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ABSTRACT

The homogeneity range and crystal structure of the Mg-rich ternary solid solution has been determined
using SEM, EPMA/WDS, TEM and X-ray diffraction. This compound has the CasMgxZni5_x (4.6 < x < 12)
formula at 335 °C. The refinement of the XRD patterns was carried out by Rietveld analysis, XRD data has
shown that this solid solution crystallizes in hexagonal structure having P63/mmc (194) space group and
Sc3Niq1Sig prototype. The lattice parameters decrease linearly with decreasing Mg content obeying
Vegard’s law. The fractional atomic occupancy of 6h, 4f, 2b and 12k sites of this compound are function of
Mg concentration. Focused Ion Beam has been used to lift TEM specimen of the ternary compound and
the hexagonal structure has been confirmed by means of selected area electron diffraction data. Based on
the atomic occupancy results and the crystallographic details, a three sublattice (Ca)(Zn)(Mg, Zn)4 model
is proposed for this compound.

F. Diffraction
F. Electron microprobe

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Mg-based alloys have attracted much attention as the lightest
structural alloys for the aerospace and automotive applications. Ca
content in Mg alloys improves strength, castability, and creep and
corrosion resistance [1,2]. The addition of Zn to the binary Mg—Ca
alloys reinforces the age hardening response [3]. Recently, Zberg
et al. [4,5] showed that above a certain percentage of Zn in the
system (approximately 28 at.% of Zn), biocompatible metallic glass
exists. This metallic glass shows a great potential for the develop-
ment of biodegradable implants [4,5]. Since the Ca—Mg—Zn system
is promising as a next-generation material in both transportation
and biomedical applications, having an accurate understanding of
the equilibrium in this system is needed.

Many researchers studied the solubility range and the crystal
structure of the CayMggZns compound, but their results are
contradictory [6—13]. Based on the thermal analysis and metal-
lography, Paris [6] reported a ternary compound with the compo-
sition CapMgsZns, as shown in Fig. 1, but he did not provide any
crystallographic information for it. The isothermal section in the
Mg—Zn side of the Ca—Mg—Zn system at 335 °C was studied by
Clark [7] using metallography and powder X-ray diffraction. He
reported two solid solutions  and w as shown in Fig. 1. These are
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different from the CayMgsZns composition reported by Paris [6].
The compositions of the two ternary compounds and the XRD
patterns were mentioned by Clark later in the Joint Committee on
Powder Diffraction Standards (JCPDS) [8,9] as Ca;MgeZns and
CayMgsZni3. The composition of Ca;MggZns is slightly different
from his previous result [7] of B with extensive solubility range, but
the composition of Ca;MgsZn3 is consistent with w. Then, Larinova
et al. [10] worked on this system using XRD and reported a ternary
compound with Cay;MgsZns composition. Clark [8] and Larinova
et al. [10] mentioned that this compound has a hexagonal structure
with lattice parameters a = 9.725 A, ¢ = 10.148 A, but did not report
the space group and structure type. More recently, Jardim et al.
[11,12] and Oh-ishi et al. [13] studied the system by TEM. Both of
them reported a ternary compound with Ca;MggZns composition,
which is similar to the compound given in the JCPDS card reported
by Clark [8]. However, they reported this compound as a trigonal
structure with space group P31c, lattice parameters a = 9.7 A,
¢ = 10 A, and Si;TegMn3 prototype, which does not agree with the
hexagonal structure reported by Clark [8] and Larinova et al. [10]. In
order to resolve these controversies, the solubility range and crystal
structure of this compound are investigated here.

2. Experimental investigation

In order to study the Ca—Mg—Zn ternary system, nine diffusion
couples and 36 key alloys were prepared to map the whole isothermal
section at 335 °C based on the preliminary thermodynamic model of
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Fig. 2. The composition of the samples and diffusion couple used to determine the
solubility range and crystal structure of the Mg-rich ternary compound.

Wasiur—Rahman and Medraj [14]. The details of the experimental
determination of this isothermal section will be published soon. Part
of this work was directed towards determining the solubility range
and the crystal structure of the Mg-rich ternary compound using one
diffusion couple and 6 key samples, asillustrated in Fig. 2. The starting
materials are high-purity Mg ingot of 99.8%, Zn with purity of 99.99%,
and Ca with 99%, all supplied by Alfa Aesar. The key alloys were
prepared in an arc-melting furnace with water-cooled copper crucible
under a protective argon atmosphere. Samples were re-melted five
times to ensure homogeneity. The diffusion couples and key alloys
were annealed at 335 °C for 4 weeks.

The homogeneity range of this compound was determined
using Electron Probe Microanalysis (EPMA) with Wavelength
Dispersive X-Ray Spectrometry (WDS). The error of the EPMA
measurements was estimated to be about 42 at.%. This value was
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Fig. 3. BE images of Cayp>Mges31Zn167-Zn solid—solid diffusion couple annealed at
335 °C. for 4 weeks with increased magnification of the area of interest.

80
Ca,MgsZn;; M1
70 | < N i
y=2.717x+8.14

60 - R?=0.934
E 50 —=—7n
£ ——
% 5 - Ca
= e Mg
& 30 - M y=-2.758x + 76.02
= R?=0.926
=50 ,—.—I—I-.-I-.-.-I-.'.-.

10 | gy

0

0 3 6 9 12 15 18 21

Point number

Fig. 4. Composition profiles of the line scan shown in Fig. 3(b).

obtained from the statistical analysis of the compositions of
selected phases from several samples. The actual global composi-
tions of the samples were identified by Inductively Coupled
Plasma-Mass Spectrometry (ICP-MS). The XRD patterns were
obtained using PANanalytical Xpert Pro powder X-ray diffractom-
eter with a CuKa radiation. The XRD spectrum is acquired from 20
to 120° 26 with a 0.02° step size. X-ray diffraction study of the
samples is carried out using X'Pert HighScore Plus Rietveld analysis
software and the crystal structure details of the Sc3Niq;Si4 proto-
type [15]. Focused Ion Beam (FIB) is used to lift a specimen of the
ternary compound from key sample 4 (Cag0Mg442Zn378) and to
obtain the crystallographic information using TEM. The Selected
Area Electron Diffraction (SAED) and CM20 FEG TEM operated at
200 kV are used to analyze this ternary compound.

3. Results and discussion
3.1. Diffusion couple analysis

Backscattered electron images of the solid—solid Cazg2Mgg31Zn16.7-
Zn diffusion couple annealed at 335 °C for 4 weeks are shown in Fig. 3
with increased magnification of the area of interest. During this long-
term heat treatment, extensive interdiffusion among Ca, Mg and Zn
took place allowing various equilibrium phases to form. The compo-
sition of the compound of interest has been determined by EPMA and

Table 1
The actual composition of the key samples and the phases present.

Sample  Actual composition  Phases identification Composition of IM1
No. identified by identified by EPMA
ICP (at.%)
Ca Mg Zn By EPMA By Ca Mg Zn
XRD
1 18.8 741 71 Mg Mg 16.7 669 164
Mg,Ca Mg,Ca
M1 M1
2 224 593 183 MgyCa Mg,Ca 167 56.1 27.2
M1 M1
3 184 488 328 Mgy(Ca Mg,Ca 16.7 478 355
M1 IM1
4 18.0 442 378 MgyCa Mg,Ca 16.7 433 40.0
M1 IM1
5 18.0 429 403 MgyCa Mg,Ca 167 421 412
M1 M1
6 150 23.1 619 IM1 M1 16.7 254 579
Ca;MgsZng3
IM2*

IM2" is a new ternary compound, named intermetallic 2 (IM2) in this paper.
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Fig. 5. (a) XRD patterns of key samples 2; (b) XRD pattern reported by Clark [8].
found different from the Ca;MggZns composition reported in the
6000 literature [7,8,10—13]. Hence it has been represented as intermetallic
5500 X :::ﬂ"“"‘" staning) 1 (IM1) in this paper. The result of the EPMA 120 um line scan of the
[} 4 Mg:Ca diffusion couple is shown in Fig. 4. Two phases were identified:

Ca;MgsZny3, and IM1 solid solution. The line scan clearly demonstrates
that the IM1 compound form substitutional solid solution where Mg
substitutes Zn atoms while Ca content remains constant at 16.7 at.%.
The least squares approximation was used to establish the concentra-
tion profiles of this compound. The change of Mg and Zn concentration
profiles show that the substitution of Zn by Mg has a linear relationship
with the diffusion distance. The deviation from the linearity is +-2 at.%
which is within the error limits of the EPMA measurement. The least
squares approximation of the Ca profile shows no changes in its
concentration. Based on this diffusion couple, the minimum and
maximum solid solubility limits of the IM1 ternary compound deter-
mined by EPMA are 35.31 at.% Mg and 65.20 at.% Mg, respectively.
Taking into account that the diffusion layers contacting IM1 compound
in the diffusion couple do not correspond to the three phase field, it is
possible that IM1 compound did not established the maximum

Fig. 7. BE images: (a) sample 1, (b) sample 6. Both are annealed at 335 °C for 4 weeks.
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Fig. 8. Rietveld analysis: (a) sample 1, (b) sample 6. Both are annealed at 335 °C for 4 weeks.

Fig. 9. Partial isothermal section of the Ca—Mg—Zn system at 335 °C showing the
phase relations of IM1.

Table 2

solubility range [16,17]. Therefore, key samples are used to obtain the
actual boundaries of this solubility range.

3.2. Key samples analysis

The composition and phase identification of six key samples are
summarized in Table 1. The actual chemical compositions of the
alloys are measured by ICP and the composition of IM1 compound is
determined by EPMA. The phase relations obtained from EPMA
show great consistency with the results obtained by XRD. The XRD
patterns of key samples 4 annealed at 335 °C for 4 weeks are shown
in Fig. 5(a). Full pattern refinement has been carried out by the

The chemical composition and unit cell parameters of the IM1 compound determined by EPMA and Rietveld analysis.

Sample No. Composition of IM1 compound IM1 phase composition identified hexagonal crystal structure, space group
identified by EPMA by Rietveld analysis P65/mmc(194) and prototype Sc3Niq1Sis
Ca Mg Zn Ca Mg Zn Unit cell parameters and lattice volume
a(A) c(A) V(A3)
1 16.7 66.9 16.4 16.7 66.6 16.7 9.958 10.395 892.710
2 16.7 56.1 27.2 16.7 54.5 28.4 9.734 10.169 834.319
3 16.7 47.8 35.5 16.7 46.2 37.1 9.558 10.013 792.139
4 16.7 433 40.0 16.7 434 399 9.486 9.950 775.369
5 16.7 421 41.2 16.7 41.9 41.4 9.464 9.925 769.913
6 16.7 25.4 57.9 16.7 25.4 57.9 9.225 9.522 701.803
Paris’s [6] data (metallography) 16.7 41.6 41.6 — —
Clark’s [8] data (XRD) - 18.2 54.5 27.3° 9.725 10.148 831.17
Jardim’s [11] data (TEM/EDS) 18.2 54.5 27.3% — 9.7 10 814.84

¢ Recalculated from the Ca;MggZn; formula.
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Fig. 10. Cell parameters with Mg concentration for the IM1 compound, where progressive substitution of Mg by Zn decreases the unit cell parameters a and c and the lattice volume.

Rietveld method. The use of Si as an internal calibration standard
enabled correcting the zero shift and specimen surface displace-
ment which are the most serious systematic errors in x-ray powder
diffraction patterns. The XRD pattern of sample 4 shows good
consistency with that reported by Clark [8] as shown in Fig. 5. The
peak positions shift to higher angle with decreasing Mg content. The
substitution of Mg by Zn, which has a smaller atomic radius,
decreases the unit cell parameters. This is confirmed by the increase
of the 20 values of the peak positions from sample 2—5 due to
increasing Zn concentration, as demonstrated in Fig. 6. Combining
Pearson’s crystallographic database [18] with the Rietveld analysis,
IM1 compound is found to have Sc3Niy;Si4 prototype with hexagonal

Table 3
Refined crystal structure parameters of the IM1 solution compound.

Samples No.  Atomic coordinates ~ Occupancy (%)  Reliability factors®
(Wyckoff Position) R Rup 5
1 Ca-6h Ca 100.0 121 158 171
Znl-6g Zn 99.9
Mg1-6h Mg 100.0
Mg2-12k Mg 100.0
Mg3-4f Mg 100.0
Mg4-2b Mg 100.0
2 Ca-6h Ca 100.0 112 169 227
Zn1-6g Zn 99.8
Mg,Zn1-6h Mg 26.9
Mg2-12k Mg 100.0
Mg3-4f Mg 100.0
Mg4-2b Mg 100.0
3 Ca-6h Ca99.9 11.0 205 344
Zn1-6g Zn 100.0
Zn2-6h Zn 100.0
Mg,Zn2-12k Mg 97.7
Mg,Zn3-4f Mg 80.8
Mg,Zn4-2b Mg 82.2
4 Ca-6h Ca 100.0 104 205 387
Zn1-6g Zn 100.0
Zn2-6h Zn 99.8
Mg,Zn2-12k Mg 94.8
Mg,Zn3-4f Mg 71.1
Mg,Zn4-2b Mg 82.2
5 Ca-6h Ca 100.0 103 196 3.61
Znl-6g Zn 100.0
Zn2-6h Zn 100.0
Mg,Zn2-12k Mg 93.3
Mg,Zn3-4f Mg 66.2
Mg,Zn4-2b Mg 64.5
6 Ca-6h Ca 100.0 109 223 418
Znl1-6g Zn 99.8
Zn2-6h Zn 100.0
Mg,Zn2-12k Mg 59.5
Mg,Zn3-4f Mg 31.3
Mg,Zn4-2b Mg 40.7

@ Reliability factors: s presents the goodness of fit; Ry, is the weighted summation
of residuals of the least squared fit; R, is the value statistically expected.

structure and P63/mmc (194) space group. The XRD pattern gener-
ated using Sc3Niq1Sig4 prototype perfectly corresponds to the exper-
imental patterns reported by Clark [8] and Larinova et al. [10].
However, this crystal structure contradicts with the trigonal struc-
ture reported by Jardim et al. [11] and Oh-ishia et al. [13]. Also the
XRD pattern generated using SipTegMns3 prototype does not match
with the current experimental results.

In order to determine the phase boundaries of IM1 ternary
compound, two ternary samples 1 and 6 have been prepared to
identify the maximum and minimum solid solubility. Backscattered
electron images of these samples are presented in Fig. 7. Sample 1
contains three phases: (IM1), (Mg) and Mg,Ca. The maximum solid
solubility of IM1 has been determined by EPMA as 66.9 at.% Mg. The
XRD pattern is illustrated in Fig. 8(a). It demonstrates the Rietveld
analysis for the IM1, Mg,Ca and Mg phases in sample 1. Sample 6
contains three phases, the dominating phase is IM1. The minimum
solid solubility of IM1 has been determined by EPMA as 25.4 at.%
Mg. The XRD pattern is illustrated in Fig. 8(b). Ca;MgsZny3 is not
detected in the XRD pattern due to its small relative amount.

Combining the EPMA results of the solid—solid diffusion couple
and key alloys, the actual composition of the Mg-rich ternary
compound and its complete homogeneity range have been deter-
mined. Taking into account the structure type of IM1, the formula of
this compound is CazMgxZnys5_x (4.6 < x < 12) at 335 °C. Partial
isothermal section of the Ca—Mg—Zn system at 335 °C and the
phase relations are illustrated in Fig. 9. The actual chemical
composition of this ternary compound has been measured quan-
titatively by EPMA/WDS, which shows great consistency with the

Table 4
Atomic bond lengths of the IM1 compound in sample 1. The bold values represent
the shortest atomic bond.

Atom1 Atom2 Distance (A)
Mg2 Ca 3.5291
Mg2 Ca 3.5234
Mg2 Mg2 3.3052
Mg2 Mg2 3.4156
Mg2 Mgl 3.1014
Mg2 Mg3 3.1234
Mg2 Mg4 3.2660
Ca Mg3 3.4984
Ca Mg4 3.3117
Ca Ca 4.2224
Ca Mgl 3.4446
Ca Zn1 3.7352
Mg2 Zn1 3.0540
Mgl Zn1 2.8088
Mg3 Zn1 2.8761
Mgl Mgl 3.1329
Mgl Mg3 3.2399
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Fig. 11. Mg occupancy in the IM1 compound as a function of Mg concentration.

results obtained by Rietveld approach, as summarized in Table 2.
Furthermore, refinement of the XRD patterns was carried out by
Rietveld analysis. All XRD data has shown that this solid solution, in
six samples, crystallizes in hexagonal structure with P63/mmc (194)
space group and Sc3NiqiSig prototype. Fig. 10 shows the cell
parameters variations with Mg concentration, where substitution
of Mg by Zn decreases the unit cell parameters a and ¢ (A), and the
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lattice volume (A3). This is shown in more details in Table 2. The
linear relation between the lattice parameters, lattice volume and
Mg concentration obeys Vegard’'s law [19] indicating clearly the
occurrence of substitutional solid solubility. The composition
Ca;MgeZn;s reported by Clark [8] and Jardim et al. [11] is very close
to sample 2, and they reported consistent unit cell parameters with
the current work, as can be observed in Table 2 and Fig. 10.

Table 3 shows the refined structural parameters of the IM1
compound and the reliability factors. The decrease in all unit cell
parameters is in favor of the occupation of 6h sites by Zn from
sample 1 to sample 2. The prerequisite substitutional position of 6h
sites has also been confirmed by the shortest bond lengths of
Mgl—-x (x = Ca, Zn, Mg1, Mg2, Mg3) in sample 1, as can be seen in
Table 4. Most of the bond lengths with Mg1 (6h atomic coordinates)
demonstrate relatively short distance, indicating that the Mgl
position has higher potential to be substituted by Zn because of the
smaller size of Zn atom. For instance, the bond length of Mg2-Mg1
is 31014 A, and the distance between Mg2-Mg2, Mg2-Mg3 and
Mg2-Mg4 is 3.4156 A, 3.1234 A and 3.2660 A, respectively. It is
obvious that the bond length of Mg2-Mgl shows the shortest
distance, suggesting that the Mg1 atomic position is in favor of the
substitution of magnesium by Zinc. Once the 6h sites are occupied
completely by Zn atoms, as in the fictitious CaMggZn4 compound,
Mg atoms start to be replaced in 4f, 2b and 12k sites by Zn simul-
taneously. The fractional atomic occupancy of 6h, 4f, 2b and 12k
sites of IM1 have been determined as a function of the Mg

(@)

(b)

Mg,Zn2-4f 3 I _

(d)

Fig. 12. The coordination spheres of dynamic atomic substitution of magnesium by zinc with different atomic coordinates: (a) substitution of Mg atoms by Zn atoms on 6h sites
until they are completely occupied by Zn atoms; (b) to (d) the simultaneous substitution of Mg atoms by Zn atoms on the 12k, 4f and 2b atomic sites.
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100 llll.

Fig. 13. (a) Using FIB to lift a specimen of the ternary compound; (b) SAED pattern of the sample 4 [020] zone axis indexed as a hexagonal structure; (c) SAED pattern of the sample
4 [220] zone axis indexed as a hexagonal structure; (d) SAED pattern of Ca;MgeZns [001] zone axis reported by Jardim et al. [11].

concentration, as shown in Fig. 11. Crystallographic and the site
occupancy data of MgYZn3 [20] are similar to IM1 solid solution.
The occupancy of 6h, 4f and 12k sites show good consistency with
the current experimental results obtained by Rietveld analysis. The
occupancy of 2b site has not been used in this comparison, because
it involves the mixing of both Y and Mg atoms, whereas in the
current case, this site is occupied by Mg and Zn atoms (Y atom is
analogous to Ca not to Zn atom).

The coordination spheres and atomic substitution of Mg by Zn
for the different atomic coordinates have been identified, as can be
seen in Fig. 12. The atomic environment types of 6h, 4f and 12k are
deformed icosahedrons as well as 2b sites have a tricapped trigonal
prism atomic environment type with the additional three Ca atoms
on the sides of the prisms.

3.3. Crystallographic information obtained by TEM

The structure of IM1 single phase region has been studied by
TEM. Focused Ion Beam (FIB) was used to lift a specimen of the

ternary compound from sample 4 (Caig.0Mga44.2Zn3738), as shown in
Fig. 13(a). According to the crystallographic data obtained by XRD,
the hexagonal structure has been indexed and confirmed by means
of Selected Area Electron Diffraction (SAED) data, as shown in
Fig. 13(b) and (c). The planar spacing, d values, obtained from the
SAED pattern of sample 4 shows good consistency with the XRD
results, as can be seen in Table 5. Furthermore, because of the
difference in solid solubility between samples 4 and 2, d values
determined from sample 2 are slightly larger than those from
sample 4 corresponding to the higher content of the larger Mg atom
in sample 2. Even though Jardim et al. [11] reported different
structure type, the d values calculated from the SAED pattern can be
used to compare with the values obtained by XRD from sample 2,
since sample 2 and Ca;MggZns have the sample IM1 compound
composition, as shown in Fig. 13(d). It is clearly shown that both
series of d values obtained from XRD pattern reported by Clark [8]
and SAED pattern reported by Jardim et al. [11] show good
consistency with the values determined by XRD from sample 2, as
detailed in Table 5. In addition, the consistent results of d and (hkl)

Table 5

Comparison of planar space (d value (hkl)) of the IM1 compound in samples 2 and 4.
(hkl) d (A) (sample 4) d (A) (sample 2)

By XRD (in this work) From SAEDP (in this work) By XRD (in this work) From JCPDS card (Clark [8]) From SAEDP (Jardim et al. [11])

100 8.211 8.223 8.440 8.400 8.4
002 4975 4.958 5.064 5.100 5.0
110 4743 4.760 4.867 4.900 4.85
102 4251 4.275 4.351 = 4.36
112 3430 3.460 3.514 - —
300 2.731 2.724 2.809 2.800 —
004 2.486 2.479 2.527 2.530 =
220 2.370 2.380 2433 2430 =
114 2.202 2.223 2.253 2.250 =
222 2.140 2.148 2.194 2.190 =
224 1.723 1.728 1.757 1.752 =
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values obtained from XRD and SAED patterns support the fact that
this ternary compound has the said hexagonal structure.

Moreover, modeling of the intermetallic solid solution requires
information regarding the crystal structure of the phases and their
homogeneity ranges. From the crystallographic data obtained in
this work, the following sublattice model is applied to represent the
current compound:

(Ca)s(Zn)s(Mg,Zn)e(Mg,Zn)12(Mg,Zn)4(Mg,Zn), — Model I.

Considering the atomic positions and site occupancy from the
current experimental results, the atomic occupancy of 4f and 2b
demonstrate the same tendency, as shown in Fig. 11. Thus, these
two sites should be coupled to reduce the number of end members.
The sublattice model can be modified to:

(Ca)s(Zn)s(Mg,Zn)g(Mg,Zn)12(Mg,Zn)s — Model II.

Model II can be simplified further in order to have a more prac-
tical sublattice model suitable for thermodynamic modeling of this
compound. This can be achieved using the similarity in the coordi-
nation numbers and the site occupancy information obtained in this
work. The final model for this compound can be written as:

(Ca)(Zn)(Mg,Zn)4 — Model III.

This model provides a solubility range of 0 < Mg < 66.7 at.% and
16.7 < Zn <83.3 at.%, which covers the wide homogeneity range of
the CasMgyZni5_x (4.6 < x < 12 at 335 °C) compound.

4. Conclusions

The composition and homogeneity range of the Mg-rich ternary
compound in the Ca—Mg—Zn system have been determined. The
formula of this compound is CasMgxZnis5_x (4.6 < x < 12)at 335 °C.
It has hexagonal structure with P63/mmc (194) space group and
Sc3Niq1Sis prototype. The lattice parameters increase linearly with
increasing Mg content obeying Vegard’s law. The site occupancy of
6h, 4f, 2b and 12k has been presented as a function of Mg
concentration. Selected area electron diffraction data and the
planar spacing d values obtained by Rietveld analysis demonstrate
excellent consistency. Combining the atomic occupancy results and
the crystallographic details obtained in this work, a three sublattice
(Ca)(Zn)(Mg,Zn)4 model is suggested for this compound.
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