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a b s t r a c t

In this article, a novel Al–6Zr–2P master alloy with ZrP particles was successfully synthesized. Field-
emission scanning electron microscope (FESEM) observation on the phases extracted from the master
alloy showed flaky ZrAl3 phase adheres to the ZrP particles, indicating ZrP phase would precipitate firstly
in the solidification process and then the ZrAl3 phase attaches to the pre-formed ZrP particles and grows.
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The reason for the excellent refining performance of Al–6Zr–2P master alloy was that Si clusters could
promote the transformation of ZrP to AlP and subsequently AlP acts as the heterogeneous nucleation
sites of primary Si phase.

© 2010 Elsevier B.V. All rights reserved.
icrostructure
hase transformation

. Introduction

Considerable efforts have been devoted to the development
f hypereutectic Al–Si alloys, due to their excellent wear and
orrosion resistance, lower density, higher thermal stability and
utstanding mechanical properties [1–3]. However, primary Si
xhibits rather irregular morphologies such as coarse platelet and
olygon, which have detrimental effects on the mechanical proper-
ies of hypereutectic Al–Si alloys. Therefore, these Si precipitations

ust be effectively refined. Many researches have focused on the
mprovement of refiners to meet the requirements of environ-

ental protection and industry applications. Phosphorus is well
ccepted as one of the most effective refiners of primary Si at the
ddition level of a few hundred parts per million (ppm), which
an be traced back to the patent by Sterner and Rainer in 1933
4]. It is well established that P is generally used due to the AlP
articles formed in the melt, which is zinc–blende structure with

attice parameter a = 0.545 nm [5]. According to the literatures
6–8], Si can nucleate heterogeneously on a substrate of AlP with
cube–cube orientation relationship and solidify to form a faceted
i particle due to the very similar parameters with AlP. At present,
hosphorus is added into the alloy melt mainly in the form of mas-

er alloys due to their simplicity, such as Cu–P, Al–Cu–P, Al–Fe–P
nd Al–Si–P master alloys [9–14].

During the past decades, borides, carbides and nitrides of tran-
ition metals have been widely studied. Only a few investigations
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of the phosphides have been done, although some phosphides have
some good physical and chemical properties. For example, ZrP are
such transition metal phosphides, which are of much interest in
view of its high chemical and thermodynamic stability even at
elevated temperatures [15–21]. ZrP shows relatively strong cor-
rosion resistance of acid solutions, for example Hydrochloride.
Meanwhile, the decomposition temperature of ZrP is up to 1000 K
[15,19–20] and ZrP in the NaCl structure has been observed to be
superconducting with transition temperatures up to 5 K [21].

In chemistry, a phosphide is a compound of phosphorus with
a less electronegative element or elements, and many transition
metals can react with phosphorus to form various stoichiometry
phosphides. However, this is not necessarily the case in Al-based
alloy. In this study, a new type of Al-based master alloy – ternary
Al–6Zr–2P master alloy has been successfully developed in which
P takes the form of ZrP particles. Meanwhile, the refining perfor-
mance of new master alloy on the hypereutectic Al–Si alloys was
investigated and refinement mechanism was also discussed.

2. Experimental procedures

The commercial pure Zr and binary Al–3.5P master alloy were used to prepare
the novel Al–6Zr–2P master alloy in high-temperature melting furnace (all compo-
sition quoted in this work are in wt.% unless otherwise stated). The binary Al–3.5P
master alloy was firstly melted, and then pure Zr was added into the melt. After hold-
ing at 1450–1600 ◦C for about 20 min, the melt was poured to obtain an ingot. The
base alloy used in refining experiment was hypereutectic A390 alloy which was pre-

pared with commercial purity Al (99.85%), Si (99.5%) and other commercial purity
elements using a medium frequency induction furnace. The refining treatment of
A390 alloys was as follows: after the A390 alloy was melted at 780 ◦C, the melt was
degassed with C2Cl6 for 15 min; subsequently, the refining treatment was carried
out with the addition of 1.5 wt.% Al–6Zr–2P master alloy. After different holding
time, the melt was poured into a permanent mould (70 mm × 35 mm × 20 mm) pre-
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ig. 1. Pattern dimensions of the pouring mould used in grain refining tests: (a)
ectional view and (b) vertical view.

eated to 150 ◦C. The pouring mold used in the refining treatments is illustrated in
ig. 1.

Metallographic specimens of A390 alloys were cut from the intermediate
ortion of the casting samples, then mechanically ground and polished through stan-

ard routines. The mean size of primary Si was measured from photomicrographs,
veraging at least 10 areas of metallographic specimens, and in each area about 10
rimary Si particles were chosen. In order to further investigate the microstruc-
ure of Al–6Zr–2P master alloy, the compound particles were obtained by using the
xtraction technology. The specific operating procedures of the extraction treatment
ere as follows: first, the specimens of Al–6Zr–2P master alloy were etched with cer-

ig. 2. XRD patterns and FESEM micrographs of ternary Al–6Zr–2P master alloy: (a) XR
aster alloy system.
mpounds 503 (2010) L26–L30 L27

tain concentration of hydrochloric acid solution; after the alloys were dissolved, the
particles were collected using centrifugal extractor and rinsed with distilled water
and ethanol for several times and then desiccated. Subsequently, the phase composi-
tions were identified by X-ray diffraction (XRD) and the microstructure analysis was
carried out by FESEM equipped with energy dispersive X-ray spectrometer (EDS).

3. Results and discussion

The XRD pattern of Al–6Zr–2P master alloy is shown in Fig. 2(a).
According to the XRD pattern, the Al–6Zr–2P master alloy is com-
posed of �-Al, ZrAl3 and ZrP phases. Irani and Gingerich reported
that when ZrP is heated above 1425 ◦C, it would undergo a hexag-
onal (h) to cubic (c) phase transition [16]. Under the present
conditions in fabrication process, ZrP exhibits only the cubic form,
which can be demonstrated by the XRD pattern mentioned above.
The diffraction line exhibits peaks at 29.3◦, 34.0◦ and 48.8◦ corre-
sponding respectively to the (1 1 1), (2 0 0) and (2 2 0) reflections of
face-centered cubic (fcc) ZrP. The reason for the only cubic ZrP for-
mation appears most likely that the high-temperature cubic phases
of ZrP are nucleated first and then quenched rapidly before the
cubic phase can convert to the low-temperature hexagonal phase
[16].

Typical FESEM photomicrographs of the Al–6Zr–2P master alloy
have been illustrated in Fig. 2(b) and (c). As revealed in Fig. 2(b),
there are two phases in the grayish �-Al matrix. According to EDS
analysis, the coarse flaky-shaped phase can be identified as ZrAl3
with an average composition of ZrAl2.81. Meanwhile, the regular
blocky phase with about 10 �m in size is a compound containing
elements of Zr and P, and can be deduced to be cubic ZrP. Fig. 2(c)

shows the representative FESEM image of the extracted ZrP grain,
which presents the cubic three-dimensional morphologies clearly.
As shown in Fig. 2(d), the flakes adhering to ZrP particles are the
ZrAl3 phase. Therefore, it can be deduced that the ZrP phase would
precipitate firstly in the solidification process of Al–6Zr–2P system,

D patterns; (b) microstructure; (c and d) the images of phases extracted from the
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ig. 3. TEM analysis for the grains extracted from the Al–6Zr–2P master alloy: (a an
nd d) the morphology and the corresponding SAED pattern of ZrAl3 in zone axis of

nd then the ZrAl3 phase would separate on the pre-formed ZrP
articles and subsequently grow.

Fig. 3 shows the TEM analysis for the ZrP and ZrAl3 grains
xtracted from the Al–6Zr–2P master alloy. The corresponding
elected-area electron diffraction (SAED) patterns of ZrP [1 1 1]
one axis and ZrAl3 [0 0 1] zone axis are shown in Fig. 3(b) and
d) respectively.

Refining tests were carried out to quantify the refining perfor-
ance of the new Al–6Zr–2P master alloy. Fig. 4 shows the typical
icrostructures of A390 alloys unrefined and refined by 1.5 wt.%
l–6Zr–2P master alloy. As illustrated in Fig. 4(a), the primary Si

n unrefined A390 alloys presents irregular morphologies with an
verage size of 95.5 �m. As evident in Fig. 4(b), A390 alloys have
hown fast grain refinement response to the addition of the new
aster alloy, with average size of primary Si significantly decreas-

ng to 18.3 �m even holding for only 15 min. At the holding time of
0 min, the average size of primary Si is about 17.7 �m (standard
eviation: 1.77 �m), indicating that the new developed Al–6Zr–2P
aster alloy is a high efficient refiner with a good fading resistance.
The reason for the excellent refining performance of Al–6Zr–2P

aster alloy with pre-formed ZrP particles is a question that needs

o be addressed. Some elements might have the influence on the ZrP
hase and promote the transformation from ZrP to AlP which is an

deal heterogeneous nucleation of primary Si [6–8]. The hypereu-
ectic A390 alloy used in the refining experiment mainly consist
f 17.5% Si, 4.5% Cu, 0.5% Mg and balance Al. Among these ele-
e morphology and the corresponding SAED pattern of ZrP in zone axis of [1 1 1]; (c
].

ments, Si as the major alloying element was taken into account
to investigate its influence on the ZrP particles due to its relatively
active reaction with Zr. Subsequently, different amounts of Si were
introduced into the Al–Zr–P system, and the corresponding XRD
patterns were shown in Fig. 5(a). Quite different from that of ternary
Al–6Zr–2P alloy, the diffraction reflections of ZrAl3 are not observed
on the XRD patterns of quaternary Al–Si–Zr–P systems, meanwhile
the diffraction intensity of ZrP phase remarkably weakens with
the increase of Si content. Furthermore, XRD patterns reveal the
presence of two Zr-rich phases: ZrSi (orthorhombic, Cmcm, a =
0.376 nm, b = 0.992 nm, c = 0.375 nm) and ZrSi2 (orthorhombic,
Cmcm, a = 0.372 nm, b = 1.461 nm, c = 0.367 nm), and the inten-
sity of diffraction peaks of ZrSi and ZrSi2 phases increases as Si
content rises.

What is particularly worth mentioning is that, there is certain
limitation in XRD analysis method to verify the AlP particles in the
presence of Si phases due to the fact that they have the identi-
cal diffraction peaks. Therefore, further investigations were carried
out to confirm the presence of AlP particles and FESEM micrograph
of the Al–18Si–6Zr–2P alloys is illustrated in Fig. 5(b). It can be
seen that there were two phases in the �-Al matrix besides Si

phases. Among them, the light-colored phase was a kind of Zr-
rich intermetallic compound with an average composition of 34.25
at.% Zr, 57.90 at.% Si and balance Al, and can be interpreted as the
phase ZrSi2. In addition, an oxygen-rich compound was found to
be enveloped with the primary Si. It has been demonstrated that
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Fig. 4. Typical microstructures of A390 alloy before and after the addition of Al–6Zr–2P master alloy: (a) unrefined; (b and c) refined by 1.5 wt.% Al–6Zr–2P master alloy at
780 ◦C with 15 min and 90 min, respectively.

Fig. 5. XRD patterns and corresponding FESEM images for the Al–Si–Zr–P systems: (a) XRD patterns; (b) FESEM image of Al–18Si–6Zr–2P alloy; (c) EDS spectra of corresponding
dot in (b). Unmarked diffraction peaks in (a) belong to Al, Si and AlP phases.
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he distribution of oxygen is likely to correspond with the phos-
horus distribution, which appears to be due to a rapid-oxidation
vent of the P-rich particle [22]. Therefore, it is reasonable to deduce
hat the black intermetallic compounds are the AlP particles, which
s just the evidence used to support the transformation from ZrP
o AlP.Combined with the results of XRD, the influence of Si dop-
ng into the Al–6Zr–2P system could be described as the following
eactions.

rAl3 + Si → ZrSi/ZrSi2 + Al (1)

rP + Si → ZrSi/ZrSi2 + P (2)

l + P → AlP (3)

This explanation is feasible to deduce the reactions among
he elements Si, Zr and P when the Al–6Zr–2P master alloy was
dded into the melt. In the A390 alloy melt, the driving force of
he reactions listed above would be much greater than that of
l–18Si–6Zr–2P alloy due to the relative higher Si concentration.
hen added into the A390 melt, the ZrP would react with Si clus-

ers to release P via diffusion. Consequently, P would precipitate in
he form of AlP particles which act as the heterogeneous nucleation
f primary Si in the solidification process.

. Conclusions

In summary, the introduced Zr element optimizes the Al-based
aster alloys containing P in which P takes the form of AlP, and a

ovel Al–6Zr–2P master alloy with stable ZrP particles has been suc-

essfully prepared. The ZrP particles are characterized by a higher
hemical and thermodynamic stability compared with AlP parti-
les. It is proposed that the Si atoms in the melt could promote the
ransition of ZrP to AlP, which would be the reason for the excellent
efining performance of the developed Al–6Zr–2P master alloy.
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