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Abstract 
Dilute Mg alloys based upon earth abundant Al, Zn, and Ca (along with minor additions of Mn 

and Zr) exhibit attractive combinations of strength, ductility, and workability via high-speed 

extrusion. These alloys derive their strength from high number densities of ordered, single atomic 

layer Guinier-Preston (GP) zones. The present study explores the potential of two quaternary Mg-

Zn-Ca-Zr (ZXK210 and ZXK310) alloys produced as sheet materials. The anisotropic plastic 

responses of the two alloys are described using an elastoplastic self-consistent (EVPSC) 

polycrystal plasticity model. Similar to what was observed in AXM alloys with Mg-Ca-Al GP 

zones, prismatic slip is more potently strengthened than basal slip. The Mg-Zn-Ca GP zones are 

found to be intrinsically stronger and have a higher antiphase domain boundary energy than the 

Mg-Al-Ca GP zones. Finally, it is shown that the ZXK alloys are immune from natural over-aging. 
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Age-hardenable Mg alloys based upon dilute additions of earth abundant elements Ca, Al 

and/or Zn have been developed with attractive combinations of strength, ductility, and workability 

via high-speed extrusion [1–4]. These dilute Mg alloys are strengthened by a high number density 

of disc-shaped GP zones lying on the basal plane [1,3]. The precise structure of the Mg-Zn-Ca GP 

zones was recently revealed by cluster expansion methods [5]. A recent study has determined the 

distinct strengthening effect of these GP zones on the different slip and twinning modes in the Mg-

Al-Ca-Mn alloy, AXM10304 [6]. It was shown that basal slip and extension twinning modes are 

only modestly strengthened by the GP zones, as compared to the prismatic slip. This interpretation 

also served to explain why rolled sheet products are less potently strengthened than extruded, even 

though the GP zone number densities are essentially the same in the two product forms [7]. A 

polycrystal plasticity-based approach is employed to assess the strengthening effect of GP zones 

in another class of dilute alloys which contains Zn.  

Mg alloys ZXK210 (Mg-1.6Zn-0.5Ca-0.5Zr, in wt. %) and ZXK310 (Mg-3.0Zn-0.5Ca-0.5Zr, 

in wt. %) were cast, homogenized and rolled, as detailed in [8]. Tensile specimens of gage length 

20 mm and width 4 mm were electro-discharge machined from the as-rolled sheets with loading 

axis parallel to the rolling direction (RD), transverse direction (TD) and at 45° to RD towards TD 

(henceforth referred to as 45). The solution treatment (SS) was carried out in a box furnace, in air, 

at 450±2 °C for 1 h followed by water quench. Subsequently, some of these solutionized materials 

were aged at 200±5 °C for 0.5h, 2h, and 72h. The age hardening response was measured by a 

Vickers hardness tester (Tinius Olsen FH14) under 0.1 kgf load with 10s dwell time. Prior to 

hardness testing, ~14 mm size coupons were ground to 1200 grit finish using SiC paper. 

Measurements from 10 indents were averaged to obtain the mean hardness for each heat treatment 

condition. In general, the samples were tested within one week of the heat treatments, however, in 

order to examine the possibility of natural (i.e. room temperature) aging of the solutionized 

material and natural over-aging of the peak-aged (PA) materials, the samples were left at ambient 

conditions and hardness tested periodically, over the course of a year. Room temperature tensile 

tests were performed with an initial strain rate of 10-3 s-1. Some of the tensile specimens were 

deformed up to 9% strain while others were strained up to failure. Square pieces of ~ 25 mm side, 

ground to midplane (between 0.4-0.6 mm of the 1 mm thick sheet) up to 1200 grit finish using SiC 

paper, were used for X-ray diffraction-based texture measurements, as described elsewhere [6,9]. 

An Elasto-ViscoPlastic Self-Consistent (EVPSC) polycrystal plasticity code based on the 
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formulation of Molinari et al. [10,11] and Wang et al., [12] is employed to parse the effects of 

strengthening obstacles on individual deformation modes. 

To characterize the previously observed Zn-Zr particles [8,13] with tetragonal structure similar 

to Zn2Zr3 observed in the Mg-Zn-Zr ternary system [14], TEM/STEM foils extracted from the 

solutionized material were electropolished with the same electrolyte as in [8], at 90V and -50°C, 

yielding ~11 mA/mm2. Imaging of GP zones and the Zn-Zr particles were performed using FEI-

Titan G2 and Themis-Z operating 200 kV. EELS measurement was used to assess foil thickness. 

ImageJ software was used to post-process micrographs to obtain the particle number density and 

size distribution (see Supplement). Electron density functional theory (DFT) was used as in [5,15] 

to determine formation energy, lattice constants, and elastic properties of the Zn-Zr phases as well 

as the antiphase boundary energy (APBE) of the Mg-Zn-Ca GP zone (see Supplement). 

Fig. 1 shows the age hardening curves of ZXK210 and ZXK310 alloys during isothermal aging 

at 200 ºC. The ‘0’ curve corresponds to measurements performed within one week of the heat 

treatment. The other curves correspond to measurements made 1.5, 4 (6 for ZXK310) and 11 

months after the heat treatment, during which the samples were naturally aging at ambient. The 

ZXK210 alloy has a hardness of 56±3 HV in the solutionized condition, which increases to 69±3 

HV after aging for 0.5 h, and to 66±3 HV after aging for 2 h. Upon further aging for 72 h, the 

hardness decreases to 59±2 HV (Fig. 1a). An increase in Zn content from 1.6 to 3 wt.% has little 

effect on the hardness of the aged material (Fig 1b). The age-hardening kinetics also remains 

unaffected, where the peak hardness is reached after 0.5 h. Note, the age hardening response of 

quaternary ZXK210 has been assessed at 170°C and that of the ternary Mg-1.6Zn-0.5Ca alloy has 

been assessed at 200°C [8] (Fig. 1a). It is evident that the aging kinetics is slower at 170°C, and 

the peak hardness of 66.1±1.5 HV is reached after 4 h. The value of the peak hardness is essentially 

the same as that obtained after aging at 200 °C, and addition of Zr also has negligible effect on the 

age hardening behavior. When natural aging is considered, all except the solutionized condition 

show essentially no evolution in hardness; i.e. the values fall within 4 HV which is comparable to 

the level of experimental uncertainty. The solutionized material naturally ages with time and the 

hardness increases by ~7 HV for ZXK210 and by ~10 HV for ZXK310 (Fig. 1c).  

Solution heat treatment results in a weak basal texture (~3 mrd) where the basal poles are tilted 

~30°-50° towards TD and the  prismatic poles are weakly aligned with RD (Fig. S4). This 

texture is similar to that observed in Mg-Zn-RE alloys [16] and other Ca containing alloys [17]. A 
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comprehensive description of microstructure evolution and detailed precipitate structure 

characterization of ZXK210 and ternary Mg-Ca-Zn is given in [8,15]. In brief, an equiaxed 

microstructure with average grain size of 6.6±2.8 μm is observed after SS. TEM characterization 

revealed mostly spherical Zn-Zr particles in the solutionized material (Fig. 2a), which remain 

present in all aging conditions. It is assumed that these are the Zn2Zr3 phase introduced previously 

[13,14]. There are occasional, isolated rod-shaped particles which tend to be rich in Zn and Ca. 

The peak-aged material contains GP zones which are monolayered thin discs, on the basal planes 

of the Mg matrix (Fig. 2b). For ZXK210, aged at 170°C-4 h, the average diameter, , of the GP 

zones is 3.2 ± 0.4 nm and the number density  as obtained from 3D APT data is 9.9×1023 m-3. 

For the ternary Mg-1.6Zn-0.5Ca, aged at 200°C-0.3 h,  of the GP zones is ~3.5 nm and  is 

1.22×1024 m-3 (Table 1).  Thus for the present case of ZXK210 aged at 200°C, the average of the 

abovementioned microstructure data is used for subsequent calculations (Table 1). Note, these 

values are similar to that observed in the AXM alloy [6]. Interestingly, upon further aging the 

hardness hardly changes indicating that the commensurate change in  and  must cancel one 

another. Finally, the composition of the matrix in the solutionized and peak-aged conditions are 

also obtained from the APT data [8]. Since the solutionized material exhibited some evidence of 

natural aging (Fig. 1c), tensile tests were performed after one year of natural aging, but no evidence 

of strengthening was observed (Fig. S5). Perhaps the larger strain response or other deformation 

modes probed by hardness testing are altered whereas in-plane tensile yielding is not.   

The experimental and simulated flow curves for various aging conditions of ZXK210 (Fig. 3) 

and ZXK310 (Fig. S6) show that the strength and the strain hardening anisotropy are well-

described by the model. The best-fit Voce parameters for the two alloys, for different aging 

conditions, are shown in Table 2. For both alloys, RD is stronger than TD and the fact that the 

simulations capture this anisotropy confirms that the initial texture of the materials is responsible. 

Also captured by the simulation, the strength of the samples oriented 45° from RD lies intermediate 

to RD and TD. The tensile response of both alloys reveal the same trend as the age hardening 

curves. The solutionized and overaged materials have similar strength, and ZXK310 is stronger 

than ZXK210 in the solutionized condition, due to higher solute content. Interestingly, the strength 

of the two alloys is similar after 0.5/2 h aging, and the same Voce parameters adequately model 

these aging conditions of both alloys (Table 2). As noted for hardness, aging at 170 °C results in 

similar strength, albeit the peak-aged condition is reached more slowly, after 4 h [8].  
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The polycrystal model enables determination of strength increment due to the GP zones,  

for each deformation mode, , via the strategy employed 

previously for AXM alloy [6]. For in-plane tension of basal textured sheets, yielding is mainly 

controlled by the basal and the prismatic slip of <a> dislocations, accompanied by some tensile 

twinning, but not pyramidal slip of <c+a> dislocations. Examining the detailed effects of the GP 

zones on deformation twinning is beyond the scope of the present work; however, since the initial 

texture favors some twining activity when strained in tension along TD, an estimate of the 

strengthening can be inferred from  (Table 3). Only a moderate strength increment is observed, 

which is in agreement with that observed for the AXM alloys, as well as previous observations 

that fine precipitates have only a nominal effect on strengthening the deformation twinning mode 

in Mg alloys. For ZXK210, basal and prismatic slip modes are strengthened to a similar extent as 

was observed for the AXM alloy. ZXK310, on the other hand, shows a lower strengthening effect, 

perhaps because of a lower number density of GP zones, which merits further investigation. The 

CRSS,  of each mode involves contributions from intrinsic lattice resistance, , solute 

atoms, , grain boundaries, , forest dislocations, , and precipitates.  is negligible 

for this heat-treated material. For instance, a typical initial dislocation density,  = 1x1012 m-2, 

yields a contribution ~1 MPa, via the Taylor relation,  ( is shear 

modulus, is Burgers vector of <a> dislocations). Therefore, the yield strength is expressed as: 

, where  is contribution from GP zones and 

 is contribution from Zn-Zr precipitates, and a Pythagorean superposition principle is 

employed. For the solutionized material, where GP zones are absent, the CRSS simplifies to: 

. 

 and are assumed to remain unchanged among different aging conditions. The 

changes in  between the solutionized and peak-aged tempers are also revealed to be negligible. 

For instance, the APT data show that the solute concentrations in the matrix decrease from (in at%) 

0.41±0.02 to 0.20±0.01 for Zn and 0.24±0.02 to 0.11±0.01, for Ca, while the Zr concentration of 

0.001 at% in the matrix is not observed to change with aging [8]. These changes in solute content 

are predicted to induce a change of <2 MPa in the strength of basal slip [18]. Complex solute 

softening (at low temperatures) and strengthening effects on prismatic slip due to dilute Ca and Zn 

additions have been observed experimentally [19] and computationally [20]. However, only 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65



modest (within the range of uncertainty) effects are observed at ambient temperatures justifying 

the present first-order approximation of no solute effect on prismatic slip. The Zn-Zr precipitates 

have a log-normal size distribution with an average particle size, d = 20 nm, and number density, 

 = 7.5×1020 m-3. Based on this microstructure, the crystal structure [21], and high stiffness 

coefficients of the Zn2Zr3 phase [see Supplement], it is expected that the dislocations will rather 

bow around than shear them. Thus, the resulting strengthening contribution of 15 MPa may be 

considered as an upper bound estimate.   

The strength increment due to shearable obstacles is obtained from the Friedel-Fleischer 

relation [22–24], , where  is the interparticle spacing. The force to overcome 

the obstacle, ; where  is the mean particle radius on the slip plane and  is a parameter 

indicative of the intrinsic resistance of the obstacle. Assuming line tension, T , yields 

. Using EVPSC results, the strength increment of slip mode  due to the GP zones: 

 which reveals that prismatic slip is strengthened ~2.5 

times more than the basal slip, similar to that observed in the AXM alloy. Interestingly, the 

geometric factor   for these shearable basal discs causes basal slip to be more potently 

strengthened than prismatic [25–27]. Therefore, the distinction in the intrinsic resistance of these 

GP zones must be responsible for the observed effect.  

Using  and the microstructure data from Table 1, the ratio of the intrinsic resistance, 

, can be estimated as:  2.6 ± 0.6. This relative 

strengthening effect on the basal and the prismatic <a> slip modes is intrinsic and not due to 

precipitate shape which would induce an opposite effect (Table 1). The passage of dislocations 

parallel to the zone (basal slip) offers a lower resistance compared to shearing perpendicular to the 

zone (prismatic slip) by a factor which is very similar to that for the AXM alloys.  

Note, however, that the intrinsic strength of the Mg-Zn-Ca GP zone is 1.6 ± 0.4 times 

greater than the Mg-Al-Ca GP zone (Table 1). It was initially hypothesized that the strengthening 

was due to anti-phase domain boundary (APB) formation due to the passage of the shearing 

dislocation (Fig. 4). DFT estimates (Table 3) reveal that the APBE of the Mg-Zn-Ca GP zone is 
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1.7 times greater than the Mg-Al-Ca GP zone, and thus quantitatively correlates with the above 

estimate of the intrinsic strengths. In both instances, the APBE-based estimates of the strength 

increment are lower than those estimated based upon polycrystal plasticity modeling (48 and 46 

MPa for ZXK210 and AXM10304, respectively). This suggests that other mechanisms, e.g., 

modulus mismatch, coherency strains, or perhaps the details of the Generalized Stacking Fault 

Energy (GSFE) curves may be required to explain the total strengthening effect, but these results 

suggest that the sum of these other contributions are similar between the two alloys.  

Finally, it is noted that the force required for the dislocation to overcome these GP zones 

via prismatic slip is modest (Table 3). To put these results in context, clusters at early stages of 

precipitation in AA6xxx have a similar critical bowing angle ~165°, (F = 0.28 nN,  

[28] while the strengthening precipitates of similar size in maraging steels impart a rather high 

resisting force of ~2 nN  [29]. Nevertheless, their high number density enables 

attractive levels of strength to be obtained with little impact upon tensile ductility, which may be 

due to GP zones dissolution by the dislocations during deformation [30,31] rather than damage 

nucleation in addition to the previously noted impact upon strain rate sensitivity [32].  
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Fig. 1 Variations in Vickers hardness as a function of aging time for a) ZXK210, and b) ZXK310, 
measured within one week (denoted by ‘0’) and several months after the heat treatment was 
performed. Age hardening data for ZXK210 aged at 170 °C and the ternary alloy Mg-1.6Zn -0.5Ca 
aged at 200 °C are also shown [8].  c) The variation in hardness as a function of time elapsed since 
the heat treatment was performed indicating the level of natural aging at ambient.  

 

 

Fig. 2 (a) HAADF-STEM micrograph obtained from the solutionized ZXK210 alloy showing the 
Zn-Zr particles. (b) Atomic resolution HAADF-STEM micrograph from the peak-aged (170 °C/4 
h) ZXK210 alloy, acquired along the [11 0]Mg, showing monolayer G.P. zones which appear as 
bright single columns lying on the (0001)Mg planes.  



 

Fig. 3 The experimental and simulated flow curves of ZXK210 alloy for various aging conditions.  

 

 

 



 

Fig. 4 Illustration of the APB generated by  Burgers vector in the monolayer Mg-Ca-Zn 
GP zone. (a) Projection of monolayer GP zone with APBs (indicated by blue dash lines) on the 
(0001) plane. Green, red and grey circles represent Mg, Ca and Zn atoms, respectively. (b) Unit 
cell with APBs (indicated by blue solid lines) used in the current DFT work. The bottom layer 
simulates the monolayer GP zone with APB, and the remaining five layers simulate the HCP Mg 
matrix. The blue rectangle indicates the prismatic slip plane. 
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