, showing the two-fold

symmetry of the crystal structure of the precipitate viewed

along this projection.

In Fig. 8c, a precipitate with a crystal structure unrelated to

the h0 or h precipitates is shown. Its projected atomic structure

is magnified in Fig. 8f. The FFT in Fig. 8i shows good corre-

spondence with the PED pattern in Fig. 8l and exhibits a two-

fold symmetry. The precipitate is identified as T0 since the PED

pattern was found to correspond to FFTs or diffraction pat-

terns of T0 presented in previous studies [45,50,51,73,74].

To quantify the precipitates in the peak condition, several

large-area HAADF-STEM images, taken along C110DAl, were

analysed. An example is shown in Fig. 9. The precipitates were

categorised as either h0, h1, h2 or T0. Precipitates exhibiting a

width of 6dAl
111 were categorised as h0, thicker plates were

categorised as h2. This category necessarily includes faulted

precipitates like to one imaged in Fig. 7c, since it is indistin-

guishable from h2 in this projection. The results are shown in
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Fig. 6 e High magnification images of the precipitates in the three conditions. a: GPI zone comprised of five TCOs. b, c:

Examples of single TCOs labeled ’2′ and ’3′ in Fig. 5b and c, respectively. The centers of the TCOs are indicated by the red

circle, while the full TCOs are indicated by the yellow rectangles. d, e, f: h′ precipitates in the NA, dip and peak condition,

respectively.

Fig. 7 e Smart-aligned HAADF-STEM images of precipitates with habit plane {111}Al viewed along C211D in the peak

condition. a: h′, b: h2 and c: Faulted h precipitate with the same habit plane and orientation relationship as h′ and h2. The

scale is the same for all three figures. Rhomobohedral, vertically mirrored rhomobohedral and orthorombic layers are

indicated with R, R¡1 and O, respectively.
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Table 6 h0 was themost prominent phase, followed by h2. 6% of

the precipitates were identified as the T0 phase, while 2%were

found to be h1. Note that the numbers in Table 6 only reflect
identifiable precipitates, whereas the numbers in Table 5

considered all precipitates compared to the relative occur-

rence of h0 and h2.
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Fig. 8 e Precipitates in the peak condition viewed along C110DAl. a: h1 precipitate viewed along [001]h, b: h1 viewed along [100]h
and c: T′ phase. d, e and f: Enlarged, FFT filtered regions of the HAADF-STEM images in a, b and c, respectively. g, h and i:

FFTs of a, b and c, respectively. j, k and l: PED patterns exhibiting a good correspondence with the FFTs in g, h and i,

respectively. Rhomobohedral and vertically mirrored rhomobohedral layers are indicated with R and R¡1, respectively.
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Fig. 9 e HAADF-STEM overview image of the precipitates in

the peak aged condition. Examples of h′, h1, h2 and T′ are

indicated.

Table 6 e Quantification of the relative occurrence of the
different precipitates observed in the peak condition.

h0 h1 h2 T0

Counts (#) 124 4 54 12

Relative fraction 64% 2% 28% 6%
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4. Discussion

The evolution of precipitates from the NA condition to peak

aged condition was investigated by the means of hardness

measurements, APT, atomically resolved HAADF-STEM and

SPED. The one year NA condition contained a dense popula-

tion of GPI zones. No GPII zones were observed, consistent

with our previous works on other AleZneMg alloys in the

same condition [4,19,63]. Interestingly, a small population of h0

precipitates had already formed during NA. Based on the

HAADF-STEM images, two percent of the precipitates in the

NA condition could be identified as h0. In our experience, for a

range of AleZneMg alloys, formation of developed h0 at the

low NA temperature seems to be common. To the authors’

knowledge, this has not been reported before in these alloys.

The co-existence of the GPI zones and h0 precipitates during

NA indicates that they form independently. This is supported

by the work of Li et al. [28] who found a very early preference

for the precipitates to exhibit a width of 6dAl
111 during AA at

120 �C.
The APT experiments revealed that the Zn/Mg ratio of the

clusters in the NA condition was approximately 2. It is

important to note that this average ratio incorporates both the

GPI zones and the h0 precipitates, since we were not able to

separate the two morphologies with APT, due to the low

aspect ratio of the h0 precipitates in this condition. This is

often not accounted for in the literature, since authors often

assume themicrostructure in the NA condition or early stages

of low temperature AA to exclusively consist of GP zones and

solute clusters [75e77]. This will affect the estimated Zn/Mg

ratio of the GP zones in APT studies. The error is not large in

the NA condition, due to the low occurrence of h0 in such
conditions. It might however introduce a larger error when

estimating the Zn/Mg ratio of GPI zones during early stage AA.

The occurrence of h0 increases rapidly at elevated tempera-

tures, as seen in the present study.

During the initial stages of AA at 140 �C, the hardness

rapidly decreased. After AA for 10 min, i.e. the dip condition,

the hardness reached a minimum of 88 HV. This is still

significantly higher than the as-quenched hardness of 47 HV,

indicating that the alloy undergoes a partial reversion, rather

than a complete reversion. Hence, the formation of new h0

precipitates overlaps with the dissolution of the GPI zones.

This is in accordance with the results in the review article by

L€offler et al. [2], who showed that Zn-rich AleZneMg alloys

often undergo partial reversion. Interestingly, APT indicated

that the clusters in the dip condition were larger compared to

the clusters in the NA condition. The obstacle strength of the

clusters in this condition is however lower as compared to the

GPI zones in the NA condition, revealed by the hardness

measurements. Based on HAADF-STEM imaging, the clusters

in the dip condition showed less ordering as compared to the

GPI zones in the NA condition. This indicates that the GPI

zones are dissolving rapidly during the initial stages of AA.

HAADF-STEM showed that the h0 precipitate occurrence

increased from 2% in the NA condition to 18% in the dip

condition, c. f. Table 5. Hence, the solutes released to the

matrix from the dissolving GPI zones are consumed as the

formation of new h0 precipitates occurs in the early stages of

AA. The h0 precipitates in the dip condition were however less

developed as compared to the h0 precipitates observed in the

peak aged condition.

The partial reversion of GPI zones is in literature often

explained by the transformation of overcritical sized GPI

zones into h0 precipitates [2]. In our previous work on the

atomic structure of GPI zones [18], we found no structural

connection between the GPI zones and the h0 precipitates. This
indicates that the GPI zones cannot transform into h0. The

present work also supports this, since no overcritical GPI

zones were observed in the dip condition by TEM. If h0 trans-
formed from overcritical GPI zones, we would expect the dip

condition to contain larger GPI zones than the NA condition,

but this was not observed. Hence, we conclude that in this

alloy, the partial reversion is realised by the dissolution of the

GPI zones accompanied by the simultaneous formation of

new h0 precipitates. It is possible that the h0 precipitates form

preferentially from the solute traces of the GPI zones. The

dissolution of the GPI zones may cause a high local super-

saturation in the matrix, which is diminished by the forma-

tion of h0 [2]. This is however challenging to prove or disprove

experimentally.

The clusters exhibiting ordering in the dip condition

appear to be single TCOs, which were also present at the peak

aged condition, c. f. Fig. 6b and c. Whether these are traces
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from the GPI zones in the NA condition or not is challenging to

conclude. We do however note their presence, and that they

are seeminglymore thermally stable than themore developed

GPI zones. Alternatively, the single TCOs may have nucleated

after AA during room temperature storage between sample

preparation and TEM observations. This is however not very

likely. Since the dip condition was assumed to be an unstable

condition, the samples were prepared directly before both the

TEM and APT experiments, with a sample preparation time of

about two-three hours.

At peak age, the microstructure coarsened significantly as

compared to theNA and dip condition. This is evident from the

3D atom probe map in Fig. 3 of the peak condition. It is also

reflected in the lower precipitate number density measured by

APT, c. f. Table 3. HAADF-STEM imaging showed that the peak

condition consisted of approximately 70% plate-like h0 and h2

precipitates. The h variants observed in this condition

comprised h0, h1, h2 and faulted h precipitates as the one in

Fig. 7c. Liu et al. [34] described the faulted precipitates as pre-

cursors to the h2 precipitates and named them h0p. As

mentioned in the introduction, there is disagreement in the

literature regarding the terminology of precipitates in

AleZneMg alloys, c. f. The precipitation sequences in Eqs. (2)

and (3). By comparing images however, it becomes clear that

the h0 in Fig. 7a in the current work is similar to GP-hp in Fig. 4b

in Ref. [35]. The h2 in Fig. 7b is similar to the hp in Fig. 5d in

Ref. [35]. Hence, the two precipitation sequences in Eq. (2) and

Eq. (3) are equivalent. Therefore, we conclude that Liu et al.

describe the h0p precipitate as the transition phase between h0

and h2. This transition stage is most likely limited to a short

period of time, thus proving this is challenging experimentally.

h0 precipitates were identified as themain hardening phase

in the peak aged condition, c. f. Table 6, while h2 was the

second most prominent phase. The average Zn/Mg ratio of all

precipitates in the peak aged conditionwas approximately 1.8.

As the Zn/Mg ratio of the h0 is estimated to be around 1.4, this

indicates that the other precipitates have a higher Zn/Mg

ratio. For the h1 and h2 this is reasonable, since they have Zn/

Mg ratios close to the equilibrium h-MgZn2. It is also likely that

the Zn/Mg ratio of h0 varies with the alloy composition, as

supported by calculations showing that the GPI zones are

stable for a range of compositions [18].

T0 precipitates were also found in the peak condition. They

appeared spheroidal, c. f. Fig. 8c. A majority of the T0 pre-

cipitates were found to be disordered, hence it was chal-

lenging to identify a projected unit cell. The FFT and PED

patterns of the T0 phase viewed along C110DAl, however are

characteristic and similar to the patterns presented in Refs.

[45,50,51,73,74]. The crystal structure of T0 is assumed to be the

similar to the equilibrium phase T-Mg21(Al, Zn)49 [42]. We note

however, that the PED pattern of T0 along C110DAl exhibits

similarities with the diffraction pattern of the Z-phase in

AleMgeCueAg alloys, first presented by Chopra [78] and later

by Mihara et al. [79]. The Z-phase is not isomorphous with the

T phase. Comparing the atomic structure of the T0 phase with

the Z-phase is part of ongoing work and will be published

elsewhere. For the time being, we note the similarities and

highlight that the crystal structure of T0 is not necessarily

isostructural to the equilibrium T phase.
5. Conclusion

The evolution of precipitates in a 7003 alloy was studied by

STEM, APT and hardness measurements. The alloy was

naturally aged for one year before subjected to AA at 140 �C.
The NA condition contained a dense population of GPI zones,

co-existing with a small population of h0 precipitates. The

alloy experienced partial reversion of the GPI zones during the

10 first minutes by concurrent dissolution of GPI zones and

formation of new h0 precipitates. The occurrence of h0

increased from 2% in the NA condition to 18% after 10 min of

AA, with the consequence of a decreased average Zn/Mg ratio

in the precipitates. The prevalence in the dip condition of

single TCO clusters, rather thanmultiple connected TCO units

comprising the GPI zones indicates that the GPI zones

dissolve, rather than transform structurally to h0. No GPI zones

were observed in the peak aged condition, hence 140 �C is

above the dissolution temperature of this phase in the

investigated alloy. The most prominent phase in the peak

aged condition was h0, followed by h2. A small population of h1
was also present. In addition, both APT and TEM indicated the

presence of spheroidal precipitates, identified as the T0 phase.
Based on STEM, approximately 30% of the precipitates were

spheroidal, which may indicate a significant amount of T0

phases in these alloys.
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