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The high-temperature decomposition phenomena were examined for two Al-Mg-Si alloys
with an excess of silicon. The kinetics of precipitation were studied by transmission
electron microscopy and by measurement of the thermoelectric power in the temperature
range from 300 to 525 °C. It was shown that decomposition occurs either at 300-400°C by
the precipitation of intermediate g’ phase (different structures are possible depending on
the alloy), which is then gradually replaced by the equilibrium g8 phase or, between 400 and
500°C, by direct precipitation of the 8 phase from the supersaturated solid solution. The
precipitation of silicon was also observed. At 300-350°C, a near equilibrium in composition
solid solution can coexist with Mg,Si phases out of equilibrium. Structures of intermediate
phases and their orientation relationships with the matrix are given. The diagram of
isothermal precipitation is constructed as an S-curve. © 1999 Kluwer Academic Publishers

1. Introduction The main problem is that observations were made
Al-Mg-Si alloys represent a large group of light mate-using different alloys and particular annealing modes,
rials that are most commonly used for extrusion. Thesavithout any attempt to follow the kinetics and explain
alloys are usually subjected to artificial aging to obtainwhy the M@Si phase acquires different structures and
increased strength. The properties of these alloys areow one structure may transforminto another. Recently,
highly dependent on the distribution of the alloying el- the attention of scientists has been attracted to the prob-
ements, Mg and Si, in the matrix and in precipitateslem of high-temperature precipitation in Al-Mg-Si al-
The nature of precipitation hardening in these alloys idoys. This demand has arisen from the industrial need to
well established [1]. optimize the structure of ingot before extrusion. There-
For the alloys without an excess of silicon, the de-fore, itis necessary to know how the structure changes
composition of the solid solution obtained after quench-upon cooling and high-temperature anneals. There are
ing from the solutionizing temperature is generally be-few publications dealing with this problem.
lieved to be as follows: supersaturated solid solutipn A thorough analysis of precipitation reactions in
vacancy-rich zoness> B8” coherent precipitatesy /7  an Al-1 wt % MgSi alloy was done by Westengen
semi-coherent precipitatess B8 (Mg,Si) incoherent and Ryum [7]. They examined by TEM samples
precipitates. cooled at different rates, quenched, and annealed or
The structure of the coherefit phase is monoclinic, directly annealed at temperatures up to 460 Af-
although there is some discussion about the lattice pder direct annealing at 45@€, only the equilibrium
rameters. However, the structure of figohase hasnot g particles were observed, these being of a plate
been well established. Jacobs [2] reported thatgthe shape and collected in strips along the rolling di-
phase had a hexagonal structure wita 0.705 nmand rection. This observation was explained by impuri-
¢=0.405 nm and appeared as rod-shaped precipitateties (Fe, Mn-based particles) acting as nucleation sites
He also suggested that, upon growth, these rods logor g plates. At 350C, precipitation starts from the
coherency along their length and acquired the hexagformation of rod-like particles of the semi-coherent
onal lattice cell witha=0.705 nm ancc=1.215nm. B’ phase, and then the equilibrium Mg particles
On further annealing, thg’ phase transformed to the (plates and cubes) are formed with the orientation re-
equilibrium Mg@Si cubic phasea=0.639 nm). How- lationship (001)(/(001),; (1004]/(100m. These au-
ever, recent high-resolution electron microscopy studthors have found that the semi-coherent phase is that
ies showed the existence of several typeg’qirecipi-  reported by Jacobs [2]. At 35@, which is below
tates, which are listed in Table I. the solvus of the’ phase, the semi-coherent phase
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TABLE | Crystal structures of thg’ phase

Lattice parameters, nm Composition of an alloy, wt %
Mg:Si atomic ratio in Annealing

a b c Crystal structure precipitates Mg Si temperatife, Refs.
0.705 0.405 Hexagonal 0.44 0.76 0.44 250 (10 fhin)  [2, 3]
0.405 0.67 Hexagonal (A) 0.28 0.635 0.765 250 (3.3 h) [4]
0.407 0.405 Hexagonal 1.68 0.635 0.365 250 (33 h) [5]
0.684 0.793 0.405 Orthorhombic (B) 0.4 0.635 0.765 250 (3.3 h) [4, 6]
1.04 0.405 Hexagonal (C) 0.83 0.635 0.765 250 (33 h) [4]
0.672 0.787 0.405 Orthorhombic 121 0.64 0.81 250 (1 h) [6]

aSamples were previously aged at room temperature for 1 week.

is formed on dislocations and after long annealing,2. Experimental procedures
B’ goes into solution, wheregs plates start to grow. 2.1. Materials and thermal treatments
Note that the density o particles, after the disso- Two Al-Mg-Si alloys (alloyl representing a 6351
lution of B’ has been completed, is nearly the samecommercial alloy and a ternary all®) with differ-
as after direct annealing at 450. This has been ent concentrations of Mg and Si supplied gcRiney-
interpreted as evidence of independgntprecipita- Voreppe were examined. The second alloy was used as
tion. A similar pattern has been observed when ana reference, and its behavior was examined at only two
nealing at 250C is performed, although the dissolu- temperatures, 350 and 450. The compositions of the
tion of g’ and the formation off are now very slow alloys are given in Table Il. Specimens were cut from
processes [7]. rolled sheets 1 mm thick.

Lastly, in Al-Mg-Si alloys with an excess of Si,  Both alloys were solution treated at 58Dfor 1 hin
it is important to take into account the precipitation a salt bath. Isothermal anneals were performed in salt
of silicon and the change in the Mg:Si ratio during baths in the temperature range of 300 to 525with
the precipitation kinetics. Maruyan® al. [8] studied  direct quenching to the temperature of the annealing.
the effect of silicon addition on the composition and To prevent the loss of Mg during high-temperature
structure of fine precipitates in two alloys, namely, Al- anneals at over 40, the specimens were put in-
0.63% Mg-0.35% Si (stoichiometry) and Al-0.64% side open-top quartz ampules and, after annealing, the
Mg-0.81% Si (excess of silicon). The alloys were so-surface layer, depleted of Mg, was removed from both
lution treated at 550C for 30 min and then annealed sides by grinding. We also verified the change of the
at 250°C (1 h) and 350C (2 h). After annealing at bulk composition of alloys annealed at 58D (1 h),
250°C, both alloys contained two types of tiephase  300°C (173 h), and 400C (600 h). A slight decrease
(hexagonala=0.407 nm andc=0.405 nm [5], and inthe bulk content of Mg was only observed after 600 h
orthorhombic [6]). Annealing at 35@ produced the at 400°C.
equilibrium g phase and silicon. Using a field emis-
sion TEM with an energy dispersive X-ray spectro-5 5 Experimental techniques

scope, Maruyamat al. determined the composition 1 ¢,dy the kinetics of precipitation during annealin
of the precipitates. The Mg:Si atomic ratio of tige y precip g g

X in the temperature range from 300 to 525 transmis-
andﬂ_phase_s was found to be 1.75 a”?' 2.10 in thesion electron microscopy with selected-area diffraction
stplchlometrlc'glloy and 1.21 and 2.13 in the' alloyS(TEM) and thermoelectric power (TEP) measurements
with excess silicon. It should be noted that different,, .o saq

Mg:Si atomic ratios of the’ phase composition in o hrincinle of TEP method is to measure the low
b_ot_h alloys dlld not affect the crystalhstructure ofthe Pré+oltage (AV) arising from the Seebeck effect between
Cipitates, which was fpund to be the same. Moreove_rtwo junctions of the sample with aluminium blocks.
it was observed that in the same alloy, the compos

. , o . . "The temperatures of these junctions are T aReAT,
tion of the two types op’ precipitates having different oo tively. This technique has been described in a

structures is similar. It should be noted that the coexy avious paper [9] and gives the relative TEP of the
istence of intermediate phases with different structureg”oy with respect to aluminiumAS). This relative

may reflect the stage of transformation from one phasg is given by the rati\S= AV/AT. The exper-
to another. However, this kinetic problem is still un- imental plots present the variation in TEP, namely

clear. From this work [8], we can conclude that in the | AS)=AS — ASy, Where AS, is the TEP of the
presence of excess silicon in the alloy, the intermediat?n ’

i ; o itial state andA S is the current value of TEP.

precipitates are enriched in this element and release it
when their structure develops towards the equilibrium . _
phase. TABLE Il Compositions of examined alloys

In this context, the aim of the present study is to MgoSi,  Excess of
trace the evolution of structure and phase compositiomlloy ~ Si,wt% Mg, wt% Fe,wt% wt% Si, wt %
of AI-Mg-Si alloys with an excess of silicon, as these
alloys are known to provide the highest hardening effecé
upon aging [1].

0.89 0.68 0.18 1.07 0.50
0.9 0.9 — 1.42 0.38
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TEP is sensitive to the variation in the composition3. Results
of the solid solution. For example, at room tempera-3.1. Identification of phase composition by
ture, the presence of Mg in the solid solution greatly transmission electron microscopy
increases the TEPAS=2.4uV/IKwt%), Si has a Using known data[7, 8, 10, 11], we can expect that the
slight negative effectAS=—0.74uV/IKwt%), and  decomposition of the supersaturated solid solution may
Fe strongly decreases the TERS= -8 uV/Kwt%)  start with the precipitation of an intermedigtéphase
[9]. In addition, the formation of coherent and semi- at temperatures below 40€. The decomposition at
coherent precipitates with asymetrical shapes (needldsigher temperatures should start from direct precipita-
and rods of thgg” and 8’ phases in Al-Mg-Si alloys) tion of the equilibriumg phase.
produces an additional TEP decrease [10]. In contrast, To clarify the precipitation kinetics at 300 and
the formation of incoherent equilibrium phases (assum350°C, we examined, by TEM, the evolution of phase
ing that the volume fraction of these phases is lesgomposition during the annealing of alléyat 300°C
than 10%, which is typical of the precipitation from the (4 min, 2 h, 7.5 h, 87 h, and 173 h) and algt 350°C
supersaturated solid solution) has no additional effec{15 min, 1 h, 3 h, 7 h, and 29 h). These times of anneal-
on the magnitude of TEP. ing were selected using characteristic points deduced

Therefore, as has been well established for the prefrom the TEP curves (see section 3.2).
ciptation kinetics in Al-Mg-Si alloys, the precipitation ~ The summary of observed phase compositionis given
of the semi-cohererft’ phase resultsin a TEP decrease.in Table Il1l. The orientation relationships found in this
When growth and coherency lossgfparticles occurs,  study are illustrated in Fig. 1.
the TEP increases and finally stabilizes with the forma- When designating an intermediate phase, we used in-
tion of the equilibriums phase. dices suggested by Matsuelzal.[4]. The indices C and

It was discovered that the technique of annealing cam for the metastable phase reflect the different structure
affect the TEP variations. The usually adopted techof this phase. The C-type is the hexagonal phase with
nique is to accumulate the annealing time with intermeattice parametera = 1.04 nm ancc = 0.405 nm, and
diate quenching in water and subsequent TEP measurtie A-type is also hexagonal but with lattice parame-
ment (interrupted annealing). However, starting fromtersa=0.405 nm andc=0.67 nm. As the structure
particular annealing times at high temperatures (abovef the metastable phase gradually changes during an-
400°C), the TEP magnitude is different for interrupted nealing, the identification can be performed only with
and continuous anneals. To avoid this artifact, eaclkome ambiguity. For example, SAEDPs of allbgn-
point for isothermal kinetics at high temperatures wasealed for 4 min show streaks and blurred reflections
obtained individually rather than by accumulating theproduced from fine needle or thin rod-shaped precipi-
time of annealing. tates, Fig. 1a. We attributed these reflections to a semi-

The identification of phases formed during the an-coherent phase with parameters close to th#iofs
neals was carried out by analysing the selected-areihe precipitation of a coherent phase is not expected at
electron diffraction patterns (SAEDP). TEM observa-such a high temperature.
tions were performed with a JEOL-200CX electron mi-  In alloy 1, the precipitation at 300C starts with the
croscope at an operating voltage of 200 kV. formation of very fine elongatefl’ particles of the C-

Thin foils were prepared in a Tenupol-3 setup usingtype (annealing for 4 min, Fig. 2a), which then (an-
a 70% CHQ and 30% HNQ electrolyte cooled below nealing for 2 h, Fig. 2b) continue to grow. After 7.5 h
—20°C. The operating voltage was 10-20 V with a of annealing, large rather incoherent precipitates of the
current density of 200 mA. B’ particles (Fig. 2c) and the precipitation of silicon in

When calculating EDP, all available data on thea form of either faceted particles (Fig. 3d) or uneven-
structure ofg’ and g phases was used. Note, how- shaped plates were observed. Because of the size of the
ever, that sometimes diffraction patterns, which couldSi particles obtained after this treatment, it is clear that
hardly be interpreted in terms of reported structureshe precipitation of silicon starts much earlier, indeed
were obtained. As there are no kinetic studies of highfrom the very beginning of annealing. However, the
temperature precipitation, it is quite possible that someprecipitation density of Si particles is low, and they can
intermediate structures are still unknown. hardly be noticed against the background of numerous

TABLE Ill Phase composition of the allofsand2 upon annealing
at 300°C and 350°C, respectively

Time Alloy 1 Time Alloy 2
4 min B¢ _ _ 15 min Ba_ -
(001w || (001); (100)ai Il (120)p OF (100 A || (310)p (221) 5 || {100 15 (110)g || (001 )n
(200, || (10041 ; (011)y 4-5° (010}
2h B _ _ 1h Ba
(001)y || (001); (100 Al Il (120)p OF (1004 || (310)p
7.5h Bc _ 3h B, Si
(001} [ (001); (100)al Il (120)p
Si, Bg
87h B, Si 7h B, Ba, Si
173 h B, Si 29h B, Si, B
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Figure 1 Electron diffraction patterns frorf’ particles and indiced schemes®, alloy 1 (300°C, 2 h)(1 20)4 || (100 ar; (001)g |1 (001 )ai, c, alloy
1(300°C, 2h)(310)4 || {100 ar; (001) || (001) (B’ phase of the C-typedl, e, alloy 2 (350°C, 15 min){221) 4 || (100 al; (110)g || (001); T, g,
alloy 2 (350°C, 15 min)(200 g || (100 a(; (011)y 4-5° (010) (B’ phase of the A-type)pntinued.
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P 00241 3.2. Experimental results on the kinetics

o $022, of precipitation
Now, knowing the phase composition of precipitates
in our alloys, examination of decomposition kinetics
in the entire temperature range, from 300 to 525
can proceed. These kinetic studies were performed by
measuring the variation of thermoelectric power. The
results are given in Fig. 4.

One can easily see that nothing happens at'625
the TEP remains virtually unchanged. However, start-
ing from 500°C and below, considerable TEP varia-
tions, which are different at various temperature ranges,
are observed. From 400 to 50Q, the TEP decreases
and, finally, equalizes. Such behavior is typical of the
precipitation of only one phase, the formation of which
depletes the solid solution of magnesium and thus de-
() creases TEP. Taking into account reference data [7, 8],
it is suggested that in this temperature range, this is the
equilibrium g phase.

It should be noted that at 40C, there is a very rapid
initial TEP decrease, which can reflect the precipitation
of a metastablgg’ phase (with a negative “intrinsic”

0204

Figure 1 (continued)

B’ particles. Only after all particles completed their
growth, could diffraction patterns from separate silicon

precipitates be obtained. , effect) even at this temperature.
The structure of alloyl dramatically changes after |, the temperature range from 300 to 35D, the

annealing for 87 h, as shown in Fig. 2e and f. One cargp gyolution shows a rapid decrease, which is much
observe fine cubic and plate-like precipitates that, judgnore pronounced than at 40G, then a TEP increase

ing by electron diffraction patterns, can be unambigu-;q a sort of “maximum,” after which the curve slightly

ously attributed to the equilibriure phase. Also seen  yacreases and becomes stable.

here are the precjpjtates of S_i andsome coarser plateanda; g annealing temperatures, the TEP curve finally
rod-shaped precipitates, which were notinterpreted. Ogyapjjizes, which can be attributed to the end of pre-

further annealing, a coarsening of the structure with the;ipitation and to the achievement of the equilibrium or
same phase composition is obtained. nearly equilibrium solid solution concentration. Obvi-
In the case of allo (Fig. 3, Table Ill), the decom- 4,5y the time required for this stabilization increases

position of the supersaturated solid solution at 350  \yhen, the temperature decreases and is approximately
starts with the precipitation of th# phase ofthe A-type equal to 16, 2x 103, 9x 1%, 2 x 1%, 8x 10" and

(15 min and 1 h) in a form of rOdS, FIgS 3a and 3b. TW02 % 101 min at 300. 350. 400. 450. 475. and 5019}
orientation relationships mentioned in Table Ill were oo ctively. T R ’

observed at early stages of decomposition. The indiced
representations of relevant electron diffraction patterns
are given in Fig. 1d to g. Silicon particles were revealed
after annealing fo3 h as shown irFig. 3c. The equi- 4. Discussion
librium B phase was observed afté h of annealing 4.1. Interpretation of the TEP results
(Figs 3d and e) alongside coarse plate-|ikeprecipi-  Taking into account reference data [10, 11], possible
tates and Si particles. Onfurther annealing, we observe@iEP variations in AI-Mg-Si alloys can be suggested,
precipitation of the3 phase on fragmented coarse rodsas demonstrated in Fig. 5. The curve reflecting the direct
of g’ phase (Fig. 3f) and tight connection between Siprecipitation of the equilibrium phase from the solid so-
and g’ precipitates when we obtained diffraction pat- lution, without the formation of intermediate phases is
terns of different phases from one agglomerate. not placed here. This curve is a classic example with
Therefore, in conclusion, although the structure ofa TEP decrease followed by a stabilization (like TEP
the intermediate phase may be different, the evolutiorturves at 450 and 47& in Fig. 4). In Fig. 5, curvé re-
of the microstructure at considerably high temperatureflects only solid-solution effects due to the precipitation
has some common features in both alloys. The deconmsfintermediate MgSi-based phases with an increase of
position starts with the precipitation of rod-shaped parthe Mg:Si ratio. Upon precipitation of the Mg- and Si-
ticles of theg’ phase; these particles grow; after severalkcontaining phase from the supersaturated solid solution,
hours of annealing, large particles of silicon are clearlythe latter becomes gradually depleted of these elements,
seen; and on further annealing, the structure with comapproaching the equilibrium composition at a given an-
pact particles of the equilibriurd phase is observed nealing temperature. As the effect of magnesium on
(although coarse particles with structures, close to thos€EP is much higher than that of silicon, we observe a
of B’-type phases can also be observed). It is noteworgradual TEP decrease. Cu&shows the case observed
thy that particles of an intermediate phase, which ardyy Dafir [10] and Seyeét al.[11], when the precipita-
still called g/, seem to lose the coherence bond withtion of a semi-cohererm’ phase was accompanied by
the matrix quite rapidly. According to TEM images, it a much more pronounced TEP decrease than if it was
happens afte3 h at 300C and 1 h at 350C. due only to the variation of the composition of the solid
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(©) (d)
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Figure 2 TEM images of the alloyt annealed at 300C for 4 min (a), 2 h (b), 7.5 h (c, d) and 87 h (e,d):b, g’ particles (dark field)¢, g’ particles;
d, Si (dark field)e, p particles (dark field);f, corresponding SAEDP (00g,)and (100}.

solution. This additional decrease results from the negaafter which their intrinsic effect vanishes as a result of
tive “intrinsic” effect of 8’ precipitates and, though well agradual loss of coherency along theirlength. Then, the
experimentally established and confirmed, has not beeturve passes a maximum, which reflects the presence
completely explained. Cun&shows also the transfor- in the structure of an intermediate phase with nearly
mation of the semi-coherent phase to the equilibriumincoherent interfaces but nonequilibrium composition,
one. During this transformation, the TEP increases andr the beginning of the formation of the equilibrium
finally equalizes (compare with the curve for allbgt ~ phase. Finally, the curve equalizes, which testifies that
400°C in Fig. 4). Lastly, curve3 corresponds to our the structure comprises a nearly equilibrium solid so-
experimental curves, which exhibit a maximum beforelution and incoherent phases with the stoichiometric
the final stabilization. After the initial sharp TEP de- Mg,Si composition.

crease due to the negative intrinsic effect of ghere- These speculations show that the interpretation of
cipitates, the TEP increase can be attributed to the fackEP curves requires the knowledge of phase composi-
that aspg’ precipitates grow, they reach a critical size tion obtained by direct measurements. Atthe same time,
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Figure 3 TEM images of alloy2 annealed at 350C for 15 min (a), 1 h (b), 3h (c), 7 h (d, e) and 29 h €)b, 8’ particles;c, Si particled, 8 particle
(dark field);e, corresponding SAEDP (10/p)and (001},; f, precipitation of theg phase on fragmentegl rods (pointed by arrows).

the TEP technique can be very sensitive to the solid- The precipitation of the metastaly phase (the C-
state transformations and can be successfully used faype) and Si starts very rapidly at 300 (decrease in
kinetics studies. TEP) (Figs 2a and 4). Thig’ phase changes during
growth (Fig. 2c), and gradually dissolves (increase in
TEP). A certain amount of silicon is simultaneously
4.2. Correlation of TEP and TEM results released from this phase and precipitates, forming ad-
To explain the TEP variations at 300 (alloy 1), the  ditional Si particles (Fig. 2d). This release of silicon
following model of precipitation is suggested, assum-upon increasing Mg:Si ratio in intermediate bRij-
ing some known facts: (1) the metastalle phase based phases can also contribute to the increasing slope
gradually changes its structure and composition beingf the “maximum.” Then the precipitation of the equi-
initially enriched in silicon [8] and (2) the transition be- librium B phase (Fig. 2e, and f) begins, decreasing and
tween the metastable phase and the equilibrium phadgally stabilizing the TEP (Fig. 4).
may occur by independent processes (dissolutiggi of ~ We can suggest that in the case of albthe max-
and precipitation o) [7]. imum observed on the TEP curve at 3&matches
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Figure 4 Kinetics of decomposition in alloysand2 (350 and 450C) studied by thermoelectric power measurements.
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Figure 6 Isothermal transformation curve for alldy (quenching di-

Time .
rectly to the temperature of annealing).

Figure 5 Possible variants of TEP variation upon decomposition of su-

ersaturated solid solution in Al-Mg-Si alloys. . .
P ¢ Y in TEP are not observed. The only effect observed is

a TEP decrease and a stabilization, which reflects the
e precipitation of a Mg-rich phase.
itati / C(Ei _ The results obtained using isothermal anneals and
the precipitation ofy” and Si (Figs 3a-c and 4). After TEM examinations suggest an S-curve (isothermal

the maximum, we have patrticles of silicon, the precip- . N

itates of the equilibriung phase (Fig. 3d and e) along f[ransformatlons) forth.e precipitation fandg phases

with coarse and rather incoherent precipitates of inter!" aII_oy 1 quenche_d dl_rectly to the temperature of an-
ealing as shown in Fig. 6. The S-curve shows that the

mediate in structure phase (Fig. 3f). These precipitate§S3"9 a3 , .
are still designated ag’ (to dgsti?]gui)sh them ?rom ICt)he precipitation ofg” phase can occur at rather high tem-
equilibrium cubicg phase) and have nearly the samePeratures, up to 40CC. In this case, it should be noted

e . .
composition as the equilibrium phase. The conclusioﬁhat the term B phase is understood as a series of

that the’ phase observed after the maximum in TE phases with a structure different to that of the equilib-

HR /
curves has a composition close to that of the equilib—rlum p phase. The stability of thé’ phase up to such

rium B phase, results from the obvious fact that the TeANghtemperaturesin Al-Mg-Sialloys quenched at con-
remains unchanged showing that the solid solution h iderably low cooling rates was previously reported by

reached its saturated concentration. enstengen and Ryum [7].
It seems worthy to underline once more that, accord-

ing to TEM and TEP examinations, the formation of thes_. Conclusions

equilibriumg phase and the virtually saturated solid so- 1. The high-temperature decomposition of supersatu-

lution does not exclude the coexistence of phases witkated solid solutions in Al-Mg—Si alloys with an excess

nearly the same composition but intermediate strucof silicon occurs either by the formation of an interme-

tures. Arriving at a complete equilibrium may take adjate 8/ phase (at 300—40€C), which is later gradu-

very long time (as has been noted by Wenstengen anglly replaced by the equilibrium Mi phase or (above

Ryum [7]). 400°C and up to 500C) by direct precipitation of the
equilibrium phase. Simultaneously, silicon precipitates
during annealing forming its own patrticles.

4.3. An S-curve for isothermal 2. Decomposition starts with the precipitation of a

transformations in alloy 7 semi-coherentintermediate phase even at atemperature

Taking into account our experimental data on the ki-as high as 400C.

netics of precipitation upon high-temperature anneals, 3. Attemperatures below 40C, the stable composi-

it can be concluded that in the temperature range betion of the solid solution is obtained after the formation

tween 300 and 400C, the precipitation starts with the of the g phase. However, the appearance of the equilib-

formation of the intermediate semi-cohergitphase rium phase does not exclude the coexistence of coarse

and Si. On further annealing, ti#é particles grow, and particles with a nonequilibrium structure but close to

then a stable (at least in the composition) incoherenén equilibrium composition.

phase forms. At above 40@ and up to 525C, the 4. The formation of the equilibriurs phase probably

equilibrium g phase precipitates directly from the solid occurs independently while particles of an intermediate

solution without the formation of intermediate phases.phase are dissolving.

This conclusion is based on the analysis of TEP curves 5. Two types of intermediate phase structures were

obtained at high-temperature annealing and on refembserved in the examined alloys. Theseginghases of

ence data[7, 8]. When annealing at temperatures abowbe C and A types previously reported by Matsetal.

400°C, any effects corresponding to the precipitation[4]. The reason for which this or that phase precipitates

of semicoherent phases such as decrease and increas@ot yet understood.

curve 3 in Fig. 4. Before the maximum, we observ
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