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The Mg-Sr (Magnesium-Strontium) System 
24.305 87.62 

By A.A. Nay eb-Hashemi and J.B. Clark 
University of Missouri-Rolla 

Equilibrium Diagram 

[47Kle] and [47Ray] independently determined the Mg- 
Sr phase diagram. The Mg-rich region was determined 
earlier by [39Vos]; in the Mg-rich region, the results of 
these investigations are in good agreement. For composi- 
tions higher than 15 at.% Sr, the results of [47Kle] and 
[47Ray] are significantly different. [73Bro] reinvesti-  
gated the system over the entire composition range. The 

results of [73Bro] are in qual i ta t ive  agreement  with 
those of [39Vos], [47Kle], and [47Ray], except for the Sr- 
rich region, where the cph form of Sr reported by [Pear- 
sonl] and [Pearson2] appears to be nonexistent. 

The assessed Mg-Sr phase diagram is shown in Fig. 1 and 
consists of: (1) the liquid, L; (2) the terminal (Mg) solid 
solution, with maximum 0.03 at.% Sr solid solubility; (3) 
the compound MglTSr2, which mel ts  congruen t ly  at  

Fig. 1 Assessed and Calculated Mg-Sr Phase Diagram 
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Numerical values for [47Ray] and [47Kle] were extracted from graphical results. Assessed; . . . . . . .  Calculated. 
A.A. Nayeb-Hashemi and J.B. Clark, 1986. 
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Table 1 Invariant Reactions in the Assessed Mg-Sr Phase Diagram 
Compositions of the respective Temperature, Reaction 

Reaction phases, at.% Sr ~ type Reference 

L ~ (Mg) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 

L ~ (Mg) + MgL7Sr2 . . . . . . . . . . . . . . . . . . . . . . . .  5.9 0.03 10.53 
L ~ Mgl7Sr2 + Mg2aSr6 . . . . . . . . . . . . . . . . . . . . .  15.1 10.53 20.69 
L + Mg2Sr ~ Mg23Sr6 . . . . . . . . . . . . . . . . . . . . . .  19.36 33.33 20.69 
Mg17Sr2 + Mg23Sr6 ~ Mg3sSr9 . . . . . . . . . . . . . .  10.53 20.6 19.15 
L ~ Mg2Sr . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  33.33 
L ~- Mg2Sr + (Sr) . . . . . . . . . . . . . . . . . . . . . . . . . .  70 33.33 
L m (7Sr) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  100 
(TSr) ~ (~Sr) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  100 

Note: The temperatures are presented as published and have not been corrected to IPTS-68. 

650 Melting point [83Cha] 
585 Eutectic Assessed 
599 Eutectic Assessed 
603 Peritectic [73Bro] 
592 Peritectoid Assessed 
680 Congruent [47Ray] 
426 Eutectic Assessed 
769(a) Melting point [Melt] 
547(b) Allotropic [83Cha] 

(a) [83Cha] placed the melting point at 777 ~ (b) [King2] showed two alloti'opic transformations, 7Sr(bcc) -~ 13Sr(cph) at 605 ~ and fiSt -* aSr(fcc) at 
213 ~ in accordance with [Pearsonl] and [Pearson2]. However, [66Pet] showed the hexagonal structure was binary hydride, which exists from 240 to 
620 ~ (See also [Hultgren, E] and [83Cha].) [83Cha] showed the aSr(fcc) --* 7Sr(bcc) transformation at 547 ~ 

Table 2 Invariant Reactions Reported in the Mg-Sr System 
Compositions of the respective Temperature, Reaction 

Reaction phases, at.% Sr ~ type Reference 

L ~ (Mg) + MggSr . . . . . . . . . . . . . . . .  5.9 0 10 582 Eutectic [39Vos] 
6 0 10 585 -+ 2 [47Kle] 
6 0.03 10 586 [47Ray] 

L ~ (Mg) + Mg17Sr2 . . . . . . . . . . . . . . .  6.45 0.1 10.53 585 [73Bro] 
L ~ MggSr . . . . . . . . . . . . . . . . . . . . . . . .  10 606 [39Vos] 

L ~- Mg17Sr2 . . . . . . . . . . . . . . . . . . . . . . .  
L ~ MggSr + Mg4Sr . . . . . . . . . . . . . . .  15.5 

15.5 
L ~- Mg~Sr + MggSr2 . . . . . . . . . . . . . .  15.1 
L m Mg~TSr2 + Mg23Sr6 . . . . . . . . . . . .  16.6 
L + Mg2Sr ~ Mg4Sr . . . . . . . . . . . . . . .  -17.5 
L + Mg3Sr ~ MggSr2 . . . . . . . . . . . . . .  -17.44 
L + Mg2Sr ~- Mg3Sr . . . . . . . . . . . . . . .  19.1 
L + Mg2Sr ~ Mg23Sr6 . . . . . . . . . . . . .  19.36 
Mg~TSr2 + Mg23Sr6 ~ Mg4Sr . . . . . . .  10.53 
L m Mg2Sr . . . . . . . . . . . . . . . . . . . . . . . .  

Congruent 

L ~ Mg2Sr + (Sr) . . . . . . . . . . . . . . . . .  65 33.33 100 
70 33.33 85.5 
70.4 33.33 93.7 

Note: The temperatures are presented as published and have not been corrected to IPTS-68. 

�9 .- 603 [47Kle] 
�9 .. 609 [47Ray] 

10.53 604 [73Bro] 
10 20 592 [39Vos] 
i0 20 587 [47KIe] 
10 18.18 592 [47Ray] 
10.53 20.69 599 [73Bro] 
33.33 20 598 [47Kle] 
25 18.18 599 [47Ray] 
33.33 25 608 [47Ray] 
33.33 20.69 603 [73Bro] 
20.69 20 592 [73Bro] 
33.33 680 [47Kle] 

680 [47Ray] 
689 [73Bro] 
438 [47Kle] 
426 [47Ray] 
426 [73Bro] 

Eutectic 

Peritectic 

Peritectoid 
Congruent 

Eutectic 

606 ~ (4) t h e  c o m p o u n d  Mg4Sr  ( m o r e  c o r r e c t l y ,  
Mg38Srg), which probably forms by a peritectoid reaction 
a t  592 ~ (5) the  compound Mg2aSr~, which forms by a 
per i tect ic  r eac t i on  a t  603 ~ ( fu r the r  i n v e s t i g a t i o n  is 
needed to conclusively establ ish the i n v a r i a n t  reactions 
for the formation of Mg4Sr (Mg3sSrg) and Mg23Sr6); (6) the 
compound Mg2Sr, which melts  congruent ly  at  680 ~ and 
(7) the t e r m i n a l  (Sr) solid solut ion,  wi th  an  u n c e r t a i n  
max imum solid solubil i ty of Mg in  (Sr). The assessed in- 
var ian t  reactions are given in Table 1, and Table 2 lists 
the exper imenta l ly  reported reactions. 

Liquldus. [39Vos] determined the l iquidus temperatures  
of 18 alloys c o n t a i n i n g  0 to 15.6 at.% Sr. The s t a r t i ng  
mater ia ls  were 99.8 to 99.9 pure Mg and 99.74 pure Sr, 
with 0.22 wt.% Fe and  0.04 wt.% Si. [47Kie], [47Ray], and 
[73Bro] de termined the l iquidus tempera tures  across the 
phase d iagram (see Table 3). In  the composition range 0 
to 15 at.% Sr, there is good agreement  among the results 
of [39Vos], [47Kle], and [47Ray]. However, the (Mg) liq- 

uidus temperatures  of [73Bro] lie at s ignificantly higher 
temperatures.  

For alloys with more t h a n  15 at.% Sr, the l iquidus tem- 
pe ra tu re s  of [47Kle] differ s ign i f i can t ly  from those of 
[47Ray], pa r t i cu l a r ly  for the Sr-rich alloys. It  appears  
t ha t  [Hansen]  drew the  l iqu idus  curve of Mg2Sr by an  
eyeball fit through the l iquidus tempera tures  of [47Kle] 
a n d  [47Ray]  a n d  took t he  (Sr) l i q u i d u s  c u r v e  f rom 
[47Ray], who examined  six alloys, compared to two by 
[47Kle]. The (Sr) l iquidus tempera tures  of [73Bro] are be- 
low those of [47Kle] and [47Ray]. Because there  is an  in- 
dication of hydrogen con tamina t ion  of the Sr-rich alloys 
and  the format ion  of s t r o n t i u m  hydr ide  in  the da ta  of 
[73Bro], his resul ts ,  pa r t i cu l a r ly  in  the Sr-r ich region, 
are less reliable. [73Bro] reported a cph form of pure Sr 
and showed associated phase reactions and boundar ies  in 
his Mg-Sr phase diagram. However, recent compilations 
[Hultgren,  E; 83Cha; 84Cha] reject the cph s t ructure  of 
pure  Sr. The cph form of Sr a p p a r e n t l y  obse rved  by 
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Table 3 Results of Thermal Analyses in the Mg-Sr System 
Liquidus Eutectic Peritectic Liquidus Eutectic Peritectic 

Composition, temperature, temperature, temperature, Composition, temperature, temperature, temperature, 
at.% Sr ~ ~ ~ at.~ Sr ~ ~ ~ 

From[39Vos] , thermal  analysis  
0.59  . . . . . . . . . . . . . . . .  645  581 

1.85 . . . . . . . . . . . . . . . .  6 3 0  579  

3 .54  . . . . . . . . . . . . . . . .  612  582  
3 .58  . . . . . . . . . . . . . . . .  6 1 0  579  

4 .61 . . . . . . . . . . . . . . . .  597  582  
5 .36  . . . . . . . . . . . . . . . .  588  583  

6 .60  . . . . . . . . . . . . . . . .  5 9 0  583  
7 .05 . . . . . . . . . . . . . . . .  5 9 4  583 

7 .36 . . . . . . . . . . . . . . . .  594  582  
8 .05  . . . . . . . . . . . . . . . .  5 9 9  583  

8 .69  . . . . . . . . . . . . . . . .  602  582  
8 .78  . . . . . . . . . . . . . . . .  604  583 

10.17 . . . . . . . . . . . . . . . .  606  . - .  

10 .86 . . . . . . . . . . . . . . . .  6 0 4  585  
12.08 . . . . . . . . . . . . . . . .  601  588  

12.97 . . . . . . . . . . . . . . . .  597  588  
14.56 . . . . . . . . . . . . . . . .  5 9 5  592  

15.51 . . . . . . . . . . . . . . . .  592  592  
15.59 . . . . . . . . . . . . . . . .  5 9 4  591 

16.71 . . . . . . . . . . . . . . . .  6 0 2  596  

F r o m [ 4 7 K l e ] , t h e r m a l  analysis(a) 
3 . . . . . . . . . . . . . . . . . . .  633  
8.6  . . . . . . . . . . . . . . . . .  602  

10 . . . . . . . . . . . . . . . . . . .  6 0 7  

12 . . . . . . . . . . . . . . . . . . .  6 0 2  

14 . . . . . . . . . . . . . . . . . . .  595  
18.7 . . . . . . . . . . . . . . . . .  6 0 2  

21 . . . . . . . . . . . . . . . . . . .  615  
23 . . . . . . . . . . . . . . . . . . .  6 2 9  

25 . . . . . . . . . . . . . . . . . . .  649  
30 . . . . . . . . . . . . . . . . . . .  6 7 4  

32 . . . . . . . . . . . . . . . . . . .  677  

33.3 . . . . . . . . . . . . . . . . .  680  
40 . . . . . . . . . . . . . . . . . . .  673  
45 . . . . . . . . . . . . . . . . . . .  6 5 9  

55 . . . . . . . . . . . . . . . . . . .  583  

65 . . . . . . . . . . . . . . . . . . .  4 3 9  
70 . . . . . . . . . . . . . . . . . . .  521  

80  . . . . . . . . . . . . . . . . . . .  691  

From[47Ray] , thermal  analysis  
1.62 . . . . . . . . . . . . . . . .  640  

3 .38  . . . . . . . . . . . . . . . .  621 .2  
5.3 . . . . . . . . . . . . . . . . .  594 .7  
7.4 . . . . . . . . . . . . . . . . .  6 0 0  

8 .53 . . . . . . . . . . . . . . . .  607  
10.98 . . . . . . . . . . . . . . . .  607  

12 .29  . . . . . . . . . . . . . . . .  6 0 3 . 5  
15.65 . . . . . . . . . . . . . . . .  601 .3  

16.83 . . . . . . . . . . . . . . . .  602 .5  
18.78 . . . . . . . . . . . . . . . .  606 .4  
21 .52  . . . . . . . . . . . . . . . .  637 .7  

23 .48  . . . . . . . . . . . . . . . .  6 4 9 . 4  

24 .73  . . . . . . . . . . . . . . . .  665 .9  
28 .49  . . . . . . . . . . . . . . . .  671 .7  
34 .83  . . . . . . . . . . . . . . . .  680 .7  

39 .13  . . . . . . . . . . . . . . . .  665 .9  
45 .78  . . . . . . . . . . . . . . . .  6 4 1 . 6  

52 . . . . . . . . . . . . . . . . . . .  597  
53 .22  . . . . . . . . . . . . . . . .  588 .8  
60 .26  . . . . . . . . . . . . . . . .  534 .1  

585  • 2 

587 

438  

586  

592  

426  

. ~ 1 7 6  

. . .  

598 (604)(b)  

599  

508  

75 .13  . . . . . . . . . . . . . . .  496 .9  

79 .43  . . . . . . . . . . . . . . .  568 .1  
82 .57  . . . . . . . . . . . . . . .  605  

84.9  . . . . . . . . . . . . . . . .  639  

88 .43  . . . . . . . . . . . . . . .  678 .8  
94.3  . . . . . . . . . . . . . . . .  737 .8  

F r o m [ 7 3 B r o ] ,  D T A  

0 . . . . . . . . . . . . . . . . . .  651 

0.5 . . . . . . . . . . . . . . . .  650  

3 .01  . . . . . . . . . . . . . . .  647  
5 .01 . . . . . . . . . . . . . . .  623  

6.01 . . . . . . . . . . . . . . .  598  

8 .44  . . . . . . . . . . . . . . .  596  
9 .45 . . . . . . . . . . . . . . .  602  

10.00 . . . . . . . . . . . . . . .  604  
11 .00  . . . . . . . . . . . . . . .  604  

12.90 . . . . . . . . . . . . . . .  604  
14.97 . . . . . . . . . . . . . . .  603  

15.61 . . . . . . . . . . . . . . .  601 

16.60 . . . . . . . . . . . . . . .  599  
17.01 . . . . . . . . . . . . . . .  602  

18.07 . . . . . . . . . . . . . . .  603 
19.36 . . . . . . . . . . . . . . .  603  

19.59 . . . . . . . . . . . . . . .  606  
20 .30  . . . . . . . . . . . . . . .  608  

21 .00  . . . . . . . . . . . . . . .  6 1 9  
23 .02  . . . . . . . . . . . . . . .  646  

25 .48  . . . . . . . . . . . . . . .  660  
57 .03  . . . . . . . . . . . . . . .  671 

31 .49  . . . . . . . . . . . . . . .  687 

33 .33  . . . . . . . . . . . . . . .  689  
39 .94  . . . . . . . . . . . . . . .  674  
39.9  . . . . . . . . . . . . . . . .  673  

50.7  . . . . . . . . . . . . . . . .  591 
57.7  . . . . . . . . . . . . . . . .  536  

61 .9  . . . . . . . . . . . . . . . .  502 
67.2  . . . . . . . . . . . . . . . .  456  

69 .6  . . . . . . . . . . . . . . . .  434  
70.2  . . . . . . . . . . . . . . . .  429  

71 .8  . . . . . . . . . . . . . . . .  446  
73 .5  . . . . . . . . . . . . . . . .  463  

76.0  . . . . . . . . . . . . . . . .  488  

77.1 . . . . . . . . . . . . . . . .  502  
78.3  . . . . . . . . . . . . . . . .  515  
79.6  . . . . . . . . . . . . . . . .  526  

80 .6  . . . . . . . . . . . . . . . .  538  
81.7  . . . . . . . . . . . . . . . .  550  

83.9  . . . . . . . . . . . . . . . .  581 
86 .6  . . . . . . . . . . . . . . . .  615  

88 .4  . . . . . . . . . . . . . . . .  639  
90.2  . . . . . . . . . . . . . . . .  652  
91.3 . . . . . . . . . . . . . . . .  665  
92.2  . . . . . . . . . . . . . . . .  674  

92.7  . . . . . . . . . . . . . . . .  682  

93.7  . . . . . . . . . . . . . . . .  701  
94.9  . . . . . . . . . . . . . . . .  716  

96 .2  . . . . . . . . . . . . . . . .  737  
97.3  . . . . . . . . . . . . . . . .  750  

98 .2  . . . . . . . . . . . . . . . .  759  
98 .9  . . . . . . . . . . . . . . . .  768  

100 . . . . . . . . . . . . . . . . . .  774  

585  

585  
586  
585  

585  

585  
585  

597  (592)(c)  
5 9 9  (594)  

5 9 9  (592)  
599  (592)  

5 9 9  (592)  
5 9 8  (591)  

601  (592)  

601  (592)  
600  (592)  
597  (592)  

426  
427  

428  
4 2 6  

426  
424  

426  

425  
4 2 6  
425  

426  
426  

4 2 6  
424  

426  
426  
425  

4 2 6  
426  
427  

426  
424  

4 2 6  

, . ~  

603 
6 0 3  

6 0 4  
601 

603  
603  
6 0 4  

5O2 
5O4 

5O2 
5OO 
5O2 

5O2 
501  

5O2 
5O2 
5O3 

5O2 
501  

5O2 
501  

(a) Numer ica l  va lues  were extracted from graphical  results.  (b) A second set of thermal  a r res t s  near  604 ~ were observed only on heat ing.  These ar- 
rests  were 6 ~ h igher  than  those observed on cooling curves  for the same  compositions. (c) The values  in parentheses  correspond to the reported peri- 
tectoid reaction Mg17Sr ~ + M g ~ S r  6 ~ Mg4Sr [73Bro]. 
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[73Bro] and others (see [Pearson1]) appears to be a phase 
stabilized by hydrogen contamination [66Pet]. 

In the assessed diagram, the (Mg) liquidus is taken from 
[39Vos] and [47Ray]. The (Sr) liquidus is taken from 
[47Ray], and the liquidus for the remainder of the system 
is from [47Kle], [47Ray], and [73Bro] (see Fig. 1). 

Solidus. [47Ray] determined the (Sr) solidus by thermal 
analyses; however, [Hansen] showed it with a dashed line 
in his assessed Mg-Sr phase diagram, indicating some 
uncertainty. [73Bro] determined the (Sr) solidus and its 
allotropic transformations by differential thermal analy- 
sis and high-temperature X-ray diffraction analyses. The 
(Sr) solidus temperatures of [73Bro] are significantly be- 
low those of [47Ray]. Both investigations [47Ray, 73Bro] 
were done in the same lab under supervision of Dr. F. 
Kanda. From the homologous Mg-Ba system, it appears 
that the (Sr) solidus temperatures of [73Bro] are more re- 
alistic than those of [47Ray], in spite of possible hydrogen 
contamination effects in the results of [73Bro]. 

[47Kle] drew a Sr-rich eutectic isotherm that extended 
from Mg2Sr to pure Sr. However, in the assessed dia- 
gram, the (Sr) solidus is shown by a dashed line. 

Solid Solubilities. The thermal analyses of [39Vos], 
[47Kle], and [47Ray] and metallographic examinations of 
[39Vos] and [47Ray] indicated a very small solid solubil- 
ity of Sr in (Mg). The metallographic examinations of 
[39Vos] and [47Ray] placed the maximum solid solubility 
of Sr in (Mg) at -0.03 at.% Sr. Based on his differential 
thermal analysis, which indicated a eutectic arrest in 
Mg-0.5 at.% Sr, [73Bro] estimated the maximum solid 
solubility as 0.1 at.% Sr. The values reported by [39Vos] 

and [47Ray] are more reliable and are preferred to those 
of [73Bro]. 

The thermal and metallographic analyses of [47Ray] and 
the differential thermal analysis of [73Bro] showed sig- 
nificant solid solubility of Mg in (Sr). [47Ray] placed the 
maximum solid solubility of Mg in (Sr) near 85.5 at.% Sr, 
and [73Bro] place d it near  93.7 at.% Sr. In the ho- 
mologous systems, Mg-Ca and Mg-Ba, the solubilities of 
Mg in (Ca) and (Ba) are negligible; consequently, it ap- 
pears that the reported solid solubilities of Mg in (Sr), 
(14.5 at.% Mg [47Ray], and 6.3 at.% Mg [73Bro]) are 
high. The solid solubility of Mg in (Sr) should be reinves- 
tigated. 

Intermetallic Compounds 
MglzSr2, [39Vos] reported the existence of the Mg9Sr com- 
pound melt ing congruent ly  at 606 ~ [47Kle] and 
[47Ray] also reported the existence of Mg9Sr and re- 
ported its melting point as 603 and 609 ~ respectively. 
[61Gla] showed that the compound designated as MggSr 
is isotypic with Ni17Th2 and concluded that its correct for- 
mula is Mg17Sr2. 

[62Kri], [63Wan], [65Wan], and [73Bro] confirmed the re- 
sults of [61Gla]. [63Wan] also noted that, contrary to 
[48Mis], MglTSr2 and MglTBa2 are not isomorphous. 
[73Bro] placed the melting point of MglTSr2 at 604 ~ In 
the assessed diagram, the melting point of MglTSr2 is 
placed at 606 ~ 

Mg~Sr9 and Mg23Sr6. [39Vos] reported the existence of a 
second intermetallic compound in the Mg-rich region, but 

Fig. 2 Alternative Mechanisms of the Formation of Mg38Sr9 and Mg23Sre 
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Table 4 Mg-Sr Crystal Structure Data 
Homogeneity 

range, Pearson Space Strukturbericht 
Phase at.% Sr symbol group designation Prootype Reference 

(Mg) . . . . . . . . . . . . . . . . . . . . .  0 to 0.03 hP2 
Mg17Sr2 . . . . . . . . . . . . . . . . . .  10.53 hP38 
Mg3sSrs . . . . . . . . . . . . . . . . . .  19.15 hP94 

or Mg4Sr . . . . . . . . . . . . . .  hP 90 
Mg23Sr6 . . . . . . . . . . . . . . . . . .  20.69 cFl16 
Mg2Sr . . . . . . . . . . . . . . . . . . .  33.33 hP12 
(~Sr) . . . . . . . . . . . . . . . . . . . . .  100 ci2 
(aSr) . . . . . . . . . . . . . . . . . . . .  ? to 100 cF4 

P63/mmc A3 Mg [King1] 
P6Jmmc ? Ni~vTh 2 [61Gla, 73Kan, 81Mak] 
P6Jmmc  ? Mg3sSr9 [82Mer, 82Nym, 65Wan] 

? 
Fm3m D8~ Mn23Th6 [62Gla, 65Wan, 81Mak] 
P6Jmmc C 14 Mg~Zn [43Hel, 81Mak] 
Im3m A2 W [King2] 
Fm3m A 1 Cu [Kingl] 

did not specify its formula.  [47Kle], in thei r  thermal  
analyses (cooling curves), found thermal  arrests corre- 
sponding to an invar ian t  reaction in the composition 
range - 1 8  to 33.3 at.% Sr at 598 ~ [47Kle], in their  
heating curves of the alloys in this composition range, 
observed second thermal  arrests  (corresponding to an 
invariant reaction) at 6 ~ above the ~peritectic decompo- 
sition of Mg4Sr." [47Kle] speculated on the possible exis- 
tence of a Mg3Sr compound,  but  did not  a t t e m p t  to 
establish it and did not show it in their phase diagram. 
However, [47Kle] reported observations of a possible in- 
variant arrest by a dashed line at 604 ~ in the composi- 
t ion range  of - 2 0  to 30 at.% Sr. [47Ray] observed 
thermal  arrests  at 608 ~ ( -18  to 33.33 at.% Sr) and 
599 ~ (-17 to 25 at.% Sr) and assigned these to the peri- 
tectic formation of Mg3Sr (L + Mg2Sr ~ Mg3Sr) and 
Mg9Sr2 (L + Mg3Sr ~ Mg9Sr2). [47Ray] did not show the 
existence of the Mg3Sr compound by any other method. 
[63Kan], [65Wan], and [66Mis] did not find the presence 
of the Mg3Sr compound. 

Because the Mg3Sr compound is nonexistent, the two in- 
variant reactions observed in the composition ranges - 2 0  
to 30 at.% Sr (588 and 604 ~ [47Kle] and - 1 7  to 25 at.% 
Sr (599 and 608 ~ [47Ray] cannot be explained by the 
peritectic reactions reported by [47Ray]. [65Wan] and 
[Shunk] noted that further investigation is needed to ex- 
p la in  the  t h e r m a l  a r r e s t s  r epor t ed  by [47Kle] and 
[47Ray]. 

[62Gla], from powder X-ray diffraction analysis, found 
that  the compound designated "Mg4Sr" by [47Kle] and 
Mg9Sr2 by [47Ray], is fcc, isotypic with Mn23Th~ and con- 
cluded that its formula is Mg23Sr~. [63Kan] and [65Wan], 
from single-crystal X-ray diffraction analyses, confirmed 
the results of [62Gla]. [65Wan] also found the existence 
of a new "Mg4Sr" compound with a complex hexagonal 
structure. 

[82Nym] showed by using '~T brass clusters" that a simple 
relationship exists between the structure of "Mg4Sr" and 
Mg23Sr6; he found that  the crystal structure, atom posi- 
tions, and density of "Mg4Sr" can be described consis- 
tently by the formula Mg38Sr9, with Z = 2. 

[73Bro] reinvestigated the system by differential thermal 
analysis,  using very  slow hea t ing  and cooling rates.  
Moreover, the alloys were annealed at a tempera ture  
close to the invariant reaction temperatures for at least 1 
h before heating or cooling through the invariant reac- 
tion. In the composition range - 2 0  to 33.33 at.% Sr, 
[73Bro] observed only one thermal arrest (characteristic 

of an invariant reaction) and assigned it to the formation 
of the Mg23Sr6 compound by the reaction L + Mg2Sr 
Mg23Sr6. Contrary to the results of [47Kle] and [47Ray], 
[73Bro] also found a second thermal arrest below the eu- 
tectic isotherm in alloys, in the composition range 10.53 
to 20.69 at.% Sr, and assigned it to the peritectoid forma- 
tion of '~Mg4Sr," i.e., MglTSr2 + Mg23Srs ~- Mg4Sr. No 
other method was used to confirm the existence of this 
peritectoid reaction. [73Bro] found the eutectic arrest in 
this composition range (10.53 to 20.69 at.% Sr) at 599 ~ 
compared to 592 ~ [39Vos, 47Ray] and 587 ~ [47Kle]. 
The results of [73Bro] in the composition range 10.53 to 
33.33 at.% Sr, along with assumed deviations from equi- 
librium conditions in the thermal analyses of [47Kle] and 
[47Ray], can explain the results of [47Kle] and [47Ray] in 
this composition range. However, because the results of 
[73Bro] show possible hydrogen contamination, further 
investigation is needed to establish the mechanisms for 
formation of the Mg38Sr9 and Mg23Sr6 phases. In the as- 
sessed diagram, the invariant reactions for the formation 
of these compounds are taken tentatively from [73Bro], 
with minor adjustment based on the results of [82Nym]. 
Other possible phase topologies that may explain the re- 
sults of [47Kle] and [47Ray] are shown in Fig. 2. 

Mg2Sr. [43Hel] reported the existence of the Mg2Sr com- 
pound and determined its crystal structure (see Table 4). 
[47Kle], [47Ray], and [73Bro] confirmed its existence and 
showed it to melt congruently at 680 ~ [47Kle, 47Ray] 
and 689 ~ [73Bro]. 

The MgSr compound reported by [42Now] was discredited 
by the studies of [47Kle], [47Ray], [66Mis], and [73Bro]. 

Crystal Structures and Lattice Parameters 

Crystal s t ruc ture  and latt ice pa rame te r  data  for the 
phases in the Mg-Sr system are shown in Tables 4 and 5. 
[42Now] reported the existence of the MgSr compound 
with cubic, CsCl-type structure, space group P m 3 m ,  a = 
0.3908 nm. [47Kle] and later investigations showed that 
this compound does not exist. [King2] and [Pearson2] re- 
ported two allotropic transformations for pure Sr, aSr 
(fcc) ~ flSr (cph) ~ TSr (bcc). [Pearson2] indicated that 
the cph form of Sr is an impurity effect. [66Pet] showed 
that the cph structure of Sr is the result of a hydrogen 
impurity that  forms strontium hydride, which exists be- 
tween 240 and 620 ~ (see also [Hultgren, El, [83Cha], 
and [84Cha]). 
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Table 5 Mg-Sr Lattice Parameter Data 

Phase 

Approximate 
composition, 

a t .% S r  
L a t t i c e  p a r a m e t e r s ,  n m  I 

c C o m m e n t  R e f e r e n c e  

( M g )  . . . . . . . . . . . . . . . . . . . . . . . . . .  0 

Mg17Sr2 . . . . . . . . . . . . . . . . . . . . . . .  10.53 

Mg38Sr  9 . . . . . . . . . . . . . . . . . . . . . . .  1 9 . 1 5  
or Mg4Sr . . . . . . . . . . . . . . . . . . .  20 

Mg2aSr~ . . . . . . . . . . . . . . . . . . . . . . .  20.69 

Mg2Sr . . . . . . . . . . . . . . . . . . . . . . . .  33.33 

(TSr) . . . . . . . . . . . . . . . . . . . . . . . . . .  100 
(aSr) . . . . . . . . . . . . . . . . . . . . . . . . .  100 

Note:RT ~ room temperature. 
(a)See also[62Kri] ~r atom positions. 

0.32093 0.52107 At 25 ~ [Kingl] 
1.0533 -+ 7 • 10 -4 1.0341 -+ 7 x 10  -4 At RT(a) [61Gla] 
1.0535 +- 5 x 10 -4 1.0356 --- 5 • 10  -4 [73Kan] 
1.053 1.0408 [81Mak] 
1.0500 2.8251 At RT [82Mer] 
1.0546 2.5832 At RT [82Nym] 
1.0511 -+ 8 x 10 -4 2.8362 -+ 1 • 10 -3 [65Wan] 
1.491 -.. At RT [62Gla] 
1.4914 + 1.5 x 10 -3 ... [65Wan] 
1.5000 ... [81Mak] 
0.6426 -+ 8 • 10 -5 1.0473 -+ 8 • 10 5 At RT [43Hell 
0.6475 1.043 [81Mak] 
0.487 ... At >605 ~ [King2] 
0.6084 ... At 25 ~ [Kingl] 

(b) See footnote (b) in Table 1. 

Table 6 Heat of Mixing of Liquid Mg-Sr at 1080 K 
Heat o f  m i x i n g  H e a t  o f  m i x i n g  

Composition, (Am H(L)) ,  Composition, (Am H(L)),  
a t .% S r  J / m o l ( a )  a t .% S r  J/mol(a) 

10 . . . . . . . . . . . . . . . .  - 2 6 4 0  4 6  . . . . . . . . . . . . . . . .  - 5 3 1 0  
13 . . . . . . . . . . . . . . . .  - 2 9 7 0  5 2  . . . . . . . . . . . . . . . .  - 4 9 8 0  
17 . . . . . . . . . . . . . . . .  - 4 1 0 0  61  . . . . . . . . . . . . . . . .  - 3 8 9 0  
2 5  . . . . . . . . . . . . . . . .  - 4 7 7 0  7 0  . . . . . . . . . . . . . . . .  - 3 1 0 0  
3 0  . . . . . . . . . . . . . . . .  - 5 5 2 0  7 5  . . . . . . . . . . . . . . . .  - 2 2 6 0  
3 5  . . . . . . . . . . . . . . . .  - 5 5 2 0  8 6 . 4  . . . . . . . . . . . . . .  - 1 2 6 0  

From [77Som]. ( a )The  un i t  ~ r a  m o l e i s a n a t o m .  

Thermodynamics 
[64Kin] measu red  the  hea t  of format ion  of solid Mg2Sr 
from solid Mg a n d  Sr  by t i n  s o l u t i o n  c a l o r i m e t r y  as 
-21 .35  kJ/mol.* [64Kin] also calculated the heat  of for- 
mat ion of Mg2Sr from subl imat ion energies of Mg and Sr 
as -55 .3  kJ/mol.* [77Som] measured the heat  of mixing 
of liquid Mg and  Sr by h igh- tempera ture  calorimetry (see 
Table 6). 

[80Som] de te rmined  the the rmodynamic  act ivi ty  of Mg 
and Sr in  l iquid  Mg-Sr alloys a t  1054 - 2 K by vapor 
pressure measu remen t  (see Table 7). 

Thermodynamic Model. [80Som] applied an  association 
model to describe the thermodynamic  properties of liquid 
Mg-Sr alloys (see also [82Soml]). However,  no a t t empt  
was made to calculate the phase diagram. 

In  the presen t  eva lua t ion ,  the expe r imen ta l  thermody- 
namic data  and the assessed phase d iagram were used to 
derive thermodynamic  functions of l iquid Mg-Sr alloys by 
using the F*A*C*T program, as follows. 

The h e a t  of m i x i n g  of l i q u i d  Mg a n d  Sr  as g ive n  in  
[77Som] can be represented by Eq 1, which was obtained 
by opt imiza t ion  ( increas ing  the n u m b e r  of pa ramete r s  
did not improve the fit significantly): 

A ~ H ( L )  = ( -33033 .988  + 26343.152Xsr)XMgXsr J/mol 

(Eq 1) 

*The en t i ty  for  a mol  is  the  fo rmu la  un i t  un less  o therwise  specified. 

Table 7 Thermodynamic Activity of Mg and Sr in 
Liquid Mg-Sr Alloys at 1054 K 
Composition, Mg a c t i v i t y  S r  a c t i v i t y  

a t .% S r  [80Som] C a l c u l a t e d ( a )  [80Som] C a l c u l a t e d ( a )  

0 . . . . . . . . . . . . .  1 . . . . . . . . .  

10 . . . . . . . . . . . . .  0.897 0.885 0.033 0.030 
19 . . . . . . . . . . . . .  0.751 0.762 0.067 0.073 
30 . . . . . . . . . . . . .  0.589 0.604 0.133 0.150 
37 . . . . . . . . . . . . .  0.466 0.506 0.233 0.213 
45 . . . . . . . . . . . . .  0.341 0.400 0.350 0.299 
56 . . . . . . . . . . . . .  0.230 0.273 0.483 0.435 
65 . . . . . . . . . . . . .  0.161 0.187 0.617 0.557 
80 . . . . . . . . . . . . .  0.090 0.081 0.783 0.762 
90 . . . . . . . . . . . . .  0.045 0.033 0.893 0.890 

1 0 0  . . . . . . . . . . . . .  . . . . . .  1 . 0  ... 

(a) Ca lcu la ted  by the  p resen t  eva lua to rs .  

where XSr and XMg are atomic fractions. The ent i ty  for a 
mol is an  atom unless otherwise specified. 

The Gibbs energies of fusion of Mg and Sr, us ing  the heat  
capacity data  of [77Bar], hea ts  of fusion da ta  of [Hult-  
gren, E] and [83Cha], and mel t ing  points of [Melt], are as 
follows: 

Tf~s = 923 K 

Cp (Mg, cph) = 26.2094 - 1.0048 x 10 -3 T 

- 159 098.4 T -2 + 8.42 

x 10 -6 T 2 J /mol-  K 

Cp [(Mg, L)] = 34.3318 J /mol .  K 

Af~sH(Mg) = 8477 J/mol 

hf~sG(Mg) = 2931.3541 + 51.6424 T - 5.024 x 10 -4 T 2 

+ 1.4033 x 10 -6 T 3 - 8.1224 T I n  T 

- 79 549.2 T -1 (Eq 2) 

Cp (Sr, fcc) = 22.23191 + 0.0139 T (298 to 830 K) 

J/mol �9 K 

Cp (Sr, bcc) = 12.686 + 26.79552 T (830 to 1042 K) 

J/mol �9 K 
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T~s(Sr) = 1042 K 

h~sH(Sr) = 7431 J/mol 

h~sG(Sr) = 2913.044217 + 110.383126 T + 13.39776 

x 10 .3 T 2 - 18.296316 T I n  T J/mol (Eq 3) 

where T is in K. 

From coupled optimization of the experimental thermo- 
dynamic activity of Mg of [80Som], the (Mg) liquidus 
temperatures of [73Vos] and [47Ray], the (Sr) liquidus 
temperatures of [47Ray], and Eq 1, the excess entropy of 
liquid Mg-Sr alloys is given by Eq 4: 

hSeX(L) = (-18.496 + 23.215Xsr)XMgXsr J/mol. K (Eq 4) 

and 

hGeX(L) = AmisH(L) - TAS~(L)  J/mol (Eq 5) 

From Eq 1 and 4 (or Eq 5) and liquidus temperatures of 
Mg17Sr2, Mg23Sr6, and Mg2Sr, their Gibbs energies of fu- 
sion are calculated as: 

A~G(Mgo.s95Sro.lo~) = 6181.08 - 6.999 T J/mol (Eq 6) 

and 

A~G(Mgo.793Sro.2oT) = 25 672.98 29.302 T J/tool (Eq 7) 

and 

A~G(Mgo.667Sro.333) = 12336.03 - 12.950 T J/tool (Eq 8) 

The calculated liquidus curves, using Eq 1 to 8, are 
shown by dashed lines in Fig. 1. All the characteristic 
points of the assessed d iag ram are reproduced very  
closely. The calculated liquidus temperatures are within 
5 ~ of the assessed values, except for (Sr) liquidus tem- 
peratures, where the calculated values are in close agree- 
ment with those of [73Bro]. The calculated activities of 
Mg and Sr are compared with those of [80Som] in Table 7 
and show negative deviation from Raoult 's law in all 
compositions, in accordance with the results of [80Som]. 
The heats of fusion of the compounds taken from Eq 6 to 
8 are: 

h~sH(Mgosg~Sr0,os) = 6.181 kJ/mol 

and 

h~,H(Mgo.793Sro.2oT) = 25.673 kJ/mol 

and 

h~,H(Mgo.667Sr0.333) =- 12.336 kJ/mol 

Assuming hCp = 0 and using the calculated heat of fu- 
sion of Mg2Sr, the heat of mixing (Eq 1), and the heats of 
fusion of Mg and Sr, the heat of formation of Mg2Sr is es- 
timated as -29.35 kJ/mol (the entity for a mol is a for- 
mula unit). This is within the experimental  ( -21 .35  
kJ/mol) and calculated (-55.3 kJ/mol) values of [64Kin], 
indicating that the model closely reproduces the phase di- 
agram as well as the experimental data. 
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The S-Ti (Sulfur-Titanium) System 
32.06 47.88 

By J.L. Murray 
National Bureau of Standards 

Equilibrium Diagram 
The Ti-S system is very complex and requires further ex- 
perimental study before a complete phase diagram can be 
constructed. The sulfides generally are prepared by direct 
reaction of the elements in sealed silica tubes at one or 
two elevated temperatures; quenched samples are exam- 

ined by X-ray diffraction. Commonly used preparat ion 
techniques can introduce significant contamination; the 
predominant use of X-ray diffraction also creates an un- 
certainty as to whether apparently single-phase material  
is ac tual ly  so. Sys temat ic  studies have  not been per- 
formed on the temperature  range of stability of phases in 
the TiS to TiS2 region. 

Fig. 1 Assessed Ti-S Phase Diagram 

? 

i 
E 

Weight P e r c e n t  Sul fur  
0 10 20 30  4 0  50  

2 0 0 0  . , -, ~ ~ i 

1900 ~ - - 

L / ~  ~TiBS10 

\ /.,o~ ( 
/ 

,2,2oc \ /  1.2s 

1800-  

1700-  

1600-  

1 4 0 0 -  

1300-  

1200-  

1100- - ( l ~ T i )  

1000-  

9 0 0  - 

885~ 
8 0 0 -  

700- E-- 

6oo-  -(avi) i 

500  
6 l0  

Ti 

935~ 

20 30 

60  70  nil  O0 100 

o �9 

~ L- 

.-~ - -  T i 8 2  

~ o  
[s 

632~ 

A ~ T i S  3 

40 50 60 70 80 90 ioo 

Atomic P e r c e n t  Sul fur  S 

The phase diagram is extremely uncertain. Most solid lines have been used to enhance the clarity of the figure rather than to indicate the 
accuracy of the phase boundary. In the region between 58 and 64 at.% S, many structurally similar phases have been observed, and equi- 
librium relations are unknown. See text and tables for descriptions of these structures. J.L. Murray, 1986. 
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