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a b s t r a c t

Reactive synthesis of Ti5P3.16 crystals was firstly investigated in the AleTiePeC alloy and their effective
refinement on primary Si in AleSi alloys was also revealed. It was found that the Ti5P3.16 phase was
formed by the direct reaction of P atoms with TiC particles in Al melt. During the reaction process, P
atoms absorbed on TiC agglomerates and initiated the gradual phase decomposition, and then the
releasing Ti atoms combined surrounding P ones together to form Ti-P phase. Based on the TEM and SEM
characterization, it is identified that the Ti5P3.16 phase has an hexagonal close packed crystal lattice
structure and mainly displays a regular hexagonal prism morphology enclosed by six {10-10} facets and
two parallel {0001} ones. Furthermore, the AleTiePeC alloy containing the Ti5P3.16 particles showed an
efficient refinement performance on primary Si particles for hypereutectic AleSi alloy, whose average
size was reduced from 85 mm to 12.5 mm for A390 alloy. In order to reveal the refinement mechanism, the
evolution process of the Ti5P3.16 phase induced by Si atoms in the AleSi melt was carried out, indicating
that the Ti5P3.16 transformed into amounts of nano AlP particles with sizes of about 100e200 nm after
added into the melt. Then, these in-situ AlP particles with fresh interfaces distributed uniformly in the
melt and act as the effective heterogenous nuclei for the primary Si during the following solidification
process of AleSi melt with the decrease of the melt temperature, which leads to significantly refinement
of the microstructure of A390 alloys.

© 2018 Published by Elsevier B.V.
1. Introduction

AleSi alloys are the most widely used Al based casting alloys,
and constitute ~90% of all shape castings [1]. Hypereutectic AleSi
alloys as the appropriate material for pistons of gas engines have
been paid considerable attention due to their excellent wear and
corrosion resistance, low density, low coefficient of thermal
expansion and outstanding mechanical properties [2e4]. However,
the coarse and brittle primary Si in the hypereutectic AleSi alloys
can fracture within the soft Al matrix seriously leading to poor
mechanical properties. Therefore, the primary Si particles must be
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ndong University, No. 17923

xfliu@sdu.edu.cn (X. Liu).
refined to improve the mechanical properties of the alloys [5,6]. Up
to now, many studies have been carried out to develop effective
refiners and reveal the refinement mechanism to meet the
increased requirements of industry applications [7e13].

Primary Si can be refined by AlP phase, which is generally
accepted as the perfect nucleating site for Si due to its excellent
lattice match with Si [14e17]. Several kinds of AleP alloys con-
taining AlP phase have been widely applied to the AleSi alloys
because of the excellent refining performance [7,18,19]. AlP parti-
cles act as the direct nuclei of primary Si and then refines the pri-
mary Si during solidification process. It has been revealed that after
the AleP master alloy is added to the AleSi melt, the coarse AlP
particles can dissolve into the melt and new small sized AlP par-
ticles will re-precipitate during solidification, which exhibit higher
refining efficiency due to their finer size and fresh interface without
any foreign substance [24]. However, the refining efficiency of the
AleP master alloys needs to be improved further, due to the re-
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precipitation process of AlP is controlled by the equilibrium con-
stant of the dissolution reaction AlP/AlþP, leading to the low
refining efficiency. For the CueP master alloy, it is easy to fall down
to the bottom of the melt and precipitate due to its high density,
leading to unstable modification efficiency. Recently, it was found
that some other new master alloys such as AleZreP, AleSceP,
AleLaeP also had a good refinement effect on primary Si for the
near eutectic and hypereutectic multicomponent AleSi alloys
[8,10,20e22]. Also, the ZrP/ReP/ScP phase can react with Si and Al
atoms to form in-situ AlP particles in the AleSi melt [10,22,23].
However, the cost of those transition metals and rare earth ele-
ments is relatively high, which limits the wide application of these
refiners. Therefore, it is necessary to develop new refiners for AleSi
alloys with higher refining efficiency and lower cost.

It is well known that TiC as a kind of important ceramic material
has received increasing attention because of their excellent physical
and mechanical properties [25]. It is widely used as refractory
materials for cutting tools and wear resistant components, espe-
cially as reinforcing phase in composites [26,27]. AleTieC master
alloys containing TiC particles are also good grain refiners for Al
alloys, because TiC particles are effective nucleating substrates for
ɑ-Al grains during the solidification process [28,29]. However,
many studies have revealed that TiC particles are not very stable in
the Al melt. For example, Kenndy et al. [30] found that many Al4C3
particles were formed after the AleTiC composite were treated at
700 �C for 48 h. Furthermore, it is suggested that Si element can
accelerate the evolution process of TiC in Al melt [31]. If Si content
in the Al melt is above 30%, TiC directly reacted with Si and Al to
form SiC and TiAlxSiy phases [32]. In our previous researchwork, in-
situ SiC particles reinforced AleSi composited has been prepared
utilizing the structural evolution of TiC in the AleSi melt, which
overcoming the difficulties of the low solubility of C element in Al
melt and poor wettability between aluminum melt and graphite
[32]. It is also found that adding B element in the Al melt can induce
the phase transition from TiC to TiB2, and controlling the trans-
formation from TiC to TiB2 is found to be an effective method to
prepare small and uniform TiB2 particles [33,34].

In the view of this point, the instability of TiC in the Al melt and
its transition induced by certain alloying elements supply facile
routes to prepare new materials. It is noticed that Al, Si and B have
some similarities with C in the periodic table of the elements, and P
is also a near neighbor element of C. Thus, it is necessary to reveal
the influence of P on the instability of TiC in the Al melt. In the
present study, the transition behavior of TiC in AleP melt and
reactive synthesis of the Ti5P3.16 crystals has been firstly studied.
Then, a new AleTiePeC alloy containing the Ti5P3.16 phase was
successfully fabricated utilizing the reaction between TiC particles
and P atoms. The synthesis process was also revealed based on the
crystal morphology evolution of Ti5P3.16 during the reaction using a
particle extraction method. The application of the AleTiePeC
master alloy on the refinement of the primary Si in A390 alloy was
evaluated. Furthermore, the refinement mechanism was also
analyzed based on the transition behavior of the Ti5P3.16 in AleSi
melt.

2. Experimental procedures

2.1. Preparation of AleTiePeC master alloy

Commercial pure Al (99.7%, all compositions quoted in this work
are in wt. % unless otherwise stated), pure Ti (99.9%), Ale4Tie1C
(i.e. Ale5TiC) alloy, Ale3B alloy, Ale3.5P alloy were used in this
experiment. The latter three alloys were supplied by Shandong Al&
Mg Melt Technology Co. Ltd. Firstly, Ale3.5P master alloy was
melted in clay-bonded graphite using 25 kW medium frequency
induction furnaces. The melts were held for 15min after adding
certain amounts of pure Ti, Ale4Tie1C and Ale3Bmaster alloys at a
temperature of about 1300e1400 �C. Thus, a novel
Ale8Tie2.5Pe0.5C master alloy with trace B was obtained. The
purpose of adding pure Ti and AleB was to promote the reaction of
TiC and P in the melt. Subsequently, the melts were poured into a
“U” type permanent mould.

2.2. Refinement tests of AleTiePeC master alloy on A390 alloy

The refinement tests were carried out on A390 alloy supplied by
Shandong Al & Mg Melt Technology Co. Ltd and the composition
was listed in Table 1. Firstly, A390 alloy was melted in a clay bonded
graphite crucible heated by an 25 kWmedium frequency induction
furnace at 780 �C and the melt was degassed with C2Cl6 for 15min.
Then, Ale8Tie2.5Pe0.5C and Ale3.5P master alloy were added into
the melt with an addition of 1.5% and 1.0%, respectively. After
holding for different times (5min, 10min, 15min, 40min, 90min),
the melt was poured into a pre-heated mould (150 �C,
70mm� 35mm� 20mm). For comparison, another group sam-
ples without P additionwere also prepared by the samemethod. All
samples of A390 alloys were poured into the same cast-iron mould
at the same casting temperature and subjected to the same cooling
rates. The composition of the A390 alloys after refined by the above
two master alloys holding for 60min were also detected and listed
in Table 1, indicating that the experimental levels of P in the refined
A390 alloys are the same within the margin of error.

2.3. Extraction of Ti-P crystals from AleTiePeC master alloy

In order to clearly observe the crystal morphologies of phases in
the Ale8Tie2.5Pe0.5C master alloy, the bulk samples were dis-
solved in a 10 vol % HCledistilled water solution to remove the Al
matrix. Then, the solutions containing the remaining particles were
centrifuged by a centrifugal extractor. After that, the collected
sedimented particles were rinsed with distilled water and ethanol
for several times and then desiccated for further scanning electron
microscope and transmission electronmicroscope characterization.

2.4. Characterization of the macrostructures of A390 alloy

Metallographic specimens of A390 alloys were cut from the
centre part of the casting samples, then mechanically ground and
polished with the nano-diamond powder. The average size of the
primary Si particles was calculated using the Image-Pro software
based on the macrostructure images taken by a high scope video
microscope (HSVM, KHe2200), and a least 10 different metallo-
graphic specimens were used. Firstly, 30 primary Si particles were
chosen and the average area of these particles was measured by the
software. Then, the equivalent average size of primary Si particles
was determined by the following formula:

d ¼ 2*
ffiffiffiffiffiffiffiffiffi
A=p

p
(1)

where A is the average area of primary Si calculated by the software.

2.5. Characterization of microstructures of the alloys and the
extracted particles

Phases analysis of the alloys and the extracted Ti-P particles was
performed by X-ray diffraction (XRD) recorded on a Rigaku D/max-
rB diffractometer equipped with Cu Ka radiation (l¼ 1.5418Å). The
microstructure, the morphologies and chemical compositions of
the particles were investigated by field emission scanning electron
microscope [SEM, Quanta 250F, operated at 15 KV equipped with



Table 1
Chemical composition of A390 alloys (wt.%).

Samples Si Cu Mg Fe Zn Ti P Al

A390 17.21 4.58 0.52 0.11 <0.001 0.003 <0.0001 Bal.
A390 þ 1.5%Al-8Ti-2.5P-0.5C 17.15 4.45 0.51 0.16 <0.001 0.081 0.209 Bal.
A390 þ 1% A-3.5P 17.26 4.51 0.55 0.16 <0.001 0.005 0.203 Bal.
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energy-dispersive X-ray spectroscopy (EDS)]. The crystal structure
of the Ti5P3.16 particles was characterized directly by transmission
electron microscope (TEM, Tecnai20, operated at 200 KV).
3. Results and discussion

3.1. Reactive synthesis of Ti5P3.16 in AleTiePeC melt

Fig. 1 shows the XRD patterns of the Ale3.5P, Ale4Tie1C,
Ale8Tie2.5Pe0.5C master alloy and the extracted particles from
the last one, respectively. As shown in Fig. 1(a) and (b), it indicates
that AlP and TiC phases are contained in the Al matrix of Ale3.5P
and Ale4Tie1C alloy, respectively. However, the peaks of TiC and
AlP phases disappear after the AleTieC added into the AleP alloy as
illustrated in Fig. 1(c), and then TiAl3 and Ti5P3.16 phases are
generated in the AleTiePeC alloy indicating that the phase trans-
formation of TiC occurred after added into the AlePmelt. According
to the XRD patterns shown in Fig. 1(d), it can be found that the
characteristic peaks match well with the JCPDS card (No. 73-1816,
Hexagonal Ti5P3.16 with a lattice constant a¼ 0.7222 nm,
c¼ 0.5093 nm), which indicates that large amount of Ti5P3.16 par-
ticles were successfully synthesized under the present experi-
mental conditions. Besides, a small amount of TiC and TiB2 phases
are also retained in the alloys. Based on the interplaner spacing
value detected in diffraction peaks, the lattice parameters a and c
can be calculated using the following formula:

d ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4
3

�
h2 þ hkþ k2

��
a2 þ l2�c2

q (2)

where d is the interplaner spacing, h, k and l are indices of the
crystallographic planes. Using the values of h, k, l and d corre-
sponding to diffraction peaks of Ti-P particles, the parameters a and
c can be obtained. The calculated parameters of a and c are
Fig. 1. XRD patterns for the alloys: (a) Ale3.5P; (b) Ale4Tie1C; (c) Ale8Tie2.5Pe0.5C;
(d) extracted particles from (c).
0.7292 nm and 0.5096 nm, respectively. Compared with the stan-
dard data for Ti5P3.16 mentioned above, it can be found that the
values of a and c are slightly increased for the received Ti5P3.16.

Typical microstructure of the Ale4Tie1C master alloy is illus-
trated in Fig. 2(a) and amounts of TiC particles with sizes of about
0.5e3 mmwere uniformly distributed in the Al matrix. As shown in
Fig. 2(b), it can be seen that the phases in the matrix of AleTiePeC
master alloy present two different morphologieseblock-like and
plate-like. According to the EDS patterns, the plate-like phase can
be identified as TiAl3. Meanwhile, the light block-like particle of
10e20 mm in size containing Ti and P elements is confirmed to be
Ti5P3.16 (Fig. 2(c and d)). Besides, a small amount of dark AlP par-
ticles with 3e5 mm in size can be seen in the Al matrix indicated by
the arrow, which are the residual particles from AleP alloy. Thus,
AlP peaks are not shown obviously because of the relatively low
content.While, the excess P content is benefit to the transformation
from TiC to Ti5P3.16. It is noticed from Fig. 2(c) that the flakes
adhering to Ti5P3.16 particles are also TiAl3 phase, and some TiC and
TiB2 particles with sizes about 0.5e2 mm can be seen in the matrix.
3.2. Crystal morphology of Ti5P3.16 particles

Fig. 3 shows the three-dimensional crystal morphologies of the
particles extracted from the AleTiePeC alloy. It can be seen that
most of the particles are regular hexagonal prisms as shown in
Fig. 3(a and b). The length of the basal plane of these hexagonal
prisms ranged from 5 to 15 mm and the height ranged from 10 to
20 mm. According to the EDS patterns for a typical prism (Fig. 3(a)
and (c)), it proves that the hexagonal shape particles are Ti5P3.16. It
is also noted that the C peak also appears, and it is considered that a
trace amount of C atoms may be remained in the interstitial sites of
Ti5P3.16 and some C impurity atoms from the SEM beam deposited
on the particle surface, leading to the increase of C content. Fig. 4
illustrate the HRTEM images of a hexagonal Ti5P3.16 platelet and
the corresponding selected-area electron diffraction (SAED) ob-
tained by directing the electron beam perpendicular to one of the
basal planes. Calculation from the lattice image of Fig. 4(b) shows
that the interplaner crystal distance is ~0.313 nm, which corre-
sponds to the crystal plane (2 0-2 0) of Ti5P3.16. The SAED patterns
with [0001] axis as shown in the inset of Fig. 4(b) indicate that the
Ti5P3.16 hexagonal platelet has a typical h.c.p crystal lattice struc-
ture and displays the hexagonal prism morphology with two par-
allel {0001} facets and six {10-10} ones.
3.3. Formation process of the Ti5P3.16 in the AleTiePeC alloy

The FESEM images shown in Fig. 5 provide clear information
about the typical morphologies at different growth stages of TieP
phase in the AleTiePeC alloy. As shown in Fig. 5(a), it shows that
lots of TiC particles are agglomerated to form compacted clusters
and some individual TiC hexagonal plates also exist as shown in the
inset of Fig. 5(a). According to the EDS patterns of point A shown in
Fig. 5(e), it can be seen that trace P atoms absorbed on the TiC
agglomeration at the initial stage. It is believed that the trans-
formation started after increased more P atoms diffuse into the
crystal structure of TiC. As shown in Fig. 5(b), it is a typical



Fig. 2. FESEM micrographs of the prepared master alloys: (a) SEI image of the Ale4Tie1C showing the morphology and distribution of TiC particles; (b) SEI images of the
Ale8Tie2.5Pe0.5C indicating the distribution of the phases; (c) higher magnification revealing the morphology and size of Ti5P3.16; (d) EDS spectra of corresponding area in (c).

Fig. 3. Typical morphologies of the extracted particles from AleTiePeC master alloy: (aeb) SEI images of Ti5P3.16; (c) the corresponding EDS analysis for point A in set of (a).
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morphology during the transition state with a half TiC agglomer-
ates and the other half Ti-P phase. It is proposed that the absorption
and accumulation of P atoms promoted the transition from TiC to
Ti-P phase. With the gradual proceeding of the phase evolution,
more P atoms diffused into the interstitial structure of TiC and then
the C atoms diffused out. According to the EDS point analysis as
shown in Fig. 5(e)-(g), it is clearly observed that the concentration
of P in the particles increased gradually. Based on the above anal-
ysis, it is proposed that the following reaction occurred.

TiC(s)þ[P]þ Al(l)/Ti-P(s)þAl4C3(s) (3)

It is worthwhile to note that some hollows can be observed on
the Ti-P phase at the transition state. According to the crystal
growth study on the intermetallic compounds in the literatures,
hopper is typical characteristic during the crystal growth and
morphology evolution process [35e37]. It is considered that the
hopper growth began much earlier due to the cooling rate being
low and therefore it is usually formed at the early growth stage as
evidenced by Fig. 5(c). With time prolonged, to reduce the total
surface energy of the hole crystal, the base of the hopper will be
gradually filled by the slower growing facets as shown in Fig. 5(c)
and then a complete hexagonal crystal of Ti-P phase is formed
(Fig. 3(b)). Actually, the growing rates of each facets are influenced
by many factors, especially the specific surface energy of each
crystal plane for the Ti-P phases and the solute elements in the



Fig. 4. TEM analysis of extracted Ti5P3.16 crystal: (a) morphology; (b) corresponding SAED pattern and lattice image.
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melt, which needs to be addressed in detail in the future
investigation.

Because the preformed TiC particles usually agglomerated with
a size larger than 5 mm, the Ti-P crystal also has a size larger than
10 mm. From this point of view, it may be a facile method to control
the size of Ti-P crystals by reducing the size and agglomeration of
TiC particles. It is also noted that a residual TiC hexagonal platelet
embedded on the surface of the Ti-P crystal as shown by the arrow
in Fig. 5(d). According to the EDS patterns of the hexagonal crystal
as illustrated in Fig. 5(h), it was further confirmed to be the Ti5P3.16.
3.4. Application of AleTiePeC master alloy on Si refinement of
A390 alloy

Refinement tests were carried out to evaluate the refinement
efficiency of the AleTiePeC master alloy bearing Ti5P3.16 on hy-
pereutectic AleSi alloys. Fig. 6(aed) show the as-cast microstruc-
tures of A390 alloys without and with the addition of 1.5%
Ale8Tie2.5Pe0.5C master alloy (P addition about 209 ppm).
Meanwhile, the refining efficiency of AleTiePeC master alloy is
compared with that of AleP master alloy (Fig. 6(e)-(h)). As illus-
trated in Fig. 6(a), the average grain size of coarse primary Si in
unrefined A390 alloys is about 85 mm. The AleTiePeC master alloy
leads to a significant increase in the number density of primary Si
and a drastic decrease of the size of primary Si after holding for only
5min as shown in Fig. 6(b). Therefore, A390 alloys have shown a
fast refinement response to the addition of AleTiePeC master
alloy. When the holding time was increased to 15min, primary Si
particles were refined further as illustrated in Fig. 6(c) and the good
refinement was also obtained even at 90min holding (Fig. 6(d)),
indicating that the AleTiePeC master alloy behaves a good fading
resistance. It is noted that the microstructure of eutectic Si in the Al
matrix is significantly refined as well. Compared with the grain
refining efficiency of AleP master alloy with the P addition of about
203 ppm as shown in Fig. 6(e)-(f), it can be seen that the
AleTiePeC master alloy shows a higher refining efficiency and the
average size of primary Si particles is much smaller. Compared with
the commonly used CueP master alloy [38], the AleTiePeC master
alloy also shows a much better grain refinement performance.

Fig. 7 definitely illustrates the variation trend of the average size
of the primary Si particles as the holding time. It shows that the
average grain size of primary Si is evidently reduced from about
85 mm to nearly 18.5 mmwhen 1.5% Ale8Tie2.5Pe0.5C master alloy
is added after holding for 5min. With an increased holding time to
15min, the average size of primary Si is further reduced to 12.5 mm
due to the increasedmore nucleating sites were formed in themelt.
With time prolonged to 90min, the good grain refining perfor-
mance can be kept as well, indicating that the master alloy behaves
a good fading resistance. After adding 1% Ale3.5P master alloy, the
smallest average particle size of primary Si is about 20 mm obtained
after holding for 15min. Compared with the refining curve of the
AleP master alloy, the average particle size of primary Si refined by
the AleTiePeC master alloy is much smaller and a higher refining
efficiency is obtained. Furthermore, it can be concluded that the
AleTiePeC master alloy refines primary Si particles more quickly
and more stable than the AleP alloy.

Fig. 8 shows the SEI images of A390 alloys refined by the
AleTiePeC master alloy and three kinds of phasesdblack primary
Si, eutectic Si and white Cu-rich phasedcan be seen in the Al
matrix. It is clear that the average size of primary Si particles
decreased dramatically after 15min holding as shown in Fig. 8(a)
and the good refinement performance can be kept with the in-
crease of holding time for 40min as shown in Fig. 8(b). Therefore, it
can be concluded that the new AleTiePeC master alloy is a highly
efficient refiner for hypereutectic AleSi alloys with good fading
resistance. It is noticed that a dark phase was often observed in the
centre of primary Si particles and the typical example is marked by
yellow arrow in Fig. 8, which has been investigated and is believed
to be AlP in our previous study [12].
3.5. Refinement mechanism of primary Si by Ti5P3.16 phase

Why does AleTiePeC master alloy containing Ti5P3.16 phase
display the good refinement performance on A390 alloys? Up to
now, there is no literature about the synthesis of Ti5P3.16 phase in
the AleTieP alloy and its refinement mechanism on the primary Si
phase. It was reported that ZrP could react with Si atom clusters in
the Almelt to form AlP particles [9], and then the AlP particles acted
as good nucleating substrates for primary Si during solidification
[15,39].

In order to explore the phase evolution of Ti5P3.16 and its
refinement mechanism on primary Si, 15% Si was added into the
AleTiePeC master alloy. Compared the microstructures of
AleTiePeCeSi shown in Fig. 9(a and b) and those of AleTiePeC
shown in Fig. 2(b), it can be seen that most of Ti5P3.16 particles
disappear and two new phases appeared in the Al matrix after the
addition of Si. According to the EDS analysis in Fig. 9(c), the large
blocky phase contained Al, Ti and Si elements is likely to be a
(Al,Ti,Si) phase, and the dark phase adhered to the (Al,Ti,Si) phase
contained Al, P and O. It has been demonstrated that the distribu-
tion of O is likely to correspond with the P distribution, which
appears to be due to a rapid-oxidation event of the P-rich particle



Fig. 5. Typical morphologies of Ti-P phase at different growing stage in the AleTiePeC system: (a) TiC agglomerates; (b,c) transition states of Ti-P phase; (d) hexagonal Ti5P3.16 with
hopper; (eeh) EDS patterns for points A-D.
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[40]. As we know, AlP is unstable in air during sample preparation
and reacts with water as follows:

AlP(s)þ3H2O(g) / Al(OH)3(s) þPH3(g) (4)

Therefore, it is reasonable to believe that the dark phase is the
hydrolyzed AlP particle. The released P from the Ti-P phase will
combine with surrounding Al atoms and form large AlP particles
due to the very low solubility of P in the Al matrix. Based on the
above analysis, it is deduced that the phase transition of Ti5P3.16 is
induced by the Si atoms and the reaction can be described as
follows:

Ti5P3.16(s) þ [Si] þAl(l) / (Al, Ti, Si)(s) þAlP(s) (5)

Furthermore, Fig. 10 shows a typical microstructure of the
transition zone surrounding the Ti5P3.16 particle. The white Ti5P3.16
particle in the centre was doped with trace Si atoms as shown in
Fig. 10(b), while the gray coral-like phase surrounding the centre
particle was the (Al,Ti,Si) phase. It is obvious that the transition
started from the outer interface and then proceeded gradually to
the centre part. It is worthy to note that the black nano AlP particles
with sizes about 100e200 nm are embedded in the (Al,Ti,Si) phase.
Therefore, it is considered that after the AleTiePeC master alloy is
added into A390melt, Si atoms will induce the gradual transition of
the Ti-P phase along with the formation of amounts of nano AlP
particles.

Based on the above discussion, a diffusion controlled model is
proposed to illustrate the phase transition processes of Ti5P3.16
phase in the AleSi melt as shown in Fig. 11. After Si is added in the
AleTiePeC melt, Si atoms dissolve in the Al melt firstly and then
absorb on the surface of Ti5P3.16 particles. When more Si atoms



Fig. 6. Typical microstructures of A390 alloy before and after refinement: (a, e) unrefined; (bed) adding 1.5% Ale8Tie2.5Pe0.5C master alloy at 780 �C with 5, 15 and 90min
holding, respectively; (feh) adding 1% Ale3.5P master alloy at 780 �C with 5, 15 and 90min holding.

Fig. 7. Refining performances of AleTiePeC and AleP master alloys on primary Si in
A390 alloys.
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diffuse towards and aggregate on the surface, the solid-liquid re-
action between Ti5P3.16 phase and Si atoms starts from the out layer,
and then (Al,Ti,Si) phase forms surrounding the Ti-P particles as
shown in Fig. 11(b). Because the solubility of P in the Al melt is very
low [41], the released P atoms will directly combine with Al atoms
to form nano sized AlP particles. Therefore, it is believed that the
entire reaction process is controlled by the gradual diffusion of Si
Fig. 8. The microstructures of A390 alloy refined by the AleTiePeC master alloy at a highe
and Al atoms in the Ti-P phase from the outer layer to the inner
part. Finally, after debonding from reaction interface, AlP particles
and (Al,Ti,Si) compounds grow up and then distribute evenly in
matrix as shown in Fig. 11(c).

Crystallization nuclei of primary Si refined by the AleTiePeC
master alloy were analyzed as shown in Fig. 12(a). Due to the
hydrolyzation of the AlP particles, it is often very difficult to obtain
the direct nuclei of primary Si. Herein, the elemental mapping
analysis was carried out on the whole surface of the primary Si as
shown in Fig. 12(a). Although no visible particle appears on the
surface, the EDS elemental mapping patterns (Fig. 12(bed)) proves
that a phase containing Al and P was located in the inner centre of
the Si particles. Furthermore, the EDS point analysis (Fig. 12(e)) also
shows that the P: Al atomic ratio of the phase is about 1:1. Thus, it
can be concluded that the nucleus is AlP, due to that primary Si
nucleates heterogeneously on the solid AlP particles with a cube-
cube orientation relationship for they are both diamond cubic
with similar lattice parameters [14,38]. Therefore, it can be
concluded that the Si atoms induced the phase transition from
Ti5P3.16 to AlP in Al melt, and then these in-situ AlP particles can act
as the highly efficient heterogeneous nucleating sites for the pri-
mary Si during the solidification process.

It is known that P content in normal commercial-purity AleSi
alloys is often less than 10 ppm [42,43]. When the value of P level
in the melt is low, the number of AlP particles acting as potent
nucleants will be limited in the melt and then primary Si particles
cannot be refined effectively. Therefore, it has an optimum content
for P to obtain an effective refinement for primary Si in AleSi melt.
It is found that the effective refinement can be obtained when P
r magnification: (a, b) the SEI images after holding for 15min and 40min, respectively.



Fig. 9. Microstructures of Ale8Tie2.5Pe0.5Ce15Si alloy: (aeb) SEI images; (ced) EDS patterns of Point 1 and 3.

Fig. 10. Typical microstructure surrounding Ti5P3.16 particles in Ale8Tie2.5Pe0.5Ce15Si system: (a) SEI image; (b) EDS Patterns of point 1.

Fig. 11. Schematic illustration of the evolution processes of Ti5P3.16 phase in AleSi melt.
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content in the melt is above 100 ppm. Due to the P loss during the
casting, the addition of P should be more than 200 ppm.

According to the literatures [44,45], it is known that the
morphology, size, interface, distribution and quantity of the
nucleant particles have major impacts on the grain refining effi-
ciency. With increase of the quantity, decrease of the size and
improvement of the interface of the nucleation particles, the
refining efficiency will be better. Most of the added AlP particles in
themaster alloy or in-situ formed in themelt are single crystals and
will be uniformly distributed in the AleSi melt. Therefore, only one
dark AlP phase was observed at the centre of primary Si particles in
the present experiment condition. When P content is increased to
some extent, few AlP particles may be agglomerated into particle
clusters to act as nuclei, which were not observed in the
experiment.

Fig. 13 (a) shows a microstructure of Ale3.5P master alloy and
most of the AlP particles have an average size larger than 20 mm.
Due to the oxidation of AlP in air, the element O is also detected as



Fig. 12. Microstructure and elemental mapping micrographs for primary Si in A390 alloys refined by AleTiePeC master alloy: (a) SEI image, (bed) mapping micrographs for Si, Al
and P elements, (e) EDS patterns of point A.
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shown in Fig. 13(b). After the AleP alloy added into the AleSi melt,
the pre-exist AlP particles gradually start to dissolve and smaller
sized in-situ AlP will precipitated with the temperature decreasing
during solidification. However, due to the lower solubility of P, the
re-precipitation process is restricted by the equilibrium constant of
the dissolution reaction AlP(s)/[Al] þ[ P], and a large quantity of
AlP particles cannot dissolved in the melt, which leads to the
reduced number of effective nucleating site [18]. Furthermore, the
solubility and precipitation of AlP in AleSi melts were studied with
a temperature controlled filtration technique, indicating that it
would take a very long time about more than 20 h to reach the P
equilibrium solute concentration [38]. Therefore, the number of
effective nucleating AlP substrates for primary Si is limited after the
AleP alloys added into the AleSi melt and the nucleation rate is
relatively low.

In comparison, after the AleTiePeC alloy added into the AleSi
melt, the transformation reaction of Ti5P3.16 will be induced
Fig. 13. Microstructure of Ale3.5P master all
rapidly by Si atoms in the melt and then amounts of nano and sub-
micron sized AlP nucleating particles with fresh interface will
formed in a short time. With the temperature decreasing during
solidification, these in-situ AlP particles will act as the nucleating
substrates for the primary Si. A large number of efficient nuclei are
available for the primary Si, so the quantity of the primary Si in-
creases significantly, and accordingly the size decrease. The
nucleation rate of the AleTiePeC master alloy is promoted due to
the increased nucleating sites, leading to the improvement of the
refining efficiency. In addition, it has been mentioned in Fig. 2 that
small amount of TiC and TiB2 particles are also remained in the
master alloy, which are proved to have a favorable effect on the
improvement of the phosphorous modification efficiency in the
previous study [46e49]. It is found that TiB2 particles are the good
nucleation substrate for AlP compound and the trace addition of TiC
particles can significantly increase the absorptivity of P in the melt,
greatly improving the modification effect [46,47]. Therefore, the
oy (a) and EDS point analysis of AlP (b).
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AleTiePeC mater alloy behaves a better refinement performance
on the A390 alloy than the AleP alloy and is a promising refiner for
the hypereutectic AleSi alloys.

4. Conclusions

In this work, the reactive synthesis of Ti5P3.16 particles in the
AleTiePeC alloy and it is application on refinement of the primary
Si particles in the AleSi alloys have been systematically studied. The
main results are summarized as follows:

(1) The Ti5P3.16 phase was formed by the solid-liquid reaction of
TiC particles with solute P atoms. During the reaction pro-
cess, P atoms absorbed on the surface of the TiC particles
firstly and initiated their gradual decomposition, and then P
and Ti atoms combined together to form the Ti-P phase. The
Ti5P3.16 phase has an hexagonal close packed crystal lattice
structure and mainly displays the regular hexagonal prism
morphology enclosed by six {10-10} facets and two parallel
{0001} facets.

(2) The AleTiePeC master alloys containing Ti5P3.16 phase dis-
played a better and more stable refining performance on the
primary Si particles in the A390 alloy, compared with the
AleP alloys. The average size of the primary Si particles was
dramatically reduced from 85 mm to 12.5 mm by the addition
of 1.5% Ale8Tie2.5Pe0.5C master alloy.

(3) The refinement mechanism of the primary Si can be revealed
based on the phase transition behavior of the Ti5P3.16 in the
AleSi melt. It is believed that Si atoms diffuse towards the
Ti5P3.16 surface and induce the gradual transformation along
with the formation of amounts of nano and sub-micron AlP
particles, which will be the efficient heterogenous nuclei for
the primary Si. Because the transformation process will not
be limited by the equilibrium constant of the dissolution and
precipitation reaction of AlP in the AleP master alloy, a
smaller primary Si size can be obtained for the AleTiePeC
master alloy.
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