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Non-equilibrium microstructure of hyper-eutectic
Al-Si alloy solidified under superhigh pressure
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The non-equilibrium microstructures of hyper-eutectic Al-26.6wt%Si solidified under
superhigh pressure (5.5 GPa) have been investigated. The results show that there exists a
great deal of primary « phase in hyper-eutectic Al-Si alloy. The non-equilibrium
microstructure for hyper-eutectic Al-Si alloy is composed of primary « phase, 8 phase and
(a + B) eutectic phase. The solid solubility of Si in « phase and the solid solubility of Al in 8
phase increase significantly. The effects of high pressure on the solidification structures of
Al-Si alloy are discussed. © 1999 Kluwer Academic Publishers

1. Introduction maximum pressure applied is about 5.5 GPa. The melt-
Non-equilibrium microstructures have significant ef-ing temperature is about 120G.

fects onthe properties of materials [1, 2]. When the non-

equilibrium degree is very great, qualitative changes

for the properties of materials can take place. There i ] ] ]
E. Experimental results and discussion

not absolute equilibrium microstructure, but the general ' _ . .
he typical microstructure of hyper-eutectic Al-Si al-

increase of cooling rate of liquid alloy during solidifi-

cation only changes the crystal grain size. As to thd®Y Solidified at normal pressure consists of primary
non-equilibrium microstructures formed from rapidly B phase andd + §) eutectic phase. When the cooling

quenching technology [3], large undercooling technol-"ate is .SIC.“.N' the primarg phase i.s bulky.platelet. When
ogy [4] and high pressure solidification, in addition the so_I|d|f|cat|on of glloy!s carried outln_me_tal mOl.Jld’
to refining crystal grains, significant changes happer‘ihhe pnmt?ryﬂ phase IS reflneghas shown |n_F|g.|2._F||g|]. 3
in solid solubility of alloy elements, solid-liquid inter- shows the microstructure of hyper-eutectic -Sl alloy
face feature and formation of new phases. For exampl olidified at 5.5 GPa high pressure. It can be seen from

graphite can turn into diamond at high temperature an

ig. 3 that the microstructure of hyper-eutectic Al-Si
high pressure [5]; some alloys can form amorphou?”oy is different from that solidified at normal pres-
and microcrystalline microstructures at high pressur

Sure, there exist a number of primarydendrites and
[6]. Some investigations for the effects of pressure o

few concentrated lumpg stapes. Fig. 4 shows the
the nucleation process and solidification microstructur 'hr.‘"“r’] scanning andhsegondary electron |me;ge, from
have been carried out and good results have been offNich we can see the fine microstructure @ 4{’8).
tained [7]. In this paper, we choose hyper-eutectic AI—eUtF"Ct'.C'.-.rhe microstructure of'hyper-eutectlc Al'.s' al-
26.6Wt%Si alloy. The effects of high pressure on theloy solidified at high pressure is composed of primary

alloy microstructures with eutectic phase are studied. @ Phase 8 phase andd(+ f) eutectic phase. The pri-
marya phase ang phase exist simultaneously, which

has never appeared in the microstructure solidifed at

normal pressure. Table | shows the results of micro-
2. Experimental area composition analysis, from which we can observe
Pure Al (99.999%) and single crystal Si (99.999%)that the solid solubility of Si ie phase is 22.44%, and
were used to compound a master alloy of Al-26.6wt%Sithat of Al in 8 phase is 37.62%. The results are also
hyper-eutectic. Round rod test sample was poured ishown in Fig. 4. As to Al-Si alloy solidified at normal
metal mould. The round rod was made up into high prespressure, the maximum solid solubility of Siin primary
sure test sample whose diameter is 14 mm and height is phase is only 0.05%, and the solid solubility of Alin
12 mm. High pressure solidification was carried out ong phase is so small that we can thifibhase as pure Si.
a DC-29C type six-anvil high pressure apparatus. PyroTherefore, it is obvious that the solid solubility of Al-
phyllite was used to be sealing material. The assembl$gi alloy solidifed at high pressure greatly extends. The
schematic of high pressure solidification is shown insolidification microstructures of alloy at high pressure
Fig. 1. The pre-pressure for sealing is 3.0 GPa. Thare non-equilibrium metastable phases.
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TABLE | Analysis of compositions in the microstructure of Al-
26.6wt%Si solidified at 5.5 GPa high pressure

Phase a B (@+8)
Si content (wt %) 22.44 62.38 39.57
Al content (wt %) 77.56 37.62 60.43
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Y

Figure 1 Assembly schematic of high pressure solidification: (1) sealing
ring; (2) graphite plate; (3) graphite sleeve; (4) pyrophyllite; (5) electric
conduction ring; (6) six-anvil; (7) alloy sample; and (8) insulating layer.

Figure 2 Microstructure of hyper-eutectic Al-Si alloy solidified at nor-
mal pressure.

Figure 3 Microstructure of hyper-eutectic Al-Si alloy solidified at high

pressure.
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Figure 5 The effects of pressure on variation of Al-Si alloy phase dia-
gram: (a) 0.0001 (b) 1 (c) 2.5 and (d) 5 GPa.

The primarya phase appears in hyper-eutectic Al-Si

alloy solidified at high pressure, whose principal rea-
son is that the melting point for Al heightens at high

pressure. It is measured that the melting point for Al
increases 6.4C when the pressure enhances 100 MPa
[8]. According to Clapeyron equation:

_ Tm(V2 — V1)
= AR M

WheredP is the pressure changeT the change of
melting point withd P, T, the melting point,V; the
volume of 1 kg solid alloy\, the volume of 1 kg liquid
alloy, AH;, the melting latent heat. It can be calcu-
lated from the formula (1) that melting point for Al
increases up to 1068 when the pressure reaches 5.5
GPa. Because the volume for Si contracts when it melts,
the melting point for Si decreases with an increase in
pressure. Thus, at 5.5 GPa pressure, the melting point
for 8 phase is below that fa phase, which make
phase become primary phase in hyper-eutectic Al-Si
alloy. Fig. 5 shows the effects of pressure on varia-
tion of Al-Si alloy phase diagram [9]. It can be seen
from Fig. 5 that eutectic point obtained moves to the Si

dT dpP



direction significantly with an increase of pressure andWhere AG* is the critical formation energy for the
the solidification temperature also present ascendamiucleation,S the interface area for crystallization of
tendency. When the pressure increases up to 5.0 GPaycleationg the surface tension of liquid alloy in the
the Si content in the eutectic pointis about 30 at %, i.e.interface. If the equilibrium form for liquid alloy to
31wt%, therefore, the hyper-eutectic Al-26.6wt%Si crystallize is face-centered cube, the critical formation
alloy at normal pressure becomes hypoeutectic Alenergy for the nucleation can be given by:
Si alloy when it solidifies at 5.5 GPa high pressure,
and the eutectic point temperature for Al-Si alloy in- AG* =80 (r*)? (4)
creases from 577C to about 700C or so, which fur- ) . . i
ther explains thai phase is the primary phase when Wherer* is the size of critical nucleation. It can be
Al-26.6wi%Si alloy solidifies at 5.5 GPa high pressure.c@lculated by:

According to the normal thermodynamics, it is dif- 26T,
ficult to explain that the primaryg phase an@ phase e — 5)
exist simultaneously. We originally thought that the pri- pAHRAT

mary 8 phase in master alloy did not completely dis-\yhere is the density of liquid alloyAT the under-
solve and remained. At high pressure, these luBpy cooling degree of liquid alloy. Introducing tfig, value

crystals were moved by the primasydendrites and  f the formula (1) in the formula (5), we obtain the fol-
became the concentrated lumpyphase stapes. But |oying formula:

the micro-area composition analysis, as shown in Ta-

ble I, states clearly that the solid solubility of Al fh 20dT

phase formed at high pressure is very high, and the Si r‘ = AT(V2— VD)dP (6)
content in the eutectic phase is also higher than that P 2— N

in the eutectic phase formed at normal pressure, whiciye introduce the * value of the formula (6) in the

elucidates that th@g phase obtained at high pressureformula (4), and then obtain the following formula:
solidification is not theg phase in master alloy and

is a newg phase which separates out during the high dT 2
pressure solidification. When the master alloy melts at AG* = 3253[ } (7)
high temperature and high pressure, although the bulky pAT(V2 —V1)dP

B phase in the master alloy melts, because of the sIO\Q&s to the formation energ\F* for the equal-axial

f[jr:ffuse v_eI:m:ty (?Iﬁb(ﬁast.ed in the tentsu'ng.pta.rigrafhh)crystal on the surface of mixture, the similar relation-
ere exists local high Si concentration district in eship can be obtained:

original 8 phase district. When the eutectic transfor-
mation carries out, because the difference of Si con- 5
tents betweerB phase ando(+ B) eutectic phase at A\ p* _ 16[ o12dT } (012 — 013+ 023)
high pressure solidification is not as big as that at nor- pAT (Vo — V1)dP ’ ’ ’
mal pressure solidification, a crystalline condition for (8)
B phase to form in the high Si district emerges whenwhereo , is the surface tension of the interface be-
(« + B) eutectic phase forms. Therefore, the primarytween undercooled liquid alloy and crystadsg,s the
« phase ang phase exist simultaneously in the mi- surface tension of the interface between undercooled
crostructure of hyper-eutectic Al-Si alloy solidifed at liquid alloy and impuritiese- 5 the surface tension of
high pressure. the interface between crystals and impurities. It can be

The crystalline process of liquid alloy consists of seen from the formula (8) that the increase of the nucle-
two stages: nucleation and crystal growth. The degregtion number can depend on the decrease of the surface
of thickness for crystalline microstructure is relatedtension of the interface between the liquid alloy and the
closely to the two stages. With the beginning of thecrystals and the increase of the undercooling degree and
crystalline process, crystals nucleate and then growthe applied pressure. In this experiment, because of the
Two parameters which evaluate phase dynamics are théhhancement for the pressure, the nucleation number
nucleation numben, formed per unittime and per unit increases and its growth velocity reduces, which result
volume and the linear velocity, of crystal growth. The  in the refinement of microstructures obtained at high
faster the velocity for nucleation, and the slower the vepressure solidification.
locity for crystal growth, the finer the crystalline grain  The solid solubility for Al-Si alloy significantly in-
obtained. The crystalline grain numbat, is relatedto  creases. There may be two reasons. One reason is that,
the crystalline parameters, which can be given by:  under high pressure solidification condition, the veloc-

ity of atomic diffusion decreases. The relationship be-
N = a*y/(n3/v3)Vo (2)  tweenthe diffusivity and the viscosity of the liquid alloy
is given by [10]:

Wherea is the proportion coefficienly the original
volume of liquid alloy. The formation of critical size
nucleation must consume the energy which is equal to

one third of the surface free energy for crystallization: _ o o
Where D is the diffusivity of the liquid alloy,s the

L, 1 length of atomic free travel, the viscosity of the liquid
AG™ = 585 (3) alloy, T the temperature of the liquid alloR the gas

_RT

D= (©)
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constant. The relationship between the presdeirand 2. During the high pressure solidification, the under-

the viscosity of the liquid alloy is given by [10]: cooling degree ofthe liquid alloy increases, and the diff-
PVy/RT usivity of the liquid alloy reduces, therefore, the fine so-
n =o€ (10)  Jidification microstructures are obtained, and the solid

solubility in every phase increases greatly. The solid

; olubility of Si in« phase is up to about 22.44% and
spheric pressure and the same temperafrte ap- S ) .
plied pressure. Introducing thevalue of the formula that of Alin g phase is up to about 37.62% at 5.5 GPa

(20) in the formula (9), we can obtain the following pressure.
formula:

Wherenq is the viscosity of the liquid alloy at the atmo-

RT
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