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A B S T R A C T   

A dispersion of Guinier Preston (G.P.) zones yields attractive mechanical properties in wrought magnesium al-
loys. However, the precipitation of G.P. zones has been reported in a limited number of Mg alloys. Here, we 
report deformation-induced G.P. zone precipitation in Mg-9Al and Mg-5 Zn (wt.%) alloys following equal 
channel angular extrusion at 150 ◦C. While the extrusion leads to the formation of a bimodal grain structure 
consisting of unrecrystallized and recrystallized regions, atom probe tomography reveals a high number density 
of G.P. zones across both regions. Furthermore, hybrid molecular dynamics/Monte Carlo simulations suggest that 
the attraction of Al and Zn solute atoms to vacancy clusters formed from excess vacancies during extrusion could 
be the major driving force for the G.P. zone formation. This combination of experiments and computations 
demonstrates that strategic control of atomic-scale defects can generate novel, far from equilibrium, micro-
structures, thereby providing an innovative approach to strengthening severely deformed Mg alloys.   

Precipitation hardening is a common approach to increase strength 
in steels and aluminum alloys. In a similar manner, the recently devel-
oped age-hardenable Mg-Ca-Zn(-Al) extruded alloys exhibit attractive 
mechanical properties such as excellent extrudability and strength that 
are comparable with those of 6XXX series aluminum alloys [1–3], and 
the Mg-Ca-Zn-Al sheet alloy exhibits excellent room temperature form-
ability and bake-hardenability [4–6]. Such high strength and 
bake-hardenability are attributed to the dispersion of Guinier-Preston 
(G.P.) zones that precipitate during artificial aging after 
high-temperature wrought processing or room temperature 
press-forming. However, the G.P. zones precipitate only in limited sys-
tems in Mg alloys, which particularly do not contain rare-earth elements 
[7]. In Mg-Zn alloy, the trace additions of Ca and Ag or pre-aging at low 
temperatures could facilitate the precipitation of the G.P. zones. The G. 
P. zones were then utilized as nucleation sites or precursors to refine the 
β1

′ precipitates for achieving high strengths [8–10]. However, age 
hardening is very sluggish [11] and pre-aging must be performed for a 
long time at low temperatures to precipitate the G.P. zones in Mg-Zn 

alloys [9,12,13]. Furthermore, neither two-step aging nor micro-
alloying are effective in refining precipitates in Mg-Al based commercial 
alloys because the equilibrium Mg17Al12 phase precipitates directly from 
the supersaturated solid solutions regardless of the aging temperature 
[14]. Therefore, the exploration of simple approaches to precipitate G.P. 
zones in binary Mg-Al and Mg-Zn alloys may lead to new and industri-
ally feasible wrought magnesium alloys. 

Recent studies reported that the application of equal channel angular 
extrusion (ECAE) before artificial aging leads to the acceleration of age- 
hardening and substantial increases in peak-hardness due to the 
refinement of Mg17Al12 precipitates in a Mg-9Al (wt.%) alloy [15–17]. 
This observation is unusual as severe plastic deformation (SPD), such as 
ECAE and high-pressure torsion (HPT), are known to degrade 
age-hardenability due to heterogeneous nucleation of coarse equilib-
rium particles along dislocations and grain boundaries, as demonstrated 
in age-hardenable aluminum alloys [18–22] and magnesium alloys 
[23–26]. To explain the acceleration of kinetics and a substantial 
increment of the peak-hardness in the ECAE Mg-9Al alloy, we consider 
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the excess vacancies induced during SPD, in addition to the dislocations 
[23,27]. Excess vacancies may also lead to the formation of G.P. zones 
even in the Mg-Al alloy, as they can facilitate solute clustering and G.P. 
zone formation in Al alloys [28–31]. In this study, we report unexpected 
G.P. zone formation following ECAE of two binary alloys, Mg-9Al and 
Mg-5 Zn, that contain common alloying elements. Using a thorough 
microstructural analysis by scanning electron microscopy (SEM), 
transmission electron microscopy (TEM), atom probe tomography 
(APT), and hybrid molecular dynamics (MD)/Monte Carlo (MC) simu-
lations, we demonstrate that the introduction of excess vacancies via 
severe plastic deformation can be a simple and convenient approach to 
forming G.P. zones in various magnesium alloys. 

Mg-9 wt.%Al (A9) and Mg-5 wt.%Zn (Z5) binary alloys were pre-
pared by induction melting. The samples were solution-treated under Ar 
gas flow followed by water quenching. The solution-treatment temper-
atures were 450 ◦C and 500 ◦C for the A9 and Z5 samples, respectively. 
Rectangular-shaped billets with a size of 6.35×6.35×10 mm3 were cut 
from the solution-treated samples and subjected to the one-pass ECAE at 
150 ◦C with a right-angle die. The extrusion was done at a rate of 0.15 
mm/min and a back-pressure of 0.45 MPa. Artificial aging at 150 ◦C for 
60 h was performed for solution treated and extruded Z5 alloys. The 
microstructure was analyzed using SEM, TEM, and APT. Electron 
backscattered diffraction (EBSD) analyses were done using a field 
emission SEM, Carl Zeiss Cross Beam 1540EsB, equipped with an HKL 
EBSD system and CHANNEL 5 software. The FEI Titan G2 80–200 TEM 
was used for the TEM observations. APT analyses were performed in 
voltage pulse mode with a pulse fraction of 20% at a temperature of 30 K 

using a local electrode atom probe (LEAP 5000XS). Thin foils for the 
TEM observation and needle-shaped samples for the 3DAP analysis were 
prepared by the standard lift-out technique using FEI Helios G4 UX. 

Both as-extruded A9 and Z5 samples show bimodal grain structures 
consisting of recrystallized and unrecrystallized grains. The color gra-
dients in the EBSD inverse pole figure (IPF) maps in Fig. 1a and b 
indicate a slight reorientation due to the deformation. Fig. 1a and b also 
show that fine-recrystallized grains with a diameter of ~1 μm exist along 
the grain boundaries of unrecrystallized grains, although their volume 
fraction is low. Mg17Al12 and MgZn2 phases are present along the grain 
boundaries in both the A9 and Z5 samples, respectively, as shown in the 
backscattered electron (BSE) SEM images in Fig. 1c and d. While 
Mg17Al12 particles are not present in the matrix in either the recrystal-
lized or unrecrystallized grains in the A9 sample, Fig. 1c, fine MgZn2 
phases are dispersed within the unrecrystallized grains in the Z5 sample, 
Fig. 1d [32,33]. 

The bright-field (BF) STEM image and the corresponding EDS 
elemental maps of Al, Fig. 2a and b, confirm the absence of the Mg17Al12 
precipitates within the unrecrystallized and recrystallized grains in the 
A9 sample. However, Mg17Al12 particles are present along the grain 
boundaries, as indicated by white arrows in Fig. 2a and b. The EDS 
elemental map of Al also shows the depletion of Al near the grain 
boundaries. This is typical of a precipitate free zone, from which su-
persaturated Al is depleted for the formation of the Mg17Al12 pre-
cipitates along the grain boundaries, Fig. 2b. Fig. 2c shows the BF-TEM 
image of the needle-shaped specimen for APT analysis. The Mg17Al12 
particles are present along the grain boundaries (indicated as G.B.). The 

Fig. 1. EBSD IPF maps obtained from the as-extruded (a) A9 and (b) Z5 alloys. Recrystallized and unrecrystallized grains in both samples are indicated by arrows. 
Magnified backscattered electron (BSE) SEM images taken from (c) A9 and (d) Z5 alloys. 

T.T. Sasaki et al.                                                                                                                                                                                                                                



Scripta Materialia 220 (2022) 114924

3

volumes above and below the grain boundary are identified as unrec-
rystallized and recrystallized grains, respectively, because multiple 
dislocations are visible in the grain below the G.B., as indicated by ar-
rows A, B, and C, while the upper grain contains no dislocations. The 
APT map shows the depletion of Al in the recrystallized grain and part of 
the unrecrystallized grain and the segregation of Al along the grain 
boundaries and dislocation cores. Note that the isoconcentration surface 
with the threshold value of 3.0 at.% is applied for ease of visualization of 
the solute segregation to the dislocation cores. Fig. 2d is a magnified APT 
map of Al atoms in the light blue colored volume highlighted in Fig. 2c 
and shows Al-enriched spherical G.P. zones with 1.7 ± 0.8 nm in 
diameter in the recrystallized grain. Dividing this selected volume 

equally into 500 blocks, the frequency distribution of Al concentrations 
within these blocks is presented along with the binomial distribution for 
a random solid solution in Fig. 2e. The experimental distribution is 
wider compared to the binomial distribution. The calculated χ2 value of 
366.56 with 32 degrees of freedom is significantly higher than 62.487, 
the χ2 value corresponding to a 0.01 probability of a deviation greater 
than χ2, which suggests G.P. zone formation in the as-extruded A9 alloy. 
Note that no G.P. zones have been reported for conventionally heat- 
treated Mg-Al binary alloys. The number density of the G.P. zones is 
about 2.0×1024 m− 3, which is one order magnitude larger than typical 
values for Al-4 wt.%Cu binary alloys. 

Unlike the A9 sample, the high-angle annular dark-field STEM 

Fig. 2. (a) Bright-field STEM image and (b) EDS elemental map of Al obtained from a region, including the unrecrystallized grains and fine-recrystallized grains. (c) 
Bright-field (BF) TEM image of the needle-shaped 3DAP specimen before analysis and obtained 3D atom map of Al. The grain boundary and Mg17Al12 phase are 
labeled as G.B. and Mg17Al12, respectively. The dislocations are indicated by arrowheads A through C and the isoconcentration surface of Al at the threshold value of 
3.0 at.% is applied in the 3D atom map for ease of visualization of the precipitates and solute segregation to the dislocations. (d) A magnified 3D atom map of Al 
selected from the volume with light blue color in (c) and (e) the corresponding Al frequency distribution. 

Fig. 3. (a) Low-magnification and (b) magnified HAADF-STEM image obtained from an unrecrystallized grain in the Z5 sample after ECAE. (c) The BF-TEM image of 
the 3DAP needle showing the dislocation contrast and the precipitates and obtained 3D atom map of Zn. Note that the isoconcentration surface of Zn at the threshold 
value of 2.0 at.% is applied in the 3D atom map for ease of visualization of the precipitates and solute segregation to the dislocations. (d) a magnified 3D atom map of 
Zn obtained from a selected box with light blue color in (c) and (e) the corresponding Zn frequency distribution along with binomial distribution for random 
solid solution. 
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(HAADF-STEM) image of unrecrystallized grains in the Z5 sample 
(Fig. 3a) shows a dispersion of fine β1

′ precipitates with bright contrast 
from the matrix due to the enrichment of Zn. The β1

′ precipitates have an 
average length and diameter of 17.4 and 20.6 nm, and the number 
density is estimated to be 1.33 × 1022 m− 3. The magnified HAADF-STEM 
image also shows the formation of spherical G.P. zones with a diameter 
of ~2 nm within the matrix, as indicated by an arrow in Fig. 3b. Fig. 3c 
shows the BF-TEM image of a needle-shaped specimen for APT analysis, 
and Fig. 3c is an APT map of Zn with an isoconcentration surface 
threshold of 2.0 at% applied for ease of visualization of the precipitates 
and solute segregation to the dislocation cores. The Zn distribution is 
heterogeneous within the matrix, as seen in Fig. 3c, and Fig. 3d offers a 
magnified APT map of the light blue volume in Fig. 3c, showing the 
dispersion of spherical Zn-rich G.P. zone with 2.1 ± 1.0 nm in diameter. 
The frequency distribution of Zn in the selected volume is plotted in 
Fig. 3e and is wider than the binomial distribution for a random solid 
solution shown for comparison, indicating the formation of G.P. zones. 
The calculated χ2 value of 1554.57 with 18 degrees of freedom is 
significantly higher than 62.487, the χ2 value corresponding to a 0.01 
probability of a deviation greater than χ2 and supports the presence of 
the Zn-rich G.P. zones. The Zn content in the Zn-rich G.P. zones is 
approximately 4.5 at.%, and the number density of G.P. zones is 9.3 ×
1023 m− 3, which is comparable to that in the as-extruded A9 sample, ~ 
2.0 × 1024 m− 3. 

The ECAE Z5 sample was further artificially aged at 150 ◦C for 60 h 
to examine the stability of the G.P. zones. The HAADF-STEM image 
shows that the rod-like β1

′ precipitates in the unrecrystallized grains 
have coarsened slightly to an average length and diameter of 17.0 nm 
and 10 nm, respectively, and the number density has increased to ~ 7.6 
× 1022 m− 3, Fig. 4a. Nevertheless, the spherical Zn-rich G.P. zones and 
solute segregation to the dislocations still remain in the artificially aged 
ECAEed sample, as shown in the 3D atom map of Zn, Fig. 4b. The 
presence of spherical G.P. zones is also verified by the frequency dis-
tribution of Zn (Fig. 4c) analyzed from the selected volume in Fig. 4b. 
The experimental distribution is wider compared to the binomial dis-
tribution. The calculated χ2 value of 200.925 with 9 degrees of freedom 
is significantly higher than 21.666, the χ2 value corresponding to a 0.01 
probability of a deviation greater than χ2. The Zn content in the G.P. 

zone is approximately 6.4 at.%, and the number density of G.P. zones is 
1.9×1023 m− 3, which is slightly lower than that in the as-extruded 
sample, 9.3 × 1023 m− 3. In contrast, G.P. zones are not observed in 
the Z5 sample artificially aged for 60 h at 150 ◦C after the solution 
treatment, Fig. 4d through f. The β1

′ precipitates are much coarser than 
those seen in the artificially aged sample after ECAE, Fig. 4a and d. The 
β1

′ precipitates have average lengths and diameters of 31.6 and 8.1 nm, 
respectively, while the number density is 1.2 × 1022 m− 3. Unlike the 
sample artificially aged after ECAE, the APT for Zn in Fig. 4e shows that 
the Zn distribution is uniform in the matrix, suggesting the absence of 
the Zn-rich G.P. zones. That is also evidenced by the frequency distri-
bution of Zn analyzed from the selected volume, showing that the 
experimental distribution is consistent with the binomial distribution, 
Fig. 4c. The calculated χ2 value of 18.68 with 10 degrees of freedom is 
significantly lower than 23.21, the χ2 value corresponding to a 0.01 
probability of a deviation greater than χ2. Thus, the null hypothesis that 
they are independent is rejected, indicating the absence of any clustering 
tendency in Zn. 

G.P. zone formation in the ECAE Z5 alloy is unexpected as no G.P. 
zones were reported in Mg-Zn alloys that were artificially aged above 
110 ◦C [9,12,13]. Considering the uniform G.P. zone dispersion 
throughout the matrix, independent from the dislocations, Fig. 3b and c, 
we believe the excess vacancies induced by ECAE are responsible for the 
G.P. zone formation. To explain the formation of the G.P. zones, hybrid 
MD/MC simulations were performed to simulate how solute atoms 
segregates when small vacancy clusters are present. Simulations were 
performed using the LAMMPS package [34]. We chose the MEAM po-
tentials to model the Mg-Al and Mg-Zn binary alloy systems [35,36]. The 
details of the simulation can be found in Ref. [37]. The pressure was 
maintained at zero, and the temperature was chosen to be 150 ◦C. A 
compact vacancy cluster was created by removing the atoms in the 
center of the system. For the simulations, we chose vacancy clusters 
consisting of 3, 5, or 9 vacancies that are designated as 3-mers, 5-mers, 
and 9-mers, respectively. Fig. 5a shows variations in solute concentra-
tions as functions of the distance from the center of a vacancy cluster for 
the Z5 alloy. Small vacancy clusters of 3-, 5-, and 9-mers are capable of 
drawing significant solute segregation in the Z5 sample at 150 ◦C. 
Segregation of Zn is consistent with the DFT calculations [38,39] and the 

Fig. 4. (a)-(c) ECAE sample aged at 150 ◦C for 60 h. (a) HAADF-STEM image, (b) 3D atom map obtained from the artificially aged Z5 alloy for 60 h at 150 ◦C after the 
extrusion. Note that magnified 3D atom map in (b) is obtained from the selected volume with light blue color in the whole 3D atom map. (c) Zn frequency distribution 
along with binomial distribution for random solid solution analyzed from the magnified 3D atom map in (b). (d)-(f) solution treated sample aged at 150 ◦C for 60 h. 
(d) HAADF-STEM image, (e) 3D atom map obtained from the artificially aged Z5 alloy for 60 h at 150 ◦C after the solution treatment. Note that magnified 3D atom 
map is obtained from a selected volume with light blue color in the whole 3D atom map. (f) Zn frequency distribution along with binomial distribution for random 
solid solution analyzed from the magnified 3D atom map in (e). 
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experimental observations [40] that reported an attractive binding be-
tween vacancies and Zn in the Mg matrix. With SPD, it is reasonable to 
expect that high vacancy concentrations can lead to many small vacancy 
clusters which, in turn, enable the formation of solute clusters that 
evolve to experimentally observed GP zones. The G.P. zones remain 
even after subsequent aging at 150 ◦C in the ECAE Z5 sample, while they 
are not observed for the artificially aged, un-extruded sample, Fig. 4a, 
suggesting that the G.P. zones facilitated by excess vacancies are ther-
mally stable. Such thermally stable G.P. zones could serve as a precursor 
of the β1’ phase, resulting in the formation of finer β1’ particles 
compared to the un-extruded Z5 alloy, Fig. 4a and c. These insights 
allow us to explain the unexpected G.P. zone formation in the ECAE A9 
alloy as well. Because small vacancy clusters can also attract significant 
Al segregation in the A9 alloy at 150 ◦C according to the simulations 
shown in Fig. 5b, excess vacancies induced during ECAE processing are 
expected to facilitate G.P. zones and enhanced precipitation in the A9 
alloy as well. The G.P. zones are thought to accelerate precipitation 
kinetics and refine the Mg17Al12 phase that forms during subsequent 
artificial aging, as demonstrated in an ECAE A9 sample [15]. 

In summary, this work reports for the first time unexpected G.P. zone 
precipitation in two binary magnesium alloys with common alloying 
elements (Al and Zn) when subjected to ECAE at 150 ◦C. Based on the 
simulations that show Al and Zn being attracted to vacancy clusters, the 
G.P. zones are attributed to excess vacancies and vacancy clusters that 
arise from severe plastic deformation induced by the ECAE process. This 
work indicates that plastic deformation can be an effective approach to 
forming thermally stable G.P. zones and precipitating refined interme-
tallic particles during subsequent aging in various magnesium alloys. 
This linking of excess vacancies, vacancy clusters, stable G.P. zone for-
mation, and fine intermetallic precipitation is expected to provide new 
insights into design strategies for industrially feasible heat-treatable 
alloys. 
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