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The decay kinetics and nonequilibrium state parameters of supersaturated substitutional solid solutions
Al,_,Si, (x<20 at. % Sj obtained by high-pressure synthesis have been studied comprehensively by resistiv-
ity relaxation and differential scanning calorimetry. It was shown that the decomposition process can be
divided into two main stages. The first one consists of nucleation, growth, and coarsening processes usually
observed during first-order phase transformations in metals and alloys. On the second stage the experimental
data for isothermal relaxation and isochronal heat release can be explained assuming a nontraditional
exp(—t/7)® kinetics with exponent~ 3. The drastic enhancement of the heat-release contribution at the latest
stage of the phase separation is observedxfe6—8 at. % Si. Further increase of Si concentration in the
face-centered cubitfcc) lattice of an Al-based solid solution leads to the formation of fcc Si clusters and
initiates the splitting of the first stage of the decomposition process into three different branches. For any initial
Si content, the second stage of thg AJSi, phase transformation can be considered as a structural transition
of fcc Si to tetrahedral Si inside of large Si clusters embedded in the Al-rich matrix.

[. INTRODUCTION called “cluster phonon modes.” Therefore, a comprehensive
investigation of the nonequilibrium state of Al-Si solid solu-
The kinetics of phase separation after quenching a binartion appears as very attractive and will allow us to clarify
alloy into the miscibility gap of the phase diagram is theboth the features of the decay kinetics and the origin of the
problem of the great theoretical and practical intete¥The  superconductivity enhancement in the vicinity of the insta-
dominant processes observed are formation, growth, anfility of the face-centered cubidcc) lattice.
coarsening of a second phase. One of the most convenient

objects to study in this class of phenomena are nonequilib- l6o0p k- ----0GPa
rium substitutional solid solutions formed from metal and 1400 ——10.3GPa
semiconductor elements such as, AlSi,, wherex is the
mole fraction of the Si content. They can be obtained, for 1200
example, by a high-pressure treatmént. 1000
The solubility of Si in Al drastically increases with in- _
creasing pressurk? the solubility limit is beyond 15 at. % 800
Si at 5.4 GP4in comparison with 1.5 at. % Si at atmospheric ~
pressuré. The application of high pressures up to 10 GPa 600
and rapid quenching to liquid-nitrogen temperature has 400
allowed to elevate the solubility limit up to 20 at. % SFig.
1). An additional interest in Al-Si solid solutions is caused 200
by a strong enhancement of the superconductivity in the vi- 0 . .
cinity of the lattice instability limif [Fig. 2@)]. The phase- 0 10 20 30

separation process and the suppression of the superconduc- x(at % Si)

tivity are closely related to each other in these materials. F|G. 1. Al-Si phase diagrams at normal pressure and 10.3 GPa.
Moreover, an essential enhancement of the electron-phonorhe arrows represent the synthesis scheme of the solid solutions
interactions has been fouhlin metastable Al-Si solid solu-  formed under high pressure that are supersaturated at normal pres-
tions, which can be attributed to the appearance of the saure.L, liquid; (Al), rich solid solution.
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The available experimental data about the decay kinetics x(at%Si)
and heat-release effects of Al-Si solid solutions are incom- 30 40 50
plete and rather controversial. Recently published results on ' ' - %0 404
calorimetric measuremenits® are scarce, contradictory, and '
show essential variations of the heat release and activation
parameters. Moreover, substantially supersaturated Al-Si
solid solutions with Si contents between 10 and 20 at. %
have not been studied yet.

In this work we have investigated in detail the decompo-
sition process in fcc supersaturated solid solutions £5i,
followed by the formation of Si precipitates in the Al-rich
matrix. To shed a light on the features of the decay kinetics
and the origin of metastable phase formation in this system, 0.0
we have studied both the samples witk 0.08 (temperature I (b)
of transition into the superconductive stafB-<6 K, I
quenching under high pressure down to room tempergature 0.4+
and 0.08x<0.2(T¢<11K, quenching under high pressure
down to liquid-nitrogen temperatureHigh-precision calori-
metric measurements have been supplemented by isothermal 0.8
resistivity relaxation studies of Al-Si nonequilibrium solid 1 d o8 ﬁ____,-'
solutions. I i ,
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The samples of nonequilibrium fcc solid solutions  FIG. 2. () Dependence of the superconducting transition tem-
Al; _,Si, (x<0.18) have been obtained by high-pressuie  peratureT¢ (open circley and lattice constantsolid circles of
to 10 GPa treatment in a Toroid chambé?r.CyIinders of  Al-Si solid solutions on the Si concentrati¢Ref. 5. (b) Normal-
4-mm height and 3-mm diameter were prepared from Al-Sized magnetic susceptibilityy/x, of the investigated samples
alloys with x=0.028-0.18 homogenized at high pressure inaround the superconducting transition temperature.
the one-phase area of the Al-rich solid soluti®ig. 1). The
pressure-temperature treatment procedure has been appligtnperature. Additionally, the investigation of two different
to these alloys inserted into NaCl pressed containers to avoidl , ¢,Si, ogs Samples quenched under pressure to room tem-
any injurious effects. The experimental details of the syntheperature and liquid-nitrogen temperature has been performed
sis procedure, sample characterization, and preparation metiy prove T in order to ensure that the Si content in the
ods have been published elsewh€rEor polycrystalline fcc  supersaturated solid solution is the same. When the samples
solid solutions withx<<0.08, x-ray-diffraction spectra have were stored at temperatures below 270 K after the pressure-
been analyzed to verify the fcc single-phase structure and t@mperature treatment, no difference was found between
estimate the Si content dispersion in; A|Siy samples. As  these materials synthesized in different ways.
compared with the Al-Si alloys produced by rapid quenching The decomposition kinetics has been studied by an iso-
at ambient pressut&® the substitutional solid solutions thermal resistivity relaxation metha®an der Pauw scheme
Al,_,Si, are homogeneous polycrystalline materials. Theof resistivity measurements with four terminals; see, for ex-
high-pressure-treatment technique allows us to eliminate thample, Ref. 1Y and the differential-scanning calorimetry,
formation of quenched-in excess vacancies or vacancyDSC) technique. To get DSC measurements of high preci-
aggregateéd—®during the synthesis procedure. sion a homemade installation has been appligg. 3. The

To extend the range of the Si content in the fcc Al-basedsample(1) was loaded into the sample hold@, miniature
matrix and to prepare substantially nonequilibrium AlSiy  copper containels The duplicate holder contains a standard
solid solutions, the technique of rapid quenching under higlpure-Al cylinder(3) of a mass of 90 mg. The containers with
pressure was applied with cooling to liquid-nitrogen samples were glued to the thin cotton threédisinside the
temperaturé. Supersaturated alloys witkk~0.085, 0.12, copper radiation shield5). The sample holder’'s assembly
0.15, and 0.18 have been synthesized by this metsed was located in the exchange helium dpsessure about 20
Fig. 1). As long as the temperature of the superconductinkPa and enclosed in a jack€6) inside the liquid-nitrogen
transitionT¢ is proportional to the Si contéhin the super- Dewar container. Copper-constantan thermocouies9)
saturated solid solutiofiFig. 2@], low-temperature mag- were used for the measurement of the temperaluand
netic susceptibilityx(T) measurements have been carriedtemperature gradientsT. The isochronal heating rates were
out[Fig. 2(b)] to determine the value df and, therefore, to varied in the interval 0.5—-10 K/min. A special small heater
control the concentration of Si in the supersaturated solid10) was used in addition to the ovenl) to calibrate the
solution. They(T) data obtained for alloys witk<0.08 are  absolute heat-release effects. The simultaneous application
very similar to the results reported previousyin the case of precision-temperature controller and Keithley 2182 dual-
of nitrogen-cooled samples witk>0.08, the concentration channel nanovoltmeter allowed us to reach a sensitivity bet-
of Siin the Al-based matrix was tested without any destructer than 20 nV or 0.0005 K for the temperatures under inves-
tive overheat by loading the magnetometer at liquid-nitrogenigation.
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FIG. 3. The cryogenic assembly used for the DSC measure-
ments(see text FIG. 4. Relaxation of the electrical resistivity of any@ksSig 935

sample measured at 496(K) and 521 K(2). In the inset the initial

. . . sections of both curves are shown.
As long as the metastable state of AJSi, solid solutions

is found to be sensitive to the electron-beam exposure, we . L

were limited in the application of electron-microscopy tech- | nere are two well-defined stages on the resistivity relax-
nique to the samples structure characterization. Therefor@tion curvesFigs. 4 and 5, | and )ithat can be attributed to
only the final state of the decomposition process qf ABi, a f_a_st and “slow relax_e.1t|o.n process dur!ng the decom-
solid solutions was investigated by transmission electrofP©Sition of these nonequilibrium solid solutions.

microscopy® and by light microscopy with the aid of a '€ first one causes the largest change\p(t) =p(t)
NEOPHOT optical microscope. — p... Following the approach based on the Avrami equa-

tion, one can write for the transformation raté/ being the
ratio of transformed volume to the whole volume of the

ll. RESULTS samplé

A. Resistivity measurement .
In( ¢, min )
2 4

To establish the kinetics of solid-state transformation of

the supersaturated Al,Si, solid solutions, the time depen- 0.0 | NG, 10 -

dence of isothermal resistivity has been investigated for o2k RS

samples withx~0.035 (Fig. 4) and x~0.075 (Fig. 5). In Ly )

accordance with Ref. 17, the residual resistivity changes 0.4 1" <
4.3 Q

po(X) can be used to evaluate the transformed volume frac- o g

tion during the decomposition process in;AlSi,. More- — -06 i 14 i

over, the so-called metastable contributiAp~ pq in the S o8tk 5 5

resistivity of these alloys depends on the Si concentration in <Q]

the fcc Al-rich matrix}” Therefore, it is possible to analyze = -1.0F

the features of the decomposition process through the study & i

of the resistivity relaxation behavidrp(T,t) (Figs. 4 and & < -12F 4334K  4235K

Ap is determined as the difference between the actual resis- £ 14 i 448.6 K

tivity p and the “final” resistivity p,,, corresponding to a L 463.5K

very long annealing time. For the quantitative analysis of -1.6 |

the resistivity data it is very important to determine the “fi- r 473.6 K

nal” resistivity curvesp..(t,T)=lim, ... p(t,T). The p..(T) L8 F 45T4K

dependence was obtained by temperature measurements of 20 T T

the samples completely annealed B+620K and then 0 2 4 6 8§ 10 12 14 16

p(T) were used to extract the nonequilibrium contribution M (min”)

Ap(t,T).

The decay kinetics studied by the isothermal resistivity FIG. 5. Relaxation of the electrical resistivity of anyAh:Sio o5
measurementg(t, T=const) of the alloys demonstrates a sample measured at several temperatures. In the inset the initial
complicated behavior during the phase-separation processections of two curves are shown.
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{=1—ex —(t/7)"), ) 2

wheren is the Avrami constant depending on the nucleation 20
and growth mechanisms ands the characteristic time. As- 15
suming{~Ap, the initial stagepart | of the resistivity re-
laxation curves in Figs. 4 and) an be identified as an 101
exponential relaxation to the equilibrium staie=1+0.1, —~ 5
see also the inset in Fig).4This agrees with the well-known I
results for various supersaturated metallic allbyAs it was x 68
established in our previous investigatidA£Cthe nucleation = | ® I
and growth procesfl g, Figs. 4 and bis followed by the =
coarseningl ¢, Figs. 4 and &b 401 n =13

According to previously published resuffspne can con-
sider the change of the coarsening exponent 20 -

gwtia (2) L L L L

in Al-Si solid solutions as a result of the transition from a %0 B a0 &0 20 50
coarsening-type behaviont0.16) at relatively low anneal- T(K)

ing temperatures to an evaporation-condensation process
(Lifshitz-Sleozov kineticsp=0.33 for T=450K (see also

Fig. 2 in Ref. 20. However, the power law2) with « . ) )

- oy . 10 K/min on the samples fbgsSip o35 (1) and Al geSip o4 (2) from
_0'16_0'33 h_OIds only up to<t ,(See F'gs', 4 apd)SEor Ref. 11. The lines show the fit calculated with the Avrami formula.
t>t* the kinetics changes dramatically and in this region the

experimental curves can be approximated better by a very
unusual exponential behavitt) with n~0.33(see part Il of

FIG. 6. DSC curves as measured with an isochronal annealing
rate of(a) 2 K/min on an A} ¢155iy og5s Sample(solid circles and(b)

nnealing rates applie®.5—-10 K/min. For Si contents be-
oo . - ! tween 6 and 9 at. %, a double peak structure of the DSC
the_re5|st|V|ty relaxation curves in F|gsi/4 and B is worth spectra has been fourj@ig. &b)]. It is worth mentioning
noting here Fhat Fhe expone@fexp(—At ) pro_wdes us th‘? that the two well-distinguished stages | and Il of the decom-
best approximation for the widest range of Si concentratlon[EOSiﬂon process during isothermal annealifiigs. 4 and 5
(x<0.2) and for t.he annealing tgmperatures |nvest|.gate orrespond only to one feature in our heat-release results for
Moreover, Eq(1) with n~0.33 provides a better approxima- o,y saturated Al-rich alloys witk<0.06 Si at annealing

tion for the experimental data of nonequilibrium solid so'“'temperatures below 550 K. At the same time. for Si contents
gons %uoted fm Figs. 4 and 5 than any k'r?d of r?nal‘_l);t'cﬁlin the interval 0.06:x<0.09, the relaxation processes | and
Slepen ence for a coarsening prot::ess su:; as the LIftsNitg-5re el identified in the isothermal and isochronal anneal-
_e%O\_/l/gxpreSS|on§~t or other scaling exponents ing measurements. It is necessary to note that such a kind of
(7o) (S%e Refs. 13 It is worth noting that in our  p5c pehavior agrees qualitatively with previous restis.
previous work® the experimental data for the resistivity at To determine the Si nonequilibrium state parameters of
t>t* were fitted by Eq(2) with @~0.08-0.09 on the latest 5|_gj solid solutions the DSC experiments with different an-

stage of the decomposition process. It was discussed in temﬁéaling rates have been performed. The typical family of
of the cluster growth kinetics in Al-Si solid solutiofS.

However, the approximatioti~t~ %% used in Ref. 20 failed

to describe the experimental results for high annealing tem-
peratures and long annealing times, where @g.with n
=0.33 works well(Figs. 4 and &

2.5

B. DSC data for x=0.08

The resistivity data may be sensitive to the distribution of
Si clusters formed during the decomposition of the meta-
stable solid solution and are effected by the global topology
of the nonhomogeneous systefso-called percolation ef-
fects. Sometimes the distribution of Si clusters may effect
the results of the resistivity measurement. Therefore, we ap-
plied also the DSC technique to establish the mechanisms of
phase separation. The DSC measurements were made for the
same samples of supersaturated solid solutionsfrom the

Al-Si cylinders obtained at the high pressureith x Qo0 350 400 450 300
~0.03-0.04Fig. 6(a)] andx~0.075[Fig. 6(b)]. Therefore, T(K)

the measurements have been carried out in the interval of Si

contents intensively studied in Refs. 9-11. FIG. 7. Normalized heat release of theoAsSiposs Samples

For samples withx~0.03—0.04[Fig. 6(@] the heat- measured with different rates. The arrows and lines show the shift
release effect has a single peak in the range of isochronaf the peak positions.
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FIG. 8. Arrhenius plots for Alg15Sip0s5 (@) Evaluation of the
activation parameters for the processdsitcles and Il (squarep
based on the differential-thermal-analysis défay. 7). The lines
are guides for the eyéb) The characteristic time for process Il is
evaluated from resistivity relaxation dataig. 5).

normalizeddH/dT=f(T) curves are presented in Fig. 7. In

the framework of the traditional approach, the data shown in

Fig. 7 (x~0.085) and similar results for samples in the con-
centration rang=0.06 were used to evaluate both the ac-
tivation energyE, and the preexponential facto’q;1 (the
atomic displacement frequency

The temperature dependence of the r&tidr ,, (where()
is the heating rate and,, is the temperature of the maximal
heat releasefor Al g155ip.085 (Tc~6.5K) in the Arrhenius
coordinates INQ/T,)=f(1/T,,) is shown in Fig. 8&). In Fig.

8(b) the Arrhenius dependence of the resistivity relaxation

parameter I/ for the sample withx~0.075 is shown. As

EQUILIBRIUM AI-Si. .. 6023

can be used to evaluate the Avrami constatdgether with

E, andr, ! (Fig. 8 in developing of alH/d T=f(T) fitting
procedure. It was quite usual to apply for this purpose the
numerical approximation based on thg and 7, ! param-
eters as determined from the DSC data for various heating
rates (Fig. 7). After that, the fitting of calorimetric results
given in Figs. 6 and 7 can be carried out in the framework of
expression(3) or relative integro-differential equation,

d¢ F{

5=

JT i
ex
T¢Q7'0

—|n1/n(1—§0)}

E

a !
S

d
Q(l—i)d—-l-

S B g1 i1 )|
~247| Jr, 0,0 )T I
X = p< Ea)dT’ In*"(1 g)n
exp — S exp — = —In - )
T¢QTO T’ 0

4

andn value is varied to obtain the best approximation for the
DSC results shown in Figs. 6 and 7 wikh, and 7, pa-
rameters compared with the aforementioned valés. 8).
Finally, Eq. (4) was applied for the fitting of calorimetric
data in the following presentation:

dH—B JT Ea In(Q7,) |dT’
a7 T¢ex — 1 In( o)
n—-1
—Inth(1— go)} exp[ - Ta— In(Q75)
T a
Xexp — ex;{——,—ln(ﬂro) dT’
Ty T

®

determined in Fig. 8, the values of the activation energy andhe parametet, was determined directly from the normal-

the pre-exponential factor [E, =85 kJ/mol, Ta|1:
2.0x10°s % E, =139kJ/mol, 7, 1=2.8x10%s %, Fig.
8(a), andE 4, =149 kJ/mol, 7y, 1=2.0x 10'%s 7%, Fig. 8b)]
are in good agreement with the results of “step-by-step”
annealing resistivity relaxation experimenfsJnfortunately,
the precision of the previous DSC measurements of Al-S
nonequilibrium solid solutior’s! was not high enough to
extract direct information about the behavior of the pre-
exponential factor, . Therefore, ther, ! values(Fig. 8)
can be compared only with isothermal relaxation results.
Another way to verify the activation parametedtg and
7o~ ! deduced from the DSC experimeiiEgs. 6 and Yis to

ized DSC spectra and additionally the least-squares method
was applied for the calculation of the paramei®er

The results of the approximation in the framework of the
aforementioned approach Eq®)—(5) are shown in Figs.
6(a) and Gb). For DSC spectra with double peak structure
[Fig. 6(b)] the additivity of the contributions of the processes
I and Il to the total heat-release effect was not supposed and
the left and right “slopes” of thelH/dT=f(T) curves have
been fitted as fadi) and slow(ll) relaxation inputs, respec-
tively.

One of the most interesting results, which can be deduced
from the suggested analysi8) to (5) of the DSC spectra

apply directly the equations of thermal analysis for approxi-shown in Figs. 6 and 7, is the quantitative agreement be-
mation of heat-release effects. Indeed, the isochronal annedlveen the experimentally determined Avrami exponents

ing (2 =const) expression

—In(1-¢)= JT—l p(—Ea)dT'—| W1 g
n(1-¢)= T¢QTOGX 7 n"(1-{o)| .
3

(Figs. 4 and % and the calculated valueg=1+0.1 and
n,=0.34£0.04. Moreover, the activation parameters de-
tected from the self-consistent approach are very close to the
values E,=80*10kJ/mol, E,,=135+15kd/mol, 7o *
=10°-1Fs %, andr,, 1=10*-10"s ! in the Si concen-
tration rangex<0.08.
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FIG. 9. DSC spectra of several Al-Si alloys as measured with an T(K)
isochronal annealing rate of 2 K/min. The arrows show the shift of
the peaks. FIG. 10. DSC curves of AlgSig 15 Samples measured with dif-

ferent rates(a) 0.66 K/min and(b) 2 K/min. In both cases the thin

C. DSC data for Si contentx>0.08 lines show the multi-Gauss fit of the curves.

The double peak structure of the DSC spectra for 7on '=10"-10"s™") and sometimegwhere it was pos-
~0.06-0.0gFig. 6(b)] changes dramatically for supersatu- sible) for the I, 15, and  stages of the phase transformation.
rated solid solutions with a Si contert=0.085. The DSC The results of these estimations are %esented in Fig. 12 to-
spectra are shown in Fig. 9 for substantially supersaturate@ether with previously published dalta’

Al-Si alloys in comparison with the H/d T= f(T) results for Finally, it is quite clear from the results shown in Figs. 9
Alyo6Sinoss It is necessary to note that there is a more@nd 10 that at room temperature the supersaturated solid so-

complicated character of the heat-release effect for samplégtiogsth"viih );>t0.09 ?reh subftantifally n(c_mequiliblr "::m' In-
with x>0.09. There are four different inputs in the DSC eed, the Tirst stage of phase transtormatmcess4, F1gs.

curves that can be easily distinguished by different isochrog) and 10 occurs fast enough aroufit=270-300K, so the
: y distingt y di rapid quenching to liquid-nitrogen temperature under high
nous rate experiments in this Si concentration range. Th

input 11 (highest temperaturds presented on the DSC spec- F)ressure and storing at intermediate temperatures are needed
pL 9! P pré ) SPEC" 44 avoid the decomposition of these model superconductors.
tra in the wide rang&=6 at. % Si and is connected with an

Avrami-type (1~0.33) phase-separation process. The ap- IV. DISCUSSION

pearance of three different contributions;,(4,l5) in the

dH/dT=f(T) dependence fax=0.09 can be considered as  According to the experimental data shown in Figs. 4-10,

a “splitting” of the fast relaxation DSC maximurfl) when the variation of the nonequilibrium state parameters and the

the Si content increasd&ig. 9). Moreover, the experiment decay kinetics allows us to consider three inten@s @,

with different rates of isochronous annealing allows us toand® on the scale of the Si concentrati¢@) corresponds

separate quantitatively different contributions,(J,l5) for ~ t0 x<0.06,( to 0.06<x<0.09, and® to x>0.09.

samples with the highest Si contefx~0.18,T-~10.5K, o ]

see Fig. 10 The separation of four different inputs was per- A Al1-xSi With x<0.06 and 0.06xx<0.09 (intervals D—@)

formed here by application of Gauss-type functions From the point of view of the decay kineti¢Bigs. 4 and

(I4,15,13,11) for the description of the total heat-release effect.5), there is no difference between tG@ and(® intervals of

The I, I, I3, and Il contributions in the total DSC spectra the Si content in Al_,Si,. Indeed, the main process | of

are not necessarily additive. If we suppose that they are adhucleation, growth, and coarsening can be deduced as a fast

ditive, it allows us to find out and to analyze separately theone dominating in the change of the amplitudeAgf(T,t)

heat-release inpuf&ig. 11(b)] and the activation parameters (Figs. 4 and & The latest stage of the decomposition process

(Fig. 12 for the I, 15, I3, and Il processes. (I produces relatively slow changes in the metastable part
It is worth mentioning that the numerical thermal analysisof the resistivity. Therefore, it is quite possible to understand

(3) to (5) has also been applied here to estimate the paranwhy in our measurements shown in Fighpwe could not

etersn, E,, and 7, * directly from the DSC spectra shown register the heat-release effects from this pro¢#3sor Si

in Figs. 9 and 10. The left and right slopes of the totalconcentrationsx<0.06 and annealing temperatures below

dH/dT=f(T) curves(see Figs. 9 and }0were analyzed 550 K.

with Egs. (3)—(5), and the values ofi, E,, and r,~* were There are several effects, which can be expected when the

deduced for the process (h~0.33,E,; =130+ 12kJ/mol,  concentration of Si increases in a fcc Al-based matrix. The
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FIG. 11. (a) Peak position antb) heat release of the elementary ~ FIG. 12. Activation parameter&, and 7, of the elementary
processes versus superconducting transition temper@tuter Si processes versus the superconducting transition tempefigiuned
contenj. The lines are guides for the eyes. Cubsg, corresponds Si content. The solid symbols correspond to values as determined
to the total heat release. The valuesand X are drawn from Refs. from different isochronal rate experiments, the open symbols are
11 and 12, respectively. the values calculated by the numerical procedure due to Bjs.

(5). The lines are guides for the eyes. The valugsx, and® are
obtained from the thermal analydiEgs. (3)—(5)] of the data from

exothermal effect is associated with the nonequilibrigme- Refs. 10, 11, and 20, respectively.

tallic) state of the Si atoms included in the fcc lattice of the
solid solution®~® Therefore, the linear enlargement of en-
thalpy AQ [Fig. 11(b)] can be attributed to additive indi- liarities, which were not discussed previouslycould be
vidual contributions from the distortion of the fcc lattice considered as the “imprint” of the section Il of the phase
around the included Si atoms in the concentration rgmge transformation. For low-Si concentratiofts<0.06, interval
Another remarkable feature is the substantial shift of thgl)) the stage-Il process contribution in the heat release is
wholedH/dT=f(T) peak towards lower temperatures as themuch smaller in comparison with the main part enthalpy
Si concentration increas¢Big. 11(a)]. It is worth mention-  changegfast process)l Moreover, the activation parameters
ing that the temperature of the maximal heat releéfsex)  E.;~130= 10 kd/mol, 7y, 1~10°-10s ! of stage Il(pre-
changes rapidly in the interv@l) (about 15 K/at. % Si This  cipitates formatiohis very closely related to the activation
value is comparable with the results of Ref. 11 where fromenergy of Si diffusion in the pure-Al matrif E,A (Si)
DSC data the magnitud#T,,,/dx~10—-12 K/at. % Si can be ~128kJ/mo]. At the same time, the remarkable variation of
deduced. The difference between these two rates can like preexponential factary, ! can be established from the
caused by the initial presence of semiconducting Si precipiresistivity relaxation measurements shown in Figs. 4 and 5.
tates in the Al-Si samples studied in Ref. 11. Indeed, théThe r,,~! parameter changes betweernx 20°s™? for x
superconducting transition temperature valig<4 K for ~ ~0.035-0.04 and #6-10*s™* for x~0.075-0.08. There-

Al g5Sig og reported in Ref. 11 is essentially smaller than thefore, the increase of the Si content is accompanied not only
real magnitudel -(Al 9,5y 09 =5.5—6 K(Fig. 11). Besides, by an enhancement of the exothermal effect of process Il but
due to the proportionality of - to x [see Fig. 2a)], a certain  also by an acceleration of the decay kinetics at this stage of
discrepancy can appear in a quantitative comparison of ouhe phase transformation.

calorimetric resultgFigs. 6—12 with the DSC datd-*! To Section Il of the decomposition process is followed to an
avoid this disagreement one needs evidently to correct the ®ivaporation-condensation process of Si submicrometer inclu-
contents reported in Refs. 9—11 to smaller values. of sions in the Al-rich matrix(Lifshitz-Sleozov kinetics, stage

It is also interesting to note that the additional features of¢ in Figs. 4 and b and, hence, it could be considered as a
the heat-release effect of Al-Si alloys have been found in thso-called “generalized coarsening” stage of the phase trans-
temperature rang&>540K.!! In this temperature interval formation. On the other hand, the kinetics of the processes |
the measurements cannot be made by our DSC experimentahd |l has a dramatic crossover and there is a very large
setup. For these annealing temperatures one can expect exothermal effect during the stage Il. It allows one to sup-
appearance of the heat-release contribution from the latepose that the phase transition from fcc Si to tetrahedral Si
stage procesgslow process )l Therefore, these DSC pecu- (from a 12- to a 4-coordinated latticéakes place inside of
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large enough Si clusters embedded into the Al-rich matrixlibrium (eutectig state obtained by the decomposition of
From this point of view, one can expect a very large heatmetastable Al_,Si, solid solutions. The results of the TEM
release effect during the short-range order reconstruction udy allow us to estimate the sizeof the semiconducting
well as a strong dependence of the size and concentration &i regions in Al-rich matrixd<100A. It is worth mention-
the Si clusters on the rate of process II. ing also that a similar conclusion has been obtained in Ref.
The problem discussed is closely related to the problem o£7, where the small-angle neutron-scattering experiments
a crystalline structure of small Si clust&ré? (10-100 at- have been done for different decay stages of the &be,
oms and involved recently in active discussioh?°Indeed,  solid solutions. From the data of isochronal annealing it was
in Refs. 21 and 22 the total energy of fragments with dia_eStabliSheH that the size of the semiconducting regions in-
mond and fcc structure was calculated as a function of théreases slightly during the decomposition. The estimated
number of atoms they contain. It was shéft that the Vvalue happens to depend on both the annealing temperature
metallic structure is favored over the covalent one for clusand the initial Si content and changes in the range
ters containing less than about 50 atoms. Evidently, the situ30—60 A%
ation is much more complicated for nonequilibrium Al-Si  In the framework of the above-mentioned interpretation it
solid solutions where large Si clusters are surrounded by & important also to re-examine the results of the “step-by-
strongly distorted Al-based fcc matrix, that changes noticestep” annealing resistivity relaxation experiments on Al-Si
ably the interphase boundary energy of the Si clusters.  alloys*”*® The activation law parameters obtained from
Following the present approach, one can consider théhese experimental datzt®are closely related to thé, and
value of the activation energy of the second procdss, 7o — values[see Figs. 1&) and 12b)] for supersaturated
~EN(Si)~130kJ/mo) as a result of diffusion-controlled solid solutions in the intervdlD. A further increase of the Si
growth of the large fcc Si clusters up to a critical size. Thencontent drastically enhances the contribution of process I
the transition to a covalent-type bond occurs and the fcc Jpoth in the heat release and in the resistivity relaxation char-
clusters transform into tetrahedrally coordinated Si particlesacteristics. As a result one can observe the appearance of
In the framework of the suggested interpretation one caftermediate (mixed) values of E, and 7,”* (80 kJ/mol
roughly estimate the variation of the microscopi®) and ~<E.<130kJ/mol and 10s™'< 7,7 '<10"s™) in the con-
macroscopid (x) mean lengths of the Si atom diffusion dur- centration range 6—8 at. % Btigs. 12a) and 12b)].
ing stage Il in the concentration range from 3.5 at. %F&g.
4) to 7.5 at. % of Si(Fig. 5. The comparison between the  B. Substantially supersaturated A}_,Si, alloys (x=0.09
characteristic timek* (onset of process I, see Fig) df the
crossover region as well as the preexponential faetqr
allows one to evaluate the ratlo(x~0.035)L (x~0.075)

|~35 andl(x~00352],1 (X“OO?S)% 102 for these Al-Si al- (Flgs 11 and 12 |ndeed, theTm”(X), Ea”(X), andTo||7l(X)
oys. One can see that thex) parameter decreases essen-p, ameters are not changed noticeably in the wide interval
tially (by a factor of 3.5when the Si concentration increases 9-20 at. % Si(Figs. 11 and 12: intervaB)). At the same

two times. It seems to bi r(ra]asoEable th"’f‘mr?@ . “ZP' time the heat-release contributidQ,,(x) of the process Il
resents an estimation of the change of the mean distange o4y ced essentialfFig. 11(b)] together with the appear-

between the Si precipitates in the Al-based matrix. Thea d elevati f : | A
variation of the microscopic lengtt{x) were deduced from rice and elevation of various Te easﬁe@,l(x), Q'Z(X)’

o1 (x~0.035)~4.5x10s and 7, (x~0.075)~10 s and AQ,S(X) of the exothermic channels corresponding to
(Figs. 4, 5, and Band is more pronounce@bout a factor of the stage-I process. Moreover, from the saturation of the total
10%). It corresponds probably to very complicated diffusion heat releasé Qs ;. (x) one can conclude that the varia-
trajectories of the Si atoms during the latest decompositiofions of AQ,(x) andAQ,(x) compensate each other within
stage of these nonequilibrium alloys. the interval 9-20 at. % Si.

The established violation of the Lifshitz-Sleozov regime ~ On the contrary, the “splitting” of process I into three
is accompanied by essential changes both of the size distiranches j—I; (Figs. 9-12 is observed for a Si content of
bution of the Si clusters and of the mean cluster radius. It i$.5-9 at. %. It is accompanied by drastic changes ofthe
worth noting here the results of Blasch&bal 2 obtained in ~ and 7o~ * parameters. Among thg-I; sections of stage |,
experiments on the diffuse neutron scattering. A similaronly the process;ldemonstrates the same tendency of the
crossover of thef~t~'® behavior and the power law E.(x) and 7, 1(x) variations, as in the concentration ranges
~t~098 have been observed for various compositions of Al-® and@ with E,~87 kd/mol andr,, ~'~2x10"s™* for
Zn-Mg alloys?® A possible explanation of the crossover be-x~0.18[Fig. 12a)]. A dramatic decrease of the activation
tween stages | and Il in the case of these alloys could benergy andr, 1 parameter for the,land Lk branchedFigs.
deduced again from the similar hypothesis that a phase trand2(@ and 12b)] can be interpreted in terms of collective
formation from the fcc to hcp Zn-Mg clusters proceeds in-atomic displacements during these stages of the phase sepa-
side large Zn-Mg clusters embedded in the Al-rich matrix. ration process. Therefore, one has to suppose that during the

An additional argument in favor of the present interpreta-high-pressure synthesis large Si fcc clusters are formed in the
tion of the fcc to diamond structure phase transition in theAl-based solid solution. Thus, the relatively smgl, and
large Si clusters embedded into the Al-based fcc matrix cam, values observed for the bnd k stageqdFigs. 12a) and
be deduced from TEM and small-angle neutron-scatterind.2(b)] can be attributed to the first stage of the phase sepa-
experiments. In particular, TEM analysis has been carriedation process of the Si-cluster reconstruction and move-
out for inhomogeneous Al-Si alloys that are the final equi-ment.

In comparison with thé&,, and r,,, " characteristics be-
havior in the rangex~0.06—0.08 there is no qualitative
change during the stage Il of the phase separation process



PRB 61 DECAY KINETICS OF NONEQUILIBRIUM AI-Si . .. 6027

Finally, a strong lattice distortion and the formation of tration in the fcc Al-based lattice causes the formation of fcc
large nonequilibrium fcc Si clusters play possibly the keySi clusters during the high pressure synthesis procedure and
role for the appearance of the soft “cluster phonon modes’initiates the splitting of the nucleation and growth process
in substantially supersaturated solid solutions and for the erinto three different branches. The analysis of the nonequilib-
hancement of the electron-phonon interaction and the superium state parameters during stage Il allows one to suppose a
conductivity in these materials. transformation from fcc Si to tetrahedral Si inside large Si
clusters embedded into the Al-rich matrix. The activation
energy of this procesk,,~130=15kJ/mol can be attrib-
uted to the diffusion of Si atoms on large distances in a quite

The decay kinetics and nonequilibrium state parameterBUre-Al matrix and can be understood in terms of the grow-
of supersaturated solid solutions;ALSi, (x<0.18) have ing of the Si clusters up to a critical size.
been studied comprehensively by resistivity relaxation and
differential scanning calorimetry. It was shown that the de-
composition process consists of two main stages | and II,
where the first one includes the nucleation, growth, and The authors are grateful to Dr. V. Yu. Ivanov and Dr. N.
coarsening stages usually observed for first-order phask&. Samarin for experimental assistance and Professor S. V.
transformations in metallic alloys. For the first stage, thePopova and Dr. A. G. Lyapin for helpful discussions. This
activation energyE,~80=10kJ/mol can be attributed to work was supported by the INTAS program No. 96-451,
the Si atom diffusion in the strongly distorted Al-based fcc Grants No. 17163 and No. 16067 of the Russian Foundation
matrix of the supersaturated solid solution produced undefor Basic Research, Programs “Fundamental Spectroscopy”
high pressure. Stage Il follows to the nontraditional-type ki-and “Microwaves” of the Russian Ministry of Science and
netics {~exd — (/73] both for isothermal relaxation and Technology, Research Grant No. 96929 of the President of
for the isochronal heat-release experimental results. Ththe Russian Federation, NATO Linkage Grants No.
drastic increase of the heat-release contribution of the late${TECH.LG.970342 and No. CN.SUPPL 973216, and Co-
stage of the phase separation prodgisis observed for Si pernicus Network ERBIC15CT980812. One of (E..)
contentsx~0.06—0.08. Further elevation of the Si concen-wishes to thank the Humboldt Foundation for support.
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