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Abstract

The phase diagram of the ternary magnesium—aluminium-strontium (Mg—Al-Sr) system has been investigated with 22 different alloys by
DSC, XRD and metallography. Liquidus temperature and enthalpy were determig8daad (Mg) were found to be the dominating phases
in the investigated alloys. Four new phase fields have been identified; the new phases were tentatively designatedaandz, and
may be ternary intermetallics or solid solutions. Some peak positiomg adrresponded well with the newly reported ternary compound
AlzMg13Sr. The identified phases in the as-cast condition were found consistent and thermodynamically stable with the post-DSC sample
(25« 700°C) in the investigated alloys. Two ternary eutectic transformations have been observed. The experimental results were compare
with the pertinent thermodynamic findings. A considerable discrepancy in the solid-phase transformation temperature was observed. Predicte
phases by the thermodynamic calculation do not agree with the present XRD results for nine samples, which suggests that this system shot
be remodeled.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Within the ternary Mg-Al-Sr system, there is a huge
amount of possibilities to select alloy compositions. Wrought
Magnesium-based alloys are particularly attractive for magnesium, particularly in the form of sheet, represents a
transportation applications for weight reduction and higher tremendous growth opportunity in the application of mag-
fuel efficiency [1,2]. However, magnesium alloys face nesium. The phase relations and phase stability under given
a challenge at higher temperature application becauseconditions can be better understood using equilibrium dia-
of their restricted creep properties. In recent years, grams. Hence, itis importantto make a detailed and complete
magnesium—aluminium-strontium (Mg—Al-Sr) alloy system study of the Mg—AI-Sr phase diagram.
has emerged as potential for heat-resistant Mg-al[8Ys To date, little effort has been made to construct the phase
Recently, Noranda developed alloys based on Mg—Al-Sr sys-relationships of Mg—Al-Sr system. The published experi-
tem, which will be used by BMW for the manufacturing of mental works on the phase equilibria of Mg—AI-Sr system
die-cast engine blocks. are self-contradictory. Prince and Nikitiid] summarized
the work done on the Mg—Al-Sr system. The experimen-
tal work on the phase equilibria of the Mg—AI-Sr system

- rimarily originated by Makhmudov et g5-9]. However,
* Corresponding author. Tel.: +1 514 848 2424x3146; P y orig y ﬂlS ]

fax: +1 514 848 3175 inconsistency was noticed between their works, which were
E-mail address: mmedraj@encs.concordia.ca (M. Medraj). published from 1980 to 1982. The 400 isothermal section
URL: http://www.me.concordia.cainmedraj. shows a triangulation involving (Mg), MgSr, andy phase.
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But it seems unlikely, as the thermodynamic stabilities of Table1

these compounds are low as compared tgSAland AbSr. Samples in different phase fields
Makhmudov etal. also reported a ternary compound with sto- Group (no.) Sample no. Predicted phases
ichiometry of AkaMgsSrso (AleMgSr ), which is different 1 1,2,3,4,5,6,7,8,9 (Mg) + ABr +vy
from the earlier reported X compound. The solubility lim- 2 10,11,12,13,14 (Mg) + ABr + Al Sr
its for the binary compounds determined by Makhmudov et 3 15,16, 17 AIST+y+(

18,19, 20 (Al) + ALST +B

al.[8] do not agree with the 40@ isothermal section given
by Makhmudov et al[7] in 1981. Prince and Nikiting4]
developed a tentative liquidus surface by using the experi-
mental results of Makhmudov et d6—9] with some dis- bility to Mg—Al-Sr-based alloys, samples containing this
agreements in identifying the invariant points. Baril et al. phase were also chosen. This will help in determining the
[10] recently investigated four samples of Mg—AI-Sr sys- extent of the A}Sr phase field. In addition, two samples at
tem experimentally in the Mg-rich region and tentatively the eutectic points reported by Makhmudov etfal] were
designated a ternary phase agMdj;3Sr. The stoichiome-  prepared.

try is not yet clearly identified and the chemical composition Mg—Al-Sr ternary diagram with the investigated compo-
is not compatible with the ternary compoundsMVgsSrso sitions in weight percentage are giverfig. 1L The nominal
reported by Makhmudov et a[7]. Chartrand and Pelton sample compositions remained in very close proximity with
[11] critically reviewed and calculated the thermodynamic the actual composition. Moreover, the thermodynamic pre-
properties of the Mg—AI-Sr ternary and related binary sub- diction of the liquidus temperature for the nominal and actual
systems. No ternary terms were added to the thermodynamiccompositions was almost the same for most of the sam-
model due to the uncertainties related to the existence, stabil-ples. In preparing the Mg—Al-Sr-based alloys, magnesium of
ity, homogeneity range and the melting and decomposition 99.8 wt.%, aluminum of 99.9 wt.% and strontium of 99 wt.%

21,22 (Mg) + AbSr+ M1 7SR

temperature of the ternary compounds. In 2003, K¢i&y were used. The charge was melted in a graphite crucible in
calculated the liquidus projection of the ternary Mg—AI-Sr an induction-melting furnace under argon with 1% sulfur
system that is very similar to Chartrand and Peltda’s] hexafluoride (SE) to protect the melt from oxidation and

calculation, except for the narrower phase field of8g followed by slow cooling. The actual chemical composition
The calculated phase diagram exhibited substantial disagreewas measured quantitatively by ICP atomic emission spec-
ment with the experimental data. The extended solubilities trometry. The loss in total mass was below 2% for most of
between solid phases were not considered in the thermothe samples.

dynamic assessments. The 4@experimental isothermal Thermal investigation of this system was performed
section also shows the triangulations involving 3t in equi- using a Setaram Setsys DSC-1200 instrument. Temperature
librium with Mg17Sr, Mg23Srs and Mg Sr; however, these  calibration of the DSC equipment was done using pure Mg
compounds are calculated to be in triangulation withSkl and Al. The samples were cut and mechanically polished

From these discrepancies, it is believed that this thermody-to remove any possible contaminated surface layers. After-
namic evaluation of the ternary system should be consid-
ered as tentative. Furthermore, in the experimental work of

Makhmudov et al[8], the binary compound MgSry was Mg'A"] .
not included in their Mg—Al-Sr phase diagram. In 2004, 25

Liu et al. [13] reported the potential existence of38kg

and AkSr; compounds that will definitely alter the ther-
modynamic optimization of Mg—AIl-Sr ternary diagram. A
considerable discrepancy among the published results and
very few experimental data demands new investigation for
this system, and hence, a detailed investigation by DSC, XRD
and metallography methods was carried out.

‘EhctSage“

Mg, Sr+Al; Sr+Mgy; Sry =

2. Experimental

Twenty-two samples were chosen by critical assessment of
the experimental and thermodynamic datasets that are avail-
able in the literatureTable 1shows the different groups with
the number of samples and their phase fields that were pre-
dicted by thermodynamic modeling. Special attention was
focused on the Mg-rich corner because of the interest in Fig. 1. Mg-Al-Sr ternary isothermal section atZ5showing investigated
the Mg alloys. Since, AJSr gives the thermodynamic sta- compositions in wt.%.

Mg Al
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wards, they were cleaned with acetone, and placed in aperatures. Vertical sections are calculated, and used to obtain
graphite crucible with a lid cover to contain Mg vapors and the phase boundaries and the associated temperatures, which
protect the apparatus. To avoid oxidation, multiple evacu- are compared with the DSC signals.
ations, followed by rinses with pure argon, were done. The
DSC measurements were carried with heating and cooling
rates of 3C/min. Slower heating rates were tried and were 3. Results and discussion
not found to reveal any other thermal arrests. The weight
of the sample was 40-50 mg. During the calibration, it was 3.1. Samples in (Mg) + Al4Sr + y phase field
made certain that the geometrical dimensions and the surface
quality did not show any visible effects on DSC spectra. ~ Nine samples have been studied in the (Mg) 23+
The reproducibility of every measurement was confirmed by phase field, as shown Fig. 1L DSC spectra of sample 1 with
collecting the data during three heating and cooling cycles. heating and cooling runs are shownhig. 2(a). The onset
More details on the interpretation of the DSC experiments temperature, peak temperature, melting temperature and the
were reported in our previous works4,15] The estimated  melting enthalpy were registered. There are two peaks during
error between the repetitive heating and coolingtit°C heating that were also encountered during cooling. Similar
or less. Temperatures along with enthalpies correspondingresults were observed in all three heating and cooling cycles.
to various thermal events were obtained. However, the It can be seen from this figure that there is a temperature dif-
solidification behavior can be revealed much better with ference between the heating and cooling patterns; however,
the cooling scans. On heating, onset temperature was usedhe maximum temperature difference of the observed signals
for invariant reactions, while peak maximum was used for between two repetitive heating or cooling runs were below
phase field boundaries. On cooling, onset temperature was3°C. During heating of this sample, two thermal arrests,
used for both the invariant reactions and the phase field corresponding to the invariant reaction at SZ7and the uni-
boundaries. variant reaction at 608C, were registered. For this sample,
Phase identification was carried out by X-ray diffrac- the liquidus temperature was observed during cooling and
tion (XRD) with a Philips diffractometer (Cu & radiation) found to be 609C.
equipped with a PW 1050/25 focusing gonimometer with ~ The experimental results were compared with the thermo-
steps 0.02 of 29 diffraction angle and 1s exposure time. dynamic calculations to confirm the transformation tempera-
All the twenty-two samples were investigated in the powder ture along with the associated reaction. For this purpose, the
forminthe as-cast condition at room temperature. For the cal- vertical section was calculated using FactSH@} and the
ibration of the X-ray diffractometer, powder was made from database developed by Chartrand and Pdltah Fig. 2(b)
pure Mg supplied by Noranda, and diffraction patterns were shows the calculated vertical section of sample 1 (3.32 wt.%
obtained and compared with the literature. The relative peak Sr, 87.29 wt.% Mg and 9.39 wt.% Al) with DSC signals from
intensity and the position matched completely. PowderCell the cooling curve. It can be observed that the liquidus temper-
2.3[16] was used to calculate the diffraction patterns for dif- ature matched well with the experimental values. However,
ferent phases and to identify their pedk3]. The patterns  the transformation temperature predicted by the thermody-
were checked for known oxide phases, such as Mg@QAI namic modeling at 222C was not observed in the DSC
and MgAbOy4, for any possible oxide formation. signals. Slower heating rate at@/min also did not reveal
Microstructural observations were made using optical any signal at this temperature.
microscope (Olympus BX60M). The samples were etched XRD was used to identify the phases in the studied sam-
using 1vol% nital solution (HN@in ethanol) for a short  plesatroomtemperature. The peaks are identified by markers
period of time (-5 s) to prevent dissolving of the Mg grains.  given in the legend of each figure. In sample 1, two phases,
Furthermore, to assure the homogeneity, the samples wergMg) and ALSr, were identified positively in the diffrac-
taken from different locations in the castings, and identical tion pattern. It can be seen froRig. 2(c) that this sample
phase transformations using DSC, were observed. Also, theis composed of a very little volume of at room tem-
melting enthalpy of these samples was very similar. Morphol- perature, but the number of peaks and the peak intensity
ogy of the same compositions at different locations from the are not enough to identify it positively. Shifting of 48r
castings were observed and found similar. The microstruc- peaks to lower diffraction angles suggests that solid solu-
ture in the post-DSC samples was also observed for five bility between Mg and A{Sr might exist. (Mg) peaks are
samples and compared with the as-cast condition. Althoughidentified as a hexagonal unit cell (space grd§a/mmec,
the grains’ morphology and the network nature of the grain a= 3.1210 andc = 5.1581A),while Al4Srandy were iden-
boundary experienced some changes, the phase types rematified using a tetragonal and cubic unit cell (space group
the same after the DSC experiment. 14lmmm, a=4.459A and ¢ = 11.0700&) and (space group
Phase assemblage diagrams and vertical sections havé43m, a=10.54383), respectively[19]. Baril et al. [10]
been drawn from the database provided by Chartrand andreported that thg phase was not observed in an alloy with
Pelton[11]. Phase assemblage diagrams show the relativethe chemical composition of 1.95 wt.% of Sr, 93.05 wt.% of
amount of each phase and formation and decomposition tem-Mg and 5.0 wt.% of Al, which is close to this sample. This
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Fig. 2. (a) DSC spectra of sample 1 (3.32/87.29/9.39, Sr/Mg/Al, wt.%) during heating and cooling, (b) calculated vertical section at const&atS. 8attvt
DSC signals from cooling curve of sample 1, (c) XRD pattern of sample 1, (d) phase assemblage diagram of sample 1, and (e) optical micrograph of sample 1.

information along with some more samples in this Mg-rich ing this sample from the melt, (Mg) solidifies first, followed
region can be used to setup a window to identify the possible by Al4Sr, and theny. The proportion of each phase for this
creep resistant alloy for the end user. sample has been reflected in terms of peak intensity in the
Fig. 2(d) shows the phase assemblage diagram of samplediffraction pattern. Since Sr has higher atomic weight, for
1 (3.32wt.% Sr, 87.29wt.% Mg and 9.39wt.% Al), where Al4Sr, higher peaks were observed compared to
the relative mass versus temperature is calculated. The pro- Fig. 2(e) shows the optical micrograph of sample 1. The
portion of each phase at any temperature of interest can easilyprimary (Mg) grains are surrounded by the interconnected
be interpreted from this figure. For instance, at25100g network of the grain boundary phase. The grain boundary
of the overall material consists of 7.5g of /&I, 7.59g ofy phase is formed during the eutectic solidification process,
and 85 g of (Mg). MoreoveFig. 2(d) shows that while cool-  and thus, having a lamellar-type morphology. Baril et al.
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Fig. 3. XRD patterns of samples (a) 2 (8.65/76.15/15.20, St/Mg/Al, wt.%), (b) 3 (7.09/74.82/18.09, Sr/Mg/Al, wt.%), (C) 4 (6.88/65.45/27.6K|, Srilg),
(d) 5 (22.48/48.57/28.95, SrIMg/Al, wt.%), and (€) 6 (22.53/43.75/33.72, Sr/Mg/Al, wt.%).

[10] found AlsSr in the lamellar eutectic morphology in an DSC measurements and calculated thermal arrests for the
alloy quite close to this sample. Howevgrphase is diffi- samples 1-6 are presentedable 2 It can be seen from this
cult to reveal in the micrograph because of its small relative table thatthe thermodynamic calculation could not accurately
amount. predict all the transformations that have been measured by the
Fig. 3shows that samples 2—6 have been identified posi- DSC. Besides, the lower transformation temperature was not
tively with two phases (Mg), AJSr, and a very small volume  encountered in the DSC signals even when the samples were
fraction ofy. This is consistent with the thermodynamic cal- investigated at a lower scanning ratég. 6 shows a compar-
culations, as shown irig. 4. Fig. 5shows the microstructures  ison between the measured liquidus temperature obtained by
of these samples. It can be seen freig. 4(c) and (d) thatan  the DSC experiments and predicted by the thermodynamics,
increase in the content of Ar, predicted by the thermody-  which shows good agreement except for sample 4.
namics, has been reflected in the micrographs of samples 4 In this phase field, samples 7-9 were identified positively
and 5. In samples 4 and 5, /8r precipitated first at 591C with Al4Sr andy using XRD. Some other distinct peaks that
and then 648C, respectively, when cooling from the melt, as are not associated with the known phases in the Mg—AI-Sr
can be seen ikigs. 4c) and (d). Furthermore, sample 4 was system have been observed. There is no crystallographic
reported as a ternary eutectic by Makhmudov €8l.How- information regarding any stable ternary compounds avail-
ever, the DSC spectra and phase assemblage diagram shoable in the literature. Some of the peaks of the XRD pattern
that this sample is not eutectic. If it were ternary eutectic, all for these samples did match well with a ternary compound
the three phases should have precipitated at the same tententatively designated as Mg13Sr, and reported by Baril
perature and DSC spectra should have been registered witret al. [10]. However, the crystal structure of AMg13Sr is
a single peak. It can be seen from the micrograpiis. &(c) still unknown. Therefore, these peaks were tentatively des-
and (e)) that AISr is the primary phase. In samples 4 and ignhated a1, which may be a new ternary compound or a
6, the smaller lighter phase as seerfrig. 5(c) and (e), has  ternary solid solution. It is very important to note that these
been tentatively designated aphase. It is not possible to  distinct peaks appear in the XRD patterns of samples 7-9 in
identify the phases of sample 3 due to the very fine structure,a similar fashion, as can be seerfig. 7. In the phase field
as shown irig. 5(b), that requires higher magnification than of (Mg) + Al4Sr +v, Al4Sr was found to be the dominating
the optical microscope. phase for most of the samples.



M_.A. Parvez et al. / Journal of Alloys and Compounds 402 (2005) 170-185 175

”"M ' ' ' T 100 : : . .
1 Lo
® 1 =
8 (Me) Liquid H (Mg) Liquid
2 501 ] 50+
2 :
E 2
2 B8
a a
: g
= =
A o 9 o
- ALST 551 ALST 540°C
0 0
(a) 25 325 T(°C) 625 (b) 25 T(°C) 425 725
100
- I(l(](
é [
wl
® 8
s E (Mg)
S Liquid ® Liquid
El g
2 50 2
] E 50
5 g
E" a AlSr
# 648°C
B 591°C 3
=
=5
0 : . s s ; 0 . ; J . . .
© %5 T(°C) 425 725 @ 25 325 T(°C) 625
100 T T -
’l'/
:
® (Mg)
5
2
g 50
=
=
2
a
3 Al,Sr
g ]
& | 678°C]
0 . . , . , . .
(e) 25 T(°C) 425 725

Fig. 4. Phase assemblage diagram of samples (a) 2, (b) 3, (c) 4, (d) 5, and (e) 6.

Table 3summarizes the DSC measurements of these sam-s the primary phase in these alloys, as can be seen from the
ples in relation to the results from thermodynamic modeling. phase assemblage diagrarRg)( 8).
The thermodynamic calculation was made to check the tem-
perature of liquidus and the reaction between the phases. In3.2. Samples in (Mg) + Al4Sr + Al,Sr phase field
all the three samples, the exothermic reaction starts at similar

temperature 444—-44%. The liquidus temperature for sam- Five samples, as shownfiig. 1, were studied in this phase
ples 8 and 9 could not be registered. It was observed fromfield. In samples 10 and 11, (Mg) and4Sir were identified
the phase assemblage diagram, showign8, that the sam-  in the diffraction patterns, as shown kig. 10@a) and (b).
ples are mainly composed gfand AL Sr, which have been  In contrast, XRD pattern of sample 12 was identified with
identified positively by XRD. Al>Sr and ALSr. Al,Sr was identified using a rhombic unit

Fig. 9 shows the optical images of the microstructure of cell (space groufd3m, a=8.325(5)A) [19]. However, the
samples 7-9. The micrographs led to the conclusion that thesadistinct peaks that are not associated with any of the known
remarkable plate-like structures ares8t, as it appeared in  phasesinthe Mg—AI-Sr system, appeared inidentical manner
different samples in an identical morphology, and supported in all these three samples. And the new peaks may belongto a
by the investigation conducted by Makhmudov et[@]. It ternary compound or solid solution and tentatively designated
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(Mg)

ALSTr

(d) Sample 5

AlsSr

(e) Sample 6

Fig. 5. Optical micrograph of samples (a) 2, (b) 3, (c) 4, (d) 5, and (e) 6.

asto. Furtherinvestigation to identify the nature of the ternary This alloy is the far-most composition from Mg corner in this
phases in the Mg—AI-Sr system is being conducted in our phase field, as can be seerfig. 1
group. Inthe phase field of (Mg) + AlSr + Al4Sr, samples 13 and
Table 4shows the calculated transformation temperatures 14 have been identified positively with #8r and AL Sr along
and associated reactions with DSC signals of samples 10-12with some distinct unknown peaks. However, the unknown
The number of transformations, predicted by the thermody- peaks for these two samples appeared in the same manner, as
namics, matched well with the experimental resiiig. 11 shown inFig. 10d) and (e), and tentatively designatedas
illustrates the microstructure of samples 10-12. Samples 10 DSC spectra and phase assemblage diagram of sample 13,
and 11 appear to have a similar microstructure. From the with heating and cooling runs, are showrfig. 12 For this
analysis of XRD pattern and thermodynamics, it may be con- sample, the liquidus temperature is observed during cooling
cluded thatthe light gray plate-like phase ig8f. Sample 12  as 677C. The size of the freezing signals increased due to
gives a different microstructure, as can be sedfign11(c). supercooling.

3.3. Samples in Al4Sr + y + B phase field

7504 ® Sample 1
g 7001 ® Sample 2 Three alloys in AISr+vy+ B phase field, as shown in
£ 6501 ¢ Sample 3 Fig. 1, have been investigateBig. 13shows that the DSC
6001 ® X Sample 4 spectra of these alloys during heating are similar with a small
5 e 2 X = Sample 5 variation in the thermal arrest of the second peak. Neverthe-
é; :':Z: X Sample 6 less, the DSC spectra showed that the invariant reaction for
0 ‘ ‘ , ‘ these samples occurred at close temperatures; 459, 453 and
400 500 600 700 800 452°C, respectivelyFig. 14 shows the calculated vertical
Calculated Temp. section in comparison with the DSC result from the cooling

curve for sample 15. It can be seen from this figure that the
Fig. 6. Comparison between calculated and experimental DSC data.  two signals at higher temperature correspond to the calcu-
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Table 2
DSC measurements with thermodynamic analysis of Mg—AIl-Sr alloys (h denotes heating, and ¢ denotes cooling)

Sample DSC thermal signals Thermodynamic calculation based on the database regfted in
Temperature®C) Reaction or phase boundary
1 609c 501 L/L +(Mg)
596¢/605h
517c/535h 535 L +(Mg)/(Mg) + ASr
222 (Mg) + AlySr/(Mg) + AlsSr +vy
2 563h 551 L/L+(Mg)
531c 533 L +(Mg)/(Mg) + A, Sr
516¢/536h
510c/491h
427c/441h
282 (Mg) + AlsSr/(Mg) + Al Sr +vy
3 531c 540 L/L +(Mg) + ALSr
528¢c 530 L+ (Mg) + AkSr/(Mg) + Al4Sr
516¢/523h
487¢/510h
427c/442h
398 (Mg) + AlsSr/(Mg) + Al Sr +vy
4 524 591 L/L+ALSr
514c
472c
435c¢/494h 496 L+ AISr/L + (Mg) + Al Sr
422c/442 429 L+ (Mg) + AISr/(Mg) + AlsSr +vy
5 652 648 L/L + ALSr
647c 535 L+ ALSr/L + (Mg) + Al4Sr
510c¢/513h 525 L +(Mg) + AISr/(Mg) + AlsSr
453c/489h
431c/445h
318 (Mg) + AlsSr/(Mg) + Al Sr +vy
6 686¢ 703 L/L +ALSr
499¢/490h 532 L + AJSr/L + (Mg) + Al4Sr
448c/449h
432c 433 L+ (Mg) + AkSr/(Mg) + AlsSr +y
%‘ Sample 7 S ALST *;i Sample 8 “ Al Sr
= =
k= 5
& &

12 22 By ) 5 12 »
(a) 2theta (b)

100%

Relative Intensity

(c) \ 2theta

Fig. 7. XRD patterns of samples (a) 7 (13.02/46.92/40.06, Sr/Mg/Al, wt.%), (b) 8 (24/30/46, Sr/Mg/Al, wt.%), and (c) 9 (32/22/46, Sr/IMg/Al, wt.%).

42 52
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Table 3

DSC measurements with thermodynamic analysis of Mg—AI-Sr alloys (h denotes heating, and ¢ denotes cooling)

Sample DSC thermal signals Thermodynamic calculation based on the database regfited in
Temperature°C) Reactions or phase boundary
7 676 703 L/L +ALSr
510h 443 L+ ALSr/L + Al4Sr+y
444c/466h 429 L+ AJSr+v/(Mg) + Al4Sr +y
8 - 802 L/L + AlSr
507h
489h
445c¢/457h 446 L+ AJSr/L + Al4Sr +y
427 L + AlsSr +y/(Mg) + Al 4Sr +vy
9 - 846 L/L + AlSr
506h 501 L+ ALSr/L + Al4Sr + (Mg)
445c¢c/457h 429 L+ AISr + (M@)/(Mg) + Al4Sr ++
100 100
w v
g E o
E:. v Liquid i Liquid
2 5 a 3 (Mg)
= 3 50
] )
[ o z
% % ALSE 802°C
é AlSr 703°C £
0 0 . . .
(a) 25 T(°C) 425 725 (b) 25 325 T(°C) 725
100
é Y
3
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2 50
[a)
A
0 L L .
(c) 25 T(°C) 525 925

Fig. 8. Phase assemblage diagram of samples (a) 7, (b) 8, and (c) 9.

Fig. 9. Optical microscopic images of samples (a) 7, (b) 8, and (c) 9.
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Fig. 10. XRD patterns of samples (a) 10 (22.78/54.39/22.83, Sr/Mg/Al, wt.%), (b) 11 (27.83/42.89/29.28, Sr/Mg/Al, wt.%), (c) 12 (48.30/19,. SB/BR)/AI,
wt.%), (d) 13 (34.83/39.59/25.58, Sr/Mg/Al, wt.%), and (e) 14 (39.87/30.73/29.4, St/Mg/Al, wt.%).

lated diagram, but lower transformation temperature was not3.4. Samples in (Al) + AlySr + B phase field
obtained by the DSC. The enthalpy of invariant reaction for

samples 15-17 were registered as 316.67, 390 and 205.34 J/g, Fig. 1shows three samples that have been investigated in
respectively. (Al) + Al 4Sr +B phase field. A DSC spectrum of sample 18
It can be seen fronFig. 15 that samples 15-17 were is shown inFig. 14a). Two samples reported by Makhmu-
identified with all the three phases predicted by the thermo- dov et al.[8] as ternary eutectic have been prepared. Among
dynamic model, angl has a very small volume fractiop has these samples, only sample 18 (4.56/31.63/63.81 Sr/Mg/Al
a complex cubic unit cell (space groép3m, a = 4.2155&) wt.%) shows eutectic behavior, where the DSC heating and
[19]. Fig. 16shows the optical micrograph of samples 15-17. cooling runs reveal one single invariant reaction, as shown in
The micrographs show different phase morphologies and theFig. 17a). But the thermodynamic calculation of this sample,
plate-like structure was designated ag34 shown inFig. 17b), did not comply with the experimental

Table 4
DSC measurements with thermodynamic analysis of Mg—AIl-Sr alloys (h denotes heating, and ¢ denotes cooling)

Sample DSC thermal signals Thermodynamic calculation based on the database regfted in
Temperature®C) Reaction or phase boundary
10 618 605 L/L + AL Sr
544¢/560h 528 L+ AISr/L + Al4Sr+Mg
513c/523h 494 L + AISr+ Mg/Al,Sr + Al4Sr + Mg
11 571 664 L/L + ALSr
546¢/561h 525 L+ AJSr/L + Al4Sr+ Mg
513c/524h 496 L +AJSr + Mg/Al,Sr + AlaSr + Mg
12 643 783 L/L + ALSr
632h 716 L+ ALSr/L + Al4Sr+Mg
599¢/615h 499 L+ AISr+ Mg/AlSr + Al4Sr+ Mg
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Fig. 11. Optical micrograph of samples (a) 10, (b) 11, and (c) 12.
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Fig. 13. DSC traces of the three samples: (a) 15, (b) 16, and (c) 17.
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XRD patterns of samples 18-20 are showFiig. 18 The

_— Gactiegy patterns were identified with three phases predicted by the
. thermodynamic calculations. Different microstructures were

observed for these samples, and are showignlQ Itis very

much apparent that the plate-like structure ig3x| since it
AADLM ST | was the common phase in most of the investigated samples

7301
i

L+ALSr

Q 495
& (ARHALSH and was detected in the XRD patterns for the three samples.
2601 3.5. Samples in (Mg) + AlLSr + Mg;7Sr> phase field
" Al Sr++B
ALSr+pf| ¥
; Two samples have been prepared in this phase field, as

046 0.8 shown inFig. 1L DSC spectra and phase assemblage diagram
of sample 22 are shown fig. 20 The DSC signal shows only
one peak; hence, this composition is at the ternary eutectic

Fig. 14. Qalculated vertical section at constant 9.5 wt.% Srwith DSC signals point or very close to it. From the phase assemblage diagram,

from cooling curve of sample 15. although all the three phases did not precipitate at the same

temperature, this diagram shows that sample 22 is indeed
result. The liquidus temperature of sample 19 is quite close to close to the eutectic composition, and thus, matches with the
the calculated temperature, whereas the liquidus temperaturddSC result. The enthalpy of melting for this sample was reg-
and the number of transformations of sample 20 did not show istered as 300 J/g. Sample 21 has been identified with all the
good agreement with the thermodynamic predictions. three phases predicted by the thermodynamics, as shown in
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Fig. 15. XRD pattern of samples (a) 15 (9.5/40/50.5, Sr/Mg/Al, wt.%), (b) 16 (11/30/59, Sr/Mg/Al, wt.%), and (c) 17 (31.18/14.42/54.4, Sr/NMgAl, wt.

il -.L 1‘, -.

Sample 16 Sample 17

Sample 15

Fig. 16. Optical micrograph of samples (a) 15, (b) 16, and (c) 17.
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Fig. 17. (a) DSC spectra of sample 18 (4.56/31.63/63.81, Sr/Mg/Al, wt.%) during heating and cooling, and (b) phase assemblage diagram of sample 18.
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Fig. 18. XRD pattern of samples (a) 18 (4.56/31.63/63.81, Sr/Mg/Al, wt.%), (b) 19 (2.04/10.80/87.16, Sr/Mg/Al, wt.%), and (c) 20 (23/15/62) SvMIgIA

Fig. 21(a). However, sample 22 has been identified positively as a new ternary phasa. Mgi17Sr, was identified using
with only two phases: (Mg) and MgSr,, and the sample did  a hexagonal unit cell (space gro®ps/mmc, a= 10.535A,
not contain ApSr. Instead, there are some unknown peaksthatc = 10.356&) [19]. In this study, it was observed thatitis very
do not match with any known binary phase in the Mg—AI-Sr difficult to identify the AbSr compound. This suggests that
system; therefore, these new peaks are identified tentativelyperhaps AlSr forms a solid solution with other species in the

AlSr Al Sr

(a) Sample 18 (b) Sample 19 (¢) Sample 20

Fig. 19. Optical micrograph of samples (a) 18, (b) 19, and (c) 20.
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(a)

Mg-Al-Sr system. Even though these two samples belong tofor five different compositions. In the as-cast condition,
the same phase field, different microstructures were observedsample 1 has primary (Mg) phase and network of grain
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Fig. 20. (a) DSC spectra, and (b) phase assemblage diagram of sample 22.
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Fig. 21. X-ray diffraction pattern of samples (a) 21 (19.90/72/8.1, Sr/Mg/Al, wt.%), and (b) 22 (32.74/60.55/6.71, Sr/Mg/Al, wt.%).

as shown irFig. 22

3.6. Microstructural evolution

boundary phase, as shownkig. 23a). It can be seen from

Fig. 23b) that the morphology and the network nature of
the grain boundary phase experienced changes during the
heat treatment. The network has become less complete and

The microstrutural evolution was observed by comparing the grain size has increased after the heat treatment. The

the microstructure of the as-cast with the post-DSC samplesmicrostructure of sample 4, shown filg. 23c), is charac-

(a) Sample 21

Mgi7Sr2

(b) Sample 22

Fig. 22. Optical micrograph of samples (a) 21, and (b) 22.
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Fig. 23. Optical micrograph of sample 1: (a) as-cast condition, (b) post-DSC condition; optical micrograph of sample 4: (c) as-cast condistm ) po

condition.

terized as a dendritic microstructure, which hag3klas the

4. Conclusion

primary phase. Post-DSC sample shows that the intermetallic

has grown and the eutectic morphology is more evident.

A comprehensive study using DSC, XRD and metallog-

The same phenomena was observed in the other investigatedaphy on the ternary equilibria in the Mg—AI-Sr system was

alloys.

conducted. Four new phase fields were found in this system

Fig. 24shows the ternary phase diagram of the Mg—AI-Sr which may be due to new ternary solid solutions or com-
system, where four new phase fields have been identifiedpounds. Other ternary phases claimed by Makhmudov et al.

using XRD, metallography and DSC.

Mg - Al - Sr
25°C

Sr

&ctSage'

S+ AL S M S Bl

Mg Al
T4 T T T

Fig. 24. New tentative phase fields in the Mg—AI-Sr system.

were not observed in this investigation 48F and (Mg) were
found to be the dominating phases in the investigated alloys.
The identified phases in the as-cast condition were found
consistent and thermodynamically stable with the post-DSC
samples in the five investigated alloys. The experimental
results were compared with the pertinent thermodynamic
findings. Considerable disagreement between the thermody-
namic model and the results of this study suggests that the
Mg—Al-Sr system should be remodeled in light of the new
experimental findings.

Acknowledgements

This research was carried out with the support of NSERC
and NATEQ grants, Canada. The authors wish to express their
appreciation for this support.
References

[1] R. Gradinger, P. Stolfig, Proc. Mine. Metals Mater. Soc. (TMS)
(2003) 231-236.



M.A. Parvez et al. / Journal of Alloys and Compounds 402 (2005) 170-185

[2] S. Das, JOM 55 (11) (2003) 22-26.

[3] M. Pekguleryuz, E. Baril, P. Labelle, D. Argo, J. Adv. Mater. 35 (3)
(2003) 32-38.

[4] A. Prince, N. Nikitina, in: G. Petzow, G. Effenberg (Eds.), Ternary
Alloys: A Comprehensive Compendium of Evaluated Constitutional
Data and Phase Diagrams, vol. 16, VCH, New York, pp. 413-425.

[5] M.M. Makhmudov, A.V. Vakhovob, T.D. Dzhuraev, |.N. Ganiev,
Dokl. Akad. Nauk Tadzh. 23 (1980) 25-28.

[6] M.M. Makhmudov, A.V. Vakhovob, T.D. Dzhuraev, Dokl. Akad.
Nauk Tadzh. 24 (7) (1981) 435-438.

[7] M.M. Makhmudov, A.V. Vakhovob, T.D. Dzhuraev, Russ. Metall. 6
(1981) 209-212.

[8] M.M. Makhmudov, A.V. Vakhovob, T.D. Dzhuraev, Russ. Metall. 1
(1982) 122-124.

[9] M.M. Makhmudov, A.V. Vakhovob, I.N. Ganiev, Zavod. Lab. 48 (10)
(1982) 61-62.

185

[10] E. Baril, P. Labelle, M. Pekguleryuz, JOM 55 (11) (2003) 34—
39.

[11] P. Chartrand, A.D. Pelton, J. Phase Equilibria 5 (6) (1994) 591-
605.

[12] O. Koray, PhD Thesis, The Pennsylvania State University, 2004.

[13] Z.K. Liu, Y. Zhong, C. Wolverton, A.Y. Chang, Acta Mater. 52 (9)
(2004) 2739-2754.

[14] M.A. Parvez, E. Essadigi, M. Medraj, Proc. CSME Forum (2004)
829-838.

[15] X. Wang, M.A. Parvez, E. Essadiqi, M. Medraj, Proc. CSME Forum
(2004) 819-828.

[16] W. Kraus, G. Nolze, PowderCell for Windows, 1999.

[17] M.A. Parvez, X. Wang, E. Essadiqi, M. Medraj, Proc. Mine. Metals
Mater. Soc. (TMS) (2005) 179-184.

[18] FactSage 5.3http://www.factsage.com2004.

[19] P. Villars, Pearson’s Handbook, ASM International, 1997.


http://www.factsage.com/

	Experimental study of the ternary magnesium-aluminium-strontium system
	Introduction
	Experimental
	Results and discussion
	Samples in (Mg)+Al4Sr+gamma phase field
	Samples in (Mg)+Al4Sr+Al2Sr phase field
	Samples in Al4Sr+gamma+beta phase field
	Samples in (Al)+Al4Sr+beta phase field
	Samples in (Mg)+Al2Sr+Mg17Sr2 phase field
	Microstructural evolution

	Conclusion
	Acknowledgements
	References


