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ABRBTRACT

Invariant three and fouwr-phase eguilibria in the Mg-rich
covner of tha MnguFﬁn ternary syster have been studisd by
differential thermal anclyeis, optical microscopy, sleoctroen
rcie miorocanalyelis ance  w=rav  gdiffraction. The L=
3 Mg Mg CutMp Ent ternary eutectic veackion was found to he

T

i

at 467 *C and at Mg-13. 3ab20u-4. 4abs8n. The LZ:}MQQQR+MQQF
paeudabhinary sutectic reaction i Sentatively locavted at

ZEE L and st Mg-Z6. GatAlu-~-7. 7at+in.



1. INTRODUCTION

M-t ich alldys nf the Hp—Cu-%n éystem had shown to be
quite suitable far the develeopment of experimental and
theoretical thermodynamic studies on the -glass-—-foraing
ability of teenary alloys [1,2]1. More specifically, the Mg-
Mge Cu~iMg: 8 {31 ternary  subsyztem has & phase diagran
rather simple: it is made uplby the Mg-Mg.Ou [47 and the
Mg—-Mhge: Sn [51 binary subsystems, and by the Mge{lu-MgeSn [
pasewdobinary  subsvstem. The meiting peint of My is &30 ¢C
(3. MQaCu and Mg58n stoichiomelrin intevmetallic compounds
melt cnhgruently at S68? and 770.5 40, respectively. The‘
MQ*MGeCu' subsysten has an eutectic point at 14.5%5at%uCu and
at 485 °C. The. solubilify of Cu in Mg is very iow:
0. 013at%Cu at 48B3 *C.  The Mg-ME.5n subsystem has an enter-
tie point at  10.7at#“Bn  and at S61.2 °C, The maximun

spiubility of Sn in Mg is 3. 3GatidBn at 3ei.2 L [4,5].

However, the information available on the ternary sys-
tem is insufficient to give detalls conceraing the liquidqs
valleys ang the four-phase equilibria, For instance, the
pseudobinary thectic point L=’ Mgs Cu+ig: Sn, actually a
saddle point in the ternary systém, iz suggested to e lo—
cated at S35 °C and at MngS.Eat%Eu~7.7at%Sn,-The syﬁtém is
also reported to exnibit a ternary eutectic point L=
j{Mg)+MgeCu+MggSng which has been provicsionally lecated at
Mo-1i. 4at®wCu—3.2at%5n, but its temperature tas not been
meaéuwed £33, (M) standﬁ.For the terminal solid Salutiun.
The above values of compocition have beenm estimated . from

the phase dianran of [57.

In this work we have measured the compasition and the
teaperature of kot the ternary and the pseudolrinary eubtec-—

tic reactions.
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Z. EXCERIMENTAL

Two alleys of the following nominal campositﬁunﬁ were
prepared: A7 Mg-1ll. 4atniiu-3, atiin and B} Mg—-ed. 6atAlin-
&, Gat4Aabn, Starting materials were Mp, €Cu and 8n of 2%.929%
purity. The ailays (R: 0.509% g and Br L6679 gl were
melted &t 8O0 °C during S0 mimn in nuclear grade graphite
orucibles (2 1 g each) in an electric wﬁsistance furnace
under static Ar atmosphere (2 3 atm) of 99, %9%6% purity. A
weight loss of 5.43 % for the alicy A and 1.08 % for the

alley B was observed.

Simultaneous differential thersal analysis (DT&y  and
thermogravimetry (TGF were peeforped in a Metiler Vacuum
Thermoanalyzer equipment, under static atmosphere (8 1 atm)
ef R[Br 99.9%68%4 pure, and in the same corucibles which had
heen gweviausiy used for the presaration of the alloys. an
annty 'gwaphite ‘cruciblie  was chesen as  the reference
"gample”. The heating/énoling rates were: & *Cl/pin (2436
5CY and 1 2C/min (436-500 °C) for the alloy A, and & °C/win
(25507 °C) and b °C/min (507356 °C)  faor the alloy B.
After the last measurement in each alloy they were heated
Mp te H07 °C {alley A and 557 ¢C (alley Bi. Next, the Fur-
nace of the DTA-TE eguipment was turned-off and the samples
were aliowed to cool inside the furnace down to voom tem-
perature at a rate of abeout & °C/min.  Weight losses af the
crucibles containing the alloys during the DTA-TE  experi-~
ments ware nepgligible 4= oO.0iwl. The PL/RET-10%FER ther-
mocouple was calibrated "in  situ”  apgainst high-purity
29,9958 In, 99.99%4 Al and Ap, and 99.929% &Gn and Zn.

The solidification struntures, &fter the RTA-TE ex-
periments, were cxamined by optical micrescopy in oross-—
sections at the top, center and bottam of the ingots. The
specinens were prepared for microscopic examination by

grinding without any lubricant on a Buheler microcut paper



asheet A00 geit soft, followed by mechanmical polishing'on a
Mal-8truevre ploth with 3 um diamond paste lubricabted with
ethilen-glyceol. Then, the samples were chemically etcohed by
iommersion, stirring for & sec in a solution of picric acid,
ekhancl and water (6 gl miz90 wmil). Finally, {they were
washed and rinsed with anhydrous ethanol (water was spe—
cially avoided to prevent oxidation). The phases were iden-
tified hky their oolours under the light microscope and by
electron prube. micw&analysis (Eﬁﬁﬁ) in a Cameca 8X 30
eguipment gutfitted with a wave-lengith-disparsive
spectrometer. In nrderrtn improve the accuracy of the com—
pasition measurements, the specimens for ERMAR were polished
bhut unetched. in spite of the fact that the samplies were
unetched very Qoo secondary eleourons lpages were
achieved. - The phases were also idemntified by x—ray diffrac—
tion (XRD) in a Phillips PW 140G eguippent employing

graphite monocchromatized Cok. radiation.

3. REBULTE

Bath alloye show off-gutectic microstructures (Figs.
1-&Y. The Bottom of the alicy £ has elongated colonies of
the (Mg!-#Mg:Cu binary eubtectic in a fine, ground matrix of
e (Pg) —Mge Cu—PMoe Sn tevnary eutectic (Fig. i). Towards the

Figures L2 ama 3
top of the ingot non-faceted, primary dendrites of {ig!
were also observed (Fig. =r. Fyimary (Mg) certainly
segregated upward by gravity during the TFreezing of this
alloy. The morphology of the Dbinary eutectic iz neariy
lamellar and that of the ternary one seems to be fibrous aor
roc—Lliie, being both MgeCu ang Mg.5n  compounds partially
suwrrounded by {(Mg) (Fig. 2y . The intewlameliaw_spmcing of
the binary eutectic ranges between 5 and 16 um, and tho in-
terod sg%cing of the fernary rutectic i4 appwuximétely =
1410 . Twelve measurements af euﬁpositinn performed by ERMA

on 18x1% um scanned areas on the Finest ternary eutectic



ZoNes resulted in the following average value: PMg-

—

12. GatwCu—a. 4abibn, which is slightly different from tne

ore  reparted in 23. Standard deviations in composition
were: O.5at%Mg, Q. 4at%Cu and Q. 3at48n.  EFMA performad  in

five different dendrites of (Mg) gave an averapge couposi-
tien of Mg—-1.3atdA8n--0. 0%atnlu. The thernogran of this alloey
(Fig. 7) shows only eone peak at 467 °C, as measured on the
initial deviaticon from the base line E7}, during both melt-
ing and scelidification, which is attributable to the ter-
nary eutectic reaction. Mo primary arrest was ocbhserved.
1

The sampple B exhibits a heneycomb pattern of colonies
(sometimes. terned "grains') of the Mg Cu-hMg: Srn pseudeobinary
putectic (Fig. 4). The size of thne cells ranges between 100

Figlces Y, h amd £

and 00 pum. This eutectinn has a mixed iamelliar-rodlike mer-
phology, Being Mg Cu the major phase {(Fig. 3). The size of
the interod or interlamellar spacing is abmut.l'tole tim at
the center of tite colonies, in addition, the speciwmen has
very few, isolated, faceted, primary orystals of Mpe5n, and
alsao small ampunts ef an  intercellular, three—-phase as-
semidlage that resembles a ternary evtectic (Fig. 6. It in-
cludes MgeDOu, Mge85n and & reddish (as view en unetched
metallographic surfaces) third phase, +his colour indicat-
ing %he presence of & higher Cu content. The average com—
position of this assemidlage would woet be suitable ameasured
by EPMR. The XRAD pattern shews the existence of only fMgaluo
‘and MpgeSn phases. The Cu—rich phase could not be detected
by KRD iDbecause there is only & swail percentage of it in
the whole sample. S5ix measdrements of compegsition carried
out by EFMA on 13x1i5% pn scanned aveas on the finest pseude-
inary eutectic repions resulbted in the feollowing average
value: Mg—&b. 0at%Cu~7.7at#Bn, which closely agrees with the
one rveported in [31. &tandard deviations in compesition

were: O,1lat¥Mn, O.2at#ACu and 0. 07at4A5n. The thermogram of

this alloy (Fipg. 7)) exhibits two peaks: & large one at Sol

°C  that is ascribable to the pseudobinary eutectic reac—
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tion, ~ and a very small one at. 463 0 that could not be as-
signed to any wepnwted. invariant reaction. The ' &=
C 2 Mg AMge EWrMge B ternary eutactic reaction Was ruled out
by both metallopraphby and DTA. No primary arrest was ob-
sarved, The main awwest‘is rounded at the beginning point
upon  heating and at the ending point upan coolinn, then
suggesting that the invariant three-phase pguilimprium {the
paseundebinary yeaction) was noet strictly attained 71, The
difference beltween the tewmpersture of the main DEak
measitred during solidification and that measured during
Relting is Q.3 . The pseudobinary edtectic teaperature is

_—

Just & °C below the reported one in £33,
*i%w 4

4, DISCUBSBION

Both, the previously published liguidus projection:
L3i, and The liguidus nrojection that is proposec in the
present work Tor the Mg“MgaCU“MgeSﬂ ternary subsysten, are
hown in  Fig. 8. Ehe last one was platted using the
assessed dDinary phaseL diagrams oy 3, the pseudobinary
gutertic point reported in [3]1 and the ternary eutectic
goint reasuwred in this work. Because of the lack of datba,
the field bBoundaries, which are the eufegctic valleys, have

been tentatively drawn as stralght lines.

" The weight loesses that ocourred on melting alloys A
and B have to e wmainly atéributed to the vaporization of
Mg, because this is the volatile component {81. On account
cf these Mg losses, the corrected compositvions pecome Mo
1. Eat%Cu-3.5at%Bn for  the alley £, and Mg-26.iatxCu~

8. 1at%8n for the alléy B (points R'and B!, respectively, in

Fig. 87.

The observed wmicroestructure of the sample A and its

corrected corposition lack consistency £93 if {he last is



located on the previously estimated phase diagraw (31, in—-
stead, the microstrueture is, cansistent with the corrected
compesition when ¢his dg¢ placed &n the phase diagvan
proposed in this work. In fant, she éilay [ lieg'.within
the primary phase field of (Mgl of the here proposed phase .
diagram, and within the angle delimited Dy the Mg-Cu Binary
syshem and by the straight line jeining the Mg corner  atd
the (Mg)-MggCu~Mgé6n_teﬂnawy 9uteeti¢ point (Fig. 8. The
solidification path (10,111 of this alloy is guite simple.
On coaeling from the meli, initial corystallization of
primary (M) occars at soee unknown  liguidus  temperature.
Preimary  arrest in the thermogram of the sanple A is missed.
probably berause its liguidus temperature is above 00 20,
Let s assume Lthat pure Mg instead of My precipitates.
Then, +the ecompesition of its complementary iiquiﬁ MOVES
alormyg the extension of linme Mg-R' away from Mg. When the
Mg—Mge Cu eutectic valley is reached (467 °C (T { 483 °C)
thie eutectic begins to solidify. From this poini the com-
position of the ligquid vuns along this eutectic valley
towards the Mg-MgeCu-Mg:Sn ternary eutectic point. The
crystallization ends at the guaternary invariant baint £
(467 ¢C), where the vemainder of the liguid isctherwmally
transForms inte the ternary eutectic. Recause (Mg) instead

o

of pure Mg is actually the pwiméwy phase, the first step of
the solidification path is not & stralight line, bBut &
curve. Therg dre no enough. data on the solubility of Sn and
Cu in (M),  except & vough estimation at 400 *C 3],
However, from thelbinary phase diagrams [4,3) and from our
measurements of composition in pricary (Mg, we can statve
tihat Bn is mare soluble in (Mgi than Cu. In addition, Lhe
solubility of BSn in (M) decreases from £.4at# at 500 °C to
1.8at%  at 463 0 for Mg-Sn binary alloys L51. Thierefore,
the first step of the solidification path of %the sample A
Eﬁould be slightly convex (as viewed {rom the Mp-Cu binary
system), but it will certaiﬁly'wun towarde the (Mg —rMyge Cu

putectic valley. The eguilibrium reactions that aecourred
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wpen cogling of the sample A can e summarized as Tollows:

By LA (M ) b L4+ (M3 3 Mge Du——d (M) +-Mge Cuditge 8n.

Both the nominal and the porrected composition of the
sample B lie within the primary phase field of Mge Bn, very
clese to ithe MpeCu-MgeSn field boundary, but siightly
shiftea from the pseudebinary section towards the (MpCuz’-
ﬁgeﬁuuﬁggsn ternary subsystem proposed in {31, (MgCue 3
stands for the salid selution af Cu, Mg and Sn in MgCue .
Then, the eguiltibrium reagtions that occurred upen cooling
cf 4ihe sample B rcould be summarized as Tfollows: io--
YitMpge Sn——> L+Mgs Sn+Mge Cu——) Mge Bn+Mg, Cu+ {Mglue ). The micro—
structura of the samnpie B is consistent with such reac-—
tions. HnweQer, the solidification path Ffor the alicy B,
for in«:{tanceg shonid en& at the L—-» {MyCue J+ifige Cu+Mge Sn
ternary eutectic paint tentatively located at Mp-27.8atxCu-—~
8. 4at%#8n and at 520 °C (31. The small arrest at 463  °C
measared in the thermegram ef the sample B, suggests a dif-
ferent temperature for Lthis ternary eutectic reaction or
the existence of other non reported invariani reaction. On
the other hand, for Mg-LCu and Mp-Sn binary systems the
liguidus lines show no discoentinuities at  the congruent
points of MgCuw and Mge5n intermetallic compounds, Gut they
Tform maxima with horizeontal tangents and hence they are
mathematically continueous. Likewise, the liguidus surfaces
of the tewvnary system show no discontinuwities when they
cress the pseadobinary cuat L12I.  Furthermore, the field
haundary which is the intersection of two liguidus surfaces
(L + MgeCu and L 4+ Mge:5n3 has an horvizontal tanpent (a max—
imum temnperature of equilibrium among these three phases at
the saddle point) [101. These considerations permit us to
state that the temperature of the .pséudobinary eutectic
reaction measuwred in this work should be slightly below the
"frue" temperature of the saddle point. dence, the results
presented in Fif. 8 are proavisional and more careful ox-—

periments areg needed to establish this region of the phase



diagirama

e QUNCLUS TONE

Tie L?*%(Mg)+MgaCu+Mg¢Sn ternary putectic reaction was
Fopund to be at 467 0 and a2t Mg-13, Satku-4. 4atvSn. The L=
3¥p, CudhMp: 8n psewdobiinery zutectic veaction is  btentavively

locatea at SEX "C and at rMg-—-cb. Cat#lu-7. 7at#bn.
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Fig. %¢
Fig. 2@
Fig. 34
Fig. 4:
Fig. 53
Fig. 61
Fig. 7z
Fig. = H

FIGURE CARTIONS

Optical micrograph of the xllay R, as—cast. Colonties
of the (M) —Mge Cu binary eubtectic in a mabtrix of  the
(Mg} ~Mge Cu~Mge 5n tevnary euteetic. (Mg): gray, MgeCu:

white, MgeSn: biack. Magnificalion Z00 vimes.

iden Fig. i. Zone showing primary dendrites of (Mg).
Magnification 400 times.

Idem Fig. 1. Magnification 1000 times.

Optical micrograph of the alloy B, as—cast. Colonies
of the MgeOu~Mge3n pseudobinary eubtectic, and primary
orystals of MpeBn. Mga Gz white, #Mg:.8n: black. Mag-

nification 120 times.
Idem Fig. 4. Megnification 100Q times.

Idem Fig. 4. Zone showing intercellular three-phase
assemblage. Mge Cuz  white, Mg=25n: black, Cu-rich

phase: oray. Magnification S70 times.
Thermograms of alloys A and B.

Liguidus pwojéctinn of the Mg—Mpge Cu-Mg.5Sn ternary .
subcystem. 8 and A* are the nominal and the corrected
compositions of the aitloy R, respectively. A and £
are the reported {31 and the measwred (this work)
composition of the ternary'eutecfic, respectively. |23
and B' are the nominal and the correcited compositions
of +he alloy B, respectively. & and F' are the
reported L3] and the measured {(this work) corposi-

tions of the psewdobinary eutectic, respeciively.
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