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a b s t r a c t 

Zn-based and Mg-based alloys have been considered highly promising biodegradable materials for car- 

diovascular stent applications due to their excellent biocompatibility and moderate in vitro degradation 

rates. However, their strength is too poor for use in cardiovascular stents. The strength of these metals 

can be related to the sizes of the dislocation cores and the threshold stresses needed to activate slip, i.e., 

the Peierls stress. Using density functional theory (DFT) and an ab initio -informed semi-discrete Peierls–

Nabarro model, we investigate the coupled effect of the solute element and mechanical straining on the 

stacking fault energy, basal dislocation core structures and Peierls stresses in both Zn-based and Mg- 

based alloys. We consider several biocompatible solute elements, Li, Al, Mn, Fe, Cu, Mg and Zn, in the 

same atomic concentrations. The combined analysis here suggests some elements, like Fe, can potentially 

enhance strength in both Zn-based and Mg-based alloys, while other elements, like Li, can lead to op- 

posing effects in Zn and Mg. We show that the effect of solute strengthening and longitudinal straining 

on SFEs is much stronger for the Zn-based alloys than for the Mg-based alloys. DFT investigations on 

electronic structure and bond lengths reveal a coupled chemical-mechanical effect of solute and strain 

on electronic polarization, charge transfer, and bonding strength, which can explain the weak mechani- 

cal effect on Zn-based alloys and the variable strengthening effect among these solutes. These findings 

can provide critical information needed in solute selection in Zn-based and Mg-based alloy design for 

biomedical applications. 

© 2019 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

Advanced metal-based biodegradable materials, such as Mg-

ased, Zn-based and Fe-based alloys, are currently being studied

or potential use in several biomedical applications, such as car-

iovascular stents and in bone fixation, due to their excellent

iocompatibility [1–4] , promising in-vitro biodegradability [5–

] and sufficient mechanical support [8 , 9] . The more commonly

sed Ti-based alloys for biomedical applications, while being bio-

ompatible, are not biodegradable [10] . Among the biodegradable

andidates, Mg-based alloys have generally been considered the
∗ Corresponding author at: School of Materials Science and Engineering, Beihang 

niversity, Beijing 100191, PR China. 

E-mail address: zrf@buaa.edu.cn (R.F. Zhang). 
1 These authors contributed equally. 

3  

[  

t  

e  

o  

ttps://doi.org/10.1016/j.actamat.2019.09.059 
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ost promising due to their lightweightness, and similar stiffness

o natural bone [11 , 12] . However, broad applications of these alloys

ave been limited by their fast degradation rate ( −2.37 V vs. Stan-

ard Hydrogen Electrode (SHE)) [5] and insufficient mechanical

trengths for mechanical support in implantation. Zn-based alloys,

n the other hand, have been recently found to possess much

ower degradation rates ( −0.8 V vs. SHE) [5] in the human body

han Mg-based alloys. Nevertheless, the ultimate tensile strength

UTS) of pure Zn in the as-cast condition is only 20 MPa and

ts elongation to failure (EL) is 0.3% [13] , both much lower than

he corresponding benchmark yield strength > 200 MPa, UTS >

00 MPa and EL > 15–18% values required for cardiovascular stents

2 , 6 , 14] . The low strengths of Mg and Zn can in part be attributed

o their hexagonal close packed (hcp) crystal structure, which

asily facilitates slip in one direction but highly constrains it in

ther directions, an anisotropy that can lead to localization and
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brittle fracture during deformation. The last candidate material,

Fe-based alloys, has a body-center cubic structure, and does not

bear such problems and possesses sufficient mechanical strength

and low degradation rates ( −0.440 V vs. SHE) [5 , 15 , 16] . However,

their application is generally hindered by their rapid accumulation

of degradation products onto vessel walls [2 , 17] . With mechanical

strength as major concerns for the more promising candidate

Mg-based and Zn-based alloys, intense efforts have focused on

improving or modifying their mechanical properties. 

For Mg-based and Zn-based alloys, some works have shown

that appropriate selection of alloying elements can lead to

strengthening as well as enhancements in ductility, (i.e., referred

to as “ductilizing”). Jiang et al. [18] reported that the mechanical

properties of Mg-based alloy can generally be improved, achieving

a UTS of 310 MPa and an elongation of 26%. As-prepared Mg–Zn–

Ca–Mn alloys have attained even higher elongations up to 30% and

a high compression/tensile yield ratio ∼0.8 [19] . By first-principles

calculations, Shang et al. [20] suggest that the increased equilib-

rium volume that accompanies the addition of some solutes in

Mg can reduce the intrinsic stacking fault energies (SFE) and ideal

shear strengths. Using similar methods, Buey et al. [21] and Yin

et al. [22] proposed that solutes would modify the stacking fault

energy in such a way that the hard-to-activate pyramidal 〈 c + a 〉
dislocations could be activated. 

In comparison with Mg-based alloys, much less experimental

and theoretical investigations into solute effects in Zn-based alloys

have been performed, since it was only recently in 2013 that an

experimental study [14] reported that Zn had great potential as a

biodegradable material. Soon after biodegradable Zn-based alloys,

containing Mg, Al, Cu, Li, Sr, Mn, and/or Ca as solute elements,

have demonstrated vastly improved mechanical properties [23–

40] . In Ref. [29] , the yield strength, tensile strength and elonga-

tion of Zn–0.8Mg reached 203 MPa, 301 MPa and 15%, respectively.

For Zn–1Mg–0.1Mn and Zn–1Mg–0.1Sr alloys, a yield strength,

tensile strength and elongation of 195 MPa, 300 MPa and 22% or

above was reported [31] . With addition of Cu, the yield strength,

tensile strength, and elongation of the Zn–4Cu alloy reached

impressive levels of 250 MPa, 270 MPa, and 51%, respectively

[32] . 

Many of these structural properties are slightly lower than Mg

alloys, for similar alloying elements, e.g., the Mg–Zn–Ca–Mn sys-

tems [19] . For some of these solutes, like Cu, improvements seen

in Zn-alloys have not been reported in Mg-alloys. The individual

effects of the same solutes on dislocation motion in Mg alloys and

Zn alloys certainly deserves further attention. 

Apart from solute strengthening of Mg-based and Zn-based al-

loys, the additional effects of strain and hydrostatic stress on the

solute strengthening should be taken into consideration since such

mechanical fields can modify the SFE, dislocations core structure,

and Peierls stress. The biodegradable materials of interest here,

when used in human-body implant applications, do experience

pressure or multiaxial strain conditions, e.g., vessel shrinkage, pul-

satile pressure, etc. [41 , 42] . Some of the processing procedures

used in order to prepare these materials for manufacturing parts

involve combinations of high pressures and straining, e.g., extru-

sion, rolling, forging, etc. [19 , 43–45] . In addition to the experimen-

tal work, recent computational investigations have also reported

a profound strain effect on the strengthening and “ductilizing” of

Mg-based and Zn-based alloys. For instance, a recent DFT study

[46] revealed an effect of volumetric strain on the SFE and disloca-

tion core structure of Mg-based alloys. It was found that the varia-

tions of these critical parameters controlling strength under strain

can be attributed to the strain-induced electronic polarization and

redistribution of valence charge density at hollow sites. Also using

DFT methods, a similar pressure effect on plasticity was reported

by Liu et al. [47] for the newly developed Zn-based alloys, showing
hat the twin formation energies of Zn–Al alloys can be modified

ignificantly by external pressure. 

In general, the effect of external stress on the effectiveness of

olute strengthening in Mg-based and Zn-based alloys are not ad-

itive, since the strain and pressure can potentially change the

 / a ratio and modify SFEs on the basal plane. Such changes can

ugment the core structures of the dislocations, and consequently

heir mobility and Peierls stress. In Ref. [48] , it was proposed that

ydrostatic pressure might help to activate different slip systems

n the AZ31 alloy, and some experimental observations providing

upport were given for the Mg-based alloy. Further, for hcp metals

ike Zn and Mg, the c / a ratio can be correlated with the types of

lastic deformation modes that are activated [49] . Hcp metals like

g, Re, Zr and Ti with c / a ratios less than 1.63 often have a good

lasticity and can deform via multiple twin modes, available either

nder tensile or under compressive loading, while for hcp metals

ike Zn, with larger c / a ratios than 1.63, twinning can be activated

nder compression, and poor plasticity when subjected to tensile

oad is exhibited. Since both strains and solutes can affect the cores

f dislocations and hence the stresses required to move them, it is

ossible that solute may take on a different role when the crystal

s subject to an applied pressure or axial strains. 

In the present work, we employ a combination of ab initio and

eierls–Nabarro dislocation calculations to investigate the effect

f several biocompatible alloying elements on the SFE, dislocation

ore structures and Peierls stress for basal dislocations in Zn-based

nd Mg-based alloys and changes in these effects under strain. To

acilitate this comparison, we consider the same alloying elements

n the same atomic concentration for both Zn-based and Mg-based

lloys. The focus on basal dislocation motion is motivated by

heir dominance during the plastic deformation of Mg-based and

n-based alloys. In what follows, the computational methods are

ntroduced in Section 2 and the results are presented in Section 3 ,

ncluding the influence of the solutes on dislocation properties

nder zero stress and also under hydrostatic pressures or longi-

udinal straining. We show, for instance, that solutes Fe and Mn

an improve mechanical strength for both Zn and Mg, while Li

nfluences the properties of Zn and Mg dislocations in opposing

ays. Zn and Mg alloys can also exhibit distinct responses to hy-

rostatic pressure and longitudinal strain. To explain the observed

ndividual effects on Zn vs. Mg alloys, we calculate the variations

f bond length and their electronic structure with solute and

training. In Section 4 , we discuss an apparent synergetic influence

f solute additions and straining that is revealed from the analysis.

n particular, the electronic structure calculations reveal a distinct

lectronic polarization and charge transfer that can be linked to

he coupled effect of solute and strain on dislocation properties.

hese findings can benefit alloy design of Zn-based and Mg-based

lloys for improved mechanical strength, and their use as viable

iodegradable cardiovascular stent materials. 

. Computational approaches 

.1. First-principles calculation 

First-principles calculations in this work are performed using

he Vienna ab initio simulation package (VASP) [50] with the

rojector augmented wave (PAW) method [51] . The Perdew–

urke–Ernzerhof (PBE) version [52] of the Generalized Gradient

pproximation (GGA) is adopted for the exchange-correlation

pproximation. We selected a plane-wave cutoff energy of 600 eV

nd 13 ×15 ×3 �-centered k -point meshes after careful tests to

nsure convergence (as evident in Fig. S1 in the Supplementary

aterial). The energy convergence criterion of the electronic self-

onsistency is set at 10 −6 eV/cell, and all forces acting on atoms

re lower than the force convergence criterion 0.05 eV/ ̊A in ionic
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elaxation. DFT calculations under high pressure are enabled by

ctivating the parameter “PSTRESS” in VASP and allowing only the

tomic positions to relax. For the electronic self-consistency cal-

ulation, we used the Methfessel–Paxton (MP) method [53] with

 smearing width of 0.01 eV. As validation of these first-principles

esults, we compared the calculated lattice parameters and elastic

roperties of pure Zn and pure Mg with the previous values

46 , 54–65] . Tables S1 and S2 in the Supplementary material

resent these results, showing a good agreement. 

.2. Stacking fault energy 

The stacking fault energy surface or γ -surface, on the slip

lane, was first defined by Vitek [66] , as the excess energy asso-

iated with the shearing of two adjacent planes along a particular

lip direction. The stacking fault energy γ SF can be determined via:

SF = 

1 

A 
( E SF − E Bulk ) , (1) 

here E SF and E Bulk are the energies of the structure with and

ithout stacking fault, respectively, and A is the area of stacking

ault. 

In this work, we aim to determine the effect of so-

ute types for the situation in which solute concen-

rations are dilute and separated, below the solubil-

ty limit. Due to computational size limitations, the

upercell size selected is such that in all solute cases here,

he areal solute concentration on the basal plane fault is 25% and

he global concentration is 2%. Consequently, for most cases,

owever, these concentrations could exceed the solubility limit,

nd with such concentrations in actuality, precipitates could form.

irst, relatively higher concentrations in the fault is possible.

ccording to Suzuki effect [67] , the solutes will prefer to segregate

n the faulted region. Also, it is important to bear in mind that

he solubility may be modified by different preparation conditions,

uch as those involving pressures or mechanical straining [47 , 68] .

onetheless, to ensure our calculations at these concentrations

2% in bulk) would provide adequate representation for lower

oncentrations below the solubility limit (1% in bulk). We repeated

FE energy calculations with larger supercell sizes wherein the

oncentrations were lower. Fig. S2 in the supplement demon-

trates that the calculated stacking fault energies do not change

ppreciably (and converge in some cases) with larger supercell

izes and lower concentrations. This test indicates that results

or 2% would apply to those at much lower solute concentration

elow the solubility limit. 

Fig. 1 a shows the atomic structure of the plane in the perfect

attice structure (…ABABAB…), and the I 2 stacking fault (…ABAB-

ACA…). To create the model of the alloyed plane, an atom within

ne faulted plane (0 0 01) is replaced by one solute atom X. Fig. 1 b

resents the projected (0 0 01) plane, and Fig. 1 c depicts the slip

ath within the γ -surface to form the I 2 stacking fault. 

To calculate the γ -surface, two distinct methods were at first

onsidered. One method is called alias shear [69] , which involves

isplacing to the periodic cell in shear direction with changing the

ell vectors at the same time. The second method is slab shear

70] , which changes the atomic positions but preserves the cell

hape. Fig. 1 d compares the SFE profile for the basal plane of Zn

nd Mg from these two approaches. Minor differences are ob-

erved (when convergence is obtained). On this basis, the alias

hear method is used in the calculations that follow. 

During the calculation for the stacking fault energy, two kinds

f relaxation methods: (i) the rigid mode and (ii) the relaxed

ode, were at first tried and compared. The former fixes all atomic

ositions inside the two sheared blocks during the relaxation step,

hile the latter allows the atomic positions to move perpendicular
o the fault plane. For both Mg-based and Zn-based alloys, these

wo methods generate γ I2 and γ UI2 with some difference, (see Ta-

le S3 in the Supplementary material), showing an effect of relax-

tion process on the calculated γ SF [71] . In the present study, we

sed consistently the second relaxation scheme. 

.3. Dislocation core structure and Peierls stress 

In general, dislocation cores can be too large to be modeled di-

ectly by DFT, and therefore, alternative methods need to be em-

loyed. To date, three methodologies have been used to calcu-

ate the dislocation core structures from quantities calculated from

rst principles: (1) a solution based on flexible boundary condi-

ions [72–74] ; (2) an solution employing the concept of a dislo-

ation dipole array [75 , 76] ; and (3) the semi-discrete variational

eierls–Nabarro (P-N) model by Bulatov and Kaxiras [77] and Lu

78] . In this study, we used the third method to approximate the

ore structure and obtain an estimate of the Peierls stress for a

ure edge basal dislocation. 

In all cases, we consider a basal edge dislocation lying in the

 –z plane with its line sense directed along the z -axis ( [1 ̄1 00] ) and

ts Burgers vector of � b = 1 / 3[ ̄1 ̄1 20] directed along the x -axis. 

In this model, the total energy of the dislocation E tot includes

isfit energy E misfit and elastic energy E el [77] : 

 tot = 

∑ 

i 

γ ( u x ( x i ) , u z ( x i )) · �x + K e ·
∑ 

i j 

χi j ρx,i ρx, j 

+ K s ·
∑ 

i j 

χi j ρz,i ρz, j , (2) 

here the first term in Eq. (2) is the misfit energy expressed as: 

 mis f it ( μ) = 

∑ 

m 

γ ( u x (m �x − μ) , u z (m �x − μ) ) · �x , (3) 

here m = 0, ±1, ±2, ±3,… ±∞ , and the second and third terms

n Eq. (2) are the elastic energy given by: 

x,i = ( u x,i − u x,i −1 ) / ( x i − x i −1 ) , ρz,i = ( u z,i − u z,i −1 ) / ( x i − x i −1 ) , 

(4a) 

i j = 3 / 2 · ϕ i,i −1 ϕ j, j−1 + ψ i −1 , j−1 + ψ i, j − ψ i −1 , j − ψ i, j−1 , (4b)

 i, j = 1 / 2 · ϕ 
2 
i, j ln 

∣∣ϕ i, j 

∣∣, ϕ i, j = x i − x j , (4c)

nd the energy factor 

 e = G/ (4 π(1 − ν)) , K s = G/ (4 π) , (4d)

here x i are the reference positions, �x is defined as the shorest

istance between two equivalent atomic rows along the disloca-

ion line direction as the absence of a dislocation, G is the effective

hear modulus and ν is the effective Poisson’s ratio. To facilitate

omparisons across different cases of the solutes and applied strain

tates, we use the same set of elastic constants, i.e., K e = 4.35 GPa

nd K s = 3.25 GPa for all Zn-based alloys, and K e = 2.38 GPa and K s 
 1.72 GPa for all Mg-based alloys. 

As proposed in Ref. [79] , the disregistry in the x and z direc-

ions, u x ( x ) and u z ( x ), for this dislocation can be well represented

y equation below 

 x (x ) = 

b 

2 π

(
arctan 

x − d x / 2 

w x 
+ arctan 

x + d x / 2 

w x 

)
+ 

b 

2 

 z (x ) = 

√ 

3 b 

6 π

(
arctan 

x − d z / 2 

w z 
− arctan 

x + d z / 2 

w z 

)
, 

(5) 

here d x (or d z ) is the separation between edge (or screw) com-

onents of the two partial dislocations (“split distance” for short).



426 Y.Q. Guo, S.H. Zhang and I.J. Beyerlein et al. / Acta Materialia 181 (2019) 423–438 

Fig. 1. (a) Schematic illustrations of the perfect lattice and the basal stacking fault, configurations generated via the alias shear. The letters A, B and C represent different 

stacking sequences of the (0 0 01) planes, which are identified by pink, blue and cyan symbols, respectively. The solid and open circles represent the atomic coordinates at 

0 and ½ along [ ̄1 ̄1 20] direction, respectively; and the dotted line indicates the stacking fault position. The movements of different (0 0 01) planes along the [1 ̄1 00] direction 

during the alias shear deformation are shown by the arrows ( → ), while the atoms without arrows ( → ) remain in their original positions during the alias shear deformation. 

(b) Schematic description of the directions in the (0 0 01) plane, the colored area is the shear region. (c) Full γ -surface of pure Zn of the basal (0 0 01) plane, wherein all 

points are calculated via DFT. (d) The calculated stacking fault energy curves of Zn and Mg generated from slab shear and alias shear. (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article.) 
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The w x (or w z ) is the half-width of the edge (or screw) compo-

nent of the two partial dislocations (“partial core width” for short).

As illustrated in Fig. 2 a, these length scales can be readily defined

from the misfit density ρ(x ) = du (x ) /dx , i.e., the gradient of the dis-

registry in the x or z direction. The shape of the trial displace-

ments u ( x ) in Eq. (5) is obtained by minimizing the total energy

E tot [80,81] via the particle swarm optimization (PSO) scheme [82] .

The γ -surface on the basal plane is given as a continuous six-

term, truncated 2-D Fourier series function [83] : 

γ ( u x , u z ) 

= c 0 + c 1 [ cos (2 q u z ) + cos (p u x + q u z ) + cos (−p u x + q u z ) ] 

+ c 2 [ cos (2 p u x ) + cos (p u x + 3 q u z ) + cos (−p u x + 3 q u z ) ] 

+ c 3 [ cos (4 q u z ) + cos (2 p u x + 2 q u z ) + cos (p u x − 2 q u z ) ] 

+ c 4 

[
cos (3 p u x + q u z ) + cos (3 p u x − q u z ) + cos (2 p u x + 4 q u z ) 

+ cos (2 p u x − 4 q u z ) + cos (p u x + 5 q u z ) + cos (−p u x + 5 q u z ) 

]

+ a 1 [ sin (p u x − q u z ) − sin (p u x + q u z ) + sin (2 q u z ) ] 

+ a 2 [ sin (2 p u x − 2 q u z ) − sin (2 p u x + 2 q u z ) + sin (4 q u z ) ] , (6)

where p = 2 π/b, q = 2 π/ ( 
√ 

3 b) . Among the seven coefficients,

there are six that are independent, since c 0 = −3 · ( c 1 + c 2 + c 3 +
2 c 4 ) , can be determined by applying the condition: γ (0,0) = 0. The

remaining six unknown coefficients c 1 , c 2 , c 3 , c 4 , a 1 and a 2 are re-

lated to particular points on the γ -surface, as illustrated in Fig. 1 c

using Eq. (6) . 

One quantity that is closely related to material strength is the

Peierls stress, defined as the threshold stress required to move a

dislocation irreversibly with a Burgers vector at 0 K [84 , 85] as il-

lustrated in Fig. 2 b. To calculate the Peierls stress from the struc-

tural properties of the dislocation introduced thus far, we em-

ploy the approaches proposed in [84 , 86] , which indicates that the
eierls stress τ p can be evaluated using the derivative of the misfit

nergy: 

p = max { τ } = max 

{
1 

b 

d E misfit ( μ) 

dμ

}
. (7)

To be noted that another solution to estimate the Peierls stress

ithin framework of the SVPN model is the direct stress method

77] , in which the equilibrium dislocation structure under each cer-

ain applied stress is obtained by minimizing the total energy in-

luding the energy/work term done by the applied stress. Then as

he applied stress is progressively increased, the system reaches an

nstability point, and the critical stress corresponds to the Peierls

tress [81,87] . It is noticed that, the determination of Peierls stress

y the direct stress method relies on their being an obvious insta-

ility or on the set criterion for instability, e.g., a distinct variation

f dislocation cores [88–91] . It is also noted that there exist large

eviations among the values of Peierls stress determined by the di-

ect stress method, and variations in the instability criterion could

ossibly be responsible for this deviations . Instead, the energy

erivative method defines exactly the critical point for the lattice

tability based on the force-balance criterion, not depending on the

ethods to obtain or identify an instability signature [81,86] . For a

emonstration, we have calculated the stacking fault widths and

eierls stresses for Mg, Zn, Al, Ag, and Cu according to both the

irection stress method and the energy derivative method, and the

esults are shown in Fig. S3 and Table S4 in the Supplementary

aterial, compared with experimental measurements. It can be

learly seen that the calculated results via the direct stress method

re much larger than the experimental data, whereas those ob-

ained by the energy derivative method show much closer. With

hese facts and considerations, in the present study, we adopt the

nergy derivative method as expressed by Eq. (7) . 
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Fig. 2. (a) Misfit Density of pure Zn, which was obtained using the gradient in the 

disregistry ρ(x ) = du (x ) /dx . The separation d x (or d z ) between the edge (or screw) 

components of the two partials is defined as the distance between these two peaks, 

and the width w x (or w z ) of the edge (or screw) components of a partial dislocation 

is the full width at half maximum approximately. (b) A schematic showing disloca- 

tion motion from one symmetrical, ground state configuration to another equivalent 

one in the lattice. 
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. Results 

Prior to studying solute effects, the stacking fault energies and

islocation structures for pure Zn and pure Mg are calculated and

hecked against values previously reported. Fig. 1 d presents the

alculated [1 ̄1 0 0] { 0 0 01 } GSFE curves of pure Zn and Mg, which

ontain the local minimum at the stable I 2 stacking fault energy

I 2 
and local maximum at the unstable stacking fault γU I 2 . Table 1

nd Table 2 compare the values calculated here to those calculated

nd measured values reported elsewhere. The calculated stable I 2 
tacking fault energies for Zn (107.0–109.8 mJ/m 

2 ) and Mg (32.2–

7.4 mJ/m 
2 ) agree reasonably well with results from other first

rinciples calculations (102–130 mJ/m 
2 for Zn [56 , 57] and 20.1–

3.85 mJ/m 
2 for Mg [46 , 65 , 92] ). Most of the DFT values, includ-

ng ours, are lower than the reported experimental values ( γI 2 

 125 mJ/m 
2 for Zn [93] , > 90 mJ/m 

2 for Mg [94] ). 

In order to elucidate the dislocation core structure using the

emi-discrete variational P-N model, the full γ -surface needs to

e calculated. Ab initio methods can provide the most reliable val-

es; however, such calculations require exhaustive computational

esources. To reduce the computational costs, we choose a five-

oint approach, as proposed in Ref. [60] , in which the γ -surface
an be obtained by mathematically fitting the fault energies at five

haracteristic points. As validation, in Fig. S4 in the Supplementary

aterial, in the case of pure Zn, the full basal plane γ -surface en-

irely calculated by DFT is compared with the parameterized γ -

urface provided by the five-energy-point model. As shown, the

orrespondence is good, indicating the efficiency and suitability of

he 5-term function for describing the full γ -surface. 

With the SFE energies as input, the semi-discrete variational P-

 model is employed to estimate the structural parameters of the

islocation core, which are the split distances d x (or d z ) between

he edge (or screw) components of the two partials, the partial

ore width w x (or w z ), and Peierls stress. For pure Zn, we obtain

 x / b = 3.96, d z / b = 3.75, w x / b = 0.73, and w z / b = 1.13. Compared to

n, for pure Mg, we obtain larger split distances d x / b = 7.56, d z / b

 7.61, but finer partial core widths, w x / b = 0.53, and w z / b = 0.58.

he split distance for Mg are comparable to the atomic-scale sim-

lation results reported by Wu and Curtin [95] , which are 7.0 b for

asal partial split distance by DFT calculation and 12.5 b by MEAM

otential. For comparison, the split distances expected from linear

lastic dislocation theory, d = G b 2 / 4 πγI 2 
[96] , is calculated, giving

.4 b and 15.4 b for Zn and Mg, respectively. The larger split dis-

ances of Mg than those of Zn, seen in the P-N calculation, arise

rom the lower value of γI 2 
of Mg, as anticipated in the analytical

inear elasticity dislocation model. 

The Peierls stresses calculated here are also in agreement with

rior calculations as shown in Tables 3 and 4 . It is well known

hat in both Zn and Mg, basal slip is preferred [97] , and we have

uantified that the Peierls stress of a basal edge dislocation in Zn

0.53 MPa) is substantially lower than that in Mg (9.23 MPa). 

.1. Solute effects in Zn-based and Mg-based alloys 

To improve the mechanical strength of Zn-based and Mg-based

lloys, the effects of six biocompatible alloying elements–Li, Al,

n, Fe, Cu, and either Mg in a Zn solvent or Zn in a Mg solvent

re considered in the calculation of the SFE. Fig. 3 a and b shows

he [1 ̄1 0 0] 0 0 01 SFE profiles for the resulting alloys, Zn 47 X and

g 47 X, and Tables 1 and 2 list the stable and unstable I 2 stack-

ng fault energies ( γI 2 
and γU I 2 ) as calculated here, for Zn-based

nd Mg-based alloys, separately. Results reported in other studies,

ncluding simulation results and experiment results, are also listed

or comparison. For the Zn-based alloys, the γI 2 
values of Zn 47 X for

ll solute additions “X” are lower than that of pure Zn except for

n 47 Cu. In comparison, for the Mg-based alloys, elements Zn, Al, Fe

nd Mn decrease γI 2 
compared to pure Mg, while elements Cu and

i increase γI 2 
. Alloying is generally expected to lower the intrinsic

tacking fault energy. The two findings that may not be expected,

owever, are the opposing effect of Li, which decreases γI 2 
in Zn

ut increases it in Mg, and the stronger sensitivity to the alloy-

ng additions in Zn than Mg for the same alloying element. When

ntroducing Fe, for instance, γI 2 
of Zn has a 58.6% decrease from

07.0 mJ/m 
2 to 44.3 mJ/m 

2 , while γI 2 
of Mg only has a 48.7% de-

rease from 37.4 mJ/m 
2 to 19.2 mJ/m 

2 . We discuss explanations for

his finding later in Section 3.4 . 

Using the ab initio calculated γ -surfaces and elastic properties

or these Zn-based and Mg-based alloys, the semi-discrete vari-

tional P-N model is used to estimate the characteristic length

cales of the basal dislocation cores and their Peierls stresses. The

ffects of three elements, Fe, Cu, and either Mg in Zn or Zn in

g, are examined. Fig. 3 c and d presents the misfit densities, from

hich we define the split distances d and partial core widths w ,

long and normal to the dislocation line, for Zn and Mg, respec-

ively, and Tables 3 and 4 list the corresponding edge dislocation

plit distances, partial core widths, and Peierls stresses. Compared

o pure Zn, Zn 47 Fe and Zn 47 Mg have larger d x and d z , while Zn 47 Cu

as similar d x and d z . These effects can be attributed to the lower
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Table 1 

Calculated stable ( γI 2 ) and unstable ( γU I 2 ) stacking fault energies of Zn and Zn 47 X. x global % and x SF % indicate the global atomic 

percent and the atomic percent within the stacking fault (SF) plane, respectively. 

Source x global % x SF % γI 2 γU I 2 Note 

Pure Zn This work 107.0 131.2 This work, alias shear, VASP, GGA-PBE 

109.8 126.2 This work, slab shear, VASP, GGA-PBE 

Cal. [57] 102 120 VASP, GGA-PW91, SGGA-PW91 

Cal. [56] 109 VASP, GGA-PBE 

Cal. [123] 130 WIEN2K, LSDA 

100 WIEN2K, GGA-PBE 

Exp. [93] > 125 0, 17, and 41 °C 
Zn 47 Li This work 2.08 25 94.5 113.9 This work, alias shear, VASP, GGA-PBE 

Zn 47 Mg This work 2.08 25 83.7 103.5 This work, alias shear, VASP, GGA-PBE 

Zn 47 Al This work 2.08 25 28.9 61.2 This work, alias shear, VASP, GGA-PBE 

Zn 47 Mn This work 2.08 25 18.2 104.8 This work, alias shear, VASP, GGA-PBE 

Zn 47 Fe This work 2.08 25 44.3 134.5 This work, alias shear, VASP, GGA-PBE 

Zn 47 Cu This work 2.08 25 112.3 145.5 This work, alias shear, VASP, GGA-PBE 

Table 2 

Calculated stable ( γI 2 ) and unstable ( γU I 2 ) stacking fault energies of Mg and Mg 47 X. x global % and x SF % indicate the global atomic 

percent and the atomic percent within the stacking fault (SF) plane, respectively. 

Source x global % x SF % γI 2 γU I 2 Note 

Pure Mg This work 37.4 95.5 This work, alias shear, VASP, GGA-PBE 

32.2 91.8 This work, slab shear, VASP, GGA-PBE 

Cal. [46] 33.85 93.57 Alias shear, GGA-PBE 

Cal. [65] 20.1 95.8 CASTEP, slab shear, GGA-PW91 

Cal. [92] 33.8 87.6 VASP, slab shear, GGA-PW91 

Exp. [94] > 90 

Mg 47 Li This work 2.08 25 50.6 100.0 This work, alias shear, VASP, GGA-PBE 

Cal. [20] 1.04 8.33 35.6 88.8 VASP, alias shear, GGA-PBE 

Cal. [124] 1.67 50 46 93 CINEB-DFT methods 

Mg 47 Al This work 2.08 25 21.7 81.0 This work, alias shear, VASP, GGA-PBE 

Cal. [46] 2.08 25 22.50 87.62 VASP, alias shear, GGA-PBE 

Cal. [20] 1.04 8.33 29.4 84.0 VASP, alias shear, GGA-PBE 

Cal. [124] 1.67 50 23 83 CINEB-DFT methods 

Mg 47 Mn This work 2.08 25 35.6 103.8 This work, alias shear, VASP, GGA-PBE 

Cal. [20] 1.04 8.33 46.1 98.0 VASP, alias shear, GGA-PBE 

Mg 47 Fe This work 2.08 25 19.2 88.6 This work, alias shear, VASP, GGA-PBE 

Cal. [125] 2.08 25 52 110 VASP, GGA-PBE 

Mg 47 Cu This work 2.08 25 50.2 89.4 This work, alias shear, VASP, GGA-PBE 

Cal. [20] 1.04 8.33 35.3 81.4 Alias shear, GGA-PBE 

Cal. [125] 2.08 25 53 97 VASP, GGA-PBE 

Mg 47 Zn This work 2.08 25 33.6 83.9 This work, alias shear, VASP, GGA-PBE 

Cal. [20] 1.04 8.33 31.1 81.9 Alias shear, GGA-PBE 

Cal. [46] 2.08 25 31.64 85.43 Alias shear, GGA-PBE 

Table 3 

Geometrical parameters of dislocation core structure and the calculated Peierls 

stress ( τ p ) in MPa of Zn and its alloys. 

d x /b w x /b d z /b w z /b τ p NOTE 

Pure Zn 3.96 0.73 3.75 1.13 0.53 This work, DFT 

0.76 Ref. [126] , Exp 

< 1.0 Ref. [127] , Exp 

Zn 47 Mg 4.98 0.69 5.03 0.91 3.22 This work, DFT 

Zn 47 Fe 10.69 0.62 10.67 0.71 8.77 This work, DFT 

Zn 47 Cu 3.90 0.68 3.76 0.93 2.94 This work, DFT 

 

 

 

 

 

 

 

 

 

 

 

Table 4 

Geometrical parameters of dislocation core structure and the calculated Peierls 

stress ( τ p ) in MPa of Mg and its alloys. 

d x /b w x /b d z /b w z /b τ p NOTE 

Pure Mg 7.56 0.53 7.61 0.58 9.23 This work, DFT 

7.50 0.54 7.56 0.58 8.40 Ref. [46] Cal. DFT 

7.00 0.68 7.18 0.60 1.15 Ref. [60] Cal. DFT 

6.73 Ref. [126] Exp. 

Mg 47 Fe 13.92 0.55 13.96 0.59 11.10 This work, DFT 

Mg 47 Cu 5.86 0.58 5.87 0.65 7.55 This work, DFT 

Mg 47 Zn 8.68 0.59 8.72 0.65 2.53 This work, DFT 

7.60 0.56 7.65 0.62 2.61 Ref. [46] Cal. DFT 
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value of the stable SFE γI 2 
for Zn 47 Fe (44.3 mJ/m 

2 ) and Zn 47 Mg

(83.7 mJ/m 
2 ), and similar stable SFE for the Zn 47 Cu (112.3 mJ/m 

2 )

compared to pure Zn (107.0 mJ/m 
2 ). The widths of the two par-

tials that bound the stacking fault are also influenced by alloying.

According to our analysis, all alloying elements in Zn cause the par-

tial core widths w x and w z to shrink compared to those in pure Zn,

especially Fe. 

Calculations in Fig. 3 d and Table 4 show that compared to the

Zn-based alloys, the core structures for the Mg-based alloys are

more sensitive to alloying additions. Unlike in Zn, the addition of

Cu in Mg noticeably shrinks the split distances and Zn and Fe in-

crease them. For the same alloying element, the Mg-based alloy
ossesses a larger d x and d z than those in Zn alloy, which, again,

an be simply accounted for by the relatively lower values of γI 2 
in

g compared to Zn. For the partial core widths of the individual

artials, solutes Zn, Fe and Cu all lead to larger values of w x and

 z than pure Mg. 

Tables 3 and 4 also list the estimates for the Peierls stress. For

n, the Peierls stress in pure Zn is exceedingly low (only 0.53 MPa)

nd the addition of any of these three solute elements, Cu, Fe, and

g, leads to a higher basal plane Peierls stress. The amount of

trengthening, however, is sensitive to the solute, with Fe making a

554.7% enhancement from 0.53 MPa to 8.77 MPa. In contrast, pure

irenebeyerlein
Highlight

irenebeyerlein
Highlight
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Fig. 3. (a) Generalized stacking fault energy (GSFE) curves of pure Zn and its alloys (Mg, Al, Cu, Li, Mn, Fe are alloying elements). (b) GSFE curves of pure Mg and Mg-based 

alloys (Zn, Fe, Cu are alloying elements). The γI 2 and γU I 2 are marked in the figures. The dislocation structure is defined based on the misfit density. (c) The misfit density of 

pure Zn, Zn-Mg, Zn-Fe and Zn-Cu and (d) for comparison, the corresponding Mg-based alloys. 
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g has a Peierls stress that is an order of magnitude higher than

hat of pure Zn. As another notable distinction, solute additions in

g do not necessarily lead to a rise in Peierls stress. The addition

f Fe favorably leads to an increase in the Peierls stress for 20.3%;

owever, addition of either Zn or Cu results in a noticeable drop

or 72.6% and 18.2%, separately. 

The effects of solute Mg in solvent Zn and solute Zn in the

olvent Mg have been investigated previously in both theoreti-

al and experimental studies [46] . Using DFT, Tsuru and Chrzan

98] showed that Zn effects slightly on the projected density of

tates of Mg. In agreement, this work finds that Zn only decreases

I 2 
of Mg 10.2% from 37.4 mJ/m 

2 to 33.6 mJ/m 
2 , much less than the

ffect of Cu and Fe, which are 34.2% and 48.7%, respectively. Exper-

mentally, it is found that the strength of Zn was profoundly en-

anced when alloyed by Mg [29] . In congruence, the analysis here

ndicates that Mg added to Zn would lead to a higher Peierls stress

n Zn. 

In this work, we consider a dilute solute effect and two con-

ributions to solute strengthening. Another contribution to so-

ute strengthening is the direct interaction between dislocations

nd solute atoms. In the particular case of the Mg–Zn alloy, we

ound a lower Peierls stress for the Mg–Zn alloy compared to pure

g, which is inconsistent with experimental observations, a dis-

repancy that may be explained by a strong influence of solute–

islocation interaction. By means of a solid-solution strengthen-

ng model proposed by Leyson et al. [99–101] , a strengthening

τ CRSS / c 
2/3 of 251 MPa ( c represents the solute concentration) to

vercome the solute–dislocation interaction is calculated when

olute Zn is introduced into Mg-based alloys. This result indi-

ates that simply including solute effects on the SFE in the P-

 model may not be sufficient for solute strengthening effects,
 o  
nd a further consideration of the solute-dislocation interaction is

ecessary. 

To examine the effect of solutes on ductility, the split dis-

ances of the basal cores in these alloys are analyzed. A decreased

plit distance due to alloying can promote dislocation processes

or overcoming obstacles, such as cross slip of screw dislocations,

limb of dislocations of edge dislocations, required to keep dislo-

ations in motion, stimulating ductility [102] . It is, thus, significant

hat the calculations identify that Cu additions in Zn would not af-

ect the split distances appreciably but increase the Peierls stress.

he implication is that Cu would strengthen Zn without lowering

ts ductility. For Mg, the calculations also find benefits when al-

oying with Cu. Cu additions to Mg significantly reduces the split

istance, suggesting that Cu could increase the ductility of Mg. The

olute Cu is generally used for alloying due to its inhibitory effects

n bacterial and fungal growth [103] . The calculations here suggest

hat the solute Cu can have structural benefits as well. 

Solute Fe additions have garnered much attention recently due

o reports of profound strengthening in Zn-based alloys [35 , 104] .

ere our calculations show that Fe is the one element that in-

reases the Peierls stress for both Zn and Mg. 

.2. Hydrostatic pressure effects in Zn-based and Mg-based alloys 

The influence of solute elements on dislocation cores and

eierls stress can change for applied pressures in excess of ±1 GPa.

n this section, we examine how solute additions affect the re-

ponse of stacking fault energies and dislocation core structures

o large hydrostatic pressures, ranging from negative pressures

f −3 GPa (tension, causing positive dilatation �V/V ) to positive
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Fig. 4. γI 2 and γU I 2 of pure Zn, Zn 47 Mg, Zn 47 Fe, and Zn 47 Cu as a function of different applied pressures ranging from −3 GPa to + 3 GPa. Negative pressure means hydrostatic 

tension and positive pressure means hydrostatic compression. 
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pressures up to + 3 GPa (compression, resulting in negative dilata-

tion �V/V ). 

The ab-initio fault energy calculations for the basal plane are re-

peated under a specific pressure. The expectation is that compres-

sive state would increase the energy to shear the two crystalline

halves and vice versa for a tensile state. Fig. 4 presents the varia-

tions of γI 2 
and γU I 2 of pure Zn and Zn-based alloys under pressures

ranging from −3 GPa to + 3 GPa, corresponding to dilatations �V/V

ranging from −0.031 to 0.023. As anticipated, with increasing pres-

sure, the SFEs of pure Zn, Zn 47 Mg and Zn 47 Cu increase. Interest-

ingly, however, increasing pressure has a relatively minor impact

on γI 2 
of Zn 47 Fe. 

For comparison, the SFEs of pure Mg and Mg-based alloys under

the same pressure range are calculated (see Fig. S5 in the Supple-

mentary material). For pure Mg, the SFEs for all Mg alloys decrease

relative to the zero-pressure value when the pressure is negative

and increase as the applied pressure increases to + 3 GPa. The pres-

sure has the least impact for the solute Fe in Mg, but unlike in Zn,

it still has an effect. Moreover, for all alloying elements studied,

Mg is, however, less sensitive to pressure than Zn. Over the −1 GPa

to + 1 GPa pressure range, γI 2 
for both metals scales approximately

linearly with pressure but the scaling factor is 10.2 for Zn, which

is three times higher than 3.5 for Mg. 

By incorporating the calculated γ -surface into the P-N model,

as described in Eqs. (2) and (3) , the dislocation structures of pure

Zn under different pressures can be obtained. From the misfit den-
ities shown in Fig. 5 a, we see that the value of d x / b rises to 6.71

hen applying a pressure of −3 GPa, whereas it reduces to 3.60

nder a pressure of + 3 GPa. Fig. 5 b and 5 c provides the dislo-

ation structure of Zn-based alloys under different pressures, and

or comparison, those results for Mg and Mg-based alloys are pre-

ented in Fig. 5 d–f. In the case of pure Mg, under volume strain

anging from −0.06 ≤ �V/V ≤0.10, the split distance d x / b varies

rom 5.52 to 13.85 and the partial core width w x / b , from 0.45

o 0.69, consistent with results in [46] reported as 4.82–16.67 for

 x / b , and 0.41–0.77 for w x / b , when −0.12 ≤ �V/V ≤0.13. It can be

ound that a general pressure-dependence can be clearly identified

or both Zn-based and Mg-based alloys, i.e., the negative pressure

i.e., the positive volumetric strain) leads to larger values of d x / b

nd w x / b , while the positive pressure (i.e., the negative volumetric

train) leads to smaller values of d x / b and w x / b . 

Higher positive pressures can be expected to increase the

eierls stress and vice versa for higher negative pressures. Table 5

ummarizes the combined effect of alloying and pressure on the

eierls stress for both Zn-based and Mg-based alloys. For example,

he Peierls stress of pure Zn (Zn 47 Mg) is about 0.53 MPa (3.22 MPa)

t zero pressure, which increases to 0.84 MPa (1.97 MPa) under a

ressure of + 3 GPa and decreases to 0.13 MPa (0.41 MPa) under a

ressure of −3 GPa. Positive-pressure enhancement of the Peierls

tress is seen here to be more profound for Mg-based alloys than

he Zn-based alloys. For instance, for the Mg alloy (Mg 47 Zn), the

alue of about 9.23 MPa (2.53 MPa) at equilibrium increases signif-
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Fig. 5. (a) Misfit density of pure Zn produced by the dislocation under different pressures. (b) and (c) show the d x / b and w x / b variation under certain pressures for Zn. (d) 

to (f) show the dislocation structure variation of pure Mg and Mg-based alloys for comparison. 

Table 5 

The calculated Peierls stress (in MPa) for Zn-based and Mg-based alloys under certain pressures or longitudinal strains. 

Hydrostatic pressure Longitudinal strain (Mode I) Longitudinal strain (Mode II) 

P = −3 GPa P = 0 GPa P = + 3 GPa ε = −0.05 ε = 0 ε = + 0.05 ε = −0.05 ε = 0 ε = + 0.05 

Pure Zn 0.13 0.53 0.84 0.19 0.53 0.004 0.77 0.53 0.02 

Zn 47 Mg 0.41 3.22 1.97 2.00 3.22 0.35 8.48 3.22 0.13 

Zn 47 Fe 5.35 8.77 27.02 39.53 8.77 4.48 33.69 8.77 5.71 

Zn 47 Cu 0.44 2.94 1.50 0.30 2.94 0.06 6.03 2.94 0.004 

Pure Mg 1.08 9.23 49.20 57.57 9.23 1.51 91.84 9.23 0.92 

Mg 47 Zn 0.61 2.53 28.55 53.66 2.53 0.09 56.19 2.53 0.96 

Mg 47 Fe 5.25 11.10 242.58 99.22 11.10 14.53 363.87 11.10 5.16 

Mg 47 Cu 0.45 7.55 54.00 45.25 7.55 0.63 74.49 7.55 0.50 
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cantly to 49.20 MPa (28.55 MPa) under a pressure of + 3 GPa and

ecreases to 1.08 MPa (0.61 MPa) under a pressure of −3 GPa. 

.3. Longitudinal strain effects in Zn-based and Mg-based alloys 

We next study the effect of longitudinal strain on the stable

FEs of Zn, Mg and their alloys. There are several ways to apply

 longitudinal strain in first principles calculations [70 , 105] . One

ethod models uniaxial strain, which involves rescaling the cell

imension in one axis direction, e.g., the z direction, while keep-

ng the other two orthogonal dimensions fixed (e.g., the x and y

irections). A second way considers uniaxial stress, wherein a pos-

tive strain ε is applied in one axis direction, e.g., in the z direction,

hile rescaling the cell dimensions along the x and y directions to

nforce zero stress in these directions, i.e., referred to as applying

he Poisson’s contraction [106] . A final way we mention enforces

olume conservation. It applies a positive strain ε in one direc-

ion, e.g., the z direction, while providing strains −ε/2 in the other
wo orthogonal directions, such that volume is conserved. It is seen

hat the first method ignores the Poisson’s contraction, while the

niaxial-stress and volume-conserving methods consider the Pois-
on’s contraction with flexible and constant magnitudes, respec-

ively. In the following calculations, the uniaxial stress and uniaxial

train conditions will be used to apply longitudinal strains. We ab-

reviate these two cases as “Mode I” and “Mode II”, respectively.

ig. 6 illustrates the relevant results generated by these methods

ith and without the Poisson’s contraction. 

Fig. 6 presents the calculated γI 2 
and γU I 2 of pure Zn, Zn 47 Mg,

n 47 Fe and Zn 47 Cu as a function of longitudinal strains ε ranging

rom −0.05 to + 0.05 in Mode I and Mode II. It is seen from Fig. 6 a

hat for Zn, longitudinal straining results in a change in the c / a ra-

io, from 1.724 to 1.962 in Mode I and from 1.755 to 1.940 in Mode

I. Fig. 6 b shows the corresponding stresses along the longitudinal

 direction for pure Zn. The stress generated from Mode I is gener-

lly lower than that from Mode II, a consequence of the constraint

f the triaxial strains generated in the latter case. 

For pure Zn and Zn 47 Mg, Fig. 6 c and d presents the calculated

ariations of γI 2 
and γU I 2 under different ε. They reveal that both

longation and compression along the z axis decrease γI 2 
in pure

n and Zn 47 Mg by Mode I and Mode II. The γU I 2 obtained by Mode

 follows a similar non-linear trend as γI 2 
, i.e., first rising and then

alling, whereas the γU I 2 obtained by Mode II shows the linearly
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Fig. 6. (a) c / a value under different longitudinal strains in Mode I and II; (b) stress along z axis σ z under different longitudinal strains in Mode I and II, and (c–f) γI 2 and 

γU I 2 of pure Zn, Zn 47 Mg, Zn 47 Fe, and Zn 47 Cu as a function of longitudinal strains in Mode I and II. 
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decreasing trend over the entire strain range. For Zn 47 Fe (see

Fig. 6 e), as ε changes from −0.05 to + 0.05, the γI 2 
and γU I 2 de-

crease linearly by both Modes I and II, indicating that Poisson con-

traction does not influence the trends for Zn 47 Fe. Last, for Zn 47 Cu,

it is observed in Fig. 6 f that γI 2 
and γU I 2 first reach a peak value

at ε = −0.03 and then decrease with increasing ε. It is worth not-

ing that, when the longitudinal strains deviate slightly from this

critical strain (e.g., ε = −0.01 to ε = + 0.01), a plateau is observed

in the γI 2 
curve in Zn 47 Cu with the fault energy changing within

2 mJ/m 
2 . 

To aid comparison, the stacking fault energies of pure Mg and

its alloys under different longitudinal strains are evaluated by the

same schemes as used for Zn-based alloys, and the results are pro-

vided in Fig. S6 in the Supplementary material. It is seen that the

SFEs of pure Mg and most Mg-based alloys decrease proportion-
lly with longitudinal straining, unlike the non-linear relationship

bserved in pure Zn and Zn-based alloys. Such differences might

e attributed to their intrinsic differences c / a ratio and anisotropic

lasticity. 

Next, we consider the effects of strain on the core structures,

nd to begin, we first present in Fig. 7 a the calculated dislo-

ation core structures in terms of the misfit density profiles in

ure Zn under different longitudinal strains ( ε = −0.05, ε = 0 and

= + 0.05). It can be seen that the pure Zn has the minimum value

f the d x and w x when at equilibrium. When positive or negative

ongitudinal strains are applied, the d x and w x of pure Zn increase

ccordingly. 

For the alloys, Fig. 7 b and c shows the variation of d x / b and

 x / b under certain strains for Zn-based alloys, and Fig. 7 d–f for the

g-based alloys. For most Mg-based alloys, the values of the d x / b
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Fig. 7. (a) Misfit density of pure Zn produced by the dislocation under different longitudinal strains. (b) and (c) show the d x / b and w x / b variation under certain strains for 

Zn. (d)–(f) present the dislocation structure variation of pure Mg and Mg-based alloys for comparison. 
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Fig. 8. The variation of the average bond lengths under different pressures of pure 

Zn, Zn 47 Mg, Zn 47 Fe, Zn 47 Cu, pure Mg, Mg 47 Zn, Mg 47 Fe, and Mg 47 Cu. The six bond 

lengths are measured and averaged. 
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nd w x / b increase as ε increases. However, for Zn-based alloys, a

on-linear trend could be found in pure Zn and Zn 47 Mg. For alloy-

ng element Fe, a large dislocation dissociation is found for both

n 47 Fe and Mg 47 Fe at ε = + 0.05. In Mode II, the value of d x / b for

n 47 Fe (Mg 47 Fe) increases from 5.71 (7.49) to 22.59 (26.64) as ε
hanges from −0.05 to + 0.05, revealing a large strain dependence

n both Zn 47 Fe and Mg 47 Fe. 

The variations in SFEs caused by longitudinal straining will lead

o a modification in the Peierls stress. Table 5 compares the Peierls

tresses under the condition of Mode II. The analysis finds that

he Peierls stress for pure Zn (Zn 47 Mg) increases from 0.53 MPa

3.22 MPa) to 0.77 MPa (8.48 MPa) under a longitudinal compres-

ion strain of −0.05, while it reduces to 0.02 MPa (0.13 MPa) un-

er longitudinal tensile strain of + 0.05. Like the pressure-enhanced

eierls stresses seen earlier, a larger strain enhancement is ob-

erved for pure Mg and Mg-based alloys. The Peierls stress of

ure Mg (Mg 47 Zn) increases from 9.23 MPa (2.53 MPa) to 91.84 MPa

56.19 MPa) under a longitudinal compression strain of −0.05,

hile it decreases to 0.92 MPa (0.96 MPa) under longitudinal ten-

ile strain + 0.05. These results indicate that the longitudinal strain

ay effectively modify the strength of Zn-based and Mg-based al-

oys by varying the axial ratio c / a . Further, if under longitudinal

ompression, the Peierls stress of the basal dislocation increases,

ctivation of non-basal slip systems could be promoted and poten-

ially enhance ductility [107 , 108] . 

.4. The bond-length variations and electronic origin of solute effects 

Solute effects can be revealed more vividly by studying the vari-

tions of bond lengths around the faulted region of the disloca-

ion core. Zn has a very small < a > -axis length of 2.667 Å, much

maller than that of Mg (3.192 Å). When the same solutes are

dded to Zn, a much larger volume misfit, or localized strain, is

enerated as compared when they are added to Mg. Qualitatively

he larger lattice distortions explain the heightened solute sensitiv-
ty found in the Zn-based alloys compared to that seen in the Mg-

ased alloys. More quantitively, we closely examine the changes in

he bonds lying out of the basal plane, since when calculating the

FEs, only the direction normal to the glide plane was constrained

uring relaxation. Fig. 8 illustrates the bond lengths of Zn and Zn-

ased alloys around the faulted region under different pressures,

nd compares with those of Mg and Mg-based alloys. For both al-

oys, the average out-of-plane bond length decreases as pressure

ncreases, indicating that the bond become stronger under com-

ression, which is consistent with our Peierls stress calculations,

.e., higher pressure results in a higher Peierls stress. For Zn-based

lloys at equilibrium, Fe–Zn bonds (2.736 Å–2.744 Å) and Cu–Zn

onds (2.796 Å–2.823 Å) are ∼5.77% and ∼3.63% smaller than Zn–

n bonds (2.904 Å–2.929 Å), which are smaller than Zn–Mg bonds

2.951 Å–2.981 Å). In contrast, for Mg-based alloys, all bond lengths

re smaller than those of pure Mg, indicating a different localized

train in Zn and Mg induced by a same alloy element. 
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Fig. 9. Valence charge density differences (VCDD) and Bader charge analysis for pure Zn, Zn 47 Mg, Zn 47 Fe, Zn 47 Cu, pure Mg, Mg 47 Zn, Mg 47 Fe, and Mg 47 Cu in the perfect lattice 

and within the I 2 stacking fault. To understand Li’s inverse effect on Zn and Mg, the VCDD analysis for Zn 47 Li and Mg 47 Li in the perfect lattice and I 2 stacking fault are also 

provided. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.) 
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Such variations can be attributed to distinct features in the

contour plots of the valence charge density difference (VCDD), in

which the denser positive charge density suggests the stronger in-

teratomic bonding and vice versa for the negative charge density

[109] . To gain insight into the physical origin of solute effect, the

VCDDs are calculated and a Bader charge analysis of Zn, Mg and

their alloys are carried out. Fig. 9 illustrates the VCDD contour

maps in the faulted region, which is defined as: 

�ρ( M 47 X ) = ρinter ( M 47 X ) − ρnon - inter ( M 47 X ) , (8)

where M represents Zn or Mg, and X represents solute elements.

ρ inter (M 47 X) is the charge density of Zn-based or Mg-based alloys,

and ρnon-inter (M 47 X) represents the reference (or non-interacting)

charge density, calculated as the summation of the atomic charge

densities. Several key findings arise from analyzing the VCDD: 

(1) Zn and Mg have the same valence electron number, yet

when comparing the VCDD of pure Zn and pure Mg, some

differences arise in their bonding properties. In the perfect

lattice, a weak directional feature is shown for pure Zn,

while the shape of the VCDD contours in pure Mg exhibits

a directional rod-like feature [110] . In the faulted region,

a minor change from the perfect lattice is found for the

VCDD distribution for Zn, whereas the shape change to a

dispersed, triangle-like feature occurs in the VCDD distri-

bution of Mg. The less directional and delocalized charge

distribution of Zn suggests that the solute additions and ap-

plied pressures and strains can have an observable influence

on the electronic structure of Zn, causing Zn to be more

sensitive to solutes and pressure/strain than Mg. 

(2) We find that when combining two elements with similar

structures, the impact on the VCDD is small. Consequently,

the effects of solute additions of Mg (Zn) to Zn (Mg), which

are relatively similar, to the charge distribution would be

smaller than the effect of additions of Fe and Cu, which are
dissimilar from Mg or Zn, would not be the same. In the case

of Mg-additions to Zn, the charge distribution of Zn 47 Mg is

similar to that of pure Zn, and likewise, the charge distribu-

tion of Mg 47 Zn is similar to that of pure Mg. However, the

Cu and Fe have a great impact on the charge re-distribution

of Zn-based and Mg-based alloys, explaining the distinctive

strain and pressure effects on the SFEs between Zn 47 Mg and

those of Zn 47 Fe and Zn 47 Cu. 

(3) The solute Fe behaves different under strains from all other

solutes as shown in previous results, and these observa-

tions can be explained by the variations seen in the VCDD

contour plots. The solute Fe produces a pronounced charge

polarization around the faulted region in both Zn 47 Fe and

Mg 47 Fe, which might explain why they respond little un-

der strain conditions. When Fe is added, the chemical mis-

fit dominates, and the influences of strain are comparatively

less. The charge transfer observed for Mg 47 Fe ( + 2.692 eV) is

outstandingly strong, whereas the charge transfer seen for

Zn 47 Fe ( + 0.002 eV) is minor. 

(4) Fig. 9 also shows the VCDD of Zn 47 Li and Mg 47 Li. Close ex-

amination of these VCDDs can provide an explanation of

why Li results in an opposite effect on the I 2 stacking fault

of Zn and Mg, i.e., lead to an increased γI 2 
in Mg and a de-

creased γI 2 
in Zn. Substantial differences can be found in the

charge distribution in the I 2 fault of Zn 47 Li and Mg 47 Li as

highlighted in red circles. The shape of VCDD distribution of

Mg 47 Li is clearly split into two parts, while that of Zn 47 Li

remains concentrated. 

. Discussion 

Solute and strain effects have been long considered effective

athways toward strengthening HCP Mg and Zn. However, in al-

oy design, these two effects are usually considered individually. In
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Fig. 10. (a) The relationship between localized strain and stable intrinsic stacking fault energy of Zn-based alloys and Mg-based alloys. (b) and (c) The relationship between 

the dislocation core structure and the SFEs. (d) The relationship between the dislocation core structure and the Peierls stress. 
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any ways, the results presented above indicate that solute and

train effects on strength are synergistic, and their coupled effect

ught to benefit chemical design of novel materials. 

In terms of substitutional solute strengthening, two general

echanisms have been discussed in the literature, the Friedel

trong-pinning model for short-range interactions [111–113] and

he Labusch weak-pinning model for long-range interactions

114 , 115] . These two models use the chemical misfit and atomic

ize misfit as the major input parameters [116 , 117] . When a large

tomic size misfit exists between the solute and solution, a local-

zed strain appears, an outcome that couples strain and chemistry

t the atomic and electronic scales. From the present results, it is

learly shown that alloying influences significantly the SFEs and

he bond length around solutes. To quantify for such effect, Fig. 10 a

resents the calculated localized strains by averaging the variations

f three localized bond length via β= ( l c − l c M ) / l c M , where l c repre-

ents the average relaxed bond lengths along < c > -axis of the al-

oys, and l c M represents lattice parameter c of the pure hcp metal.

t is observed that solute elements: Fe, Mn, and Cu in Zn-based

lloys induce a relatively large localized strain, indicating the ex-

stence of intrinsic synergetic effect between chemical and strain

arts. Such effects have also been addressed in a few previous

tudies on Mg-based alloys, e.g. Shang et al. [20] revealed a nearly

inear relationship between the SFE and the volume of the solutes

or Mg-based alloys, and Liu et al. [118] found a strong correlation

etween localized c / a ratio generated by solute elements and the

uctility of Mg-based alloys considering 62 types of solutes by DFT

ethods, suggesting a strong strain effect on solute strengthening. 

Nevertheless, an interesting phenomenon is uncovered–some

olutes may contribute only chemical effect without an appear-

nce of a distinct localized strain effect or the opposite effect. As
hown in Fig. 10 a, the localized strain is nearly absent for Zn 47 Al

nd Mg 47 Li, but the introduction of solute Al in Zn (or Li in Mg)

hanges their SFEs from 107.0 mJ/m 
2 (37.4 mJ/m 

2 ) to 28.9 mJ/m 
2 

50.6 mJ/m 
2 ), suggesting that a pure chemical effect may be ob-

ained from these particular solutes. In Fig. 6 c, the results indicate

hat both longitudinal tension and compression lead to a lower

FE, yet for the solute Cu in Zn, the effect is to increase the SFE

as shown in Fig. 10 a for Zn 47 Cu) and this chemical enhancement

ominates over the reductions caused by straining. These findings

ndicates that the synergetic effects of chemical and strain parts of

olute strengthening as proposed in the previous studies [116 , 119]

s not universal, but intrinsically dependent on the solute type. 

The strain effect probed here plays the role of homogeneous

attice expansion or contraction. Yet as shown in the study of Zn-

ased alloys, this strain effect can be modified depending on which

olute is selected. As shown in Fig. 4 , the key fault energies γI 2 
nd γU I 2 of Zn, Zn 47 Mg, and Zn 47 Cu all increase noticeably with in-

reasing pressure, whereas Zn 47 Fe varies only slightly as the pres-

ure changes. The distinctive effects of Fe can also be seen even

ore clearly under longitudinal strain as shown in Fig. 6 . The γI 2 
nd γU I 2 of pure Zn, Zn 47 Mg, and Zn 47 Cu all possess a non-linear

ependence. Their SFEs all first increase then decrease as longitu-

inal strain increases, while for Zn 47 Fe, a linear increase is clearly

bserved, a result can be identified as a solute modification to the

ffect of strain. 

The results of this work also show how strain can modify the

egree and tendencies of the solute effect. A typical finding from

he analysis is that the solute can have either a strengthening

r weakening effects at different strain conditions. Taking Cu, Fe,

nd Mg in Zn-based alloys for demonstration, it is observed from

ig. 3 a and c that the solute Cu may generate a higher γI and

2 
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a smaller d x / b than those in pure Zn at equilibrium, while under

high pressures, e.g. + 3 GPa as shown in Fig. 5 b, pure Zn possesses

the smallest d x / b among all Zn-based alloys. This indicates that a

solute, like Cu, might behave differently at equilibrium and under

a specific pressure, demonstrating a distinct and potential strain

modification to solute effects. 

In view of the chemical vs. mechanical strengthening methods,

one may wonder if in some cases the approaches lead to similar

results and hence one approach can replace the other. From our

results in preceding sections, we may observe that solute effect

cannot completely replace the strain effect. The solute element

influences the volume and chemical environment locally and

asymmetrically, while the hydrostatic pressure and longitudinal

strain modify the properties continuously and of a large volume of

the system or the whole system. As demonstrated in Fig. 8 , the so-

lute element changes the bond lengths around the faulted region.

Hydrostatic pressure and strain can modify the intrinsic mechan-

ical parameters continuously. As shown in Fig. 6 a, a continuous

variation of c/a ratio can be obtained by strain modification, while

such control cannot be attained via solute modification. The effect

of the shear stress component can only be investigated through

the strain mode rather than solute modification. Branicio et al.

[70] modulated the SFEs of pure Cu by applying the < 1 ̄1 0 > { 111 }
and < 11 ̄2 > { 111 } shear strain and found an interesting variation
tendency. In addition, Szajewski et al. [120] studied the core prop-

erties for Cu under a shear stress, and found that at higher shear

stresses, the cores of each partial dislocation begin to overlap, and

the two partial dislocations begin to recede. Liu et al. [121] found

that the Peierls stress may exhibit quasi-periodically decreasing

oscillations with increasing Escaig stress by using an improved

SVPN model. All these unique findings suggest the necessary to

investigate strain effects besides the widely studied solute effects

on strengthening. 

Although the strain effect may provide a unique solution to

strengthening alone, it cannot replace solute strengthening. The

widely studied solute strengthening or the “chemical” misfit in-

duced by solute element still has many distinct characteristics. As

shown in Fig. 9 , for both Zn and Mg, the solute elements change

the charge distribution and influence the charge transfer strongly

around the faulted area, effects we find cannot be attained by

strain modification. Under some conditions, a larger SFE modifica-

tion range can be attained by solute strengthening than by strain-

ing. For instance, as shown in Fig. 6 c, for pure Zn, both longitudinal

tension and compression strain lead to a decreased γI 2 
. However,

by solute modification, a much higher γI 2 
can be attained by in-

troducing the solute element Cu, as shown in Fig. 3 . Last, we note

that in the application of biodegradable Zn-based and Mg-based

alloys, solute elements not only improve the mechanical proper-

ties, but also modify the corrosion properties [6 , 13] , whereas strain

has been shown to detrimentally decrease the corrosion resistance

[122] . 

5. Conclusions 

In this work, we have investigated the synergetic effects of bio-

compatible solutes and strain on stacking fault energies, disloca-

tion core structures and Peierls stress in biodegradable Zn-based

and Mg-based alloys via an ab initio -informed Peierls–Nabarro

model. The main results are as follows: 

(1) For all solute elements, the stronger solute effect is found in

the Zn-based alloys than Mg-based alloys. 

(2) Considering in calculation, biocompatible solute elements

Mg(Zn), Fe, Cu, Li, Al, Mn, we found that the solute Li has

opposing solute effects on the intrinsic stacking fault ener-

gies on Mg and Zn. 
(3) Fe decreases SFEs and the increasing dislocation dissociation

and Peierls stress because of the distinct charge polarization

and the localized strain near the solute. 

(4) A much stronger strain induced strengthening or softening

is found in the Zn-based alloys as compared to the Mg-

based alloys. Although the SFEs, dislocation structures and

Peierls stresses exhibit a similar trend in response to hy-

drostatic pressure, their response to longitudinal strain is

substantially different. Analysis of the electronic and atomic

structure changes attributes their differing response to the

greater sensitivity of Zn to changes in the c / a ratio and

chemical bonding strength. 

(5) The electronic structure analysis reveals that the electronic

polarization at the hollow sites of hexagonal close packed

structure and charge transfer between the solute and Zn

(Mg) is responsible for the variations of SFEs, dislocation

core structures and Peierls stresses. A pronounced charge

polarization is found in both Zn 47 Fe and Mg 47 Fe, which

might explain the fact that they respond little under strain

conditions. When Fe is added, the chemical misfit domi-

nates, and the influences of strain are comparatively less. 

In conclusion, the synergetic effects of alloying and straining

evealed here cannot be replaced by each effect alone. The space

f possible alloying elements, combinations, and concentrations is

ast, as well as the additional levels and modes of straining that

ould be considered in tandem. The work here introduces a frame-

ork in which to probe more combinations and opens alternative

ay to solve the tradeoff between strength and ductility, which

s beyond the normal design rules purely based on either solute

trengthening or strain effects alone. 
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