
Scripta Materialia 207 (2022) 114319 
Contents lists available at ScienceDirect 

Scripta Materialia 
journal homepage: www.elsevier.com/locate/scriptamat 

In situ transmission electron microscopy investigation of nucleation of 
GP zones under natural aging in Al-Zn-Mg alloy 
Arya Chatterjee ∗, Liang Qi , Amit Misra 
Department of Materials Science and Engineering, University of Michigan, MI 48109, USA 
a r t i c l e i n f o 
Article history: 
Received 27 May 2021 
Revised 26 September 2021 
Accepted 29 September 2021 
Available online 7 October 2021 
Editor: Beyerlein Irene J. 
Keywords: 
Al-Zn-Mg alloys 
Natural aging 
GP zones 
In situ heating 
Transmission electron microscopy 

a b s t r a c t 
This investigation reveals very early-stage (within an hour) precipitation during natural-aging of Al-Zn- 
Mg alloy can have very complex processes with strong fluctuations in precipitate types and formation 
mechanisms. In situ heating followed by quenching and subsequent natural-aging at room temperature 
was carried inside transmission electron microscope to study the formation and evolution of early-stage 
precipitation. Investigation reveals formation of solute clusters at ∼2 mins and subsequent nucleation of 
GP-II zone adjacent to clusters at ∼10 mins during very early-stage natural-aging. Moreover, nucleation of 
GP-II is found to be related to GP-I but not in one unique mechanism. GP-I precipitates were observed to 
act as sites for the formation of GP-II either by ‘separated’ nucleation (i.e. from the interface between GP-I 
and Al matrix) or via in situ nucleation (i.e. from a GP-I precipitate). Occasionally, some GP-II precipitates 
were observed to dissolve into Al matrix without further transforming to ƞ′ precipitates. 

Published by Elsevier Ltd on behalf of Acta Materialia Inc. 
7XXX series Al alloys developed for aerospace applications have 

high specific strength in the peak-aged condition. Their widespread 
implementation in the automotive industry for body and closure 
applications can achieve vehicle light weighting goals if the chal- 
lenges of the component forming and fabrication can be sur- 
mounted [1–3] . Conventional automotive mechanical forming pro- 
cesses such as stamping and hemming, involve room tempera- 
ture forming of Al sheet alloys in the as-quenched state when al- 
loys have high ductility and formability, followed by artificial ag- 
ing during the paint bake operation. Due to fast (often within 30 
minutes after quenching) and continuously varying natural aging 
characteristics of current 70 0 0 series alloys, the formability de- 
creases very rapidly and keeps changing as the aging time in- 
creases [ 4 , 5 ], necessitating costly steps such as warm stamping 
or coupled solutioning-quenching-stamping operations in a nar- 
row time window [ 6 , 7 ]. The decrease in formability is the result 
of gradual increase in hardness during natural aging (i.e. aging at 
room temperature) [8] . It happens through the formation of clus- 
ters in Al matrix, where these small clusters act as barriers for 
dislocation movement during plastic deformation and decrease the 
formability. 

Upon quenching, a high level of super saturation exists for so- 
lutes in the Al matrix along with the excess concentration of va- 
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cancies (than equilibrium condition). Further, these solutes were 
found to agglomerate at the sites with high quenched-in-vacancies 
without forming any specific ordered structure; these are referred 
to as solute clusters in Al-Zn-Mg alloys [9] . Hence, the interface 
between solute clusters and Al lattice is not defined. When these 
clusters are found in periodic order and result in strong distin- 
guishable contrast compared to the surrounding matrix, these are 
referred to as Guinier–Preston (GP) zones, named after their dis- 
coverer [ 10 , 11 ]. In Al–Zn–Mg alloys, generally two kinds of GP 
zones can form from the super-saturated solid solution (SSSS): GP-I 
and GP-II zones. Earlier works have suggested GP-I zones as linked 
to solute rich clusters (SRCs) [ 12 , 14 , 15 ], fully coherent with Al ma- 
trix having internal ordering of enriched solutes (i.e. Zn and Mg) 
designated as AuCu(I)-type [12] or Frank–Kasper σ -type structures 
[16] , and can form between room temperature to artificial aging at 
150 °C [13] . On the other hand, it was suggested that GP-II zones 
are related to vacancy rich clusters (VRCs) [ 12 , 14 , 15 , 17 ], therefore 
needs high vacancy concentration [17] , and generally believed to 
form when quenched from above 450 °C and aged at temperatures 
higher than 70 °C [12] . GP-II zones are mostly suggested to have 
Zn enriched atomic layers along the {111} planes in the Aluminum 
lattice [18] . Some of the researches indicated that GP-I zones trans- 
formed to metastable ƞ′ phase [ 17 , 19 ], while others showed GP-II 
zones as precursors to metastable ƞ′ phase [ 12 , 15 , 20 ]. Therefore, 
precipitation sequences during natural aging were reported to be 
one of these two sequences mentioned below: [ 17 , 21 ] 
• SSSS → GP-I zones → Metastable ƞ′ phase → Stable ƞ (MgZn 2 ) 

phase 
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• SSSS → VRCs → GP-II zones → Metastable ƞ′ phase → Stable ƞ

(MgZn 2 ) phase 
Moreover, it is also reported that not only the size and num- 

ber density but also the type of clusters and consequently the GP 
zones may change with time during natural aging [ 9 , 13 ]. However, 
the formations of GP zones from thee clusters are not well under- 
stood [22] . Especially, to the best of our knowledge, no reports can 
be found on the evolution of GP precipitates from the clusters and 
among themselves at a very early stage of natural aging. Hence, 
this investigation will emphasize on reporting the formation and 
evolution of GP zones in Al-Zn-Mg alloy at the very early stage of 
natural aging with the help of transmission electron microscopy 
(TEM) studies coupled with in situ heating experiments. The new 
insights gained in the current study can provide a better under- 
standing of early-stage precipitation in Al-Zn-Mg alloy and act as a 
reference for future study for facilitating the optimal design of Al 
alloys. 

The Al-Zn-Mg alloy selected for this study was a commercially 
available Al alloy with a composition (in atomic %) of Al-5.7Zn- 
2.4Mg-1.4Cu-0.19Cr-0.16Fe-0.06Si. The thermal treatment given to 
the as-received alloy is as following: first, the sample was solu- 
tion treated at 490 °C for 1 h followed by immediate quenching to 
room temperature ( ∼25 °C). Immediately after quenching, the evo- 
lution of GP zones was investigated while samples were kept at 
room temperature for desired amount of time. The heat treatment 
schedule is schematically presented in Fig. 1 a . For in situ TEM 
study, three thin foils were made from as-received alloy sheet fol- 
lowing the standard focused-ion-beam (FIB) techniques [23] . Nat- 
ural aging phenomena were studied in situ using a Thermo Fisher 
F30 twin electron microscope with the aid of a DENS MEMS heat- 
ing holder (2 samples for 7 times) (see Supplementary File S1 ) and 
in an aberration-corrected 30 0KV JEOL 310 0R05 (1 sample for 2 
times) using Gatan heating holder. 

The as-received microstructure shows the presence of ƞ pre- 
cipitates, Fig. 1 b . As-received sample was naturally aged for more 
than one year, therefore, the presence of stable ƞ precipitates are 
expected to remain in the microstructures for Al-Zn-Mg alloys 
[ 22 , 24 ]. Apart from ƞ precipitates, several other (Mg, Zn, Cu)-rich 
and Fe-rich precipitates which are typically observed in 70 0 0 se- 
ries Al alloys are also present owing to the presence of Cu and ad- 
dition of Fe during production of these commercial alloys [ 25 , 26 ]. 
Compositional analysis by EDS mapping in HAADF-STEM mode 
showed the presence of precipitates with Zn as the major com- 
ponent followed by Mg and Cu, such as A , B and E precipitates, 
whereas precipitates C and D indicated higher Mg content in these 
particles followed by the amount of Zn and Cu, Fig. 1 b . By approx- 
imation, Zn-rich precipitates (i.e. A , B and E ) showed MgZn 2 (Cu) 
composition, and Mg-rich particles apparently can have Mg 4 (Zn, 
Cu) (for C ) or Mg 2 Zn(Cu) (for D ) stoichiometry. However, the pro- 
portions of Mg, Zn and Cu within these complex precipitates were 
found to be different in earlier works on 70 0 0 series Al alloy hav- 
ing similar solute contents [ 25 , 26 ]. This is because of the differ- 
ence in aging conditions experienced by the alloys used in pre- 
vious works and in the present investigation. Upon heating the 
as-received samples at normalization temperature of 490 °C and 
subsequent holding at that temperature for more than 45 min- 
utes yielded microstructure without the presence of any large or 
even nanoscale GP zones, as can be seen from the high-resolution 
transmission electron microscopy (HRTEM) image in Fig. 1 c . This 
suggests that the microstructure was completely solutionized. Im- 
mediately after quenching to room temperature (i.e. natural aging 
time, t = 2 minutes), the samples showed the speck of solute clus- 
ters appearing in the Al lattice, Fig. 1 d . The brighter contrast ob- 
served in HAADF-STEM mode for these clusters as compared to 
adjacent Al matrix indicates the presence of Zn in these clusters. 

Very fast rate of formation for these solute clusters can only be 
explained in terms of accelerated diffusion due to the presence 
of excess quenched-in vacancies, since the characteristic diffusion 
lengths ( √ 

Dt ) for Zn/Mg solute atoms under equilibrium condi- 
tions are just ∼1 Å for several hours at room temperature [ 27 , 28 ]. 

Subsequent in situ study of natural aging phenomena shed light 
on a few interesting observations, regarding the formation and 
transformation of GP zones, as discussed below. Among the case 
studies reported here, one indicates the formation of a solute clus- 
ter and subsequent nucleation of GP-II zone ( Fig. 2 ). The video of 
this in situ natural aging process can be observed in Supplemen- 
tary File S2 . The presence of a solute cluster is located within Al 
lattice with an enlarged view in the right in Fig. 2 a . As the natural 
aging time (NAT) increases, the lattice structure of the surround- 
ing Al-matrix becomes more prominent, Fig. 2 b . The fast-Fourier- 
transformation (FFT) diffractograms obtained from the cluster sur- 
rounding lattice regions showed that the incident electron beam is 
aligned parallel to < 110 > direction of the Al grain. At t = 13m34s, 
the solute-enriched atomic layers are started to appear along the 
(1 1 1 ) planes adjacent to the cluster, Fig. 2 c . With the increase in 
NAT, migration of more solutes to the GP precipitate (it is GP-II 
here because it has several solute-enriched atomic layer along the 
{111} Al planes) resulted in change in phase-contrast of HREM im- 
age [13] , and makes the solute cluster less visibly distinct within 
Al matrix, Fig. 2 d. However, with more duration of natural-aging, 
both the cluster and GP-II zone finally dissolved into the Al matrix, 
Fig. 2 e . 

Another incident shows the separated nucleation of GP-II zone 
from the interface between a GP-I precipitate and Al matrix, Fig. 3 . 
The video of this phenomenon can be witnessed in Supplemen- 
tary File S3 . A few spherical coherent precipitates identified as GP- 
I zones are selected for further investigation, Fig. 3 a . A solute-rich 
atomic layer started originating from the interface between ma- 
trix and a GP-I precipitate (at top-right corner of the image in 
Fig. 3 b ). Analysis of FFT diffractogram indicates the orientation 
(1 1 1) planes in the Al lattice and it is found to be the same as 
that of the newly formed solute-enriched atomic layers (i.e. yel- 
low dotted lines in bright field image of Fig. 3 b ). With more time 
under natural-aging condition, more solute-enriched atomic layers 
are formed and these layers create a platelet like GP-II precipitate 
having 3 distinct solute-rich (1 1 1) plane ( Fig. 3 c ), and finally dis- 
solved into the Al matrix ( Fig. 3 d ). Berg et al . [12] have also re- 
ported the formation of GP-II zones having 2 – 5 atomic layer thick 
solute-rich {111} plane in Al-Zn-Mg alloys. The thickness of GP-II 
zones are mostly within 2 – 3 nm except for the GP-II precipitate 
shown in Fig. 2 . These thickness distribution of GP-II precipitates 
are consistent with the thickness range (2-6 nm) of GP-II depicted 
in previous researches on Al-Zn-Mg alloy [12] . 

In another case, in situ nucleation of GP-II zone from a GP-I pre- 
cipitate has been observed, Fig. 4 . The video of this this precipita- 
tion study can be seen in Supplementary File S4 . In Fig. 4 a , three 
GP-I precipitates can be seen immediately after quenching (at t = 2 
min 8 sec). With the increase in NAT, a GP-II precipitate (named as 
GP-II 1 ) with solute enriched atomic layers along (1 1 1 ) (delineated 
by yellow dotted lines) started to emerge from a GP-I precipitate, 
present at the lower-left corner of Fig. 4 b . After more time un- 
der natural-aging condition, two more regions with solute enriched 
atomic layers along (1 1 1 ) Al, as can be seen from the contrast dif- 
ference of these zones with the surrounding matrix area (outlined 
by yellow dotted lines) started to appear from the same GP-I pre- 
cipitate ( Fig. 4 c) . These platelet characteristic are referred as GP- 
II 2 and GP-II 3 . At this time, the contrast of GP-II 1 is significantly 
stronger than surrounding Al matrix with the addition of more so- 
lutes [13] , Fig. 4 c . After some time, GP-II 2 and GP-II 3 are grown in 
thickness, while the GP-II 1 become solute lean as can be visual- 
ized by the reduction in its contrast in Fig. 4 d . This phenomenon 
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Fig. 1. (a) The schematic representation of the heat treatment schedule used in the current study, (b) As-received microstructure of the material before these were subjected 
to normalization and subsequent natural aging. The energy-dispersive spectroscopic (EDS) analyses in STEM-HAADF mode exhibit the presence of Zn, Mg and Cu elements in 
the different kind of stable precipitates present in the microstructure. (c) bright field TEM microstructure of the Al-Zn-Mg alloy sample at 490 °C after solutionized for more 
than 45 minutes. (d) HAADF-STEM image indicating the nucleation of tiny (within 1 – 2 in diameter) solute-rich clusters in Al matrix immediately after quenching (i.e. at 
natural aging time, t = 2 min.). 
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Fig. 2. High resolution transmission electron micrographs obtained at different times during in situ observation of natural aging in AL-Zn-Mg alloy. The series of images 
indicate the formation of solute cluster and subsequent nucleation of GP-II zone adjacent to the cluster. The cluster as well as the GP-II precipitate finally gets dissolved into 
the Al matrix with the increase in natural aging time. The solute cluster and the GP-II precipitate are delineated by yellow dotted circle and red dotted lines, respectively. 
suggests the migration of solutes from the GP-II 1 to both the sides 
towards GP-II 2 and GP-II 3 . With the increase in NAT, the GP-II 1 gets 
dissolved into the Al matrix, Fig. 4 e . At this moment, the boundary 
that defined the chemical ordering of the initial GP-I precipitate as 
compared to that surrounding Al lattice region [9] becomes less 
distinguishable suggesting significant solute migration to facilitate 
the formation and growth of GP-II zones from this GP-I precipitate 
shown in Fig. 4 e . 

Although direct investigation on the chemical composition of 
solute clusters or GP zones have not been carried out in the cur- 
rent study, positron annihilation spectroscopy analyses suggested 
possible clustering of Zn and Mg along with Cu atoms to form 
solute clusters in Al-Zn-Mg-Cu alloys, where Mg being less ac- 
tive species for clustering [9] . Moreover, co-clustering of Zn and 
Cu was not ruled out completely. Brighter contrast of the initial 
solute clusters observed in HAADF-STEM image of the quenched 
sample (in Fig. 1 d ) suggests the richness of Zn/Cu in these clusters. 
Xu et al. [18] has also observed presence of Zn in clusters formed 
during early-stage aging at 150 °C. The core of those clusters was 
Mg-rich. However, the present investigation has not indicated such 
phenomenon. This can be attributed to the difference in the aging 
temperature for their work (at 150 °C) and the current study (at 
room temperature, ∼ 25 °C), which altered the extent of migration 
for Mg atoms to join the clusters. Previous works on Cu-containing 
Al-Zn-Mg alloys showed the presence of Cu in GP precipitates as 
Mg has a strong tendency to bond with Cu during the initial chem- 
ical ordering of GP zones [17] . The smaller Cu atoms might com- 
pensate the compressive strain caused by the larger Mg atoms, and 

therefore stabilize the Mg-rich spherical solute clusters/GP-I pre- 
cipitates that might not be stable otherwise. Since the clusters are 
stabilized, the formation of GP-II zones from solute clusters and 
GP-I zones can be promoted; similar to as the thermal stability of 
GP zones enhanced the nucleation of ƞ′ precipitates [29] . As the in- 
corporation of Cu is expected to reduce the strain field in GP zones, 
possibly due to this platelet-shaped GP-II precipitates are found to 
be grown longer/thicker (see Fig. 2 d , Fig. 3 c and Fig. 4 d) without 
losing coherency with the Al matrix along the {111} Al habit planes 
[20] . Addition of Zn-rich atomic layers on {111} Al planes reported 
to have contributed for the growth of GP-II [18] . Although nucle- 
ation GP-II from GP-I via in situ nucleation (i.e. from GP-I) and sep- 
arated nucleation (i.e. from the interface between GP-I and the Al 
matrix) has not been reported previously, Chung et al. [22] has ob- 
served separated nucleation of ƞ′ from the region adjacent to GP-II 
and in situ nucleation of ƞ from ƞ′ . The driving force for the ob- 
served dissolution of GP-II precipitates in Al lattice with increased 
natural aging time, without transforming into stable ƞ′ precipitates 
as reported in the previous works [ 12 , 15 , 20 ], suggest fluctuations 
in the dynamics of solute cluster evolution. 

The present very early-stage precipitation study in Al-Zn-Mg 
alloy under natural aging condition exhibits the formation of so- 
lute cluster and subsequent nucleation of GP-II zone adjacent to 
the cluster immediately (from within ∼5 mins to ∼1 hour) af- 
ter quenched down to room temperature from the normalization 
temperature of 490 °C. The relation between GP-I and GP-II pre- 
cipitates in regard to their nucleation during natural aging in the 
Al-Zn-Mg alloy has been elucidated. The current study indicates 
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Fig. 3. High resolution transmission electron micrographs obtained at different times during in situ observation of natural aging in the investigated Al-Zn-Mg alloy. The 
series of images indicate separated nucleation of GP-II zone from a GP-I precipitate. The nucleation of GP-II started from the interface between GP-I and Al matrix. This 
GP-II further grows in thickness and length and finally dissolved into the matrix with the increase in natural aging time. The GP-I precipitates and the GP-II precipitate 
are delineated by red dotted circle and yellow dotted lines, respectively, whilst the green dotted circle in (b-d) indicated the initial position of the GP(I) 1 precipitate. The 
FFT of red dotted regions in (b) and (c) shows the crystallographic arrangement of Al matrix area, whilst the FFT obtained from yellow dotted region in (c) indicates the 
characteristic feature of GP(II) i.e. streak at (1 1 1) Al spot. 

Fig. 4. High resolution transmission electron micrographs (HREM) obtained at different times during in situ observation of natural aging in the Al-Zn-Mg alloy. The series 
micrographs point to the in situ nucleation of GP-II zones from a GP-I precipitate (lower-left one in (a)). (b-e): the magnified regions of the image focusing only on that GP-I 
from which GP-II precipitates are nucleated and subsequently grown or dissolved (GP-II 1 ) with increase in natural aging time. The GP-I precipitates and the GP-II precipitates 
are delineated by red dotted circle (in (a) and (b)) and yellow dotted lines (in (b-e)), respectively. FFT from (b) showed weak streak nature at (1 1 1 ) Al, whereas, these streaks, 
which are characteristic feature of GP-II becomes more strong and visible in FFT obtained from (c). 
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the separated as well as in situ nucleation of GP-II precipitates 
from GP-I precipitate. Nucleation of GP-II from the interface be- 
tween GP-I and matrix is referred to as a separated nucleation, 
whereas when GP-II nucleates from a GP-I is termed as in situ 
nucleation. Although previous studies suggested GP-II as a precur- 
sor to the formation of ƞ′ in Al-Zn-Mg alloys, some of these GP- 
II zones observed in the current study are found to dissolve into 
the Al matrix without further transforming to ƞ′ precipitates. Our 
results suggest that, although solute clusters and GP zones can 
start very early (just several mins after the quench from solid so- 
lution treatment) during the natural aging, the mechanisms and 
process to generate stable clusters and precipitates can be quite 
complex with a relatively long evolution time. Different than the 
simple precipitation sequences described in the introduction, there 
could be strong fluctuations in cluster/precipitate types and for- 
mation mechanisms. Further investigations are needed to quanti- 
tatively understand the critical sizes/time to stabilize these clus- 
ters/precipitates. Moreover, the influence of surface effects on the 
observed phenomena needs to be investigated further. 
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