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Abstract

The first-principles methods based on the density functional theory were employed

to study the structural  stability,  segregation and work function of Mg doped with

fourteen metal elements existing in human body. The calculated results  show that

there is a simple correlation between solid solution and segregation. Doping Sn, Y, Li,

Gd, Nd, Sc and Zn atoms have a negative formation energy as well as a positive

segregation  energy.  This  suggests  that  these  elements  which  are  not  easier  to  be

dissolved in Mg matrix tend to segregate on the Mg (0001) surface. An opposite trend

was observed for Ba, Fe, Mn, W, Sr, Ca and Mo. On the other hand, the electronic

work function of Mg (0001) surface was increased significantly for doping Mo, W,

Fe, and Mn, and was reduced markedly for Ba, Ca and Sr. For Li, Sn, Sc, Gd, and Y,

their doping on Mg surface generate a relatively small change in work function. In

addition,  the relationships  of  corrosion behavior  to  segregation and work function

were discussed. This study may provide an avenue for seeking a more appropriate

alloying  element  of  Mg  alloys  with  improved  corrosion  resistance  in  biomedical

applications. 
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1 Introduction

Magnesium (Mg) and its alloys have become the first choice for new-generation

biodegradable materials  because of the good biocompatibility and degradability as

well as appropriate mechanical properties [14]. However, the high electronegative

potential and poor protection of the surface oxide films formed on Mg would result in

too quick corrosion rate in physiological environment, which restricts the application

of Mg alloys as degradable biomaterials [58]. Many experimental studies have been

carried out to improve the corrosion resistance by means of alloying and understand

the influence mechanisms of various alloying elements. Ciçek et al. [9] found that the

addition  of  Pb could  degrease  significantly the  corrosion current  and increase the

corrosion resistance in Mg-Al-Si alloy. Liu et al. [10,11] reported that the secondary

phases containing rare earth elements exhibit an active potential, which could reduce

the micro-galvanic corrosion caused by the coupling with the anodic Mg-base phase.

Kang et  al.  [12] and Du et  al.  [13] reported that Zn could effectively elevate  the

corrosion potential, and thus improve the corrosion resistance of Mg alloys. It was

demonstrated that the corrosion rate of Mg6Zn alloy in vitro is slower than that of

high-purity Mg in simulated body fluid (SBF) [14]. On the contrary, Fe is insoluble in

the Mg matrix and tends to precipitate in the form of elemental Fe. Zhang et al. [15]

reported that the galvanic coupling between the Fe particles scattered in the matrix

and Mg substrate would accelerate the corrosion of Mg alloys. However, researches

of  the  effect  of  alloying  elements  on  corrosion  properties  are  still  insufficiently

thorough, and their influence mechanisms are not completely clear.
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Computational studies of the different Mg alloys may provide more help for the

experimental  design  of  biomedical  Mg  alloys  with  better  corrosion  properties.

Recently,  surface energy and work function calculated with the density  functional

method  were  proved  as  effective  physical  parameters  to  correlate  the  surface

corrosion phenomena. Surface energy is the amount of energy needed to create one

square meter of new surface. Generally, the lower surface energy of a crystal plane,

the  better  its  corrosion  resistance.  Song  et  al.  [16]  reported  that  the  anisotropic

corrosion-resistant behavior  could be simply interpreted by the concept of surface

energy, although it is unclear how the surface energy is related to corrosion properties.

The electronic work function is the minimum energy required to withdraw an electron

completely from a metal surface. There are some significant relationships of work

function  with  electrode  potential  and  exchange  current  density  of  the  anodic

dissolution [17,18].  Wang et  al.  [19]  studied the surface corrosion behavior  of  Al

alloys  by  calculating  the  electronic  work  function,  and  elucidated  the  cause  of

galvanic corrosion from the electronic level. The electrochemical activity of materials

and the tendency of  corrosion were  discussed.  Ma et  al.  [20]  analyzed the anode

dissolution behavior of the adding of several alloying elements into Mg alloys and

found  that  surface  energy  density  and  work  function  play  significant  roles  in

corrosion.

From the biocompatibility point of view, Liu et al. [21] screened the metal elements

in the periodic table and pointed out that Ca, K, Mg, Fe, Zn, Sr, Sn, Mn, Y, Nd, etc. in

ionic form are tolerated and even deemed essential in the human body. It is suggested
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that Mg alloys containing these metal elements may not cause any substantial toxic

effects in human environment during degradation. Therefore, these elements could be

considered to be used as alloying elements in biomedical Mg alloys. In this paper, 14

metal  elements  mentioned  above  were  selected,  and  their  doping  effects  on  the

structural stability, segregation and electron work function of Mg were investigated by

the first-principles method. Furthermore, the relationship of corrosion resistance to

segregation and electronic work functions of binary Mg alloys were discussed.

2 Computational method

First-principles  calculations  based  on  density  functional  theory  (DFT)  were

performed by the Vienna Ab-initio Simulation Package (VASP) program [22], using

the projector-augmented wave (PAW) approach [23]. Electronic exchange-correlation

effects were described by the generalized gradient approximation (GGA) [24] with

Perdew-Burke-Ernzerh (PBE) functional. The plane-wave set with a cut-off energy of

450 eV was employed to ensure a high accuracy. And the  k-points of the Brillouin

zone adopted the Gamma-centered method. The Pulay density mixing method was

used  in  the  self-consistent  calculation  (SCF).  The  convergence  criterion  of

calculations  for  ionic  relaxations  is  10−6 eV between  two  consecutive  steps.  The

relaxation ends while the maximum force between atoms is less than 0.02 eV/Å. 

Mg has a hexagonal crystal structure containing two atoms in the unit cell model.

The 3 × 3 × 2 supercell with 36 atoms was used to calculate formation energy. The

standard slab geometry was adopted to model the surface system. The Mg (0001)

slabs with 9 layers and 8 layers of 3 × 3 surface and a 1.5 nm vacuum layer in the z
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direction  were used to  calculate  segregation  energy and electronic  work function,

respectively.

3 Results and discussion

3.1 Structural parameters and stability

After relaxation, the lattice constants of Mg are  a =  b = 3.180 Å,  c = 5.218 Å,

which  are  agree  well  with  experimental  and theoretical  studies  [25,26].  It  is  well

known that there are two types of solid solution, namely substitutional and interstitial

solid solutions. Interstitial solid solution is usually generated when the radius ratio of

solute  atom and  solvent  atom is  less  than  0.59.  Otherwise,  it  is  easy  to  form a

substitutional solid solution. The atomic radii of Mg and solute R atoms (R = Fe, Mn,

Zn, Mo, W, Li, Sn, Sc, Y, Gd, Nd, Ca, Sr, and Ba) are listed in Table 1. Since all the

radius ratios of solute and solvent atoms are much greater than 0.59, the substitutional

solid solution model was adopted. For the solid solution Mg35R1, one of the Mg atoms

is substituted by the R atom whose location in the model are shown in Fig. 1(a). The

calculated lattice parameters of pure Mg and various binary MgR alloys are listed in

Table 2. As can be seen,  the calculated lattice parameters of Mg, MgZn, MgY,

MgCa and MgLi are well consistent with that reported in previous studies [27,28],

indicating the good reliability and high accuracy for our calculated data.

In  order  to  investigate  the  structural  stability  of  Mg35R1 solid  solutions,  the

formation energies were calculated. The formation energy is defined as the difference

between the total energy of the system and the energy of each component to make up

the system. It reflects not only the difficulty of forming a solid solution, but also the
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alloying ability of the solid solution. The formation energy (E) was calculated using

the following equation [29]:

∆ E=
1
x+ y

(Etot−x Esolid
A

− y Esolid
B

),                  (1)

where Etot
 is the total energy of the supercell, 

E solid
A  and 

E solid
B  are the energies of A and

B atoms in solid states, and x, y are the number of A and B atoms in the supercell,

respectively. The formation energies of Mg35R1 calculated are shown in Fig. 1(b). The

Mg35R1 solid solutions doped with Zn, Y, Gd, Nd, Sn, Li and Sc have a negative E

with a sequence of Sn < Y< Li < Gd < Nd < Sc < Zn. This indicates that these

alloying elements could preferentially dissolve in Mg matrix, because a negative and

low formation energy means a high stability of solid solution [30-33]. In contrast, the

dopants of Sr, Mn, Fe, Ba, Mo, and W destabilize Mg35R1 structure. The formation

energies for Mg35Ba1, Mg35Fe1, Mg35Sr1, Mg35Mo1, Mg35Mn1, Mg35W1 are 0.002253,

0.0290, 0.01014, 0.04150, 0.05383, and 0.06411 eV/atom, respectively. The positive

values suggest the poor forming ability and stability of their solid solution structures.

In other words, metal elements Ca, Ba, Fe, Sr, Mo, Mn and W have a thermodynamic

driving force to escape from Mg, and thus it is more difficult for them to dissolve in

the Mg matrix. According to the binary diagrams [33], Zn, Y, Gd, Nd, Sn, Li and Sc

have a relatively high solid solubility, while Ba, Sr, Mn, Fe, Mo, W are almost and

even completely no solubility in Mg. This evidences that the calculated result is in

conformity with the reality.

3.2 Segregation energy
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The segregation energy (Eseg) is defined as the difference between the energy of the

system caused by the doping atoms at the surface location and that at the area away

from the surface. Eseg could be written as [34]:

E seg=E x−E¿ ¿,                     (2)

where E x is the total energy where the doping atoms occupying the position of matrix

surface, E¿ ¿ represents the system energy where the doping atoms occupy the position

within the matrix. In our slab model as shown in Fig. 2(a), the most common Mg

(0001)  surface  was  used.  In  order  to  study the  segregation  energy of  alloys,  two

doping R atoms substitute two Mg atoms in the surface layer and in the fifth layer,

respectively,  as  can  be  seen  in  Fig.  2(b)  and  (c).  Fig.  3  shows  the  calculated

segregation energy of fourteen slab models doped with different metal atoms. It is

seen that seven of them have a negative segregation energy. The negative value of Eseg

demonstrates that the total energy is lower when the R atoms are placed at the Mg

(0001) surface compared with that inside the Mg matrix. It is thus inferred from the

results  that  doping elements  Ca,  Sr,  Mn,  Fe,  Ba,  Mo,  and W have a  tendency to

spontaneously  segregate  to  the  Mg  (0001)  surface  for  reducing  their  energy  and

achieving  a  more  stable  structure.  This  result  is  in  agreement  with  previous

experimental phenomena [15,35]. For example, Mo et al. [35] found that only adding

0.5wt% of Mn to Mg3Gd2Ca alloy causes the segregation of Mn and leads to the

appearance of  polygonal  α-Mn. Zhang et  al.  [15]  also reported that  Fe atoms are

insoluble in the Mg matrix and exist in the form of simple substance. Different from

elements mentioned above, Zn, Y, Gd, Nd, Sn, Li, and Sc have a positive segregation
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energy and no significant segregation dynamics.  When  Eseg is  greater than zero,  it

suggests  that  doping  R atoms are  easier  to  locate  in  the  inner  of  Mg instead  of

segregating  to  the  Mg  (0001)  surface.  By  comparison,  there  exists  a  simple

relationship between segregation energy and formation energy. Except for element Ca,

other doping elements which tend to segregate on the surface would lead to a positive

formation  energy of  calculated Mg alloys.  It  seems that  Ca has  the  possibility  to

dissolve in the matrix and segregate on the surface simultaneously. 

The segregation is a common phenomenon, that usually adversely affects corrosion

resistance. Impurities segregate on the surface and could form a primary battery with

the substrate during corrosion. Mao et al. [36] and Song et al.  [37] found that the

segregation  of  Pb,  Sn  and  Mg  on  the  Al  surface  can  increase  corrosion  pitting

positions of aluminum foil. The lattices of the Mg alloys could be severely distorted

accompanying  with  segregation,  which  is  ascribed  to  the  difference  in  electron

distribution and geometric structure of the R atoms. Fig. 4 shows the distance that

doping R atoms deviate from the average position of Mg atoms in the same layer in

the z direction after relaxation. Obviously, Ba, Sr, Mn, Fe, Mo, and W atoms that are

prone to segregation exhibit a large offset distance in the z direction. A longer offset

distance could cause a larger lattice distortion of Mg, and thus lead to the appearance

of defects  on the surface.  As a result,  the starting points of corrosion induced by

defects would accelerate the corrosion rate of Mg alloys. 

3.3 Electronic work function
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A solid material with a higher work function corresponds to a greater barrier for

electrons to escape from the solid surface. The electronic work function (W) can be

calculated by [19]:

W=−eφ−EF,                       (3)

where e is the charge of an electron, φ is the electrostatic potential in the vacuum near

the surface, and EF is the Fermi level of the material itself. The Mg (0001) slab model

was used to calculate  W value, as shown in Fig. 5(a). In order to study the doping

effect of alloying elements on the work function, two doping R atoms replace the

central Mg atom on both ends of the termination surface of calculation cell, as shown

in Fig. 5(b). Fig. 5(c) presents the work function of Mg (0001) surface doped different

R atoms. For comparison, the data of pure Mg (0001) surface is also shown in Fig. 5

(c). As can been seen, doping Ba, Sr, Y, Ca, Nd, and Gd atoms reduce the electronic

work function, indicating that these elements make electrons more easily to escape

from the surface. Especially for Ca, Sr and Ba, their doping significantly lowers the

electronic work function compared with pure Mg. On the contrary, Zn, Mn, Sn, Fe,

Mo, and W atoms result in an increase in work function.

Doping alloying elements can change the work function of a local area. Thus, there

exists a potential difference between this area and the adjacent matrix, which would

affect the corrosion properties of Mg alloys. According to the data of work function

calculated above, the intrinsic potential difference (V) can be calculated as [38]: 

ΔV=(W R−W Mg)/e,                      (4)
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where  WMg and  WR are the work function of pure Mg and doped Mg with R atom,

respectively. Table 3 shows the intrinsic potential difference between doped Mg with

R atoms  and  pure  Mg.  Both  high  and  low  V values  may  cause  local  potential

difference, and thus result in the occurrence of electrochemical corrosion behavior.

Since V values for Fe, Mo, W and Mn elements are positive, the local surface doping

these metal atoms tends to form a cathode in corrosion environment and cause the

adjacent anode Mg matrix to be corroded before them. While a negative V value for

doping Ba, Sr, Y, Ca, Nd, and Gd suggests that the doped surface acts as an anode,

and are corroded earlier than the Mg matrix. Considering that the absolute values of

V for doping Li, Sn, Sc, Gd, and Y is relatively small, the local galvanic corrosion is

not easy to occur in the environment.

4 Summary 

The structure stability, segregation, and electronic work function of Mg doped by R

(R = Fe, Mn, Zn, Mo, W, Li, Sn, Sc, Y, Gd, Nd, Ca, Sr, and Ba) were studied by the

first-principles calculations. The main results obtained are listed as follows:

(1) The substitutional doping of Zn, Y, Gd, Nd, Sn, Li and Sc would lower the

formation energy, and thus increase the stability of M35R1 solid solution. Sr, Mn, Fe,

Ba, Mo, and W are difficult to be dissolved in Mg for their high formation energy of

Mg35R1 solid solution.

(2) The segregation behavior of alloying elements R in Mg alloys were studied by

using the Mg (0001) surface slab model. By coincidence, the metal elements that are

difficult to be dissolved in Mg are prone to segregate on the Mg surface. It is thus
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suggested that the segregation would cause defects on the surface, and accelerate the

corrosion rate of Mg.

(3) The electronic work function of Mg (0001) surface after doping Mo, Mn, and W

atoms were significantly elevated. On the contrary, the doing of Ba, Sr, and Ca atoms

cause a drop of electronic work function. However, both high and low work function

would generate a large intrinsic potential difference between local doped region and

matrix. This may lead to the occurrence of electrochemical corrosion. 
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Figure Captions

Fig.1 (a) Calculation model of Mg35R1 solid solution, where larger and smaller balls

represent R atoms and Mg atoms, respectively. (b) Formation energy of Mg35R1 solid

solution.

Fig. 2 (a) Clean Mg (0001) surface slab model. (b) and (c) Doped Mg (0001) surface

slab models with two doping R atoms substitute two Mg atoms in the surface layer

and in the fifth layer, respectively.

Fig. 3 Segregation energy for Mg (0001) surface doped different R atoms.

Fig. 4 Displacement in the z-direction of the substituting atoms relative to the relaxed

position of the replaced Mg atoms. 

Fig. 5 (a) Clean and (b) doped Mg (0001) surface Slab models. (c) Work functions of

clean and doped Mg (0001) surfaces.
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