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A B S T R A C T   

To obtain thorough understandings of precipitation process in heat-treatable Mg-Ca-Zn alloy, we revisited the 
precipitation process of a Mg-0.3Ca-0.6 Zn (at.%) dilute alloy during isothermal aging at 200 ◦C using an 
aberration-corrected scanning transmission electron microscope, atom probe tomography, and first-principles 
calculations. The monolayer G.P. zones form on the (0002)α plane in the peak-aged condition and transform 
into tri-atomic layer η’’ and η’ plates with a thickness of a single unit-cell height. The η’ plates, then, form in pairs 
and stacks with energetically favorable 4–5 atomic layers of pure magnesium between the plates. While such a 
transformation path is similar to that seen in Mg-RE-Zn alloys (RE: rare-earth elements), the unique structure of 
coarse η1 plates that precipitate after the η’ plates leads to a different precipitate microstructure evolution from 
the Mg-RE-Zn system. The η1 phase (Mg7Ca2Zn3) is unevenly distributed in the matrix after 100 h of aging and 
finally evolves to the equilibrium η phase (Mg10Ca3Zn6) phase with a hexagonal structure. First-principles cal-
culations of energetics were performed to further identify the crystal structure and stability of the precipitates, 
supporting the following new precipitation sequence: 

S.S.S.S. → G.P. zones → η’’ → η’ → η’ pairs and stacks / η1 → η   

1. Introduction 

Broad interests in lightweight magnesium (Mg) alloys have been 
provoked by the compelling weight-saving demand in the transportation 
and medical sectors [1,2]. Among recently developed Mg alloys, 
heat-treatable Mg-Ca-Zn alloys are potential candidates for various ap-
plications, including structural and biomedical applications [3–9]. The 
rapid age-hardenability of Mg-Ca-Zn dilute alloys led to good combi-
nations of extrudability and strength in extrusions and formability and 
strength in sheets that had never been achieved in commercial Mg alloys 
[3–6]. The precipitation-hardened Mg-Ca-Zn alloys also exhibit good 
creep resistance and biocompatibility [6–9]. While the wrought alloys 
are heat-treated in under-aged or peak-aged conditions to use a high 
precipitation-strengthening effect [5], the creep-resistant alloys are 
over-aged at elevated temperatures [7], and the precipitate distribution 
significantly affects the degradation behavior in the biodegradable al-
loys [8,9]. Therefore, an in-depth understanding of the whole 

precipitation process in the Mg-Ca-Zn alloy is crucial to correlate the 
microstructure with properties, providing guidelines for further im-
provements of in-service performance. 

The precipitation sequence in the Mg-Ca-Zn alloy was proposed in 
the literature as follows [10], and Table 1 summarizes the structures and 
compositions of the precipitates: 

S.S.S.S. → α-Mg + ordered Guinier Preston (G.P.) zones → α-Mg + η’ 
→ α-Mg + η 

In previous experimental studies [4,6,11-14], the G.P. zone was 
suggested to be a monolayer precipitate (hexagonal, a = 0.56 nm) 
forming on the (0002)α plane of the Mg matrix with Ca and Zn atoms 
six-fold coordinated by Mg atoms. A recent density functional theory 
(DFT) study considered detailed configurations of Ca and Zn and sug-
gested several structures consistent with experimentally reported 
diffraction patterns and STEM images [15]. In the suggested structures, 
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Ca atoms are six-fold coordinated by Mg or Zn atoms in the monolayer G. 
P. zones, and the most stable one is consistent with the measured Ca/Zn 
ratio (i.e., ~ 1:1 [4,6]). However, the structure and composition of the 
metastable η’ and equilibrium η phases are still under debate. The η′ 
phase is a thin plate-like precipitate forming on the (0002)α planes with 
a hexagonal structure (P63/mmc, a = 0.56 nm, c = 1.04 nm) in 
Mg-0.6Ca-0.4 Zn (at.%) alloy [16], while Oh-ishi et al., reported it has a 
similar monolayer structure to that of the G.P. zone in Mg-0.3Ca-0.6 Zn 
(at.%) alloy [13]. In addition, the η′ single plates gradually form in plate 
pairs during over-aging [12]. Since such precipitate microstructure 
evolution is similar to that of γ′′ phase in the Mg-RE-Zn (RE: Y or Gd) 
alloys, a more complicated precipitation sequence may be expected in 
the Mg-Ca-Zn dilute alloy like the following one, which is well estab-
lished in the Mg-RE-Zn alloys [17–20]; 

SSSS → α-Mg + ordered G.P. zones → α-Mg + γ’’ → α-Mg + γ’ → 
α-Mg + γ + δ 

Different structures and compositions have been also reported for the 
equilibrium η phase depending on the alloy compositions. The η phase is 
a Mg2Ca structure type phase with a hexagonal structure (P63/mmc, a =
0.62 nm, c = 1.01 nm) in Mg-0.6Ca-0.4 Zn (at.%) alloy, and has different 
orientation relationships (ORs) depending on the shape as listed in 
Table 1. However, a trigonal structure (P3̄1c, a = 0.97 nm, c = 1.01 nm) 
with a chemical composition of Ca2Mg6Zn3 was reported for the η phase 
in Mg-1Ca-2.3 Zn (at.%) alloy [21,22]. More recently, Schäublin et al. 
analyzed the precipitates formed in an as-extruded Mg-0.2Ca-0.6 Zn 
alloy and concluded that the structure of the ternary phase is hexagonal 
(P63/mmc, a = 0.96 nm, c = 1.00 nm) with a composition close to 
Ca2Mg5Zn5 or Ca3Mg11Zn4. [23–25]. 

Mg-0.3Ca-0.6 Zn (at.%) alloy exhibits the largest age-hardening 
response in the precipitation hardenable Mg-Ca-Zn system [13]. 
Therefore, the clarification of the precipitation sequence of this partic-
ular alloy composition would provide baseline knowledge for under-
standing the precipitate microstructures in the Mg-Ca-Zn dilute alloys. 
In this study, we thoroughly analyzed the precipitate microstructure 
evolution in the Mg-0.3Ca-0.6 Zn (at.%) alloy during artificial aging at 
200 ◦C which is close to the aging temperature for wrought alloys and 
service temperature for creep-resistant ones, and unambiguously 
established the precipitation sequence in the Mg-Ca-Zn system. 
Furthermore, the atomic structures of metastable η’’, η’, and η1 phases 
and equilibrium η phase are deduced, which are not only thermody-
namically stable based on first-principles calculations, but also fulfill the 
structural and compositional information from STEM and 3DAP mea-
surements. The phase stability of each precipitate type in first-principles 
calculations provides the thermodynamic rationale for the precipitation 
sequence. 

2. Experimental and computational methods 

Alloy ingots with a nominal composition of Mg-0.3Ca-0.6 Zn in at.% 
(Mg-0.5Ca-1.6 Zn in wt%, ZX20) were prepared from high-purity Mg 
(99.9%), Zn (99.99%) and Mg-30 wt.% Ca master alloy by induction 
melting in a steel crucible and casting into a steel mold in an argon (Ar) 
atmosphere. Hereafter, the alloy is denoted as ZX20. The chemical 
composition of the alloy was measured using inductively coupled 
plasma (ICP) analysis to be Mg-0.32Ca-0.61 Zn in at.%, and the impurity 
contents are significantly lower than the Ca and Zn contents. The ingots 
were encapsulated in He-filled Pyrex tubes for solution treatment at 520 
◦C for 2 h and then quenched into water. 2-mm-thick samples sectioned 
from the as-quenched ingots were subsequently aged in an oil bath at 
200 ◦C for various times. The hardness value for each aging condition 
was measured by averaging 10 individual indentations using a Vickers 
hardness tester under a load of 0.3 kg. 

(S)TEM observations were carried out using Thermo Fischer Scien-
tific Titan G2 80–200 TEMs equipped with a probe corrector and a Super- 
X energy-dispersive X-ray (EDX) spectrometer operating at 200 kV. Thin 
foil samples for STEM observations were prepared by punching 3 mm 
diameter discs and twin-jet electro-polishing using electrolyte of 5.3 g 
LiCl, 11.16 g Mg(ClO4)2, 500 ml methanol, and 100 ml 2-butoxy-ethanol 
at about −50 ◦C with a voltage of 90 V. After electropolishing, the foils 
were cleaned using ion-milling (Gatan PIPS) at 2 kV for 20 min. The 
thickness of TEM foils was measured using the convergent beam electron 
diffraction under a two-beam condition [26]. The atomic-resolution 
HAADF-STEM images were Fourier filtered using a Gatan Digital-
Micrograph software. To minimize the effect of the surrounding matrix 
on the chemical quantification of coarse precipitates, EDS spectra were 
acquired near the edge areas of TEM thin foils, where the matrix is not 
expected to be included along the thickness direction. In addition, at 
least five measurements were performed for each precipitate with the 
analyzed region in the center of the precipitate to further reduce the 
errors caused by the matrix contribution. Simulation of high-angle 
annular dark-field (HAADF) images was carried out using the xHREM 
software developed by HREM Research Inc. based on the fast Fourier 
transform (FFT) multi-slice method [27]. The simulation parameters of 
acceleration voltage (200 kV), beam convergence semi-angle (17.9 
mrad), HAADF detector radius (βinner = 69 and βouter = 200 mrad), 
defocus (0.4 nm), the third and fifth order spherical aberration (C3 =
0.5 mm and C5 = 0 mm), 2-fold astigmatism (A1 = 2.5 nm) were the 
same as experimental conditions. The dependence of image contrast on 
thickness is simulated up to 100 nm, and the optimized thickness values 
were selected to make a good match between experimental and simu-
lated images. 3D atom probe (3DAP) analysis was performed using a 
local electrode atom probe (CAMECA LEAP 5000 XS) in voltage pulse 
mode at a temperature of 30 K. Sharp needle-like specimens for the 

Table 1 
Reported strengthening precipitates in dilute Mg-Ca-Zn alloys.  

Phase Ref. Structure composition Lattice parameter, nm Morphology Orientation relationship 

G.P. zone [4,11-14,15] hcp Mg2(Ca,Zn) 
MgCaZn 

a = 0.56 nm monolayer (0001)α disk [101̄0]G.P.// [112̄0]α 

η’ 
[16] 

hcp, P63/mmc MgCaZn a = 0.56 nm, c = 1.04 nm (0001)α plate (0001)η’ // (0001)α, [21̄1̄0]η’ // [101̄0]α 

[12] 
hcp – a = 0.56 nm (0001)α plate [101̄0]η’ // [112̄0]α 

η 
[16] 

hcp, P63/mmc Mg2(Ca,Zn) a = 0.62 nm, c = 1.01 nm (0001)α plate (0001)η // (0001)α, [21̄1̄0]η // [101̄0]α 

[12] 
hcp, P63/mmc Mg2Ca(Zn) a = 0.58 nm, c = 0.94 nm rectangular shaped (0001)η // (011̄0)α, [1̄21̄0]η // [21̄1̄0]α 

and 
(0001)η // (0001)α, [1̄21̄0]η // [011̄0]α 

[13,21,22] trigonal, P3̄1c Ca2Mg6Zn3 a = 0.97 nm, c = 1.01 nm ellipsoidal shaped (101̄0)η // (101̄0)α, [0001]η // [0001]α 
rhombus shaped (0001)η // (12̄10)α, [12̄10]η // [1̄010]α 
cuboidal shape (112̄0)η // (0001)α, [0001]η // [112̄0]α, and 

(112̄0)η // (0001)α, [0001]η // [213̄0]α 

[23–25] 
hcp, 
P63/mmc 

Ca2Mg5Zn5 a = 0.96 nm, c = 1.00 nm _ _  
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3DAP analysis were prepared by the focused ion beam (FIB) lift-out and 
annular milling techniques using a FEI Helios G4 UX. The statistical and 
chemistry of precipitates in the selected volume were analyzed using a 
maximum separation algorithm in the IVAS™ 3.8.14 software. We 
determined the parameters of separation distances (dmax = 0.6 ~ 0.8), 
minimum number of solutes (Nmin = 8~10), envelop distances (L = 0.6 
~ 0.8), and erosion distances (derosion = L) based on the nearest neighbor 
approach described elsewhere [28,29], and optimized separately for 
each aging condition and precipitate type to avoid the unacceptable 
artifacts. 

The atomic structures of precipitates were determined based on 
symmetry from diffraction pattern, composition from 3DAP analysis, 
contrast from STEM and thermodynamic stability from first-principles 
calculations. For a given structural template, numerous unique atomic 
structures exist depending on the atomic decoration of the lattice sites in 
the template. Based on the prototypical template from experiments, all 
the ordered structures are enumerated with the size of unit cell deter-
mined by diffraction pattern and STEM images. Here “enumerated” re-
fers to the process of listing or generating all possible configurations 
with distinct occupations of Mg, Zn or Ca. The experimentally measured 
symmetry, compositions and SAED patterns were used to screen the 
atomic structures. For the disordered or partially disordered structures, 
the random distribution of solutes on the structural template is modeled 
using the special quasi-random structures (SQS) [30,31], where the 
correlation between solutes in a small cell mimics the completely 
random distribution of solutes in an infinitely large supercell. The Alloy 
Theoretic Automated Toolkit (ATAT) is used to enumerate ordered 
structures and build SQS [32]. When optimizing the correlations be-
tween solutes in SQS, the cut-off distances for pair, triplet and quadru-
plet clusters were at least 9.91, 6.39 and 5.54 Å. 

After the candidate structures were chosen, first-principles electronic 
structure methods based on density functional theory (DFT) were per-
formed to optimize the structures and calculate their formation energies 
[33,34]. The ion-electron interaction was described by the projector 
augmented plane-wave method [35] and the exchange-correlation 
functional was described by an improved general gradient approxima-
tion of Perdew-Burke-Ernzerhof [36], as implemented in the Vienna ab 
initio simulation package (VASP, version 5.4) [37,38]. The detailed DFT 
settings and the methods for stability analysis can be found in our pre-
vious work [15]. In addition to agreeing with the symmetry and 
composition from experiments, a candidate structure is chosen only if it 
does not collapse during structural optimization (i.e., mechanical sta-
bility) and has negative formation energy (i.e., thermodynamic stability) 
with respect to pure metals. Note that formation energies per solute are 
used to compare the relative stabilities of precipitates in different 
compositions and reflect the changing chemical potential of the 
observed precipitates during the aging process [39,40]. In DFT calcu-
lations, the atomic positions were allowed to relax while the cell shape 
and volume were fixed for the early-stage precipitates (i.e., η’ and η’’) to 
mimic the constraint from the Mg matrix. Meanwhile, all degrees of 
freedom were relaxed for the precipitates with bulk structures (i.e., η1 
and η). 

3. Experimental results 

Fig. 1 shows the variation in Vickers hardness for the ZX20 alloy 
during isothermal aging at 200 ◦C. The ZX20 alloy has a hardness value 
of 50.1 ± 1.1 HV in the as-quenched condition, and exhibits a sub-
stantial increase to the peak hardness of 63.6 ± 1.3 HV in only 0.3 h. 
After a short plateau until ~ 3 h, the hardness gradually decreases to 
40.3 ± 1.2 HV after 1000 h. 

Figs. 2a through f show the HAADF-STEM images and SAED patterns 
obtained from the samples aged at 200 ◦C for various time. The corre-
sponding bright-field (BF) TEM images are shown in Figure S.1. Note 
that the HAADF-STEM and BF-TEM images were acquired from a [11̄00]α 

zone axis, and the SAED patterns were taken from both [0001]α 
and [11̄00]α zone axes. Although precipitates are not clearly visible due 
to the low magnification of the HAADF-STEM image at 0.1 h, Fig. 2a, the 
formation of extremely fine plate-like precipitate is expected on the 
(0002)α planes because faint diffraction spots and streaks are visible at 
the 1/3(112̄0)α and 2/3(112̄0)α in the SAED patterns [6]. At the peak 
hardness of 0.3 h, brightly imaged fine plate-like precipitates with an 
average diameter of 3.6 ± 0.8 nm are densely distributed on the (0002)α 
planes, Fig. 2b. These fine plates are identified as the G.P. zones ac-
cording to the extra reflections and continuous streaks in the SAED 
patterns [11]. The strain contrast surrounding the G.P. zone indicates 
the coherent interface with the Mg matrix, Fig. S.1a. The fine plates are 
coarsened by over-aging for 2 h and 10 h as their average diameter in-
creases to ~ 7.8 ± 1.3 and ~ 14.7 ± 3.2 nm, respectively, Figs. 2c and d. 
The SAED patterns of 2 and 10 h-aged samples show similar features to 
those observed in 0.3 h-aged sample, indicating that ordered structures 
remain within these large plates. The strain contrast is also clearly 
observed at the long sides of plates, Fig. S.1b and c. The plate-like pre-
cipitate forms in pairs followed by stacks by prolonged aging, as shown 
in the HAADF-STEM images obtained from the 100 h- and 300 h-aged 
samples, Figs. 2c and d. The average diameter of the plate pairs at 100 h 
aging is ~ 25.7 ± 5.6 nm and coarsened to ~ 45.3 ± 8.7 nm after 300 h 
aging. The extra reflections and strain contrast are still visible in the 
SAED patterns and the BF images, respectively, suggesting the retention 
of ordered structures and interfacial coherence in these plate pairs and 
stacks, Fig. S.1d and e. 

Figs. 3a through c show atomic-resolution HAADF-STEM images of 
the nanoscale precipitates in the 0.3 h, 2 h, and 10 h aged samples, 
respectively. The ordered G.P. zone in the 0.3 h-aged sample is a 
monolayer plate, Fig. 3a. The [112̄0]α image shows bright columns 
containing either Ca or Zn arranged closely on a single (0002)α plane, 
while a periodical arrangement of Zn/Ca-rich columns with an interval 
of every two columns are observed along the [11̄00]α. The intensity 
profile across the G.P. zone and the (0002)α planes shows that the 
interplanar spacing between two adjacent (0002)α planes centering the 
G.P. zone is measured to be ~ 0.49 nm, which leads to a misfit of −0.058 
along the direction normal to the (0002)α habit plane assuming d(0001)α is 
0.52 nm. Because the interspacing between the bright Zn/Ca-rich col-
umns in the G.P. zone is measured to be ~ 0.48 nm in the [11̄00]α 
projection plane, the G.P. zone is proposed to have an ordered structure 

Fig. 1. Variations in Vickers hardness as functions of aging time for the ZX20 
alloy during artificial aging at 200 ◦C. Note that A.Q. and P.A. stand for as- 
quenched and peak-aged condition, respectively. 
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with a = 0.56 nm, which in agreement with the one in the DFT calcu-
lations [15], as well as the experimental observations in Mg-Ca-Zn(-Zr) 
and Mg-RE-Zn-Zr alloys [11,13]. 

The monolayer G.P. zones transform into tri-atomic-layer plates 
designated as the η’’ phase by aging for 2 h, Fig. 3b. The middle layer of 
the η’’ shows the brightest contrast from the [112̄0]α, indicating a strong 
Zn enrichment compared to the two side layers. The [11̄00]α image 
shows a similar atomic arrangement for all three layers with a period-
icity of every two brighter columns separated by one dark column. The 
thickness of the η’’ plate from the intensity profile is measured to be ~ 
0.47 nm, leading to a slightly large lattice misfit of −0.096 compared to 
that of the G.P. zone. The HAADF-STEM images and SAED patterns 
suggest that the η’’ phase has an ordered hexagonal structure (P6̄2 m, a 
= 0.56 nm and c = 0.47 nm), which is similar to the γ’’ phase in the Mg- 
Gd-Zn(-Zr) alloys [17,20]. 

The plate-like precipitates in the 10 h-aged sample are also tri- 

atomic-layer on the (0002)α planes, Fig. 3c. Unlike the η’’ phase, the 
atomic positions in the brightly imaged middle layer shift by a distance 
of 

̅̅̅
3

√
/6 along each [11̄00]α direction, which allowed us to identify it as 

the η’ phase. The thickness of the η’ is measured to be ~0.46 nm with a 
lattice misfit of −0.115, which is slightly larger than that of the η’’ 
phase, −0.096. The η’ phases are determined to be a hexagonal structure 
(P6̄2 m, a = 0.56 nm and c = 0.43 nm) that is analogous to the γ’’ phase 
observed in other Mg-Gd-Zn and Mg-Y-Zn-Ag-Zr alloys [18,41-43]. 
Considering the structural similarity, the OR between η’/η’’ and the 
α-Mg matrix is described as (0001)η″/η′// (0001)α, [101̄0]η″/η′// [112̄0]α. 

Fig. 4a shows a 3D atom map of Mg, Ca, and Zn obtained from the 
0.3 h-aged sample. The Ca and Zn are enriched within densely dispersed 
plates with a number density of ~ 1.2 × 1024 m−3. The plate diameter 
dependence of the Zn/Ca ratio are measured by the maximum separa-
tion algorithm from a larger volume of 200 × 40 × 40 nm3. The Zn/Ca 
ratio exhibits wide scatter within a small diameter of less than 1 nm due 

Fig 2. HAADF-STEM images and SAED patterns of the ZX20 alloy aged for (a) 0.1 h, (b) 0.3 h; peak-aged, (c) 2 h, (d) 10 h, (e) 100 h and (f) 300 h, respectively, at 
200 ◦C. Note that the images were taken from the [11̄00]α zone axis, and SAED patterns were recorded from both [0001]α and [11̄00]α directions. 
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to the random solute fluctuations in the matrix [44–46], and narrower 
distributions with increasing plate size. Most plates in the diameter of 1 
~ 3 nm have the Zn/Ca ratio varied from 0.6 to 1.4 with an average of ~ 
1, which is close that of the G.P. zones [4,15]. The Ca/Zn-rich regions 
become more evident with the decreased number density in the 2 h (~ 
4.5 × 1023 m−3) and 10 h-aged (~ 1.6 × 1023 m−3) samples, respectively, 
Figs. 4b and c. Meanwhile, the average Zn/Ca ratio of plates also 
gradually increases with the aging time. The 2 h-aged sample shows 
varied Zn/Ca ratio of 0.8–1.3 (average ~1.1) in the plate diameter of 2 
~ 6 nm, Fig. 4b, which is slightly higher than that of the G.P. zones. The 
variation of Zn/Ca ratio in the 10 h-aged sample further increases to ~ 
1–2 (average ~ 1.5) in a larger plate diameter of 4–15 nm, Fig. 4c, 
indicating the transformation from the G.P. zone to the η’/η’’ phase. 
Note that the scattered points in the diameter range of 5 ~ 10 nm are 
from plates located near a zone line with a high concentration of Zn, 
which leads to the overestimation of Zn/Ca ratios due to the preferential 
loss of Mg and Ca atoms by trajectory aberrations [47]. 

Fig. 5 shows an atomic-resolution HAADF-STEM image of the 

precipitates obtained from the 100 h- and 300 h-aged samples. A η’ plate 
pair composed of two single η’ plates are observed from the 
[112̄0]α and [101̄0]α zone axes with an interplanar spacing of ~ five 
α-Mg layers, Figs. 5a and b. Further aging to 300 h leads to the precip-
itation of the other two η’ plates to form the η’ plate stack, and the 
number of the α-Mg layer between the neighboring η’ plates is five in 
most cases, Figs. 5c and d. In the 300 h-aged sample, some η’ plate stacks 
may also transform into a coarse plate-like precipitate designated as η1 
phase, where the η’ plates and an atomic layer enriched with Zn (and Ca) 
are alternatively stacked as seen from [112̄0]α and [101̄0]α images, 
Figs. 5e and f. The corresponding FFT pattern along the [101̄0]α, Fig. 5g, 
shows that the (0002)α and (112̄0)α reflections are divided by three and 
two extra spots, respectively, indicating that the d(0001)η1 and d(11̄00)η1 
are about four and three times that of d(0002)α and d(112̄0)α

. The unit cell 
height of the η1 phase is measured to be ~ 0.96 nm, leading to a lattice 
misfit of −0.077 smaller than that of the η’ phase. To obtain the chemical 
composition of the η1, the STEM-EDS mapping was performed in an area 

Fig. 3. Atomic-resolution HAADF-STEM images and intensity profiles measured across the nanoscale precipitates observed in (a) 0.3 h, (b) 2 h, (d) 10 h at 200 ◦C. 
Note that the images on the upper and middle row are taken from the zone axes of [112̄0]α and [11̄00]α, respectively. (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. 3D atom maps of Mg, Ca, and Zn, and plots of variations of Zn/Ca ratio as functions of the plate diameter in the ZX20 alloys aged for (a) 0.3 h, (b) 2 h and (c) 
10 h, respectively. 
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of 13 × 9 nm2 including the η1 plate and surrounding matrix. The 
standardless quantitative analysis from the EDX spectrum in the center 
area of the plate (Fig. 5h) indicates that the η1 phase has an average 
composition of Mg-14.2 ± 2.1Ca-21.6 ± 1.2 Zn (at.%). The above results 
suggest that the η1 phase has a hexagonal structure (a = 0.56 nm, c =
0.96 nm) with a Ca/Zn ratio remaining ~ 1.5. The OR between η1 and 
the α-Mg matrix is such that (0001)η1

// (0001)α, [112̄0]η1
// [101̄0]α. 

Figs. 6a and b show low-magnification HAADF-STEM images of the 
ZX20 alloy aged for 1000 h taken from the [112̄0]α and [0001]α zone 
axes, respectively. Among several precipitates with different shapes, 
typically observed precipitates are the rhombic-shaped plates lying on 
the (0001)α planes as indicated by arrow 1. These basal precipitates are 
designated as η phase with an average length, width, and thickness of ~ 
350±100, ~ 80±40, and ~ 30±10 nm, respectively. Some non-basal η 
precipitates also exist in the matrix, and the ones lying on the {101̄3}α 
planes (indicated by arrow 2) have a lath shape with an average length, 
width, and thickness of ~ 300±80, ~ 50±20 and 20±10 nm, 

respectively. The EDX spectrum as shown in Fig. 6c suggests a chemical 
composition of Mg-30.2 ± 1.1 Zn-16.4 ± 1.3 Ca (at.%) for the η phase. 
Fig. 6d shows the 3D atom map of Mg, Ca, and Zn obtained from the 
1000 h-aged sample with the analysis direction parallel to the [0001]α 
zone axis. The detected precipitate shows the long facets inclined ~ 32◦

to the (0001)α plane, corresponding to the non-basal η as indicated in 
Fig. 6a. The interplanar spacing parallel to the (0001)α plane is ~ 0.53 
nm as clearly resolved in the magnified image across the precipitate. By 
the proximity histogram analysis based on the ~ 9% Ca isosurface, 
Fig. 6e, the composition of the η phase is determined to be Mg-29.4 ±
0.5 Zn-17.1 ± 0.4 Ca (at.%), which is in good agreement with the 
quantification results of the EDS analysis. 

Nanobeam electron diffraction (NBED) patterns were taken from 
different crystallographic directions to determine the crystal structure of 
the η phase, Figs. 7a through c. At least five η precipitates for each 
orientation were measured to ensure the representativeness of the NBED 
patterns. Assuming the lattice parameters of the α-Mg matrix are a =

Fig. 5. Atomic-resolution HAADF-STEM images of the (a,b) η’ plate pair seen in 100 h-aged sample and (c,d) η’ plate stack seen in 300 h-aged sample, respectively. 
(e,f) is a part of η1 phase precipitate observed in 300 h-aged sample. (g) and (h) are the FFT pattern and EDX spectrum obtained from the η1 phase, respectively. Note 
that (a,c,e) and (b,d,f) are taken from the zone axes of [112̄0]α and [101̄0]α, respectively. 
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0.32 nm and c = 0.52 nm, these NBED patterns could be indexed based 
on a hexagonal structure with a = 1.00 nm and c = 1.01 nm. The point 
group and space group are provided as 6/mmm and P63/mmc, respec-
tively, considering the symmetries and reflection conditions. (See Figure 
S.2 and S.3, Table S.1 and S.2 for the detailed information) [48–50]. 
Therefore, the structure of the η phase (P63/mmc, a = 1.00 nm, c = 1.01 
nm) is similar to that of the Ca2Mg5Zn5 (P63/mmc, a = 0.96 nm, c =
1.00 nm), while the measured Mg/Zn ratio is lower than the reported 
one [25]. From the atomic resolution HAADF-STEM images of the η 
phase taken from the [0001]η, [112̄0]η, and [11̄00]η zone axes, respec-
tively. The atomic columns with the brightest and weakest imaging 
contrast are supposed to be enriched with Zn and Mg, respectively, while 
the ones with dim contrast are considered as co-occupation by Zn/Mg, 
Mg/Zn, or Ca atoms. To distinguish the difference in the imaging 
contrast among the columns, we performed the intensity profile analysis 
and revealed the locations of different types of atoms along the selected 
columns. Based on simple assumptions about mixed atomic ratios, the 
HAADF-STEM simulations were performed repeatedly until the imaging 
contrast in the simulated images is consistent with the experimental 
ones, as inserted in the atomic resolution HAADF-STEM images. As a 
result, the Zn/Mg and Mg/Zn ratio in the mixed atomic sites are deter-
mined to be 3:1 and 1:1 with an error margin of 1/4, respectively. The 
thermodynamic and mechanical stabilities of site occupancies are 
further verified by DFT calculations. The sample thickness used for the 
STEM simulations is ~ 35 nm. Therefore, the atomic model of η phase is 
supposed to have 38 atoms in the unit cell (6 Ca atoms, 2 Zn atoms, 14 
Mg atoms, 12 Zn/Mg atoms, 4 Mg/Zn atoms) and a composition of 
Mg10Ca3Zn6. 

Figs. 8a and d show high-magnification HAADF-STEM images of 
basal and non-basal η precipitates in the 1000 h-aged sample viewed 
along the [112̄0]α zone axis. The rhombic-shaped η basal plate (indicated 

by arrow 1 in Fig. 6) exhibits a spindle-shaped cross-section with ~ 50 
nm in width and ~ 30 nm in thickness, while two pairs of facets with the 
long sides, i.e., habit plane parallel to the (1̄103)α are observed for the 
lath-shaped η non-basal plate (indicated by arrow 2). Close inspection of 
the interfacial structures indicates that both η plates show fully coherent 
interfaces with the α-Mg matrix as one (224̄0)η plane matches well with 
one (11̄01)α plane, Figs. 8b and e. The corresponding FFT images show 
the same OR of (112̄0)η // (0001)α, [0001]η // [112̄0]α for both basal 
and non-basal η plates, Figs. 8c and 8f, while the long-side interface of 
the non-basal plate is rotated counter-clockwise for ~ 32◦ with respect 
to (0001)α. 

4. Computational results and discussions 

In this work, we performed an in-depth microstructure analysis to 
clarify the precipitation process of the ZX20 alloy during isothermal 
aging at 200 ◦C. According to the phase diagram reported by Schäublin 
et al. [25], the aging temperature of 200 ◦C for the presently studied 
ZX20 alloy is within the temperature range of 130 ~ 360 ◦C, where the 
precipitation of η phase is expected to be dominant. In contrast, two 
MgCaZn ternary phases of IM1 and IM3 coexist during aging below 130 
◦C, and the formation of the Mg2Ca phase occurs instead of the IM3 
phase during aging at 360 ~ 400 ◦C. Therefore, the crystal structures 
and precipitation sequence reported in the present work would be the 
base for understanding the precipitation behavior in Mg-Ca-Zn dilute 
alloys that may change depending on the aging temperature. 

In this section, we propose the atomic structures for the observed 
metastable η’’, η’, η1 phases and equilibrium η phase based on the 
structural and compositional information in HAADF-STEM and 3DAP. 
The proposed structures were validated by their stabilities in DFT cal-
culations, and the simulated STEM and SAED patterns. In the 

Fig. 6. Low-magnification HAADF-STEM images of the ZX20 alloy aged at 200 ◦C for 1000 h with the electron beam parallel to the (a) [112̄0]α and (b) [0001]α, 
respectively. (c) The EDX spectrum recorded from the η phase. (d) A 3D atom map of Mg, Ca, and Zn obtained from the 1000 h-aged sample with an enlarged 2D 
projection across the η phase. (e) Proximity histogram across the matrix/precipitate interface. 
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calculations, we found that there are usually several structures for each 
phase with the same structural template and similar formation energies 
but slightly different site occupations on the template (hence fluctua-
tions in overall composition). The ones that best match the experimental 
information are chosen as the final candidates in the current work, and 
corresponding crystallographic information files (CIF) of proposed 
atomic structures are provided in the Supplementary Materials. The 
relative stabilities of the proposed structures of the precipitates in DFT 
provide the thermodynamic reasoning behind the observed precipita-
tion sequence in the current experiments: 

S.S.S.S. → G.P. zones → η’’ → η’ → η’ pairs and stacks / η1 → η 

Distinguished from the monolayer G.P. zones, the η’’ and η’ phases 
are tri-atomic layer plates, as shown in Fig. 3. Both η’’ and η’ phases have 
similar hexagonal structures; a = 0.56 nm, c = 0.47 nm and a = 0.56 nm, 
c = 0.46 nm, respectively, but different Zn/Ca ratios within the plates; ~ 
1.2 and 1.5, Figs. 4b and c. Because the η’’ and η’ are similar to those in 
HAADF-STEM images of γ’’ precipitates in Mg-RE-Zn alloys, i.e., tri- 
layer structures consisting of two undulating side layers and a middle 
layer [11,18,41-43], the atomic structures of the η’’ and η’ phases are 
constructed based on the reported structural template for γ’’ precipitate. 

Fig. 9 shows atomic models, simulated STEM images, and diffraction 
patterns of η’’ phase embedded in the Mg matrix along the [11̄00]α and 
[112̄0]α directions. This phase is proposed to be Mg5Ca2Zn2 with the Zn/ 
Ca ratio of 1:1. Note that this Zn/Ca ratio approximates the statistical 
average of the composition fluctuation observed in 3DAP, Fig. 3b. In this 
tri-layer phase, the two side layers have an ordered pattern with Ca 
atoms six-folded coordinated by Mg atoms on the basal plane, where 
some Ca are randomly replaced by Mg with the Ca/Mg ratio of ~ 3:1 and 
some Mg atoms are replaced by Zn with the Mg/Zn of ~3:1, Fig. 9a. The 
Ca/Mg and Mg/Zn ratios are proposed according to the atomic column 
intensities in the two side layers in the experimental STEM image, 
Fig. 3b. The Mg-rich columns in the side layers of η’’ are slightly brighter 
than the Mg columns in the matrix, which indicates some solutes are in 
these Mg-rich columns in the side layers. In our previous analysis of G.P. 
zones [15], we found that Zn atoms are favored compared with Ca atoms 
on the Mg-rich columns along [11̄00]α. Considering the similarity be-
tween the G.P. zones and the side layers in η’’, some Mg atoms in the 
Mg-rich columns of the side layer of η’’ are replaced with Zn. Further-
more, Ca-rich columns in the side layers are dimmer than or equally 
bright to the Mg-rich columns, indicating atoms with a smaller atomic 
number are on these sites. The ordered pattern on the two side layers of 
η’’ corresponds to the streaks of the 1/3 and 2/3 [112̄0]α on the 

Fig. 7. The NBED patterns, atomic resolution HAADF-STEM images, and intensity profiles along selected atomic columns of the η phase taken from (a) [0001]η, (b) 
[112̄0]η, and (c) [11̄00]η zone axes, respectively. Inserted are simulated images enclosed by white frames. 
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experimental [11̄00]α diffraction pattern, Fig. 9a. The middle layer 
contains Mg, Ca and Zn atoms distributed randomly with a ratio of 3:2:1 
(mixed atomic symbols) with two columns closer to each other within 
each periodicity viewed along the [11̄00]α. The randomness of the atom 
species on the middle layer corresponds to the lack of fractional indexed 

ordered streaks in the experimental [112̄0]α diffraction pattern, Fig. 9b. 
DFT calculations show that the two columns close to each other within a 
period can be stable instead of merging into one in the η’ phase only 
when Ca atoms are in the middle layer, Fig. 3c. Based on the proposed 
atomic model of the η’’ phase, four DFT supercells with different 

Fig. 8. (a,d) High-magnification HAADF-STEM images obtained from the basal and non-basal η precipitates indicated by arrow 1 and 2 in Fig. 7. (b,e) Atomic 
resolution HAADF-STEM images of interfacial structures, and (c,f) corresponding FFT patterns respectively. Note that electron beam is parallel to the [112̄0]α. 

Fig. 9. The proposed atomic models, simulated STEM images, and diffraction patterns of the η’’ phase embedded in Mg matrix viewed along the (a) [11̄00]α and (b) 
[112̄0]α directions. 
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configurations are built by SQS following the elemental ratio on each 
mixed site. The four supercells show mechanical and thermodynamic 
stabilities after structural relaxations using DFT with close formation 
energies. In addition to the stability, the proposed mixed atomic model is 
further validated by the well-matched intensities of atomic columns 
between experimental and simulated STEM images and the matched 
diffraction patterns. Note that the experimentally measured Zn/Ca ratio 
of the η’’ varies within a small range, Fig. 4b. It is likely that the η’’ phase 
could adopt a different Zn/Ca ratio because many similar structures of 
different compositions with low formation energies per solute are also 
found in our DFT calculations. 

Fig. 10 shows the proposed atomic structure of the η’ phase 
embedded in the Mg matrix along the [11̄00]α and [112̄0]α directions. 
This phase is proposed to be Mg4Ca2Zn3 (P6̄2 m, a = 0.55 nm and c =
0.49 nm) with the Zn/Ca ratio of 3:2. Compared to the η’’ phase, the two 
side layers of the tri-layer η’ also have an ordered pattern with Ca atoms 
six-folded coordinated by Mg atoms on the basal plane but with no 
mixed atoms. Because the atomic intensities of the Mg columns in the 
side layers are the same as those of Mg columns in the matrix in the 
experimental [11̄00]α STEM images, Fig. 3c, which indicates few solutes 
in the Mg columns. Additionally, the intensities of Ca columns are 
stronger than those of Mg columns in the matrix, Fig. 3c, which is 
different from the case in η’’, i.e., Ca-rich columns having equal or 
dimmer intensities than Mg columns in the matrix, Fig. 3b. The ordered 
pattern on the two side layers of the η’ corresponds to the streaks of the 
1/3 and 2/3 [112̄0]α on the experimental [11̄00]α diffraction pattern, 
Fig. 10a. The middle layer of the tri-layer η’ only consists of pure Zn 
atoms, which corresponds to the lack of fractional indexed ordered 
streaks in the experimental [112̄0]α diffraction pattern, Fig. 10b. Based 
on the proposed atomic structure in Fig. 10, the DFT supercell is built, 
and the cell shows mechanical and thermodynamic stabilities after 
structural relaxations using DFT. Furthermore, the simulated STEM 
images and diffraction patterns of the proposed η’ phase agree with the 
experimental ones, which further confirms the validity of the proposed 

structure. Compared with the η’’ phase, the η’ phase shows a more or-
dered structure with an increased concentration of Zn, which means the 
partially ordered η’’ phase can be a structural precursor for the ordered 
η’ phase. Notice that the tri-layer structures are similar to CaCu5-type 
Laves phases. It is likely that the attractive chemical interaction and the 
repulsive strain interaction due to the large and anisotropic lattice 
mismatch together lead to such local arrangements. Similar transition 
path from configurations on the HCP lattice to Laves phases have been 
reported in binary Mg-Zn systems [51,52]. 

After prolonged aging to 100 h, the η’ plates tend to form in pairs 
followed by stacks, Figs. 2e and f, with the interplanar spacing mostly 
concentrated in 5 α-Mg layers, Figs. 5a through d. We explained the 
thermodynamic origin behind that transformation by DFT calculations 
encoding both strain and interfacial free energies. Based on the atomic 
structure of η’ phase (Mg4Ca2Zn3), we build a supercell with two tri- 
layer η’ plates separated by 1 to 7 Mg layers within the Mg matrix of 
30 atomic layers along the [0001]α, Fig. 11a. The Mg layers in the matrix 
are used to separate the interaction between η’ plates due to periodic 
boundaries in DFT calculations. As shown in Fig. 11b, the formation 
energy of the whole supercell decreases rapidly when the number of the 
separating Mg layers varies from 1 to 4, and gradually increases from 4 
to 7. The system reaches the minimum energy when the number of the 
Mg layers is around 4, which is quite close to the experimental obser-
vations, Figs. 5a-d. That is similar to the case of the inter-plate distance 
of γ’’ precipitates in Mg-6Y-2Ag-1Zn-0.6Zr (wt.%) alloy [18]. Therefore, 
the presence of 4–5 atomic layers of Mg is the most energetically stable 
when forming a plate pair of η’ plates, likely due to the competition 
between attractive chemical and repulsive strain interactions between 
plates of η’. 

Coarse η1 plates heterogeneously formed in the matrix during over- 
aging, as shown in Figs. 5e through h and Fig. S.4. A similar long- 
period superlattice structure was reported for the Mg17Zn3Yb4; P6̄2m, 
a = 0.6 nm, c = 1.02 nm in a high-pressure synthesized Mg97Zn1Yb2 
alloy [53], while such η1 thick plate, to our best knowledge, is firstly 

Fig. 10. The proposed atomic models, simulated STEM images, and diffraction patterns of the η’ phase embedded in Mg matrix viewed along the (a) [11̄00]α and (b) 
[112̄0]α directions. 
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observed in the Mg-Ca-Zn alloys. Based on the imaging contrast in the 
HAADF-STEM image, Figs. 5e and f, and DFT calculations, Mg7Ca2Zn3 
(Pm, a = 0.57 nm, b = 2.26 nm, c = 0.97 nm, β = 120◦) is proposed as the 

η1 phase. The unit structure, as shown in Fig. 12a, contains 4 layers 
along the [0001]η1, including a tri-layer substructure like η’’/η’ and an 
additional layer of atoms concentrated with Zn and Mg atoms separating 

Fig. 11. (a) Schematic diagram of the supercell with various number of Mg layers between two η’ plates along [0001]α direction. (b) Variation of formation energy as 
a function of number of Mg layers. 

Fig. 12. The proposed atomic models, simulated STEM images, and diffraction patterns of the η1 phase viewed along the (a) [12̄10]η1 and (b) [101̄0]η1directions.  
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the tri-layer substructures. The separating layer has the same periodicity 
of three atomic columns on this plane, which agrees with the tri-layer 
substructure as shown in the experimental HAADF-STEM image along 
the [11̄00]α direction, Fig. 5f. Based on the intensities of atomic columns 
on the separating layer, the brightest spot within a periodicity corre-
spond to the Zn-rich column with a Zn/Mg ratio of 1/1, and the two 
weak spots corresponds to two Mg-rich columns with a Zn/Mg ratio of 
1/3. Within the tri-layer substructure, the two side layers are the same as 
that of η’’/η’, and the inner layer has a composition of MgZn2, which 
leads to the overall composition of Mg7Ca2Zn3 for the η1 phase. Besides, 
the simulated patterns STEM and SAED patterns are also well consistent 
with the experimental ones, Figs. 12a and b. These results confirm the 
proposed structure for the η1 phase. 

The equilibrium η phase has a hexagonal structure of Mg10Ca3Zn6; 
P63/mmc with a = 1.00 nm and c = 1.01 nm, Fig. 7, similar to the 
recently reported Ca2Mg5Zn5 [25]. However, the concentration of Zn; ~ 
30 at.% is lower than that in Ca2Mg5Zn5; ~ 42 at.%. Within the unit cell 
of the proposed atomic model of η phase by HAADF-STEM analysis, 11 
atomic columns are occupied by either Zn or Mg along the [0001]η di-
rection with the Zn/Mg ratio of 3:1 or 1:1 on each atomic site, as shown 
by the mixed atomic symbols in Fig. 13a. The atomic model viewed from 
[112̄0]η and [11̄00]η are shown in Figs. 13b and c, respectively. Based on 
this atomic model, the STEM images and SAED patterns are simulated 
along the [0001]η, [112̄0]η, and [11̄00]η, and these simulated results are 
consistent with the experimental patterns in Fig. 7. 

Structures with definitive configurations must be chosen for those 
mixed sites in DFT calculations to analyze the thermodynamic stability 
of the atomic model of the η phase in Fig. 13. Considering the dis-
ordering on those mixed sites and the ordering pattern based on the 
experimentally determined group symmetry (i.e., P63/mmc), both 
disordered and ordered supercells of the η phase were built. For the 
disordered ones, 6 different structures with Mg and Zn atoms randomly 
occupying the mixed sites were built using SQS following the elemental 
fraction of the proposed atomic model. For ordered configurations, the 

structures with definitive atomic occupations on mixed sites were 
enumerated to find the ones with the space group of P63/mmc. The 
search process is: (i) 3612 possible structures in the proposed atomic 
model of 38 atoms were enumerated on the non-determined mixed sites; 
(ii) 10 structures were selected after limiting the concentration of Mg to 
49–61 at.%, and the point group form the NBED pattern (listed in Tables 
S.1 and S.2); (iii) 2 structures with the composition of Mg10Ca3Zn6 
showing the space group of P63/mmc (a = 0.96 nm, c = 1.03 nm) after 
structural optimization in DFT were determined as the final candidates. 
Fig. S.6 shows the simulated HAADF-STEM and SAED patterns of two 
ordered η candidates. Their SAED patterns agree well with the experi-
mental results, while the HAADF-STEM images have a minute difference 
compared with the experiments. This difference confirms the disorder-
ing on the mixed sites since the simulated and the experimental STEM 
images only match when considering the statistically averaged effect of 
atomic columns on the mixed sites (Fig. 13). Further, the structures with 
6 random configurations and 2 ordered configurations on the mixed sites 
of η phase have the same composition and very close formation energies 
in DFT calculations, i.e., from −15.437 to −14.887 kJ/mol, which ex-
plains the disordering of Mg and Zn on those mixed sites of η phase. 

To explore the thermodynamic stabilities of these phases, we 
calculated their formation energy per solute, i.e., Esolute

f , based on the 
proposed atomic structures. In addition to these phases, the formation 
energy of ordered monolayer G.P. zones and solid solutions are also 
included for a complete picture [15]. The Esolute

f is analyzed as a function 
of xZn/(xZn +xCa) to facilitate a comparison of structures with varying 
Mg concentration but fixed Zn/Ca ratios [39,40]. As shown in Fig. 14, 
the Esolute

f decrease is generally consistent with the observed precipita-
tion sequence: S.S.S.S → G.P. zones → η’’ → η’ / η1 → η. Additionally, the 
Zn/Ca ratio generally increases along this sequence, which shows a 
correlation between decreasing energy and increasing Zn/Ca ratio as 
precipitation process proceeds. Note that the proposed η1 phase has a 
slightly higher Esolute

f than that of η’, which indicates the proposed η1 

Fig. 13. The proposed atomic models, simulated STEM images, and SAED patterns of the η phase viewed along the (a) [0001]η, (b) [112̄0]η, and (c) [11̄00]η directions.  
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phase can be less stable than η’. As discussed before, the formation of the 
η1 phase is likely to be facilitated by defects, while the effect of defects 
on its formation energy is not incorporated in first-principles calcula-
tions due to the small simulation cells. Despite the small difference, the 
energies per solutes for η1 and η’ are close, indicating that they are likely 
to coexist in experiments. In addition, atomic-resolution STEM obser-
vations also show the structural transformations from η’ plates and pairs 
to the η1 via the thickening process and in-situ solute rearrangements, 
respectively, Fig. S.5. Considering that the η’ and η1 phases have the 
similar thermal stabilities, the η1 phase may shows a larger size and 
number density than the η’ as the aging temperature increases, due to 
the fact that the higher temperature can facilitate the solute diffusion to 
the η1 containing more solutes. For the η phase, the formation energies 
per solute of structures with random occupations are marked by black 
stars, while the ordered ones with a space group of P63/mmc are marked 
by red stars. The energies marked by both black and red stars are very 
close, indicating that these structures of η are nearly equally probable to 
be observed experimentally and their coexistence leads to the mixed 
sites in the observed η phase. 

These observations have shown that ZX20 alloy experiences a similar 
transformation path, from SSSS to η1, to the Mg-RE-Zn system, from SSSS 
to γ’ [17]. Nevertheless, the aspect ratio of the η1 plates (~ 150:1) is 
much smaller than that of the γ’ plates (over 1000:1) [17,18]. The dif-
ference in stacking sequence between the η1 and γ’ may explain such 
different morphologies. The γ’ has an ⋅⋅⋅ABCABC⋅⋅⋅ stacking ordered 
structure on the (0002)α plane compared to the γ’’, ⋅⋅ABAB⋅⋅. The large 
shear strain (~0.35) during the hcp/fcc transformation from the γ’’ to γ’ 
leads to the large aspect ratio of the γ’ in order to minimize the strain 
energy of the entire system. In contrast, the η1 maintains the similar 
⋅⋅ABAB⋅⋅ stacking sequence to that of the η’ and shows a relatively small 
lattice misfit of only −0.07 along the [0001]αdirection and near zero 
within the (0002)α habit plane, Figs. 5e and f. Thus, the relatively low 
volumetric strain energy leads to the thickening of the η1 plate rather 
than broadening the surface within the (0002)α plane. In addition, the 
solute-enriched stacking fault structure is reported to be thermody-
namically unstable in the Mg-Ca-Zn system [54]. This may also explain 
the different precipitation behaviors between the Mg-Ca-Zn and 
Mg-RE-Zn alloys. 

The age-hardening response of the ZX20 alloy is closely related to the 
microstructure of precipitates during isothermal aging. Table 2 sum-
maries the size, number density, and volume fraction of precipitates at 
various aging times. Note that the volume fraction was estimated from 
the product of the mean volume and the number density. The ZX20 alloy 
shows the maximum hardness increment, ΔHv of 13.5 HV by peak-aging 

at 0.3 h, which is mainly attributed to a large number of monolayer G.P. 
zones; ~ 1.2 × 1024 m−3 formation in the matrix. According to the APT 
results, the Zn and Ca concentrations within the matrix decrease from 
0.35 to 0.13 at.% to 0.23 and 0.07 at.%, respectively, during the 0.3 to 
10 h-aging. The change in solid solution strengthening for basal slip is 
estimated to be ~ 2.2 MPa (~ 0.23 HV) based on the obstacle model 
from Yasi et al. [55], which suggests a slight strengthening effect in the 
early stages of aging. Assuming that the G.P. zones, η’’, and η’ are 
shearable precipitates, the stress increment for basal slip is given as [56]: 

Δσ =
(αdp

2b

)3/2

⎛

⎜⎜⎝
μb

1̅̅̅̅̅Nvt√ − dp

⎞

⎟⎟⎠ (1)  

where α is the obstacle strength, dp is mean precipitate diameter on the 
slip plane, b is the Burgers vector of the basal dislocations; ~ 0.32 nm, μ 
is the shear modulus of α-Mg; ~ 17.2 GPa, Nv and t are the number 
density and the thickness of basal plates. The obstacle strength of the G. 
P. zone using Eq. (1) is calculated to be 0.166, which is similar to the 
previous report [57]. The following 2 h aging shows the retention of 
hardness increment; ΔHv = ~ 13.3 HV due to the slightly decreased 
number density; ~ 4.5 × 1023 m−3 while increased size of η’’. The αbasal 
of the η’’ is calculated to be ~ 0.105, which is lower than that of the G.P. 
zone. The hardness gradually degrades in the subsequent over-aging 
because the decrease in number density outweighs the increase in pre-
cipitate size. The 10 h-aged sample show the ΔHv of ~ 9.6 HV, resulting 
in a lower αbasal of 0.063 for the η’ compared to the η’’. Therefore, the G. 
P. zones are the strongest precipitate in the Mg-Ca-Zn system. After 
extended 100 h-aging, the hardness value of the ZX20 alloy is even lower 
than that in the as-quenched condition; ΔHv = ~ −1.8 HV, indicating 
that the strengthening by precipitates is totally offset by the reduction of 
solutes in the matrix during precipitation. The volume fraction of the η 
phase in the 1000 h-aged sample is measured to be ~ 3.4%, which is 
slightly higher than the calculated value, ~ 1% in the reported phase 
diagram [25]. 

Summary 

In this work, we thoroughly investigated the precipitation process 
and the structures of precipitates in the ZX20 alloy with a combined use 
of HAADF-STEM imaging, 3DAP, and DFT calculations. The main con-
clusions are summarized as follows: 

1 Precipitation during isothermal aging at 200 ◦C involves the evolu-
tion from the G.P. zones to the equilibrium η phase, and the forma-
tion of a series of metastable phases; η’’, η’, and η1 in the 
intermediate process. A precipitation sequence is proposed as: 

S.S.S.S. → G.P. zones → η’’ → η’ → η’ pairs and stacks / η1 → η 
The formation energies per solute of each phase decrease along 

this precipitation sequence in DFT calculations, which provides 
thermodynamic reasoning behind the observed sequence. 

Fig. 14. Formation energy per solute Esloute
f of series of precipitates observed 

during the aging process. 

Table 2 
Size, number density and volume fraction of precipitates at various aging times.  

Aging 
time, h 

Precipitate Size Number 
density, m−3 

Volume 
fraction,% Diameter, 

nm 
Thickness, 
nm 

0.3 G.P. zone 3.6 ± 0.8 0.17 1.2 × 1024 0.2 
2 η’’ 7.8 ± 1.3 0.47 4.5 × 1023 1 
10 η’ 14.7 ± 3.2 0.46 1.6 × 1023 1.3 
100 η’ pair 45.3 ± 8.7 0.46 3.7 × 1022 2.8   

Length, 
nm 

Width, nm Thickness, 
nm  

1000 η 350 
±100 

80 
±40 

30 
±10 

8.1 × 1019 3.4  
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2 The monolayer G.P. zones in the peak-aged sample transform to the 
η’’ and η’ (0001)α plates with single unit-cell height during the over- 
aging. The Zn/Ca ratio of plates evolves from 1 to 1.5. The η’’ has a 
disordered hexagonal structure; Pm, a = 0.55 nm, c = 0.53 nm and a 
composition of Mg5Ca2Zn2, while η’ has a composition of Mg4Ca2Zn3 
with a symmetry group of P6̄2 m, a = 0.55 nm, c = 0.49 nm. The 
crystal structures and atomic occupancies of η’’ and η’ were deduced 
through a synthesis of the information from STEM, 3DAP, and DFT 
calculations.  

3 The η’ plates develop into pairs and stacks with the interplanar 
spacing most in ~ 4 to 5 α-Mg layers after 100 h aging. This spacing is 
proven to be the most energetically stable in DFT for the stacking of 
η’ plates in the Mg matrix. Coarse η1 plates (Pm, a = 0.57 nm, c =
0.97 nm) also heterogeneously form on the (0002)α plane with a 
composition of Mg7Ca2Zn3. The orientation relationship between the 
η1 and the α-Mg matrix is such that (0001)η1

// (0001)α, 
[11̄00]η1

// [112̄0]α.  
4 The equilibrium η phase has a hexagonal structure; P6322, a = 0.96 

nm, c = 1.03 nm with a composition of Mg10Ca3Zn6. The orientation 
relationship between the rhombic-shaped η basal plate and the α-Mg 
matrix is described as (112̄0)η // (0001)α, [0001]η // [112̄0]α, while 
the lath-shaped η non-basal plate is such that (011̄0)η // (11̄03)α, 
[0001]η // [112̄0]α. The mixed Mg/Zn sites within the phase are 
confirmed by DFT calculations, which leads to the statically aver-
aged effect on the atomic column intensities in the experimental 
HAADF-STEM results. 
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