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To  obtain  Zn-rich  corner  of  the  450 ◦C isothermal  section  of  the  Zn–Fe–Al–P  quaternary  system,  the  450 ◦C
isothermal  section  of  the Al–P–Zn  ternary  phase  diagram  was  investigated  experimentally  again  using
scanning  electron  microscopy  coupled  with  energy  dispersive  X-ray  spectroscopy,  and  X-ray  diffraction.
The experimental  results  reveal  that  AlP is in  equilibrium  with  L–Zn,  �-Al,  Zn3P2,  and  ZnP2,  respec-
ccepted 25 November 2011
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tively.  P  solubility  in liquid  Zn  and  in �-Al phases  is  limited.  L–Zn  + Zn3P2 +  AlP,  L-Zn  + �-Al +  AlP  and
Zn3P2 +  ZnP2 +  AlP  three-phase  equilibria  were  well  established  in  present  work.

© 2011 Published by Elsevier B.V.
hase equilibrium

. Introduction

In hot-dip galvanizing, both aluminum and phosphorus have
reat impacts on zinc alloy coatings. In general, small amounts of
luminum were added to zinc bath to control the reaction between
e and Zn by forming an inhibition layer [1–3]. Phosphorus in steel
as found to segregate in grain boundaries and limit the short-

ircuit diffusion of Zn atoms into �-Fe [4],  which could restrain the
lloying reaction between Fe and Zn [5,6]. The phase equilibrium
nd thermodynamic information for the Zn–Fe–Al–P quaternary
ystem are important to understand the combined effect of Al and

 on the Fe–Zn reaction. Recently, Tu et al. [7] determined experi-
entally and assessed the Al–P–Zn ternary system at 450 ◦C. In the

n-rich corner of this system, there exist a single phase region (liq-
id Zn) and a two-phase region (L–Zn + Zn3P2). But in our recent
ork, it was found that in the Zn-rich corner of the 450 ◦C isother-
al  section of the Zn–Fe–Al–P quaternary system, the AlP phase

xists in all the equilibrium alloys. On the basis of this fact, it is

nferred that a two-phase region (L–Zn + AlP) should exist in the
n-rich corner of 450 ◦C isothermal section of Al–P–Zn ternary sys-
em. However, the inferred phase equilibria in Zn-rich corner of
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Al–P–Zn ternary system does not agree with that obtained by Tu
et al. [7]. To obtain correct phase equilibrium in the Zn-rich cor-
ner of the 450 ◦C isothermal section of the Zn–Fe–Al–P quaternary
system, the 450 ◦C isothermal section of the Al–P–Zn ternary phase
diagram was  investigated experimentally again.

2. Experimental methods

The Al–P–Zn isothermal section at 450 ◦C was determined again using equili-
brated alloys approach. The design compositions of the alloys are listed in Table 1
(column 2). Composition points (A1–A8) are the same as those designed by Tu et al.
[7].  The purity of all materials is 99.99%. Each sample, consisting of pure Zn, Al and P
powders, was prepared by carefully weighing 3 g in total. All masses were weighed
to  an accuracy of 0.0001 g. Since aluminum would react with quartz tube at high
temperature, the powders of the three elements were mixed and put into a corun-
dum  crucible which was  sealed in an evacuated quartz tube. Each alloy mixture was
heated to 1000 ◦C (which is much higher than the estimated liquidus temperature in
Tu’s  experiment [7])  and kept at this temperature for 3 days, followed by quenching
in  water using a bottom-quenching technique [8] to minimize Zn loss and to reduce
alloy porosity. The quenched samples were annealed at 450 ◦C for 60 days to ensure
the  establishment of equilibrium state. The treatment was completed with rapid
water quenching to preserve the equilibrium state at 450 ◦C.

It  has been reported that the AlP phase can react rapidly with water to form PH3

and aluminum hydroxide [9].  The reaction is as follows:

AlP + 3H2O → Al(OH)3 + PH3↑ (1)
To  prevent the occurrence of reaction (1), the preparation of the specimens con-
sists of only two steps, including mounting and dry grinding. The conventional wet
polishing was  not used during the preparation of the specimens. The specimens
were etched with an initial solution for revealing their microstructures. A JSM-
6360LV scanning election microscope (SEM) equipped with OXFORD INCA energy

dx.doi.org/10.1016/j.jallcom.2011.11.127
http://www.sciencedirect.com/science/journal/09258388
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Table  1
Compositions of alloys and phases in the Al–P–Zn system (at.%).

Alloy Design composition Phase Zn Al P

A1 85Zn–5Al–10P �-Zn 99.5 0.3 0.2
Zn3P2 56.9 0.8 42.3
AlP 1.0 48.5 50.5

A2 80Zn–10Al–10P �-Zn  99.1 0.9 0
AlP 1.4 48.5 50.1

A3 60Zn–35Al–5P �-Zn  72.9 27.1 0
�-Al 39.2 60.5 0.1
AlP 0.9 48.9 50.2

A4 40Zn–50Al–10P �-Zn  71.6 28.3 0.1
�-Al 39.3 60.4 0.3
AlP 1.2 48.7 50.1

A5 30Zn–50Al–20P �-Zn  74.7 25.2 0.1
�-Al 39.4 60.4 0.2
AlP 1.0 49.0 49.9

A6 30Zn–60Al–10P �-Al  38.8 61.0 0.2
AlP 0.7 48.9 50.4

A7 20Zn–60Al–20P �-Al  37.4 62.2 0.4
AlP 0.8 49.3 49.9

A8 8Zn–72Al–20P �-Al  15.9 84.1 0
AlP 0.4 48.8 50.8

A9 93Zn–3Al–4P �-Zn  99.3 0.4 0.3
Zn3P2 57.0 0.2 42.8
AlP 1.2 48.9 49.9

A10 93Zn–5Al–2P �-Zn  98.4 1.4 0.2
AlP 1.3 49.5 49.2

A11 50Zn–5Al–45P Zn3P2 56.8 0.1 43.1
ZnP2 32.1 0 67.9
AlP 1.1 51.0 47.9

Fig. 1. The microstructure (a) and x-ray diffraction pattern (b) of alloy A1. The �-Zn,
Zn3P2, and AlP phases coexist in a three-phase equilibrium state.

Fig. 2. The microstructure of alloy A2 shows the alloy consists of �-Zn and AlP
phases. (a) Mounting and dry grinding was  used. (b) The conventional way was
used  for the preparation of the specimen.

Fig. 3. The microstructure (a) and X-ray diffraction pattern (b) of alloy A3. The �-Zn,
�-Al, and AlP phases exist in a three-phase equilibrium state.
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Zn P phase. This phenomenon could be confirmed by the follow-
ig. 4. The microstructure (a) and X-ray diffraction pattern (b) of alloy A8. The �-Al
nd AlP phases exist in a two-phase equilibrium state.

ispersive X-ray spectroscopy (EDS) was used to study the morphology and chemi-
al  compositions of various phases of the alloys. The phase makeup of the alloys was
urther confirmed by analyzing X-ray diffraction patterns generated by a Bruker D8
dvanced X-ray diffractometer, operating at 40 kV and 100 mA with Cu K� radiation.

. Results and discussion

By means of the SEM-EDS technique, phases in alloys can be
asily differentiated based on the relief, color and chemical com-
ositions. The final identities of the phases were confirmed by
nalyzing the relevant X-ray diffraction patterns. All phases found
n the alloys are listed in Table 1 (column 3) together with the chem-
cal compositions (columns 4–6) determined by the SEM-EDS. The
ompositions are the averages of at least five measurements.

SEM-EDS analyses indicate that alloy A1 and A9 contain three
hases: �-Zn, Zn3P2 and AlP. During water quenching, the liquid Zn
hase solidified and became the �-Zn phase. The microstructure
nd X-ray diffraction pattern of the alloy A1 are shown in Fig. 1.
t can be seen that the Zn3P2 and AlP phases uniformly distribute

ithin the matrix of the �-Zn phase. The solubility of Al in the Zn3P2
hase is less than 1 at.%.

Alloys A2 and A10 consist of the �-Zn and AlP phases. Fig. 2a
hows the microstructure of alloy A2. EDS analyses reveal P solu-
ility in the �-Zn phase is very limited. Using the conventional way
or the preparation of the specimen, the AlP phase reacted with
ater, and the surface of the sample became very loose as shown

n Fig. 2b. The original AlP phase changed into the other reaction

roducts. The EDS results indicate that the average composition of
he reaction products are O: 64.2 at.%, Al: 32.6 at.%, P: 2.7 at.% and
n: 0.5 at.%.
Fig. 5. The microstructure (a) and X-ray diffraction pattern (b) of alloy A11. The
Zn3P2, ZnP2, and AlP phases exist in a three-phase equilibrium state.

The coexistence of �-Zn, �-Al and AlP was found by the
examination of the microstructures of alloys A3, A4 and A5. The
microstructure of alloy A3 is shown in Fig. 3a. EDS analyses indi-
cate that Zn solubilites in �-Al and AlP phases are approximately
39 at.% and 1 at.%, respectively. The P solubility in �-Zn and �-Al is
limited. The XRD pattern of alloy A3 is shown in Fig. 3b which con-
firms the three-phase (�-Zn + �-Al + AlP) equilibrium state of the
alloy.

The microstructures of alloys A6, A7 and A8 indicate that the
alloys consist of two phases: AlP and �-Al. The microstructure and
XRD pattern of the alloy A8 are shown in Fig. 4a and b. The Zn
solubility in �-Al phase decreases from 38.8 at.% to 15.9 at.% with
the decrease of Zn in the alloy A6 to A8 from 30 at.% to 8 at.%.

Alloy A11 contains three phases: Zn3P2, Zn3P2, and AlP phase,
which is confirmed by its microstructure and X-ray diffraction pat-
tern as shown in Fig. 5a and b. The sample is very brittle so as
to powder easily during its preparation. Many holes exist in the
specimen.

Tu et al. [7] did not find the existence of the AlP phase in alloy
A1–A8. They only found that Zn3P2 was in equilibrium with �-Al in
the Al–P–Zn system. The possible reasons for their observation may
be as follows. The heating temperature for these alloys was  not suf-
ficient high in Tu’s experiments considering the high vapor pressure
of phosphorus and the low melting temperature of zinc, aluminum
and phosphorus. At that temperature, zinc became liquid and alu-
minum was still in solidus state. Phosphorus would react with the
liquid zinc easily, resulting in the formation of large amount of
3 2
ing experimental results. The microstructure of alloy A1 quenched
in water after being melted at 630 ◦C for two  days, as shown in
Fig. 6a, shows that only the Zn3P2 and �-Zn phases coexist in the
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ig. 6. The microstructure of alloy A1 (a) melted at 630 ◦C for 2 days (b) melted at
30 ◦C for 2 days and annealing at 450 ◦C for 21 days (c) melted at 750 ◦C for 2 days.

lloy. After diffusion annealing at 450 ◦C for 21 days, some AlP par-
icles formed in the alloy as shown in Fig. 6b. When the alloy A1
as melted at 750 ◦C for two days, there exist still some blocks of

n3P2 phase in the alloy as shown in Fig. 6c. Alloy A4, which was
elted at 630 ◦C for two days, consisted of small amount of �-Zn

nd a large amount of �-Al and Zn3P2 phases as shown in Fig. 7a.
fter diffusion annealing at 450 ◦C for 21 days, a lot of Zn3P2 phase
till existed in the alloy as shown in Fig. 7b. When the alloy A4 was
elted at 750 ◦C for two days, the �-Zn, �-Al, AlP and Zn3P2 phases

ould be seen in the alloy as shown in Fig. 7c.
When the melting temperature of these alloys is below the melt-

ng point of aluminum, the reaction between zinc and phosphorus
as very quick, but that between aluminum and phosphorus was
uch slow. So a lot of Zn3P2 phase could be found, while the AlP

hase could not be found in the alloy samples. It was difficult for
l–P–Zn system to reach equilibrium state only annealing at 450 ◦C
or 21 days once the Zn3P2 phase formed in these alloys.
It can be known from Al–P binary phase diagram [10] that the

elting point of AlP is more than 2400 ◦C. The melting point of
Fig. 7. The microstructure of alloy A4 (a) melted at 630 ◦C for 2 days (b) melted at
630 ◦C for 2 days and annealing at 450 ◦C for 21 days (c) melted at 750 ◦C for 2 days.

Zn3P2 phase is only 1173 ◦C as known in Zn–P binary phase diagram
[11]. These two phases would exist stably at high temperature. In
our experiments, the alloy samples were heated to 1000 ◦C for 3
days. The reaction between aluminum and phosphorus was very
entirely at this temperature. The Zn3P2 phase formed during the
heating process disappeared after these alloy samples were kept at
1000 ◦C for 3 days. It was  found that only the AlP phase could exist
in those water quenched samples (A2–A8) indeed and the Zn3P2
phase did not occur in these alloys.

Based on the results of microstructural studies and phase anal-
yses, including SEM-EDS and XRD analyses, and by consulting the
Al–P [10], P–Zn [11], and Al–Zn [12] systems, the 450 ◦C isothermal
section of Al–P–Zn ternary system is proposed in Fig. 8.

4. Conclusions
The 450 ◦C isothermal section of the Al–P–Zn ternary system
has been investigated experimentally again in the present work.
The new obtained results are summarized as follows:
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Fig. 8. The isothermal section of the Al–P–Zn ternary system at 450 ◦C.
. The AlP compound was found to be in equilibrium with L–Zn,
�-Al, Zn3P2 and ZnP2 phase respectively in 450 ◦C isothermal
section of the Al–P–Zn ternary system.
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2. P solubility in liquid Zn and in �-Al phases is limited, and the AlP
compound contains about 1 at.% Zn at 450 ◦C.

3. (L–Zn + Zn3P2 + AlP), (L–Zn + �-Al + AlP), and (Zn3P2 + ZnP2 + AlP)
three-phase regions exist in the 450 ◦C isothermal section of
Al–P–Zn ternary system.
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