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Ab initio molecular dynamics simulation of liquid Al 58Siq, alloys
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First-principles molecular dynamics simulations are carried out to study the structures, dynamics,
and electronic properties of liquid fSi;» in the temperature ranging from 898 to 1298 K. The
temperature dependence of static structure factors, pair correlation functions, and electronic
density-of-states are investigated. The structural properties obtained from the simulations are in
good agreement with the x-ray diffraction experimental results.2@5 American Institute of
Physics. [DOI: 10.1063/1.1833355

I. INTRODUCTION Despite of a lot experimental effort devoted to the stud-
ies of liquid Al-Si alloys, the atomic structures and the re-

Al-Si binary alloy is a eutectic system with the eutectic lationship between the structures and properties of the lig-
composition at Al-13 wt.% Si.Silicon plays an important uids are still not well understood. Knowledge about the
role in Al-Si alloy. Si doping in Al can reduce the thermal liquid structures and properties from atomistic simulations is
expansion coefficient, increase corrosion and wear resisherefore desirable. Due to the recent development ofithe
tance, and improve casting and machining characteristics afitio molecular dynamics simulations, it is possible to study
the alloy. These unique properties of Al-Si alloys have atthe atomic and electronic structure of liquid metals and al-
tracted much attention in materials science and industry. lfoys from the first-principles perspectivt:'® Results from
particular, Al-Si alloys have been commercially used to pro-ab initio simulations have provided useful information for
duce engine blocks due to their high strength over weightinderstanding the microscopic structure and properties of
ratio? metallic liquids alloy.

The growth methods and properties of Al-Si alloys have  In this paper, we describe a humerical study ofg8l;,
been studied extensively by experim@nt® Properties of lig-  over a range of temperature usiag initio molecular dy-
uid metals and alloys were shown to depend on growttmamics simulations. The paper is organized as follows: In
methods and temperature, and melt overheating resulted Bec. Il, we summarize our approach and method of calcula-
significant changes in the properties and structure of the ligtion. The results of the simulations are presented in Sec. Ill.
uids. It has been reported that melt overheating and quickinally, a short summary is given in Sec. IV.
cooling to a pouring temperature significantly modify the
microstructure of Al-Si alloy without addition of modifying
element®71°The structural properties of the liquid &8i;,
alloys have been measured by Bianal using x-ray dif- Our simulations were carried out using the Vierma
fraction at temperatures ranging from 898 to 1298 K. Theyinitio simulation packagéVASP).!® The system consists of
found that the liquid structure changed by the thermal treat44 Al atoms and 6 Si atoms in a cubic box with the periodic
ment at different temperatures. The atomic density, the cooboundary conditions, which is corresponding tggSi;, al-
dination number, and the structure factor have a suddelpys (or Al-13wt. %S). We considered five temperatures
change in the temperature range from 1048 to 1148 K. Thisvith T=898, 948, 1048, 1148, and 1298 K, respectively.
change was interpreted as dissolving of Si—Si clusters intGdhese temperatures are correspond to those in the experi-
the Al bulk melt. Therefore, in the experiment the equili- mental of Ref. 7, and are all above the melting point of the
brated liquid states are at the temperatures of 1148 ISystem. The atomic number densities at 1148 and 1298 K
or higher and liquid Al-Si and Si clusters coexist belowwere taken from the experimental resul&s discussed in
1148 K. the previous section, in the experiment of Ref. 7, the liquids

II. COMPUTATION METHOD
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reach equilibrium at these two temperatures. The density dtl. RESULTS AND DISCUSSION

thg temperatgre Iovyer than t.hese t_vvo temperatures .i§ deteA—_ Structural properties

mined by a linear interpolation using the two densities at

1148 and 1298 K. The atomic number densities that were The pair correlation function g is calculated from the

used in our simulation are 0.04807, 0.04787, 0.04747'elation

0.04707, and 0.04647 atoms/Aespectively, for the five dif-

ferent temperatures. gn=p2S
For a given ionic configuration, the total energy is cal- i

culated using first-principles density functional formalism.

The force on each ion is calculated using the Hellmann-Using the atomic coordinates from the molecular dynamics

Feynman theorem. Then, Newton’s equations of motion arsimulations, the total pair correlation functions p@re cal-

integrated numerically for the ions, using a time step of 5 fsculated and presented in Fig(al for liquid AlggSi;, at the

We used the canonical ensemble where the ions temperatudéferent temperatures. As can be seen from Fi@),1the

was controlled using the Nose—Hoover thermostaive  first peak position of the total pair correlation function is

used a plane-wave pseudopotential representation, with ultraround the 2.78 A. The position of the first peak is not sen-

soft pseudopotentials for both Al and Si species and with itive to the temperature. However, the peak heights decrease

plane-wave energy cutoff of 150.5 é¥The I'-point sam-  with increasing temperature.

pling is used for the supercell Brillouin zone. Our simula- The partial pair correlation functiorgg.si(r), gan.a(r),

tions were performed using local-density approximationandgs;.s(r) can also be calculated when the density in Eq.

> 8(r)d(rj—r)). 1)

IEall

(LDA) for the exchange correlation energy. (1) is _set to be the corresponding partial densjiy
In our iteration of Newton’s law in liquid AkSi;,, we  =p+/c;c;, wherep is the density of the systernandj denote

start with the 50 atoms in random positions in the cubicthe elements in the alloy, arg} andc; are their concentra-
supercell. This starting configuration is allowed to iterate fortions. The partial pair correlation functions between the Al
2000 time step$10 p9 at a temperature of 1600 K. Then the atoms,ga.a (1), for the liquid AlggSi;, at various tempera-
system was cooled down to 1298 K at a uniform cooling ratgures are plotted in Fig. (). The first peak inga.a (r) is

for about 2.5 ps. The simulation was further carried out foraround 2.81 A and exhibits very little shift with the tempera-
another 2000 time stef40 p9 to collect the configurations ture. This peak position is very close to that of the experi-
for statistical analysis of the structures and properties of thenental value of 2.8 A in pure liquid A The height of the
liquid. Based on the configuration of 1298 K, the system isprincipal peak increases with decreasing temperature. The
further cooled down to 1148 K using the same procedure apartial pair correlation functions for Si atongs;.g(r) at the
discussed above to perform the simulation for 1148 K. Thidifferent temperature, are shown in Figcll The statistics
procedure is repeated for 1048, 948, and 898 K where théor thegg;.g(r) are not good because the number of Si atoms
configuration at 1048 K is obtained by cooling from 1148 K, is too small, but the intensity of the first peak increasing as
and so on. the temperature increases can be clearly seen.gkhg(r)
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FIG. 2. Calculated coordination numbers as a function of temperature. For
total coordination number, the squared line is present simulation and the
opened circle is experiment from 108.5° to 103.5°, decreasing with increasing the tem-
perature. The peak height decreases with increasing tempera-
ture.
have a maximum around 2.5 A, which is close to the experi- The quantity which is commonly measured by experi-
mental value 2.45 A for pure liquid Si. These results suggesment for liquid is the total structure fact&k). Experimen-
that Si atoms tend to form clusters when temperature intal probes usually measure the total structure fa&j, but
creases. The partial pair correlation functions between Si anean not directly separate the contributions of the partial com-
Al, ga.si(r), in liquid AlggSiy», are shown in Fig. ). The  ponents. In molecular dynamics simulations, it is possible to
shapes ofg,.i(r) are similar to that of total g at the calculate not only the total structure factor but also the par-
corresponding temperature. The position of the first peak itial structure factor. If we know the appropriate scattering
garsi(r) is 2.69 A and there is almost no shift with tempera- parameters, we can compare the results of total structure fac-
ture. But the height of the first peak my.i(r) increases tor S(k) obtained by calculations with that from experiment.
with decreasing the temperature. In theoretical calculatior§(k) can be obtained using the
The microstructures of liquid can also be characterizedesults of three partial structure factgg(k) and the scatter-
by the average coordination number, which are obtained bing lengths of the elements in the alloys from the following
integrating theg;(r) to its first minimum, equation:

afS;i(K)+2a;a;S(k) + afSj(k)
ai2+a]-2 ’

wherep;; =p\/er is the partial number density of the atom where the ratio of neutron—scatterir;g lengths for Al and Si is
as defined above. The bond length cufff,, is taken to be taken to bea, /as=3.449/4.1491° The partial structure
3.73 A in our calculation, which is the first minimum of the factors can be calculated by Fourier transformation of the
total pair correlation functions. The results are shown in FigPartial pair correlation functiong;;(r),
2. The average number of neighbors for liquigdSli;, alloys % sin(kr)
in the first shell is in the range of 10.7-10.1 and increases Sj(k)zaij+477l)ijf [gij (1) = 1] —~ r2dr, (4
with decreasing temperature. The average coordination num- 0
ber obtained from our simulations is somewhat lower tharwherei andj denote the two components of the binary alloy
the values found by Biamt al. in Ref. 7 for temperature andp;; is the same as that in E). The total and partial
below 1048 K. But the coordination numbers at 1148 K andstructure factors obtained from our simulations are plotted in
1298 K are in good agreement with the experimental redults Fig. 4. The calculated total structure factors are compared
The partial coordination numbers fdf,. . and Na.gi de-  with the x-ray diffraction data obtained by Biaat al.” at
crease with increasing temperature, big g; increases with T=1148 and 1298 K as shown in Fig(a} The agreement
increasing temperature. These results are consistent with tietween the theory and experiment for the first and second
pair correlation functions discussed above. peaks at 2.66 and 5.0 A is quite good. The peak heights of
Information about the short-range order in the liquid al-the first and second peaks are found to decrease with increas-
loy may also be obtained from bond angle distribution func-ing temperature. The statistics of the partial structure factor
tions g5(r, ). This function is defined for angles between for Si are not good because the number of Si atoms is too
nearest neighbors atoms around a central atom with a maxgmall in the sample. Th8,,_4 (k) has a similar shape as the
mum bond lengthr.. Figure 3 givesgs(r.,6) for liquid  total S(k), the peak positions for the first and second peaks
AlggSis, at different temperature. The bond length cutoff isare at~2.63 and~4.85 A™! respectively, a little smaller
the same as that used in the calculation of coordination nunthan that of pure liquid Al which are 2.7 and 5.0 A The
bers as discussed above. The bond-angle distribution funstructure factor between opposite pdifgy. 4(d)] is negative
tion shows two peaks, one around 56.5° and the other varidsr small k, becoming positive ak values corresponding to

Ny = Rmin4wr2pijgij(r)dr, 2 S(k)= 3
0
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the peaks in the other two partial structure factors, and closetbe analysis for the structure factors and pair correlation

to zero fork bigger than 6 AL. The first and second peak functions, while such difference in the scattering lengths is

positions are at-2.73 and~5.05 A", respectively, and the not considered in Ref. 15. Slight differences in the densities

peak heights increase with decreasing temperature. and temperatures may also contribute to the difference in the
Experimentally, the total pair correlation functigfr) is results from the two simulations.

obtained by Fourier transformation of the measured total

structure factorS(k). Therefore, the g() calculated from B. Dynamical properities

Eq. (1) cannot compare directly with experimental results e . L .

because of the different scattering lengths for Al and Si. In The self-diffusion coefficient for Al a_nd Stin liquid AISi

order to compare with experiment, one can calculate g( alloys can be extracted from the equation

using the calculated total structure fac®(k) [see Eq.3)]

by a standard Fourier transformation technique, 7

L | line: ab initio from s(k) -
g(n=1+ J'maxk[S(k)fl]sin(kr)dk_ (5) g dot line: Exp.
2m%pr Jo -

1298K ;

The calculated results fay(r) from Eg.(5) at five tem-
peratures together with the experimental results Tat
=1148K and 1298 K are depicted in Fig. 5. The agreement
between our calculateg(r) and the experimental results is
quite good. The peak position isa2.81 A. The peak height
from the calculation is slightly lower than that from experi-
ment. Note that the peak height in Fig. 5 is lower than that in
Fig. 1(a), because of the effects of the different scattering
lengths for Al and Si which are considered in Fig. 5 but not
in the calculation for Fig. (a). To compare with experiment,
it is necessary to include the effects of the scattering lengths

in g(r). _ , , , %.0 25 3.0 35 40 45 50
In comparison with the simulation results of Ref. 15, our
results are in better agreement with experiment. One of the r(0.1nm)

reasons for such an Improvement IS that we use dlf-ferer‘!IG. 5. Total pair-correlation functions for liquid g5i,, at different tem-

neutron-scattering length&as _determin?d by experime_nt, peratures. The line iab initio; dotted is experiment. The graphs are verti-
Ref. 19 for the two elements in the liquid when performing cally offset by one unit each for clarity.
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900 1000 1100 1200 1300 are shown in Fig. 7 for AkSi;, alloy at different tempera-
T(K) ture. The DOS of liquid AfgSi;, has the free-electron-like
FIG. 6. Self-diffusion constant for Al and Si in liquid 4Bi, at different ~ D€havior for the temperature range studied in this paper. It is
temperatures. also interesting to note that there is a depression of the DOS
at Fermi level in the liquid AJsSi;, alloy at lower tempera-
ture. The minimum at the Fermi level is more prominent at
2 T=1048K and vanishing with rising temperature. This fea-
. <|Ra(t)_Ra(0)| > b di i ith ph | -
D= lim , (6)  ture was observed in experiments with photoelectron spec

tce 6t troscopy in Al-Ge&223 Pb—Bi, and Ti—B liquid alloy$*

whereR_(t) denotes an ionic position of thetype atom at

time t. The angular brqckets denote an average over all thR/. CONCLUSIONS

ions of the same species and also over all time origin. The

results for Al and Si in the liquid AkSi;, alloys are shown in In summary, we have simulated the structure of liquid
Fig. 6. For Al in the liquid AgSii,, Dy increases with  AlggSi, alloys at different temperatures usiad initio mo-
increasing the temperature; the value is in the range fromecular dynamics. The pair correlation function, structure
0.47x10 *to 1.31x 10 * cn/s. These values are similar to factor, diffusion constant and electronic density-of-state as a
the previous theoretical results of 0.49—DOB) “cn?/s  function of temperature have been studied. The calculated
for pure liquid Al in the temperature range of 943-1328%. total pair correlation functions and structure factors at high
For Si,Dg; has the same characteristiclg , but the values  temperature are in good agreement with the available experi-
are bigger than that of Al, ranging from 420 * to 11.2 mental data. We found that the systems have the free-
X 10" *cné/s. electron-like metallic features. The coordination number of
the total Al-Al and Al-Si decrease with increasing the tem-
perature but for Si the coordination number increases with
The electronic density-of-stat€éBOS) of liquid AlggSii,  increasing temperature, indicating that Si atoms tend to form

C. Electronic properties

are calculated from the expression clusters with increasing the temperature. Note that the clus-
tering of Si atoms at high temperature is different from the
N(E)ZKEE: Wy 9(E—Ey), (7)  persistence of Si clusters in the melt AlSi alloys at low tem-
1=k

perature as observed in Ref. 7. In the experiment of Ref. 7,
whereE, is the eigenvalues of the one-electron Hamiltonianthe liquid alloys were prepared from the mass mixing of Al
at a particulak point of the supercell Brillouin zone and, and Si at the temperatures much lower than the melting tem-
is the weight of thatk point. g(E) is a Gaussian function perature of S{which is 1683 K. Therefore, some Si clusters
with a width of 1.0 eV. The set of eight speclapoints in the  may persist in the low-temperature liquids due to incomplete
supercell Brillouin zone is used in the present calculatfon. dissolving of Si clusters. The presence of Si clusters in Al-Si
Eachk point has the same weightg . For eachk point we  liquid below 1148 K is signaled by the sudden changes in the
chose the lowest 150 eigenvalugg, and the final density- density and the peak height of the structure factor from 1048
of-states are then obtained by averaging over 15 represents 1148 K as measured in the experiment. In our simulation,
tive configurations for each temperature. The Fermi energy ithe liquid is prepared at a high temperature of 1600 K and
shifted to zero for the presentation. The calculation resultshen is cooled down to study the temperature dependence of
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