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Influence of Ca addition on valence electron structure of Mg;7Al;;®
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Abstract: The alloy AZ91 containing calcium was prepared under protection of a mixed gas atmosphere of SFe( 1%, vok

ume fraction) and CO;. The added calcium mainly dissolves into the Mg;7Al;» phase in the alloy and increases its melting

point and the thermal stability. The empirical electron theory (EET) of solid and molecules was used to calculate the va-

lence electron structures ( VES) of Mgi;7Alj; phase with different amounts of calcium additions. The theoretical calcula

tions indicate that calcium dissolved in M g17A 15 phase increases the strengths of atomic bonds that control the thermal sta-

bility of Mg;7Al;, phase, and also makes the distribution of valence electrons on the dominant bond network as well as in

the whole unit cell of Mg;7Al;2 more uniform, which are consistent with the experimental results.
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1 INTRODUCTION

M agnesium alloys have emerged as potentially
good candidates for numerous applications, especially
in automotive, aerospace and electronic industry.
Their good properties, such as low density, high spe-
cific strength and good damping capacity, make them
the promising replacements for other structural mate-
rials, for instance, steel, cast iron, and even alu-
minum'"?'. The widely used magnesium alloys be-
long to Mg-AFZn (AZ) series, such as AZ91 (Mg
9AF1Zn), which have excellent castability, good
room temperature mechanical properties and low cost.
However, the use of these magnesium alloys has been
limited because of their poor heat resistance, especial-
ly poor creep property, and its low operating temper
ature( only under 120 ‘C)*® For the Mg Al based
alloys, Mg;7Al;; is an essential phase which plays an
important role in strengthening the alloys at ambient
temperature. Whereas the softening of the phase at
the elevated temperature is detrimental to the creep
property of the alloys so that their operating tempera
ture cannot be over 120 ‘C'%. In recent years, inves
tigations have shown that calcium additions can im-
prove the high-temperature properties of magnesium

(9101 " The effects of calcium addition are on

alloys
two aspects: 1) Small amount of calcium addition ef-
fectively suppresses the discontinuous precipitation of
Mg;7Al; in alloys[n]; 2) Calcium addition to the

base alloy has the effect on enhancing of the thermal

stability of the Mgi7Al;» precipitates at elevated tem-
peratures' 2. The results in the Ref. [ 12] show that
valence electron structure of Mgi7Alj; phase in the
AZ91 alloy is changed with 0. 3% ( mass fraction) cal-
cium addition, which increases its melting point and
the thermal stability. Based on the previous work! '?!,
the present investigation shows how the valence
electron structure of M gi7Ali> phase changes with the
increase of calcium addition and reveals the strength-
ening mechanisms of Mg-Al based alloys at the elevat-
ed temperatures caused by calcium additions.

2 EXPERIMENTAL

The alloys were prepared in mild steel crucible
under the protection of mixed gas of 1% ( volume frac-
tion) SF¢ and CO; ( bal.) using commercial stock.
Table 1 lists the designed and analyzed compositions
of five alloys prepared. The base composition of the
alloys studied was Mg-9AF0. 8Zn-0. 2M n ( alloy CO)
conformed to that of AZ91. The compositions of al-
loys C1 to C4 were based on that of AZ91 but with
different amount of calcium additions. The chemical
compositions of the prepared alloys were analyzed by
inductively coupled plasma ( ICP). The Microstruc
tures of the alloys were characterized on selected spec
imens using scanning electron microscopy ( SEM).
Microanalysis and determination of crystal structure
of different phases in the alloys were carried out by X-
ray energy dispersive spectroscopy ( XEDS) and X-ray

@®  Foundation item: Project (2001AA331030-01) supported by Hr tech Research and Development Program of China; project (BK2001403) sup-

ported by the Natural Science Foundation of Jiangsu Province, China

Received date: 2003 = 02 ~ 08; Accepted date: 2003~ 04 ~ 14

Correspondence: DU Werrwen, Tel: + 86-253792454-804; FE-mail: daniel dul978@ hotmail. com



Vol.13  Ne 6

Influence of Ca addition on valence electron structure of Mgi7Al12

« 1275

diffractometry( XRD), respectively. The differential
thermal analysis (DTA) was conducted on the speci-
mens with different calcium additions by PEAKIN-
ELMER 7 series DSC thermal analyzing system at the
heating rate of 20 ‘C/ min.

3 RESULTS

It has been reported that the as cast microstruc
ture of the AZ91 alloy is composed of two phases: o
Mg and Mg7Alx ", and small amount of calcium
addition (< 0. 5%, mass fraction) does not result in
the formation of any new phase. In this investigation
the differential thermal analysis (DTA) was conduct-
ed on the alloys to measure the melting point of
Mg;7Al;; phase. The DTA curves of ascast alloys
(CO, C2 and C4) are shown in Fig. 1. The point de-
viating from the base line corresponds to the starting
point of melting, which is usually called as solidus
temperature. Table 2 lists the mass fraction, molar
fraction( x ) of calcium in Mg7 Alj> phase and the
melting point of Mgi7Ali2 phase in the alloys studied.
Both Table 2 and Fig. 1 show that solidus tempera-
ture of the alloys increased significantly with the in-
crease of calcium additions. The highest solidus tem-

Table 1 Chemical composition of alloys

perature obtained from alloy C4 containing 0. 4% cal-
cium reached 448.5 C, which is higher than that of
Mgi7Al2 in AZ91 alloy (424.2 C). This indicates
that the addition of calcium increases the melting
point of Mg;7Al;; so that the stability of Mg;7Al;; is
consequently increased.

4 EMPIRICAL ELECTRON THEORY(EET)

The Mg7Al> phase has the A12 structure (&
Mn style) with a lattice parameter of a= 1. 056 nm.
In the unit cell of Mgi7Ali2, the Mg atoms occupy
three kinds of sites: Mg', Mg and Mg™ and its
BALL . The re-
sults of the X-ray diffraction analysis show that the

structure formula is MgI MgiIMg

structure of the substitutional solid solution of Mg;7

Alj> containing calcium is the same as that of the sol

I and most of the dissolved calcium atoms are

11

vent! 2
supposed to substitute for the Mg ™~ when calcium is
added. The structure formula of Mgi;7Alj> phase
with  calcium additions can be written as

MgI MglIMgg_ «CayAlpy (x ranges between 0. 18

and 0.75). The characteristic parameters of the hy-

pothetic atoms which are the mass average of Mg

and Ca can be shown as follows' '

(mass fraction, %)

Designed composition

Analyzed composition

Alloy code

Al Zn Mn Ca Mg Al Zn Mn Ca Mg
CO 9.0 0.8 0.2 - Bal. 8.90 0.82 0.18 - Bal.
Cl1 9.0 0.8 0.2 0.1 Bal. - - - - -
Cc2 9.0 0.8 0.2 0.2 Bal. 8. 80 0. 80 0.20 0.22 Bal.
C3 9.0 0.8 0.2 0.3 Bal. 8. 87 0.76 0.19 0.33 Bal.
C4 9.0 0.8 0.2 0.4 Bal. 8.75 0.78 0.17 0.42 Bal.
(a) (b) ©
424.2
431.6
448.5
350 400 450 500 550 350 400 450 500 550 360 410 460 510
Temperature/C Temperature/'C Temperature/'C

Fig. 1 DTA curves of as cast alloys
(a) —CO alloy; (b) —C2 alloy; (¢) —C4 alloy
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Table 2 Mass fraction and molar fraction of calcium
in Mgi7Ali2 phase and melting point of alloys

Alloy Mass fraction Melting Molar fraction of
code of calcium/ % point/ 'C calcium (x)
co 0 424.4 0
Cl1 1.0 428.1 0.18
C2 1.8 431.6 0.37
C3 2.7 440. 8 0.50
C4 3.7 448.5 0.75
ni= xnS+ (1- x)nl\,/[gm (H
ni= xni*+ (1- x)nllwgm (2)

S Ce M 11

R°(1) = xR™(1)+ (1- x)R"® (1) (3)
where n.is the number of the valence electrons, n;
is the number of the crystal lattice electrons, R>(1)
is half length of single bond, x is the atomic fraction
of calcium in Mgi7Ali;2 and S is the average atom of

. i
calcium and Mg .

In this study, the valence electron structures
(VES) of Mgi7Al; containing different calcium con-
tent were calculated using the methods of empirical
electron theory( EET)!"*! and the average atom model
(AAM)[12 141

AZ91 on the stability of Mg;7A 1), phase were also an-

The effects of calcium addition to

alyzed. Tables 3 and 4 list the parameters and the re-
sults of calculation, respectively. There B is a param-
eter, and in EET its value depends on the value of the
strongest n in the related crystal or molecule! .
From the results listed in Table 4, it is clear to
see that the values of all five AD(bond length differ
ence) are all very small, only — 0. 001 3 nm, - O.

001 2 nm, — 0.000 84 nm, — 0.000 61 nm and —

0.000 14 nm, respectively, indicating that the theo-
retical bond length accords with the experimental
bond length very well and satisfies the criterion of the
empirical electron theory of solids and molecules '
And the calcium atoms occur at the 5th level in M g7
Alj; phase and the hybrid status of all the other atoms
in Mg;7Al; containing calcium are the same as those
in Mgi7Al;; without calcium addition, implying that
the dissolving of calcium atoms do not affect the sta-
tus of primary atoms in Mgi7Ali» phase.

Table 3 Parameters of analysis on valence electron
structure of Mg;7_ , Ca, Alj; unit cell

B A n%gl nf\égn nggm G
0.6 2.530 1.3022 1.3022 0.2363 1.5113
Ra(4)  Rug'(3) Rwg"(3) Rwp"(2)  Re(5)
0.1190 0.126 04 0.12604 0.1273 0.164 4

S DISCUSSION

Based on the results of the VES of M g;7Al;; list-
ed in Table 4 and the network of dominant bonds of
Mgi7 Al phase (Fig. 2)!"!, the integrated crystal
lattice of Mgj7Al;> is mainly connected by the four
kinds of bonds (A, B, C and D) which are called the
dominant bonds, and the structural stability of the
compound is controlled by the weak bonds
(C and D). Other
bonds only play assistant roles in the stability of

nonessential  and  poor

the whole structure! . The energy of A bond and
B bond in the bond network of Mg7Ali2 are much

Table 4 Valence electron structure and bond energy of Mg;;7_ , Ca, Alj unit cell

Alloy Yn, Y Iy D D'y/om  D'y/nm D' ¢/nm D p/nm na
Mgi7AlL 39.701  30.299 0.26570 0.28212 0.29050 0.29777 0.3455
(MgisCap 15) Al, 39.931  30.069  12(A) 0.267 04(A) 0.26585 0.28235 0.29077 0.298 07 0.343 4
(Mgi.63Cap 7)) Ali, 40.173  29.827  24(B) 0.283 54(B) 0.266 19 0.28269 0.291 11 0.298 41 0.3390
(Mgis. 50Cap s0) Ali, 40.339  29.661  24(C) 0.291 95(C) 0.266 43 0.28293 0.291 34 0.29865 0.3359
(Mgi125Cag 75) All, 40.658  29.342  48(D) 0.299 25(D) 0.266 89 0.28339 0.291 81 0.299 11  0.3300
Al e T T T .
Mgi7Al 0.1839  0.1834  0.1387  45.6384 22.8782 13.3367 9.8399 - 0.001 3
(Mg sCap 15)Al, 0.1823  0.1854  0.140 1  45.3354  22.6607 13.6959  10.0960 — 0.001 2
(MgieiCap ) Al 0.1799  0.1872  0.1414  44.6974 22.3355 14.0490 10.3522 - 0.000 84
(Mgis.sCaos) Al 0.1783  0.1884  0.1423  44.2487 22.1180 14.288 1 10.5277 - 0.000 61
(MgiiasCag75) Al 0.1752  0.1906  0.1440  32.3966 21.6982 14.7382  10.863 1 - 0.000 14

Bond number (A, B, C, D) correspond respectively to the bonds whose name are A1—Al, Al—Al, Al—S, Al—=S; I4is
the sum of the same bond in unit cell; D is the theory bond length; D’ is the experiment bond length.
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Fig.2 Network of dominant bonds of Mg;7Al;; phasel > !

higher than C and D bonds. It means that the low
melting point as well as low thermal stability of
Mgi7Al12 can be accounted for the nomruniform distri-

bution of the valence electrons on the bond net-

[12] " When the dissolved calcium atoms substi-

work
tute for some M g Matoms in Mgi7Ali2, the number of
the valence electrons on C bond and D bond control-
ling the stability of M gi7Al;2 increase continually with
the increase of calcium content and the valence elec
trons of the strongest A bond and B bond decrease
ceaselessly. The valence electrons on C bond and D
bond increase by 3.9% and 4. 1%, while the valence
electrons on A bond and B bond decease by 4. 5% and
4.7%, respectively, if the molar fraction of calcium
reached 0. 75. Hence, the distribution of the valence
electrons on the four kinds of main bonds becomes
more uniform, leading to the increase of the melting
point and the thermal stability of Mg;7Al;;. In Table
4 it should also be noticed that the sum of the valence
electrons ( ch) in the unit cell of M gi7Al; increased
from 39. 701 (without Ca addition) to 40. 658( with
Ca addition and its molar fraction is 0.75). Appar
ently, the bond between the atoms will be stronger
and the melting point and the thermal stability of
Mgi7Ali> will be higher if there are more valence elec
trons on the bond.

The main factors which affect the thermal stabil-
ity of Mgi7Al;; have been considered to be the energy

of weak bonds (C and D), the uniformity of the
dominant bond network as well as the uniformity of
the whole unit cell bond network of Mgi7Al, ",
therefore, in this investigation Ep, By and By in
the valence electron structure of Mgi7Ali> phase with
different calcium additions were calculated( Ep is list-
ed in Table 4; By is the ratio of the sum of electrons
on C bonds and D bonds controlling the structural sta-
bility to the sum of the valence electrons on four kinds
of dominant bonds, and it reflects the uniformity of
the dominant bond network; Bw is the ratio of the
sum of the valence electrons on the four kinds of dom-
inant bonds to the sum of the electrons in the whole
unit cell, and it reflects the uniformity of the whole
unit cell bond network). By and By can be calculat-
ed by using the formulas as follows:

/ [
By= net Ipn (4)

nm
By - e e (5)
Yine  2ne
Where ny= Z[ana , and it is the sum of the va-

lence electrons on four kinds of dominant bonds. In

Table 5 the calculated results of three parameters
(Ep, Bw and By) are listed. As shown in Table 5,
with the increase of calcium content, the energy of D

bond ( Ep, one of the
ters controlling the thermal stability of Mg7Al

dominant parame
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Table 5 Calcium contents and parameters n
of VES in Mgi7Ali» phase of alloys 450 ¢ (@)
Alloy Ep/(kJ*mol”') B By o, 445t
Mgi7Al 9.84 0.564  0.494 g a0l
Mgie. 52Cao. 1AL 10. 10 0.568  0.493 -
2 4351
Mgi6. 63Cao.37A L1 10. 35 0.574  0.490 c
2 430t
Mgi6.5Cao. sAli 10. 53 0.577  0.487
Mgs. 25Cag. 75A 112 10. 86 0.585 0.483 4257
420 : :
phase) increases from Ep= 9.84 kJ/mol in Mg7Al;, 28 2 — 110
phase without calcium addition to Ep= 10. 86 kJ/ mol Ep(jefemal)
in Mgm,zsCao, 75A112 with calcium additions. Mean- 450
while, with the increase of calcium content, By and
Bw which reflect the uniformity of the dominant bond o 445
network and the whole unit cell bond network E 440
changes. The By increases continually with the in- g
crease of calcium content. That is to say that calcium £ 435
addition makes the valence electrons on the dominant g
bonds intend to distribute on the C bonds and D 430
bonds so that the strength of these two bonds is en- 425 |
hanced and the strength of A bonds and B bonds is
weakened. Thus the uniformity of the dominant 420 ' : : - :
bonds is improved. However, the Bw decreases with 0.560 0565 0570 0575 0.580 0.585
the increase of calcium content, from 0.494 in M g7 Bm
Ahz phase to 0. 483 in Mgm, 25~ Cag, 75Al12, indicating
that calcium addition decreases the sum of the valence 430
electrons on the dominant bonds with regard to the 445
sum of the electrons in the whole unit cell and in- g
creases the number of electrons on the sub-ordinary £ 440}
bonds. Hence, the whole lattice of Mgi7Ali2 becomes ?'n 45]
more uniform. ‘%
The relationships between the melting point of = 430
Mgi7Al;; phase and the parameters are shown in Fig.
3 in which all the data have been modified by using =
Least-Squares-Fitting method. It can be seen that the 420 . . s
0.482 0.486 0.490 0.494

relationships between the melting point of Mgi7Al»
phase and the energy of D bond, the uniformity of
the dominant bond network and the uniformity of the
whole unit cell bond network are all linear, and the
related coefficients( R) are all over 0. 950. This indi-
cates that these three parameters of valence electron
structure are main factors affecting the melting point
of Mgi7Al;; phase. Among these parameters, the re-
lated coefficient between the uniformity of the domi
nant bond network and the melting point of Mgi7Ali»
phase is the highest. Its value is 0. 980 implying the
uniformity of the dominant bond network is most im-
portant for controlling the thermal stability of Mgi7
Aljs phase in AZ91 alloy.

6 CONCLUSIONS

1) When small amount of calcium is added to

Bw

Fig. 3 Relationship between melting point of
Mgi7Ali> phase and parameters (a) Ep,
(b) By and (¢) By of valence electron structure

the AZ91 alloy, most of the calcium atoms dissolve in
Mg;7 Al phase, which leads to the increase of the
melting point and the thermal stability of Mgi7Al;5.
2) When the molar fraction of calcium in Mgi;
Alj phase alters from 0. 18 to 0. 75, calcium atoms
all occur at the 5th level. They do not change the hy-
brid status of all the other atoms in Mg7Al;; and af-
fect the status of primary atoms in Mg;7Al;; phase.
However, the valence electrons and bond energy of
every bond are changed. The energy of two lower
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bonds increases while the energy of two higher bonds
decreases. The uniformity of the dominant bond net-
work and the uniformity of the whole unit cell bond
network are improved and the sum of the electrons in
the whole unit cell increases.

3) The values of the three parameters( Ep, Bwm
and By) are very important factors to the thermal
stability of Mgi7A 11> phase. The variety of these three
parameters caused by Ca addition is all beneficial to
increase the thermal stability of the crystal.

4) T he highest influential parameter on the ther
mal stability of Mg;7Alj; phase is the uniformity of
the dominant bond network( By ) indicating the raise
of the melting point and the thermal stability of M g7
Alj; phase caused by Ca addition is mainly accounted
for by the improvement of the uniformity of the dom-
inant bond network.
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