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The melting of secondary-phase particles--or, more precisely, the melting of such particles 
together with the surrounding matrix-- in two ternary A1-Mg-Si alloys has been studied. In the 
quasi-binary AI-Mg2Si alloy, one melting reaction is found. In the alloy with an Si content in 
excess of that necessary to form Mg2Si, three different melting reactions are observed. At 
upquenching temperatures above the eutectic temperature, the reaction rates are very high, and 
it is assumed that they are controlled by diffusion of the alloying elements in the liquid. Melting 
is also observed after prolonged annealing at temperatures below the eutectic temperature in 
these alloys, which is explained by the different diffusion rates of Mg and Si. The rate of the 
melting reaction is in this case assumed to be controlled by diffusion of the alloying elements 
in the solid a-A1 phase. It is shown that calculation of the particle/matrix interface composition, 
which determines when melting is possible, cannot be made solely on the basis of the phase 
diagram, but must also include the rate of diffusion of Mg and Si. The melting temperatures 
observed differ somewhat from the accepted eutectic temperatures for these alloys. On pro- 
longed annealing, the liquid droplets formed dissolve into the surrounding matrix and their 
chemical composition is found to change during dissolution. The resulting eutectic structure 
after quenching of a droplet is explained by the phase diagram and the different diffusion rates 
of Mg and Si as well as by the nucleation conditions of the constituents involved. 

I. INTRODUCTION 

HOMOGENIZATION heat treatment of alloys is a 
process of great industrial importance. Usually it is car- 
fled out on castings in order to improve the properties 
of the casting or to facilitate subsequent processing steps 
to final products. In such cases, the homogenization 
treatment is carried out as a well-defined operation with 
rather strict temperature control. 

A similar process often takes place during hot defor- 
mation, such as extrusion, rolling, and forging, where 
generally a multiphase alloy is plastically deformed in 
the single-phase region. Homogenization then takes 
place during the heating period and during the defor- 
mation process. In these cases, the homogenization re- 
action is much less accurately controlled. 

One problem associated with the homogenization pro- 
cess is incipient melting. If the composition of a binary 
alloy is higher than Cmax (Figure 1) and the alloy is an- 
nealed at a temperature higher than T~ut, the alloy starts 
to melt. The plastic deformation of an alloy in this con- 
dition is problematic due to low ductility, but the phe- 
nomenon may also be util ized--for example, during 
thixocasting. 

In alloys with segregation of the alloying elements, 
the composition may locally exceed the critical com- 
position C . . . .  even though the mean composition is 
lower. Also in this case, incipient melting occurs when 
T is higher than Te,t, but this is a transient phenomenon. 

Recent experiments tl-SJ have demonstrated that incip- 
ient melting may take place during homogenization heat 
treatment of aluminum alloys even when the alloy is 
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close to equilibrium at a low temperature and the mean, 
as well as the local matrix concentration of the alloy, is 
far below Cmax- Reiso t1'2] arrived at this conclusion in a 
rather indirect way by investigating the extrudability of 
several aluminum alloys. It was shown that one of the 
limiting conditions for extrusion speed probably is in- 
cipient melting of secondary phases, and it was indicated 
that the most likely reaction was the formation of a liq- 
uid of eutectic composition. Similar results were also ob- 
tained by Gjestland et  al .  ~3~ 

Lohne and Ryum t41 subsequently studied the binary 
alloy AI-Si at mean compositions below Cma x and clearly 
demonstrated that local mel t ing occurred in this alloy 
when the annealing temperature was higher than Te,t. 
The incipient melting reaction of secondary phases was 
further studied by Reiso et  al .  tSJ in a binary A1-Cu alloy, 
where a more detailed characterization of the reaction is 
given. 

In the present investigation, the study of this incipient 
melting reaction is extended to ternary A1-Mg-Si alloys. 
This alloy system is of great industrial importance--for 
example, in the extrusion industry, where it is the major 
A1 alloy system tonnagewise.* In the present investi- 

*Reiso t61 has previously shown that incipient melting occurs in these 
alloys. 

gation, these melting reactions are studied in more 
detail. 

II. EXPERIMENTAL 

Two A1-Mg-Si alloys were produced by directional 
solidification. The chemical compositions of the alloys 
were carefully determined by spectrographic analysis 
and are given in Table I. The alloys were made from 
high-purity A1, and the amount of any impurity element 
was less than 0.01 wt pct. Alloy 1 is a quasi-binary 
A1-Mg2Si alloy, while alloy 2 has a Si content in excess 
of that necessary to form Mg2Si. 
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Fig. 1--Schematic  eutectic binary phase diagram. 
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Table I. Chemical Compositions 
of the Alloys, Weight Percent 

Alloy Composition (Wt Pct) 
No. Mg Si Mg2Si ASi* 

1 0.57 0.33 0.90 - -  
2 0.60 0.70 0.95 0.35 

*Si content in excess of that necessary to form Mg2Si. 

The castings, approximately 2 kg each, were homog- 
enized for 24 hours at 540 ~ cold-rolled with inter- 
mediate annealing at 540 ~ and cut to specimens 25 • 
25 • 2.5 mm 3 in size. To obtain a uniform distribution 
of coarse Mg2Si and Si particles and an equilibrium ma- 
trix composition, the samples were first annealed at 
540 ~ for 1 hour in air and subsequently cooled at a 
rate of 1 ~ down to 100 ~ 

The incipient melting reactions were studied by 
upquenching the specimens in a salt bath to various tem- 
peratures and then isothermally annealing the specimens 
at the upquench temperature for different periods of 
time. The temperature was measured using thermo- 
couples inserted into holes drilled in the samples parallel 
to their broad face. The thermocouple and temperature- 
registration equipment used was checked against stan- 
dardized and calibrated temperature-measurement 
equipment. The accuracy of  the thermocouple and 
equipment used was found to be better than -+0.5 ~ 
The temperature stability during heat treatment in the 
salt bath was better than -+ I ~ After these heat treat- 
ments, the specimens were cooled in air. The rate of 
solidification of  the liquid droplets that formed was then 
such that the resulting eutectic had an internal structure 
which could be resolved in the light microscope. 

In addition to this heat-treatment procedure,' samples 
of alloy 2 were brought close to equilibrium at a higher 
temperature prior to upquenching in the salt bath in order 
to study the effect of a different matrix composition on 
the melting reaction. This was done by annealing the 
homogenized and slowly cooled samples for 19 days at 
500 ~ 

Metallographic examinations were performed in the 

light microscope on unetched specimens. The different 
phases (MgzSi, Si, and a-A1) were identified by their 
color and shape. This correspondence was established by 
a combination of light and scanning microscopy. The 
chemical compositions were determined in the scanning 
electron microscope (SEM) equipped with a wavelength- 
dispersive spectrometer (WDS) and an energy-dispersive 
spectrometer (EDS). Measurements were done on 
unetched specimens. Care was taken to avoid the intro- 
duction of  water during polishing, because Mg2Si par- 
ticles react rapidly with traces of  water. Reliable 
quantitative analysis of individual particles could be ob- 
tained when the particles were larger than approximately 
2 /zm.  The accelerating voltage was 8 kV with a beam 
current of approximately 2 nA. Often the eutectics 
formed were very finely dispersed, and quantitative 
chemical analysis from the individual particles in the eu- 
tectics was impossible. In such cases, the type of eutec- 
tic (binary or ternary) could be determined by a 
combination of light microscopy, by which the types of 
phase particles could be determined as explained above, 
and measurement of the mean chemical composition of 
the eutectic in the SEM. 

III. RES U LTS  

The microstructures of the alloys after slow cooling 
(prior to upquenching) are shown in Figures 2(a) and (b). 
As expected, only Mg2Si particles were found in the 
quasi-binary alloy (alloy 1, Figure 2(a)). These had a 
bulky shape and were situated on the grain boundaries 
or in the interior of the grains. In alloy 2, coarse Mg2Si 
particles were also found at the grain boundaries and in 
the interior of  the grains, but in addition some Si par- 
ticles were found (Figure 2(b)). Most of  these Si parti- 
cles were located on the grain boundaries, frequently in 
contact with an MgzSi particle, but a few were also 
found in the interior of the grains. "Free" Mg2Si and Si 
particles (i.e., these two particles were not in contact 
with each other) were also found. The Mg2Si particles 
were somewhat larger in alloy 2 than in alloy 1. 

A typical temperature/time profile recorded by the 
thermocouple during upquenching is shown in Figure 3. 
As can be seen, the temperature increased steeply during 
the first seconds in the salt bath and reached a temper- 
ature approximately 2 ~ below the set point after about 
15 seconds. The last 2 degrees were approached more 
slowly, and the desired temperature was reached after 
approximately 20 seconds. 

After upquenching and cooling in air, only one melt- 
ing reaction was identified in alloy 1. The MgeSi par- 
ticles, together with the surrounding matrix, melted and 
formed a binary eutectic structure upon solidification 
that consisted of Mg2Si and ~-AI. In order for this re- 
action to occur after n 0  second annealing time (i.e., 
upquenching to temperature and cooling in air immedi- 
ately as the desired temperature was reached), the tem- 
perature had to be increased to 593 ~ (Annealing of 
individual samples was done at 1 ~ intervals in the 
range of 590 ~ to 600 ~ An example of  this reaction 
is presented in Figure 4, which shows the structure in 
alloy 1 after --0 second annealing time at 593 ~ 
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Fig. 4- -Eutect ic  microstructure (A1-Mg2Si, light microscopy) in 
alloy 1 formed during upquenching to 593 ~ followed by quenching 
in air ( - 0  s annealing time). 

(a) 

(b) 

Fig. 2--Microstructures (light microscopy) of the alloys after slow 
cooling: (a) Mg2Si particles in alloy 1; and (b) Mg2Si and Si particles 
in alloy 2. 
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Fig. 3 -  Temperature/time profile of a specimen during upquenching 
to 600 ~ 

In alloy 2, several reactions were observed. After 
upquenching to 560 ~ a reaction was found where 
a-A1, Mg2Si, and Si particles in contact with one another 
melted and on subsequent solidification formed a ternary 
eutectic. Figure 5(a) shows an example of this reaction 
after upquenching to 560 ~ and cooling in air imme- 
diately (i.e., no annealing time). Analysis by EDS in the 
SEM in combination with light microscopy showed this 
eutectic to consist of a-A1, Mg2Si, and Si. In order to 
identify the exact temperature for this ternary eutectic 
reaction, annealing was carried out at 1 ~ intervals from 
555 ~ to 560 ~ Even after long annealing times (60 
seconds), the temperature had to be increased to 560 ~ 
before the reaction occurred. At 560 ~ the reaction oc- 
curred spontaneously (i.e., ~ 0  second annealing time). 
This ternary eutectic was found primarily on the grain 
boundaries, and its pointed shape may indicate that the 
grain boundaries are wetted by the melt (Figure 5(a)). 

A second reaction in alloy 2 occurred spontaneously 
after upquenching to 577 ~ (Figure 5(b)). Here the Si 
particles not in contact with any Mg2Si particles (free Si 
particles) melted and on subsequent solidification 
formed a binary eutectic consisting of a-A1 and Si. The 
exact melting temperature was difficult to determine, as 
these free Si particles were rather scarce and were not 
observed in all samples. The reaction, however, was ob- 
served in samples at temperatures down to 573 ~ with 
--0 second annealing time after upquenching. 

A third reaction in alloy 2 was found in samples 
upquenched to higher temperatures than the melting tem- 
peratures for the two reactions already described. This 
is the same reaction as found in alloy 1, where the free 
Mg2Si particles and a-A1 melt and on subsequent solid- 
ification form a eutectic consisting of a-A1 and Mg2Si. 
Figure 5(c) shows an example of the structure formed 
on upquenching to 593 ~ followed by cooling. Just as 
for alloy 1, the samples had to be upquenched to 593 ~ 
or above for this reaction to occur spontaneously. 

Several interesting observations were made concern- 
ing the reaction between a-A1 and MgeSi in alloys 1 and 
2. First, it was observed that in samples that had been 
annealed at 600 ~ for longer periods of time, the 
A1-MgaSi melt separated into two types of eutectics on 
subsequent solidification. After - 0  second annealing 
time, mainly the binary A1-MgzSi eutectic was found (as 
also observed in Figure 6(a), as well as Figures 4 and 
5(c)). However, as the annealing time at 600 ~ was 
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(a) 

(b) 

(c) 

Fig. 5--Microstructures (light microscopy) in alloy 2 after up- 
quenching and subsequent cooling in air: (a) Ternary AI-MgzSi-Si 
eutectic after upquenching to 560 ~ with --0 s annealing time before 
cooling; (b) binary AI-Si eutectic after upquenching to 577 ~ with 
--0 s annealing time; and (c) AI-Mg2Si eutectic upquenching to 593 ~ 
with - 0  s annealing time. 

increased, a second eutectic was observed in connection 
with the A1-Mg2Si eutectic. Light microscopy in com- 
bination with EDS analysis in the SEM showed this sec- 
ond eutectic to be the ternary A1-Mg2Si-Si eutectic. At 
increasing annealing time, the amount of  this ternary eu- 
tectic increased relative to the amount of the binary eu- 
tectic, and after approximately 5 to 10 minutes of 
annealing time, mainly the ternary eutectic was present 
in alloy 2. Figures 6(a) through (d) show the structure 
in alloy 2 after annealing at 600 ~ for approximately 0, 
20, 60, and 600 seconds, respectively. (Note the de- 
creasing size of the eutectics with increasing annealing 
time.) Similar observations also were made for this re- 
action in alloy 1. 

A second observation concerning the reaction between 

c~-Al and Mg2Si in alloys 1 and 2 is related to the tem- 
perature and time for this melting reaction to occur. As 
shown previously, the melting reaction was spontaneous 
at 593 ~ During upquenching to T < 593 ~ it was 
observed that the melting reaction started after some 
time at the upquenching temperature. An example of this 
phenomenon in alloy 2 is illustrated in Figures 7(b) and 
(c), which show an increasing amount of  a eutectic in 
connection with the Mg2Si particles with increasing an- 
nealing time at 590 ~ Analysis by EDS in the SEM 
showed that this apparently is a binary A1-Si eutectic. 
(Notice also the faceted shaped of the MgeSi particles.) 
At 590 ~ the first trace of the eutectic in contact with 
the Mg2Si particles was not observed until annealing for 
about 20 to 40 seconds. After longer annealing times 
( - 2  minutes), the entire Mg2Si particle has melted, and 
light microscopy together with EDS analysis indicates 
that a mixture of A1-Mg2Si eutectic and a ternary 
A1-Mg2Si-Si eutectic or only a ternary A1-Mg2Si-Si 
eutectic is left (Figures 7(d) and (e), 590 ~ 5 and 
l0 minute annealing time, respectively; similar to 
Figures 6(b) through (d) at 600 ~ 

Similar results were also obtained by annealing alloy 1 
at 590 ~ In this case, the MgzSi particles and the eu- 
tectic melt dissolved much more quickly than in alloy 2. 
Good micrographs of the reaction were difficult to ob- 
tain, because the particles containing these phases were 
very small. The start of  this melting reaction was ob- 
served at as low a temperature as 580 ~ after an 
8 minute annealing time in alloy 2. It should be noted 
that this is 15 ~ below the accepted eutectic temperature 
in the quasi-binary AI-Mg2Si alloy system. 17'81 

In order to study the effect of a different matrix com- 
position prior to upquenching on the melting reaction of 
Mg2Si and A1, samples of alloy 2 were brought close to 
equilibrium at a higher temperature. This was done by 
annealing the homogenized and slowly cooled samples 
for 19 days at 500 ~ These samples contained only 
Mg2Si-phase particles. 

It was also found for these samples that the up- 
quenching temperature at which the Mg2Si particles and 
the surrounding matrix melted completely after --0 sec- 
ond annealing time was 593 ~ By upquenching these 
samples to a temperature lower than the quasi-binary eu- 
tectic temperature, the first appearance of a eutectic in 
connection with the Mg2Si particles was observed even 
after - 0  second annealing time at 590 ~ 

IV. DISCUSSION 

In a previous investigation of the dissolution and local 
melting of  A12Cu particles in the binary A1-4.2 wt pct 
Cu alloy, the observations could be explained in a con- 
sistent way by assuming local equilibrium at the matrix/ 
particle interface during upquenching. When the 
upquenching temperature was known, the concentration 
at the interface was also known, and the kinetics of the 
dissolution and melting reaction could be described in a 
fairly simple way by solving the diffusion equation with 
the appropriate boundary conditions. ESI 

In the ternary A1-Mg-Si alloy system, the experimen- 
tal observations are somewhat more complicated. In the 
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(a) (b) 

(c) (d) 

Fig. 6 - - C h a n g e s  in the microstructure (light microscopy) in alloy 2 with increasing annealing times at 600 ~ before cooling in air. (Melting 
reaction: a-A1 + MgzSi ~ liq.) Note the increasing amount of the ternary A1-MgzSi-Si eutectic by increasing time: (a) --0 s (binary A1-Mg2Si- 
eutectic); (b) 20 s; (c) 60 s; and (d) 600 s (only ternary eutectic). 

quasi-binary A1-Mg2Si alloy, local melting is observed 
even at temperatures markedly below the eutectic tem- 
perature of  595 ~ It is also observed that melting at 
such temperatures does not occur immediately,  but after 
a certain period of annealing time. The chemical com- 
position of the liquid droplet formed during this reaction 
(A1 + Mg2Si ~ liq) is found to change with annealing 
time. In the alloy on the Si-rich side of  the quasi-binary 
section, two more local melting reactions are observed 
in addition to that found in the quasi-binary alloy. 

The remainder of  this discussion has been divided into 
three parts, one for each of the different melting reac- 
tions as follows: 

A. a-A1 + Mg2Si ~ liq (alloys 1 and 2) 
1. T > T ~  
2. T<Teut 

B. a-A1 + Si --> liq (alloy 2) 
C. a-A1 + Mg2Si + Si ---> liq (alloy 2) 

A. or-A1 + Mg2Si ~ liq (Alloys 1 and 2) 
Whereas the growth of a precipitate in a super- 

saturated ternary matrix has been investigated in detail, t9~ 
the reverse reac t ion--namely ,  the dissolution of a par- 
ticle in such an a l loy - - seems  to have been somewhat 
ignored. Coates L9~ showed that when the growth rate, v, 
of  the particles can be written as v = k(1/X/t)  (k is con- 
stant), the concentration at the interface will not change 
with time. Coates restricted his study to particles that are 
shape-conserving during growth. For such particles, the 
growth rate always satisfies the preceding requirement. 

On the other hand, the dissolution rate of  a particle 

during the dissolution process does not satisfy this re- 
quirement, except after long dissolution times, t~~ If  it is 
assumed, as was done in the analysis of  the correspond- 
ing reaction in the binary A1-Cu alloy, tS~ that local equi- 
librium is maintained during upquenching of a ternary 
alloy as well, the concentrations at the interface are not 
given by the phase diagram alone. The rates of  diffusion 
of the two alloying elements must also be included in 
the determination of these concentrations. 

The quasi-binary alloy (alloy 1) will be considered 
first. The alloy is brought close to equilibrium at a low 
temperature, TL, and is then upquenched to a higher tem- 
perature, Try. It is assumed that local equilibrium is 
maintained at the c~-A1/Mg2Si interface and that disso- 
lution of  the fl-Mg2Si particles is controlled by diffusion 
in the a-A1 phase. The " " composition CMg.SJ at the interface 
at the upquenching temperature TH must now be such 
that mass conservation is satisfied at the interface mov- 
ing at a velocity v. The interface concentration and the 
interface velocity are found by solving the two Fick 's  
equations for the diffusion of Mg and Si atoms under 
such conditions. The Appendix to this article presents a 
calculation of the kinetics of  this particle dissolution. 

From the Appendix, the ratio between the Mg and Si 
matrix concentrations at the interface (C~g and C~i) is 
given by 

Si + 

C~vIg-CMg I'rD~g D~g - 2 - - -  [ A 5 ]  

Csi  - -  CS~ a o~ 
+ 

\ r* ~ 7rt 
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(a) (b) 

(c) (d) 

(e) 

Fig. 7 - - M e l t i n g  reaction between a-Al  and Mg2Si in alloy 2 at lower than eutectic temperature after long annealing times at 590 ~ prior to 
cooling in air: (a) --0 s (Mg2Si particles, no melting); (b) 40 s; (c) 60 s; (d) 300 s; and (e) 600 s (only ternary eutectic). Light microscopy. 

where r* is the position of the phase boundary f l / a  and 
is equal to the radius of the fl-phase particle, C~g and 
C~ are the concentrations remote from this particle, 
and D~g and D~ are the diffusion coefficients. 

There are two limiting cases. For short dissolution 
times, 

cL~ - C~ 
- 2 [A6] 

For long dissolution times, 

C~i C~ - 2 [A7] - \ D ~ g /  

As can be seen, the interface composition will be located 
along the quasi-binary line only if Ds~ -- D~g. 

1. a-Al  + Mg2Si ~ liq at T > Ten, 
The melting reaction at temperatures above the eutec- 

tic temperature of  595 ~ as given in References 7 and 
8, will be considered first. Complete melting of the 

Mg2Si-phase particles was observed after very short 
times at these temperatures (spontaneous melting). In 
fact, complete melting was observed after - 0  second 
holding time at upquenching temperatures of 593 ~ and 
above. If  spontaneous melting occurs at T > Teut (see 
later), a quasi-binary eutectic temperature of 593 ~ as 
given by Fischer u~t is in better agreement with the ob- 
served results than 595 ~ as given in References 7 and 
8. These observations were made in both alloys, which 
is to be expected if the alloys have been brought to equi- 
librium at a low enough temperature. In this case, the 
matrix concentration in alloy 2 will be approximately the 
same as the matrix concentration in alloy 1 and close to 
the quasi-binary composition. Thus, in such a situation 
there should be no difference in behavior between an 
MgeSi particle in alloy 1 and a "free" Mg2Si particle in 
alloy 2 upon upquenching. Figure 8 shows the solid- 
solubility limits in the A1-Mg-Si alloy system as given 
by Phillips; m the compositions of  alloys 1 and 2 also are 
shown. If  equilibrium has been established, the matrix 
compositions are seen to be approximately identical at 
temperatures below 300 ~ 

An extended solid-solution isotherm at 600 ~ has also 
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Fig. 8--Solid-solubili ty limits as given by Phillips. F1 The composi- 
tions of alloys 1 and 2 are indicated, as well as an extended solvus 
isotherm at 600 ~ 

been indicated in Figure 8. When upquenching to 
600 ~ the matrix interface concentration will be given 
by Eq. [A6] on this isotherm, as indicated by point X 
in Figure 8. (As mentioned in the Appendix and also as 
given in Reference 12, D~g > D~i , which gives the po- 
sition of point X on the Si side of the quasi-binary line.) 

As point X deviates only slightly from the quasi- 
binary line in Figure 8, the situation after upquenching 
is shown schematically on Figure 9. Immediately after 
upquenching, but before melting starts, the interface 
composition will be located on the extended solid- 
solution isotherm for 600 ~ at point X defined by 
Eq. [A6]. The 600 ~ isotherm is well into the liquidus 
field, and the condition for melting is satisfied. Matrix 
of composition X in equilibrium with the/3-Mg2Si par- 
ticle may now melt. The matrix interface in equilibrium 
with the melt must be located along the solidus isotherm 
for 600 ~ as indicated by point S in Figure 9. From 
the structure of the solidified droplets ( i . e . ,  mainly 
quasi-binary A1-Mg2-Si eutectic found after upquenching 
to 593 ~ with - 0  second annealing time), it is antici- 
pated that the mean composition of the melt in this case 
is rather close to the quasi-binary composition. 

If it is assumed, as was done in the solid state, that 
the diffusion rates of Mg and Si differ in the liquid state 
as well, a gradient in the melt which deviates from the 
quasi-binary Mg2Si composition must be established 

�9 liq during melting. Mass conservation implies that ff DMg > 
vliq si, the gradient in the melt will be as shown in 
Figure 9, defining the point S to the left (the Mg side) 
of the quasi-binary composition. How much this gra- 
dient deviates from the AI-Mg2Si line in Figure 9 will 
be given by the difference between D ~  and D~ q. Its ex- 
treme position is a horizontal line in the diagram ( i . e . ,  
no gradient in Mg concentration and a maximum gra- 

/lliq /-,lliq dient in Si concentration) if ,--Mg > ,--si. As long as the 
Mg2Si-phase particle exists, local equilibrium must exist 
at each interface of the melt: matrix of composition S 

Mg 
[%] 

" ' , / / /  

.L~ Z':Z L~ 
Liquidus isotherms at 600 ~ 

_ z "  4 - -  Extended solvus isotherm at 600 ~ 
..-.c-- Solvus isotherm at lower than eutectic temperature 

..-e Z (extended into the two-phase field) 
~ _  aximum extension of the a-field 

Isotherm at low temperature 
Solidus isotherm at 600 ~ 

Si [%]  

Fig. 9 - - S k e t c h  of the A1-Mg-Si phase diagram, a(TD shows the 
location of the matrix composition before upquenching. The relevant 
isotherms at 600 ~ are indicated (dashed lines), as are the locations 
of points X, S, L~, and L~ at this temperature. The dotted line is a 
solvus isotherm at a lower temperature than the quasi-binary eutectic 
temperature, which has been extended into the two-phase field. The 
locations of points Y and Z are also shown. 

along the 600 ~ solidus isotherm is free to adjust its 
composition in equilibrium with melt of composition L~ 
along the 600 ~ liquidus isotherm, and /3-Mg2Si is in 
equilibrium with melt of composition Lt3 (Figure 9). 

The bulk composition of the two solid phases involved 
in the melting reaction and the mean composition of  the 
resulting liquid phase are now all located on (or very 
close to) a straight line in the phase diagram. This means 
that the melt obtains its correct composition simply by 
melting a-A1 and Mg2Si in the correct proportions. This 
reaction requires no long-range diffusion in the solid, 
and the reaction rate will thus be controlled by diffusion 
in the liquid phase. The rate of  this melting reaction at 
T > Teut may thus be very high due to the high diffusion 
rates in the melt. This is also what was observed, and 
the phenomenon is referred to as a spontaneous melting 
reaction. It is assumed that the interface mobility does 
not influence the reaction rate. 

As long as the /3-Mg2Si-phase particle exists, the 
composition of the melt will be restricted by the two 
local equilibrium conditions: a-A1/liquid and liquid//3- 
Mg2Si. This means that immediately after the melting 
reaction is complete, droplets of close-to-eutectic com- 
position are present in the matrix (Figures 4 and 5(c)). 

With prolonged annealing time at the upquenching 
temperature, the droplets will shrink in size as Mg and 
Si diffuse away from the droplets into the surrounding 
matrix. During this diffusion reaction, the chemical 
composition of the droplets is free to slide on the liq- 
uidus surface along the upquenching temperature iso- 
therm, as shown in Figure 10. This is exactly what 
happens, because the rates of diffusion of the two alloy- 
ing elements in the A1 matrix are different (Figures 6(a) 
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through (d)). Since the/3-phase particle is now absent, 
the melt is in equilibrium only with the a-A1 interface 
composition. It is thus free to change its composition as 
shown in Figure 10 in equilibrium with a changing inter- 
face composition along the 600 ~ isotherm on the sol- 
idus surface as given by the corresponding tie-lines. This 
is contrary to observations of  the binary A1-4.2 wt pct 
Cu alloy, {51 where the droplets had very nearly the same 
chemical composition during the entire dissolution pro- 
cess. The observed variations in Cu content were due 
solely to nucleation problems and were not dependent 
on annealing time. 

Figure 10 shows the solidification path of  a droplet. 
The composition of the droplet immediately after com- 
plete melting of the /3 phase at 600 ~ (and after the 
gradients in the melt have evened out) is given by X. 
During dissolution at 600 ~ the chemical composition 
of the droplet moves along the 600 ~ isotherm on the 
liquidus surface to position X ' ,  where the specimen is 
quenched and the droplet solidifies. Metallographic ob- 
servations show that the droplet becomes increasingly 
enriched in Si with increasing holding time before 
quenching; i . e . ,  the amount of ternary eutectic increases 
with increasing annealing time (Figures 6(a) through 
(d)). This means that the Mg atoms diffuse away from 
the droplet more rapidly than do the Si atoms. 

On solidification of a droplet of composition X ' ,  the 
a-A1 phase solidifies initially. This occurs by inward 
epitaxial growth of the surrounding a-A1 matrix. The 
composition of the liquid moves down toward the eu- 
tectic valley, and at point X" Mg2Si starts to precipitate 
out together with the a-A1 phase as a binary eutectic. As 
seen in Figures 6(b) and (c), this binary eutectic has a 
fairly coarse appearance. 

During this binary eutectic solidification process, the 
composition of the remaining liquid moves down the eu- 
tectic valley and finally reaches the ternary eutectic 
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Fig. 10--Liquidus surface as given by Phillips. [71 Point X indicates 
the melt composition as the melting reaction is completed at 600 ~ 
X' the change in composition after a certain dissolution time at 
600 ~ and X" the composition of the melt as the A1-Mg2Si eutectic 
starts to precipitate when the samples are quenched after this dis- 
solution time. Point L shows the melt composition as the melting reac- 
tion is completed at 590 ~ 

point, where the A1-Mg2Si-Si ternary eutectic is formed. 
This eutectic has a rather fine structure, as shown in 
Figures 6(b) through (d). 

When this ternary eutectic forms, some of the Mg2Si 
precipitation will initially occur on the Mg2Si particles 
that are part of the binary eutectic. However,  when the 
ternary eutectic grows, the binary eutectic becomes en- 
veloped and new MgzSi particles must be nucleated. 
These appear as finely dispersed Mg2Si particles in the 
part of  the droplet where the solidification process ap- 
parently is completed. Thus, after solidification the two 
eutectics appear as three eutect ics--binary A1-Mg2Si, 
binary AI-Si, and ternary A1-Mg2Si-Si--due to nucle- 
ation problems of  the different constituents. 

The fine solidification structures of  these eutectics 
hampered the attainment of good micrographs in the 
light microscope. Figure 11 shows an SEM micrograph 
of such a solidified droplet obtained by using atom num- 
ber contrast. The different eutectics are indicated. Due 
to the small difference in atom numbers, good contrast 
was difficult to obtain even with this technique. 

With prolonged annealing before quenching, the drop- 
lets become increasingly enriched in Si. If  annealing 
time is long enough, as shown in Figure 10, the droplets 
may reach the ternary eutectic point directly upon solid- 
ification ( i . e . ,  no binary A1-Mg2Si eutectic is formed), 
or may even reach the binary A1-Si eutectic valley first 
and then move to the ternary eutectic point. The result- 
ing solidification structure, composed of a-A1, Si, and 
MgzSi, may appear as a finely dispersed structure 
(Figure 6(d)). 

2. a - A l  + Mg2Si  ---> liq at  T < T~u t 

The melting reaction at temperatures below the eutec- 
tic temperature will now be discussed. Figure 9 shows 
a solvus isotherm (dotted line) at a temperature below 
the eutectic temperature. The isotherm has been ex- 
tended into the two-phase field. Immediately after 

Fig.  1 1 - - S E M  mic rog raph  of  a sol id i f ied  drople t  after  anneal ing at 
600 ~ for 60 s before  quench ing .  The three di f ferent  eutect ics  result-  
ing f rom nuclea t ion p r o b l e m s  of  the d i f ferent  const i tuents  are indi- 
cated.  A l l o y  2, me l t i ng  react ion:  A1 + MgzSi  --> liq.  
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upquenching to this temperature, the interface concen- 
tration will be located at point Y on this isotherm, de- 
fined by Eq. [A6] During dissolution of the /3-Mg2Si 
particle, this point is not fixed, but slides along the iso- 
therm toward the limiting concentration Z given by 
Eq. [A7] which is obtained after long dissolution times. 
If Y is in the a field and Z is in the two-phase field 
(ce + liquid), the condition for local melting is satisfied 
when the interface concentration crosses the line for the 
maximum extension of the ce field. 

This explains the observation that local melting of the 
Mg2Si-phase particles may occur at a temperature below 
the eutectic temperature, and that some time is needed 
at this temperature before melting starts. (At 590 ~ the 
first sign of a eutectic in connection with the MgzSi par- 
ticles was evident after an annealing time of approxi- 
mately 20 to 40 seconds.) 

Figure 12(a) shows an isothermal section of the 
A1-Mg-Si phase diagram at 590 ~ as given by 
Phillips, [71 and Figure 12(b) shows an enlarged portion 
of the A1 corner of  this section. The line between points 
ffl and a2 in Figure 12(b) is the 590 ~ isotherm on the 
solvus surface, which has been extended into the two- 
phase field to a point called a3 (dotted line). The line 
between point a2 and the binary A1-Si axis is the 590 ~ 
isotherm on the solidus surface. Points Y and Z are 
equivalent to points Y and Z in Figure 9. 

Figure 12(a) shows that at 590 ~ an equilibrium sit- 
uation may exist between a-A1 phase of composition c~ 2, 
liquid of composition L, and/3-MgeSi. It is clearly seen 
that the composition of the melt in this case is no longer 
located on (or close to) a straight line between the two 
solid phases. This means that the melt composition, L, 
cannot be obtained simply by melting a phase and 
/3 phase in the correct proportions. The melt composition 
will in this case be adjusted by diffusion of Mg and 
Si atoms into the c~-A1 phase. The melting reaction will 
thus be controlled by diffusion in the a phase, and this 
explains why the melting reaction takes some time at 
temperatures below the eutectic temperature, whereas it 
occurs nearly spontaneously above the eutectic temper- 
ature. In fact, complete melting of MgzSi-phase particles 
in alloy 2 was not observed until --2-minute annealing 
time at 590 ~ 

In order to be able to create a melt, it is anticipated 
that the a-A1 interface composition must be located 
somewhat beyond point ae along the solvus i so therm--  
for example, at point a3 in Figure 12(b). After a melt 
has been nucleated, a gradient in the melt will be 
established. 

/-iliq If D~g > ,--si, the gradient of  Mg will be smaller than 
two times the gradient of Si, as indicated by 
Figure 12(a). When melting has started, the a-A1 com- 
position in equilibrium with the melt will be located on 
the solidus isotherm, as indicated by point S in 
Figure 12(b). The location of  this point in equilibrium 
with melt of composition L,  is then given by the cor- 
responding tie-line, as indicated in Figure 12(a). 
Figure 12(a) also shows the tie-line connecting the liquid 
composition Lt~ in equilibrium with the /3-Mg2Si-phase 
particle. The indicated gradient in the melt is considered 
necessary for the reaction to occur. As the melting re- 
action in this case is controlled by diffusion in the solid 
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Fig. 12 - - I so the rma l  section of  the AI-Mg-Si phase diagram at 590 ~ 
as given by Phillips. tT1 (b) is an enlarged portion of the AI comer  in 
(a). Points al ,  a2, a3, S, L, L~, and L~ are schematically indicated 
(see text). 

c~ phase, this gradient in the melt must, however, be very 
small and has for reasons of  clarity been exaggerated in 
Figure 12. 

The solidification path for the melt in the case of 
T < Teut is quite similar to the one described previously 
for melting at 600 ~ (T > Teut). As long as the/3-Mg2Si- 
phase particle exists, the composition of the melt will be 
approximately constant and located at (or close to) point 
L in Figure 10. When the samples are quenched, the 
composition of the liquid moves down the eutectic valley 
and Mg2Si, together with the ~ phase, solidifies. This 
occurs by epitaxial growth of both the surrounding ma- 
trix and the still-remaining /3-Mg2Si phase. As the re- 
maining liquid finally reaches the ternary eutectic point, 
the ternary A1-MgzSi-Si eutectic is formed. 

At short dissolution times when the volume of  the 
melt is small, most of the Mg2Si in this ternary eutectic 
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solidifies on the existing Mg2Si particle, and the ternary 
eutectic appears as a binary A1-Si eutectic (Figure 7(b)). 
When the volume of the ternary eutectic becomes larger, 
new precipitation of  Mg2Si takes place, quite analogous 
to the situation shown in Figure 11. 

During dissolution, but before melting starts, the 
Mg2Si particles seem to have a well-rounded shape (see 
Figure 7(a)). The faceted shape of the MgeSi phases 
shown in Figures 7(b) and (c) is probably due to the 
anisotropic growth of a Mg2Si crystal into the surround- 
ing melt. Exactly when melting starts at 590 ~ is dif- 
ficult to determine. The volume fraction of the ternary 
eutectic is low and thus difficult to detect. The eutectic 
liquid, when small enough, may be consumed by the 
existing MgzSi and a supersaturated ce phase due to prob- 
lems in nucleating Si during solidification. (In some 
cases, only a single Si particle was observed in connec- 
tion to an Mg2Si particle.) The faceted shape of the 
Mg2Si phase particles, however, was observed at some- 
what shorter annealing times than the first appearance of 
the eutectic. This may indicate that local melting has 
taken place, even though the well-developed eutectic is 
not found after subsequent cooling. 

When the entire Mg2Si-phase particle has melted and 
the droplet is dissolving into the a-A1 matrix, the melt 
is free to change its composition along the 590 ~ liq- 
uidus isotherm, as previously discussed for melting at 
600 ~ (Figure 10). The situation is now identical to the 
previous one, where the droplets after solidification 
show a decreasing amount of the binary A1-Mg2Si eu- 
tectic and an increasing amount of ternary eutectic. At 
long enough dissolution times before quenching, only 
ternary or even binary A1-Si plus ternary eutectic may 
form (Figure 7(e)). 

The samples of alloy 2 that were equilibrated at 
500 ~ also had to be upquenched to 593 ~ in order for 
the melting reaction to be completed after - 0  second 
annealing time (a-A1 + Mg2Si ~ liq). In this case, the 
a-A1 concentration is somewhat to the right of the quasi- 
binary composition (Figure 8), and it should therefore 
be possible to identify a temperature lower than the eu- 
tectic temperature above which all three phases--a-A1, 
liquid, and /3-MgzSi--are located along a straight line 
in the phase diagram. In such a situation this melting 
reaction should also be expected to occur nearly spon- 
taneously at temperatures below the quasi-binary eutec- 
tic temperature. This was not detected in the samples 
upquenched to 592 ~ a probable indication that the eu- 
tectic A1-Mg2Si valley is rather flat close to the quasi- 
binary point. In this case the three phases are not located 
along a straight line in the diagram even at 592 ~ and 
the situation is analogous to that described for melting 
at T < T~u~. 

In order for the melting reaction to take place spon- 
taneously at lower than the quasi-binary eutectic tem- 
perature, the upquenching temperature would therefore 
have to be adjusted on a finer scale between 592 ~ and 
593 ~ However, in the samples that had been 
upquenched to 593 ~ with - 0  second annealing time, 
some ternary eutectic was observed in addition to the 
binary A1-Mg2Si eutectic in the solidified droplets. This 
indicates that the average composition of the melt in 

these samples is somewhat to the Si side of the quasi- 
binary composition, which is to be expected as the a-A1 
composition is also to the Si side. 

Another point of  interest related to the samples of 
alloy 2 equilibrated at 500 ~ is that the first sign of a 
eutectic in connection with the Mg2Si-phase particles 
was detected after - 0  second annealing time at 590 ~ 
whereas this was not observed until annealing had taken 
place for about 20 to 40 seconds at 590 ~ in samples 
of the same alloy equilibrated at the lower temperature. 
The probable reason for this is that the point described 
by Eq. [A6] is located in the two-phase field for the 
samples equilibrated at 500 ~ and is in the a-A1 field 
for the samples equilibrated at the lower temperature. 
(According to Eq. [A6], AMg/ASi is the same, but the 
a-Al composition before upquenching is located farther 
to the right in the samples equilibrated at 500 ~ causing 
point Y in Figure 9 to be located in the two-phase 
field.) Upquenching the samples equilibrated at 500 ~ 
to 590 ~ will thus immediately give an interphase com- 
position that is within the two-phase field. 

According to the phase diagram, melting of secondary 
Mg2Si-phase particles at T < Teu t should be possible at 
all temperatures down to the temary eutectic tempera- 
ture. In practice, the difference between D~g and D~i de- 
termines whether or not the point described by Eq. [A7] 
moves into the two-phase field at the temperature con- 
sidered. (In alloy 2, melting of Mg2Si was observed at 
580 ~ after an annealing time of 8 minutes.) 

Also of interest is that, according to Eq. [A5], the 
smaller the dissolving particle, the more quickly will the 
point described by Eq. [A7] be approached. This means 
that melting should first appear in connection with small 
particles. However,  it was not possible to verify the pre- 
diction in this investigation. One problem is that the liq- 
uid droplet may be so small that the resulting eutectic 
after solidification consists of only one a-phase particle 
and one/3-phase particle. The a phase will then be dif- 
ficult to distinguish from the AI matrix, and, under 
microscopic examination, the eutectic structure may ap- 
pear as only one/3-phase particle, thus making it diffi- 
cult to determine whether melting has actually taken 
place. 

B. a-Al  + Si ~ liq (Alloy 2) 

Another melting reaction found in alloy 2 was the re- 
action between the free Si-phase particles and the sur- 
rounding c~-Al matrix, as shown in Figure 5(b). This is 
the same reaction as that observed in an AI-1.2 wt pct 
Si alloy by Lohne and Ryum, t4~ and the situation is anal- 
ogous to the melting reaction in an A1-4.2 wt pct Cu 
alloy described by Reiso et al. rsJ The only difference 
from the reaction in a binary alloy may be that, if the 
alloy has not been brought to equilibrium at a low 
enough temperature before upquenching, the matrix 
composition around the Si-phase particle will differ 
slightly from the corresponding concentration in the bi- 
nary A1-Si alloy. 

If this is the case, the resulting matrix composition in 
equilibrium with the Si-phase particle after upquenching 
may be such that melting is possible below the A1-Si 
binary eutectic .temperature of 577 ~ as given in 

2 6 3 8 - - V O L U M E  24A, DECEMBER 1993 METALLURGICAL TRANSACTIONS A 



Reference 7. Because the free Si-phase particles in 
alloy 2 were rather scarce and difficult to detect, the 
exact melting temperature for this reaction was difficult 
to determine. However, the reaction was observed in the 
samples upquenched to 573 ~ with - 0  second anneal- 
ing time, i.e., well below the binary A1-Si eutectic tem- 
perature of 577 ~ 

When this melting reaction occurs at temperatures 
below the A1-Si eutectic temperature, a small amount of 
the ternary A1-MgeSi-Si eutectic should also be expected 
to be present in connection with the binary A1-Si eutectic 
in the solidified droplets. This was in fact verified by 
metallographic examination of these samples [An ap- 
pearance similar to that shown in Figure 13(d) (vide 
infra)]. 

C. ~-A1 + Mg2Si + Si --~ liq (Alloy 2) 

The third melting reaction found in alloy 2 was the 
reaction between c~-A1, Mg2Si, and Si-phase particles, 
with all the phases in physical contact with one another 
(Figure 2(b)). After upquenching to 560 ~ ( -0 -second  
annealing time), this agglomerate melted and formed a 
very fine ternary eutectic upon subsequent solidification 
(Figure 5(a)). 

When this structure is upquenched from the low- 
temperature equilibrium condition, the matrix in contact 
with both the Mg2Si and the Si-phase particles has only 
one possible equilibrium composition. This interface 
must be in equilibrium with both of these phases - -a  
state obtained when the interface concentration follows 
the line described by the apex of the three-phase field 
ce-A1 + MgzSi + Si (Figure 8). As this interface con- 
centration reaches the eutectic composition (moves into 
a liquid field), the condition for melting is satisfied and 
eutectic melting occurs. This ternary eutectic tempera- 
ture is the lowest temperature at which a melt can exist 
in this system, and thus local melting of secondary 
phases should not be possible below this temperature. 

The temperature at which this ternary reaction oc- 
curred was studied by annealing individual samples at 
1 ~ intervals from 555 ~ to 560 ~ with annealing 
times of up to 60 seconds at each temperature. The tem- 
perature had to be increased to 560 ~ before the reac- 
tion started, and at this temperature the reaction was very 
rapid, with complete melting after - 0  second annealing 
time. These results suggest a ternary eutectic tempera- 
ture of 559 ~ as given in Metals Handbook, ~81 rather 
than 555 ~ as given by Phillips, t71 (The temperature 
must be slightly above the eutectic temperature for the 
reaction to occur.) 

From Figure 10 it can be seen that at (or just slightly 
above) the ternary eutectic temperature the composition 
of the melt is restricted to the ternary eutectic compo- 
sition. If the size of the Mg2Si and Si particles are such 
that one gets a surplus of one type of the particles with 
respect to what is necessary to create the ternary eutectic 
composition, the appearance of  the ternary eutectic after 
solidification will differ. Figure 13(a) shows a fine ter- 
nary eutectic resulting from complete melting of the Si- 
phase particle and a corresponding amount of melted 
Mg2Si and ce-A1, and the unreacted remnant of the Mg2Si 

particle. Figure 13(b) shows a much coarser ternary eu- 
tectic together with unreacted Si resulting from a surplus 
of an Si-phase particle. 

At temperatures markedly above the ternary eutectic 
temperature, the composition of the melt may vary con- 
siderably (Figure 10). As the temperature is increased, 
the surplus particles may also melt completely, and the 
resulting structures after subsequent solidification will in 
principle be the same as those previously discussed after 
complete melting at 600 ~ and 590 ~ Figure 13(c) 
shows the structure after melting at 577 ~ with a surplus 
of MgzSi. Upon solidification, precipitation of the rather 
coarse quasi-binary ce-A1 + Mg2Si eutectic appears first, 
followed by a very fine ternary eutectic as the melt 
composition finally reaches the ternary eutectic point. 
Figure 13(d) shows the corresponding situation with a 
surplus of Si. Solidification of the liquid droplet in this 
case first causes precipitation of a rather coarse binary 
A1-Si eutectic and then a rather coarse ternary eutectic. 

The different appearances of the ternary eutectic in 
these situations can most likely be attributed to the nu- 
cleation conditions of the different constituents. If un- 
reacted Si is still present, or if the mel t  is rich in Si so 
that A1-Si eutectic is precipitated first during solidifi- 
cation, the ternary eutectic will have a rather coarse ap- 
pearance. If Si is not nucleated until the ternary eutectic 
solidifies, it will have a much finer appearance. 

V. CONCLUSIONS 

1. Microstructural observations of local melting of  sec- 
ondary phases in two ternary AI-Mg-Si alloys with 
mean compositions well below the maximum solid- 
solubility composition have been presented. In the 
quasi-binary alloy, one melting reaction was found 

ce-A1 + Mg2Si ---> liq 
whereas in the alloy with excess Si concentration, 
three reactions occurred 

oz-A1 + Mg2Si ---> liq (the same reaction as above) [1] 

a-A1 + Si ---> liq [2] 

a-A1 + MgzSi + Si---> liq [3] 
2. Reaction [1] occurs at temperatures both above and 

below the quasi-binary eutectic temperature. 
3. The interface concentration determines when melting 

is possible. In these ternary alloys, this interface 
composition cannot be determined from the phase 
diagram alone; the rate of diffusion of Mg and Si also 
must be taken into account. This explains why melt- 
ing of Mg2Si is possible below the quasi-binary eu- 
tectic temperature. The results can only be explained 
by assuming that DMg > Ds~ at the temperatures 
investigated. 

4. The time needed for complete melting is very short 
for all three reactions when the upquenching tem- 
perature exceeds the respective eutectic temperature. 
It is anticipated that the reaction rates in these cases 
are controlled by diffusion of  the alloying elements 
in the liquid. 

5. At T < Teut, complete melting for reaction [1] may 
require a substantial period of time, and in samples 
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(a) (b) 

(c) (d) 

Fig. 13 - -Di f f e r en t  appearances of  the ternary eutectic after solidification (alloy 2, light microscopy): (a) and (b) show the structure after 
upquenching to 560 ~ ( - 0  s annealing time) before cooling, with an unreacted remnant  from a surplus of  an Mg2Si particle (a) and a surplus 
of  an Si particle (b); (c) and (d) show the resulting structures after upquenching to 577 ~ ( - 0  s annealing time) with a surplus of  Mg2Si (c) 
and Si (d), where the surplus particles are completely melted prior to cooling. 

equilibrated at a low temperature before up- 
quenching, melting was not initiated until after a cer- 
tain period of annealing. The reaction rate in this case 
is assumed to be controlled by diffusion of the alloy- 
ing elements in the solid a-A1 phase. 

6. The composition of a droplet is found to change with 
increasing annealing time after melting is complete. 

7. The resulting eutectic structure after quenching of a 
droplet is explained by the phase diagram in con- 
junction with the nucleation conditions of the con- 
stituents involved. 

8. The ternary eutectic temperature of 559 ~ as given 
in Metals Handbook, m is in better agreement with the 
observed results than 555 ~ as given by Phillips. IT1 
Likewise, a quasi-binary eutectic temperature of 
593 ~ as given by Fischer, l~l fits the current results 
better than 595 ~ as given by Phillips 17~ and Metals 
Handbook. 181 

A P P E N D I X  

In this appendix, a calculation is carried out of the 
kinetics of the dissolution of  a spherical/3-Mg2Si particle 
at temperature T after upquenching from a lower tem- 
perature at which equilibrium has been obtained. It is 
assumed that the rate of  dissolution is limited by volume 
diffusion. 

The equations to be solved are the two Fick's equa- 
tions for diffusion of Mg and Si atoms. It is also as- 
sumed that the/3 phase is very close to the composition 

Mg2Si at all temperatures so that no diffusion occurs 
within this phase. Finally, it is assumed that there is no 
interaction between Mg and Si atoms during diffusion. 
The following two equations for diffusion in the a phase 
result: 

Ot Oj [_-~r 2 + \ Or / _[ 

The boundary conditions are 

dt (cf 2 G )  \ Or / . . . .  

( j  = Mg, Si) 

[All 

(j = Mg, Si) [A2] 

where r* is the position of the phase boundary/3/a  and 
is equal to the size of the /3-phase particle, C~ is the 
concentration within this particle, Cj' is the interface 
composition, and D~ is the diffusion coefficient. 

The stationary interface approximation 1131 is now ap- 
plied to Eqs. [A1] and [A2], which implies that 
(OCJOr)r-r* is independent of the velocity dr*/dt of the 
interface and also independent of the curvature of the 
particle. The solutions to Eq. [A1] are tlq 

c? + (c~ - c;)r, /~ r - r *  cj 
= r" 1 -  2 ~  

erf - - - - - - -~  ~) (j = Mg, Si) 

[A31 
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where Cj ~ is the concentration remote from the/5-phase 
particle. From Eq. [A3], (OCj/Or) . . . .  is found and com- 
bined with Eq. [A2] to give the following two equations: 

d r * - k j ( D [ +  ~ ? ]  ( j = M g ,  Si) 
dt 2 \ r* Ig 1rt / 

[A41 

where 

kj : 2 \Cj~ - Cr ~- 2 Cjj~ 

Combining the two equations that Eq. [A4] gives, as 

yields 

dr*] : I.r*] 
dt J gg L dt J si 

C~,~ - C;,g 

c~i- c ~  
- 2  

r__* ~/ ~rt 

o t  

\ r *  V ~-t 

[A5] 

where we have used ~ t~ CMg/]Csi = 2. 
Two limiting cases are now discussed. For short dis- 

solution times, 

C~g - C~g 
Cs---~i ~ - 2 ~]D~g [A6] 

For long dissolution times, 

- 2 [ A 7 ]  
c ~ i -  cs. \O;,g/  

From Eqs. [A6] and [A7] it is seen that when D~i = 
D~g, the concentrations on the a//3 interface after 
upquenching will remain in the quasi-binary section of 
the ternary diagram for all dissolution times. However,  
as shown in this investigation, when a liquid droplet is 
dissolving in the a matrix, the chemical composition of 
the droplet changes with dissolution time. The change is 
such that it can only be explained by assuming D~g > 
D~i. Data in the literature give the  same ranking of 

the diffusion coefficients, u2] This implies that on up- 
quenching, the interface concentration will move to the 
Si side of the quasi-binary section. Immediately after up- 
quenching, it will be in the point defined by Eq. [A6] 
and will then continue to move to the right along the 
isotherm toward the point defined by Eq. [A7]. If this 
point lies within the liquid field, the/3 particle, together 
with the surrounding a matrix, will melt. This is exactly 
the kinetics shown qualitatively in Figure 7. 
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