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A B S T R A C T

The mechanism of ‘Si poisoning’ of Al-Ti-B based grain-refiners in Al-Si alloys has been a topic of intensive study 
for over half a century. We here investigate prenucleation of Al at the Si segregated interfaces between liquid Al 
and TiB2{0001} substrates using ab initio techniques. Our study reveals that chemical affinity between Ti and Si 
atoms empowers Si segregation at the Al(l)/substrate interface during solidification. The Si interfacial segre
gation curbs atomic ordering in the liquid Al adjacent to the substrate. Consequently, prenucleation of Al atoms 
at the Al(l)/{0001}TiB2 interface is deteriorated and thus, the subsequent nucleation process adversely affected, 
which causes the so-called ‘Si poisoning’ effect during the practice of grain refinement via inoculation with 
addition of TiB2 particles in Al-Si alloys.

In the early 1950s, Cibula and co-workers added Ti and B into liquid 
Al alloy for improving the mechanical performance of cast Al alloys via 
grain refinement [1]. Nowadays, grain-refiners such as the Al-nTi-B (n =
3, 5) master alloys are widely used in Al industry [2,3]. The mechanisms 
of the grain refinement through inoculation with the grain-refiners have 
been a topic of intensive study for several decades for interests of both 
academic curiosity and industrial application [2–4]. Recently 
high-resolution scanning transmission electron microscopy (HR-STEM) 
revealed the formation of a Ti-rich two-dimensional compound (2DC), 
most likely Al3Ti covering the TiB2{0001} substrates in the cast Al 
samples [5]. This 2DC layer is believed to be responsible for the 
enhancement of potency of the TiB2 particles to nucleate solid Al.

Atomic ordering in the liquid close to a liquid-metal/solid-substrate 
interface at a temperature higher than the nucleation point of the alloy is 
referred to as prenucleation [6,7]. It provides the essential precursor for 
the following nucleation and grain initiation [6,8]. Prenucleation is thus 
related to the intrinsic capability/potency of the substrate to nucleate a 
solid. Knowledge about chemical interactions between the atoms and 
prenucleation at a liquid/substrate interface is essential therefore, to 
obtain insight into solidification processes and the microstructures of 
the cast products.

Si in Al alloys deters grain refinement efficiency of Al-Ti-B gain-re
finers. This effect is referred to as ‘Si poisoning’ [2,9–12]. Previous ex
periments have repeatedly found that low Si contents in Al-Si alloys 
have little impact on the Al-Ti-B grain refinement. However, when Si 

content is more than 3wt.% in a hypoeutectic Al-Si alloy, the grain 
refinement via addition of the refiners is weakened and even deterio
rated, with the grain size of α-Al increasing with Si concentration.

Existence of Si is inevitable in commercial Al metals/alloys and even 
more in Al scrap. As an essential alloying element, Si addition to Al al
loys facilitates castability during solidification. Al-Si alloys/parts exhibit 
excellent mechanical performance and corrosion resistance, finding 
wide applications even under extreme conditions [2,13]. Currently, 
Al-Si-based alloys with 4wt% to 22wt% Si comprise majority (about 
90%) of commercial Al alloy products [14]. It is thus, desirable to obtain 
high-Si content alloys of fine microstructures through inoculation with 
Al-Ti-B grain-refiners. For this purpose, knowledge about prenucleation 
and chemical interaction at the interfaces between liquid Al and TiB2 
substrates with Si segregation is crucial.

Both experimental and theoretical efforts have been made to un
derstand the Si poisoning of the Al-Ti-B grain-refiners during solidifi
cation of Al alloys [9–13]. Recent experiments have focused on the local 
structure and chemical composition at the interfaces using HR-(S)TEM 
techniques. It has been revealed that Si atoms are enriched in the Al 
layer adjacent to the interfaces, resulting in the formation of a 
two-dimensional Al-Si alloy on the {0001} basal surface of the TiB2 
substrates [11,12]. First-principles methods have been employed to 
study the chemical bonding at the solid-Al/TiB2 interfaces [15]. Ab initio 
molecular dynamics simulations (AIMD) were performed to investigate 
atomic ordering at the pristine interfaces between liquid Al and TiB2 or 
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Al3Ti [16,17], and ‘Zr poisoning’ of the Al-Ti-B grain-refiners [18]. 
Meanwhile, there is still a lack about the origin of Si segregation and the 
subsequent effect on prenucleation at the interfaces between liquid Al 
and TiB2 particles. Here we investigate prenucleation at the interface 
between liquid-Al and the TiB2{0001} (L-Al/TiB2{0001} in short) with 
Si segregation using an AIMD technique. First-principles calculations 
and thermodynamics analysis are performed for Al{111}/TiB2{0001} 
interfaces with Si segregation based on the recent experimental results 
[11,12].

For the AIMD simulations, a large hexagonal supercell with a = 6a0 
was used, where a0 is the length of the a-axis of the TiB2 unit cell with 
consideration of the thermal expansions of this ceramic material and Al 
at the simulation temperature [19,20]. Thus, a supercell with a = 18.34 
Å and c = 43.52 Å was built for the (Si segregated) l-Al/TiB2{0001} 
interfaces. It contains 828 atoms in total. A hexagonal supercell with a 
2a0 × 2a0 in plane area was built for first-principles calculations of the 
Al{111}/TiB2{0001} interfaces with Si segregation. A plane wave 
approach implanted in the first-principles code VASP [21] using the 
density-functional theory within the projector-augmented wave scheme 
[22] was employed. The generalized gradient approximation was 
employed to describe the exchange and correlation terms [23]. The 
AIMD simulations utilize the NVT ensemble [21] and the details are 
described in the Supplementary Materials. The snapshots for the equil
ibrated pristine (with no Si segregation) l-Al/TiB2{0001} and the Si 
segregated interfaces are shown in Fig. 1a and c, respectively.

Ti and B atoms in TiB2 substrate are well ordered, while the Al atoms 
far away from the substrate display little ordering, being liquid-like 
(Fig. 1). The Al(Si) atoms adjacent to the substrates exhibit density 
variation along the direction perpendicular to the substrates, which 
phenomenon is referred to as atomic layering that can be assessed by 
means of atomic density profile [7,24]. The layering at the pristine and 
the Si segregated l-Al/TiB2{0001} interfaces was analyzed for configu
rations over 3 picoseconds (ps). The results are plotted in Fig. 1b.

Fig. 1a and b confirm pronounced layering of the liquid Al atoms 
close to the pristine l-Al/TiB2{0001} interface. There are six recogniz
able layers, with the peak height decreases with the distance from the 
substrate. This is in good agreement with the previous AIMD simulations 
[7,16]. Moreover, Al atoms at the 1st Al layer are well separated from 
the atoms in neighboring layers (Fig. 1a).

At the equilibrated Si segregated Al/TiB2 interfaces, Si atoms are 
found to be positioned at the lower part of the first Al/Si layer (Fig. 1b 
and c). The peak height of the Si segregated layer is lower than the 
corresponding one at the pristine interface (Fig. 1b). There are only four 
recognizable layers (black curve in Fig. 1b) for the liquid atoms close to 

the Si segregated interface. A close examination of Fig. 1b revealed an 
extra shoulder at about 0.4 Å away from the 3rd Al peak at the Si 
segregated interface and the center of the 4th peak is about 0.5 Å away 
from the one at the pristine interface. Layering of the liquid atoms close 
to the TiB2 substrate at the Si segregated l-Al/TiB2{0001} interface is 
clearly reduced as compared with that at the pristine interface.

The epitaxial nucleation model indicates a layer-by-layer growth of 
solid [6,25] during heterogeneous nucleation. The atomic arrangements 
in the liquid layers adjacent to the substrates determine the following 
nucleation process during solidification. Here the behavior of the liquid 
atoms adjacent to the substrates with and without Si segregation was 
analyzed. The time-averaged atomic arrangements (over 3 ps) at each 
atomic layer are shown in Fig. 2a–g. Moreover, the in-plane ordering 
coefficients [7,24] were employed to assess the atomic ordering in their 
respective layers near the interfaces. The results for configurations over 
3 ps are plotted in Fig. 2h.

Fig. 2 shows that, at both interfaces, the termination Ti atoms of TiB2 
(Fig. 2a and d) are well ordered and strongly localized, being solid-like. 
This agrees with the high stability of the TiB2 substrate. However, the in- 
plane atomic ordering of the liquid decreases with the layers away from 
the interfaces (Fig. 2h). At the pristine interface the 1st and 2nd Al layers 
show highly ordering and localization. Even the Al atoms in the 4th layer 
(Fig. 2g and h) show some contents of ordering and localization. In 
contrast, at the Si segregated interface the 1st Al(Si) layer shows delo
calization (Fig. 2e) and the 2nd Al layer is already more liquid-like 
(Fig. 2f). The modelling unveils that the Si interfacial segregation 
significantly reduces the prenucleation at the Si segregated interface.

Fig. 2i shows the ratio of atom numbers of each Al(Si) layer to that of 
the well-ordered termination Ti layer (Fig. 2a, d). There is a notable 
difference in this ratio for the 1st Al(Si) layer at the interfaces. The 1st Al 
layer at the pristine l-Al/TiB2{0001} interface has the n(Al)/n(Ti) ratio 
= 1.01, whereas the n(Al,Si)/n(Ti) ratio of the 1st layer at the Si 
segregated interface is as high as 1.13. This is unusual since the volume 
of a Si atom (20.0Å3/Si) in Si bulk is larger than that of an Al atom 
(16.6Å3/Al) [20]. The number of Al atoms in the 2nd layer increases 
little at the pristine interface, with the ratio being 1.02 which is lower 
than that at the Si segregated interface (n(Al)/n(Ti) ratio = 1.07). In the 
3rd layer, the number of Al atoms at the pristine system is the same as 
that at the Si segregated interface (1.08), close to the ratio of areas 
(1.08) between that of the TiB2{0001} substrate (9.2Å2/surface at 1000 
K [19]) and that of Al{111} (8.5Å2/surface) at melting point [20]).

We further performed electronic structure calculations for the Si 
segregated l-Al/TiB2{0001} system to get a deeper insight into the 
interfacial interactions. Based on the obtained electron density 

Fig. 1. Snapshots of pristine l-Al/TiB2{0001}Al (a) and Si segregated l-Al/TiB2{0001}AlSi interfaces (c) equilibrated at 1000K. Fig. 1b shows the atomic density files 
for the pristine l-Al/TiB2{0001} (green curve), the Si segregated one (black curve) and the segregated Si atoms (blue curve). The vertical dotted line at 0 Å represents 
the terminating Ti layer in (b). In 1a and 1c, the orange spheres represent Ti, small green B, silvery Al and blue Si.
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distributions in Fig. 3a, the charges at the atomic sites at the interface 
were obtained via the Bader charge model [26,27] and the values are 
plotted in Fig. 3b.

Fig. 3a shows low electron densities around the naked Al ions away 
from the substrates. This corresponds to the free-electron nature of Al. 
Meanwhile, the Si atoms are surrounded by electrons and are negatively 
charged (− 0.3e/Si on average, Fig. 3b). The Al atoms away from the 
substrate are in fact electronically neutral. High electron densities are 
around B atoms and analysis showed that each B atom gains 0.5e/B on 
average. Meanwhile each Ti atom in the substrate is positively charged 
(+1.0e/Ti on average). The termination Ti atoms lose +0.7e/Ti, of 
which 0.5e/Ti goes to B and 0.2e/Ti to the nearby Si and Al atoms. This 
corresponds to the lower electronegativity value of Ti (1.54 in Pauling 
scale) than those of Si (1.90) and Al (1.61).

High electron densities are found between the Ti and Si spheres, 
relating to the Si-Ti bonding (Fig. 3a). Such strong Si-Ti interaction 
corresponds to the high heat of mixing between Si and Ti (− 66kJ/mol) 
compared with those between Al and Si (− 19kJ/mol) and Al and Ti 
(− 30kJ/mol) [28]. This is also reflected in the atomic density profiles 
that the Si atoms are closer to Ti as compared with the Al atoms in the 
same layer (Fig. 1). The attraction of Si ions to Al results in the increased 

number of (Al+Si) atoms in the 1st metal layer at the Si segregated in
terfaces (Fig. 2i).

As shown in Fig. 1a at 1000 K, the liquid Al metal layers adjacent to 
the interface exhibit layering and in-plane ordering. Because of high 
energy cost for a Si atom in Al matrix [29], Si atoms in the layers would 
be forced to move away from the ordered Al layers to positions of lower 
potentials, e.g. being closer to Ti atoms. To get a deeper insight into the 
interfacial Si-Ti interactions, we performed first-principles calculations 
for Si at the Al{111}/TiB2{0001} interface.

The formation energy, ΔE is defined as: 

ΔE(Al1− xSix/TiB2) = E(Al1− xSix/TiB2) − {E(Al/TiB2) + x[E(Si) − E(Al)]}
(1) 

where, E(Al1-xSix/TiB2), E(Al/TiB2), E(Al) and E(Si) are, respectively the 
calculated total valence-electrons energies for the Si doped system (Al1- 

xSix/TiB2), the pristine Al{111}/TiB2{0001} system, and elemental Al 
and Si solids. The calculated formation energies on the Si content at T =
0 K and P = 0 Pa are plotted in Fig. 4a. The formation energies with 
respect to Si solute in Al matrix were also included in Fig. 4a. Fig. 4b 
shows schematically the Al{111}/TiB2{0001} interface with Si 

Fig. 2. The atomic arrangements summed for 3 ps at the layers nearby the interfaces for the pristine l-Al/TiB2{00 01}Al interface: (a) P-Term represents the ter
minating Ti layer, (b) P-1st the 1st Al layer, (c) P-2nd the 2nd Al layer, (d) P-3rd the 3rd Al layer and (g) P-4th the 4th Al layer; and the Si segregated l-Al/ 
TiB2{0001}AlSi interface: (d) S-Term the terminating Ti layer, (e) S-1st the 1st Al layer and (f) S-2nd the 2nd Al layer. The in-plane ordering coefficients for both 
interfaces are plotted in (h) and the ratios of the atomic numbers in each layer to that of the termination Ti layer are shown in (i). The orange spheres represent Ti in 
(a) and (d), silvery Al, and blue Si (e). The red-lines represent the in-plane axis of the hexagonal lattice. The dotted lines in (h) and (i) are used to guide the 
readers’ eyes.
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segregation. Moreover, nucleation occurs at elevated temperatures, 
indicating contributions of the extra freedom for partial occupation of Si 
at the terminating layer to the free energy in stabilizing the system. The 
related Gibbs energy difference is, ΔG = ΔH – T ΔS and ΔS = R ln w, 
where w is the number of configurations in the random model, R the 
Boltzmann constant, ΔH the formation enthalpy, T the temperature, ΔS 
the configurational entropy. The obtained free energies with respect to 
bulk Si for the contents of Si atoms segregated at 1000 K is included in 
Fig. 4a.

Fig. 4a shows that at 0 K, replacement of one Al adjacent to the 
outmost Ti atoms by Si at the interface costs 18meV, which is signifi
cantly lower than the cost of replacement of one Al by Si in the Al matrix 
(430meV) [29]. This means that the Ti-Si interaction has strongly 

reduced the energy cost of Si in Al. At the nucleation temperature (~933 
K, the melting point of Al) the configurational entropy contribution 
stabilizes the Si segregations. The calculations showed that the favored 
Si content at the casting temperature is around 25 at.% with respect to 
bulk Si (green diamonds in Fig. 4a).

We also used Si solute in Al matrix as reference in Equation 1 (filled 
black spheres, Fig. 4a). With respect to Si solute in Al matrix Si segre
gation at the l-Al/TiB2{0001} is strongly favored even at 0 K, in well 
agreement with the experimental finding where Si segregation at Al/ 
TiB2 interface has been readily observed during casting [11,12].

During casting, with temperature decreasing the liquid Al atoms 
adjacent to the substrate become more ordered as shown in our AIMD 
simulations (Fig. 1) and in the literature [6,7]. The high energy cost of 

Fig. 3. (a) Iso-surfaces of the electron-density distributions (ρ0(r)=0.04e/Å3) and (b) the Bader charges at the atomic sites for the Si segregated l-Al/TiB2{0001}AlSi 
interface. In (a) the yellow spheres represent the isosurfaces, blue regions higher electron density, white lower electron density.

Fig. 4. (a) Dependences of the free energies of the Si segregated Al{111}/TiB2{0001} interface at 0 K with respect to bulk Si (unfilled red spheres) and solute Si 
(filled black spheres) on Si content at the 1st AlSi layer according to Equation 1. The green diamonds represent the free energies of Si segregated interface at 1000K. 
The energy of Ti segregation (red unfilled squares) is included for comparison. (b) A schematic structure of the Si segregated Al{111}/TiB2{0001} interface in which 
the green spheres represent B, silvery Al, orange Ti and blue Si. The dotted lines in (a) are used to guide readers’ eyes.
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solute Si in solid Al forces the Si adjacent to the TiB2 substrate to move to 
lower potential positions. There are three possible sites for the Si 
atoms/ions to go: i) into the liquid; ii) to bulk Si nearby; and iii) to the 
layer adjacent to the TiB2 substrates with Ti terminations. The first 
choice is suitable for most Si, especially for those away from the sub
strate. In this way these Si atoms become solute atoms in front of grain 
growth, which affects grain refinement according to [30], i.e., causing 
growth restriction. The second choice is most unlikely as the formation 
of Si bulk requires time and nuclei nearby. The last choice is likely for Si 
atoms close to the substrate, resulting in Si segregation at the l-Al/TiB2 
interface. The content of segregated Si atoms depends on the Si con
centration in the liquid Al, i.e., the nominal Si concentration in a given 
Al-Si alloy. The segregated Si atoms may release the pre-existing Ti 
atoms in this layer (if there is any), reducing the nucleation potency of 
the TiB2 substrates [5]. The limitation of segregation for Si in the liquid 
near the substrates also explains the experimental observations about 
the minimum Si content for ‘Si poisoning’ of the Al-Ti-B refiners in Al-Si 
alloys [11,12].

There are a rich variety of solid particles in alloys, e.g. MgO in Mg 
alloys, Al3Ti and Al2O3 in Al alloys [6,16]. These particles may act as 
potential nucleation sites during solidification [6,16,17]. Recent ex
periments revealed segregation of impurities at oxide substrates [31], 
which modifies the nucleation potency of the substrates [32]. The 
mechanisms underlying the segregation of various impurities at the 
potential substrates and subsequent impacts on prenucleation deserve 
investigation for e.g. Al alloys scraps for recycling economy [33] and the 
present approach can be a useful tool.
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