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The  620 ◦C and  800 ◦C  isothermal  sections  of  the  Zn–Fe–Cu  ternary  system  were  constructed  based  on
Wave  Dispersive  X-ray  Spectrometry  (WDS)  and  X-ray  power  diffraction  analysis  (XRD).  Four  three-phase
regions have  been  identified  in  the  Zn–Fe–Cu  ternary  system  at 620 ◦C,  and three  three-phase  regions
have  been  confirmed  in  the  800 ◦C isothermal  section.  All  of the Fe  solubility  in  �-Zn, � and  (Cu)  at  620 ◦C
are  lower  than  the solubility  at 800 ◦C.  The  � and  � phases  form  a continuous  solid  solution  at  620 ◦C,
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ath

which  is  designated  as  the  �/� phase.  Binary  phases  �Fe and  �Cu extend  into  the  ternary  system  at  620 ◦C,
the  three-phase  triangle  of (�/� + �Fe + �Cu) is  small  and narrow.

© 2011 Elsevier B.V. All rights reserved.
alvalume

. Introduction

Hot-dipping coating is applied to improve atmospheric cor-
osion resistance for steel [1].  The corrosion resistance of the
alvalume coated steel (55%Al–Zn–Si, wt%), which was developed
nd applied by the Bethlehem Steel Corporation, is superior to a sin-
le coating (Zn, Al) and 5 wt% Al–Zn coating. In the absence of other
lements in Al–Zn bath, there is a violent reaction between steel
atrix and Al–Zn bath, which would bring an adverse influence to

he performance of coating. The addition of Si in the Al–Zn hot-
ipping bath can change the interfacial intermetallic compound
rom Fe–Al phase to Fe–Al–Si phase, to restrain the strong and rapid
xothermic reaction between the steel matrix and A1–Zn bath, and
revent rapid growth of alloy layer [2–4].

The earlier study showed a small amount of Cu added to hot-
ipping aluminum bath would reduce the coating thickness, and

mprove the fluidity of molten zinc [5], whereas higher Cu content
ay  damage the corrosion resistance of the coating [6].  When Cu is

dded into the Al–Zn bath, and Fe is dissolved into the molten bath,
he bath essentially becomes a Zn–Fe–Al–Cu quaternary system.

he existence of Cu in the bath may  play the same role as Si. How-
ver, it is devoid of theoretical studies and practical applications
n this field, especially, the information concerning phase equilib-
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el.: +86 519 86330982; fax: +86 519 86330171.

E-mail address: sxping@cczu.edu.cn (X. Su).
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rium in the Zn–Fe–Cu system is limited. Miettinen [7] investigated
the Zn–Fe–Cu ternary system. Due to the lack of experimental
data from iron-rich alloys, the validity of the present description
is verified only for Cu–Zn-rich alloys. Avettand-Fènoël et al. pro-
posed the 460 ◦C Zn-rich corner of the Zn–Fe–Cu ternary phase
diagram [8].  Budurov [9] reported the 700 ◦C isothermal sections
of the Zn–Fe–Cu ternary system, which shows the � (Cu5Zn8) and
� (Fe3Zn10) phases form a continuous solid solution. In this work,
the 620 ◦C and 800 ◦C isothermal sections of the Zn–Fe–Cu ternary
system will be determined experimentally by using combined
techniques of Scanning Electron Microscopy–Energy Dispersive X-
ray spectrometry (SEM–EDS), Wave Dispersive X-ray spectrometry
(WDS) and X-ray Diffraction (XRD). The experimental results will
facilitate the explanation for the function of Cu in Al–Zn bath.

2. Binary systems

In terms of the current knowledge of phase equilibrium con-
cerning the Zn–Fe, Zn–Cu and Fe–Cu binary systems, the following
information should be mentioned. Due to its importance to the gal-
vanizing industry, the Zn–Fe binary system has been studied by
various authors [10–13].  There are two  intermetallic compounds:
� (Fe3Zn10), and �Fe (FeZn10) at 620 ◦C. No intermetallic com-
pound exists in the Zn–Fe system at 800 ◦C. The temperature of
the Liq. + �-Fe ↔ � peritectic reaction is 782 ◦C, and the peritectic

reaction � + Liq. ↔ �Fe occurs at 672 ◦C.

The Zn–Cu system was also assessed repeatedly [14–16],  which
contains three intermediate phases at 620 ◦C, namely � (CuZn), �
(Cu5Zn8) and �Cu (CuZn3). The � and � phases are stable below

dx.doi.org/10.1016/j.jallcom.2011.11.018
http://www.sciencedirect.com/science/journal/09258388
http://www.elsevier.com/locate/jallcom
mailto:sxping@cczu.edu.cn
dx.doi.org/10.1016/j.jallcom.2011.11.018
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Table  1
The crystallographic parameters of the binary compounds of the Zn–Fe and Zn–Cu systems.

Compound Crystal system Space group Lattice parameters (nm) Ref.

a b c

�(Fe3Zn10) Cubic body-centered I4̄3m(2 1 7) 0.898 – – [22]
�Fe(FeZn10) Hexagonal primitive P63mc(1 8 6) 1.283 – 5.772 [22]
�′(CuZn) Cubic primitive Pm3̄m(2 2 1) 0.2950 – – [23]

¯ 0.2945 – – [24]
0.8866 – – [25]
0.4275 – 0.259 [26]
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Table 2
Nominal composition of ternary alloys (at.%).

Alloy Design composition Phase present

620 ◦C 800 ◦C

A1 Zn94–Fe2–Cu4 �-Zn + �Fe –
A2 Zn85–Fe2–Cu13 �-Zn + �Fe + �Cu �-Zn
A3  Zn79–Fe2–Cu19 �-Zn + �Cu �-Zn
A4  Zn78–Fe4–Cu18 �Fe + �Cu –
A5  Zn76–Fe6–Cu18 �/� + �Fe + �Cu –
A6  Zn80–Fe10–Cu10 �/� + �Fe �-Fe + �-Zn
A7 Zn75–Fe10–Cu15 �/� �-Fe + �-Zn
A8 Zn71–Fe10–Cu19 �/� �-Fe + �-Zn + �
A9 Zn69–Fe10–Cu21 �/� �-Fe + �-Zn + �
A10 Zn66–Fe2–Cu32 �/� �
A11 Zn60–Fe10–Cu30 �-Fe + �/� �-Fe + �
A12 Zn62–Fe10–Cu28 �-Fe + �/� �-Fe + �
A13 Zn65–Fe10–Cu25 �-Fe + �/� –
A14 Zn64–Fe18–Cu18 �-Fe + �/� –
A15 Zn64–Fe22–Cu14 �-Fe + �/� –
A16 Zn64–Fe24–Cu12 �-Fe + �/� –
A17 Zn64–Fe28–Cu8 �-Fe + �/� –
A18 Zn64–Fe30–Cu6 �-Fe + �/� –
A19 Zn50–Fe10–Cu40 �-Fe + � + � �-Fe + � + �

the �-Zn phase. The equilibrium relationship of �-Zn, �Fe and �Cu
in alloy A2 has been confirmed once again by X-ray diffraction pat-
tern (Fig. 3b). It needs to pay attention that the �-Zn phase which
was in liquid state at the test temperature, it transformed into solid
�(CuZn) Cubic body-centered Im3m(2 2 9) 

�(Cu5Zn8) Cubic body-centered I4̄3m(2 1 7) 

�Cu(CuZn3) Hexagonal primitive P6̄(1 7 4) 

34 ◦C. The reaction temperatures of order–disorder transforma-
ion of the �′–� are 454 ◦C (44.8 at.% Zn) and 468 ◦C (48.2 at.% Zn)
espectively, in this system, and the � + Liq. ↔ �Cu peritectic reac-
ion occurs at 700 ◦C. Besides, the Fe–Cu binary system has been
esearched repetitiously [17–21].  No intermetallics exist in the
e–Cu system. The solubility of Fe in (Cu) and Cu in �-Fe is less than
.0 at.% below 900 ◦C. Crystallographic data of binary compounds
entioned above are shown in Table 1.

. Experimental methods

The phase relationships of the Zn–Fe–Cu ternary system were deduced by study-
ng the alloy samples, which were prepared using Zn block, Fe powder and Cu
owder. The purities of the materials were 99.99 wt%  and the powders used were
200 mesh size. The raw materials weighted 5 g in each alloy were mixed and

ealed in an evacuated quartz tube. The mixture was  heated to 1200 ◦C and kept
or  24 h, then quenched in water with bottom-quenching technique [27], in order
o obtain a relatively compact sample. The tube was  turned upside down for several
imes during the melting process to thoroughly ensure homogeneity of the sam-
les. The quenched samples were resealed individually in evacuated quartz tubes
nd annealed at 620 ◦C for 25 days and 820 ◦C for 15 days, respectively. At the end
f the treatment, the samples were quenched rapidly into water to preserve the
quilibrium state.

The specimens were prepared using conventional metallographic techniques,
tched with aqueous solution mixed ferric chloride and hydrochloride (5 g FeCl3,
0  ml HCl, 100 ml  H2O) for microstructure examination. The morphology and chem-

cal composition analyses of phases in the alloys were performed in a JSM-6510
canning Electron Microscopy equipped with OXFORD Energy Dispersive X-ray
pectrometer and Wave Dispersive X-ray Spectrometer. The operating voltage of
he SEM was  20 kV. The phase constitutions of the alloys were further confirmed by
nalyzing X-ray Powder Diffraction patterns, which are generated by X-ray diffrac-
ometer with Cu K� radiation.

. Results and discussion

A series of alloys were prepared for studying phase relation-
hips of the Zn–Fe–Cu ternary system at 620 ◦C and 800 ◦C. Their
esign compositions are listed in Table 2. These compositions were
elected in the surrounding regions of binary compounds listed in
able 1, convenient for studying their phase relationships. Phases
n alloys can be easily differentiated based on the relief, color and
hemical composition. In general, the different relief is distinguish-
ble on the SEM micrographs, and chemical compositions can be
nalyzed using the SEM–WDS technique. Meanwhile, the phases
an be confirmed in further by analyzing their X-ray diffraction pat-
erns. The 620 ◦C and 800 ◦C isothermal sections of the Zn–Fe–Cu
ystem with the indication of the compositions of the designed
lloys (•) are shown in Figs. 1 and 2, respectively.

.1. The 620 ◦C isothermal sections of the Zn–Fe–Cu ternary
ystem

For studying the 620 ◦C isothermal section of the Zn–Fe–Cu
ernary system, all phase found in twenty-two primary alloys are
ummarized in Table 3. Alloy A1–A4 were prepared to determine

hase relationships in the Zn-rich corner at 620 ◦C. The microstruc-
ure of alloy A2 is given in Fig. 3a, which indicates that alloy 2
onsists of three phases. SEM–WDS analyses suggested that they
re �-Zn, �Fe and �Cu. The �Fe and �Cu phases exist in the matrix of
A20 Zn40–Fe10–Cu50 �-Fe + � �-Fe + �
A21 Zn33–Fe10–Cu57 �-Fe + � + (Cu) �-Fe + � + (Cu)
A22 Zn20–Fe10–Cu70 �-Fe + (Cu) �-Fe + (Cu)
Fig. 1. The 620 ◦C isothermal section of the Zn–Fe–Cu ternary system. (•) Alloy com-
positions studied in this work; (�) alloys situated within the � (or �) phase; (�) he
compositions of � (or �) phase boundary.
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Fig. 2. The 800 ◦C isothermal section of the Zn–Fe–Cu ternary system. The signs in
the diagram stand for the alloy compositions studied in this work.

Table 3
Specimens and phase compositions in the Zn–Fe–Cu ternary system at 620 ◦C.

Alloy Designed composition Phase Composition (at.%)

Zn Fe Cu

A1 Zn94–Fe2–Cu4 �-Zn 96.3 0.9 2.8
�Fe 86.0 5.9 8.1

A2  Zn85–Fe2–Cu13 �-Zn 94.8 0.5 4.7
�Fe 80.2 3.9 15.9
�Cu 76.7 3.2 20.1

A3  Zn79–Fe2–Cu19 �-Zn 92.8 0.3 6.9
�Cu 76.1 2.2 21.7

A4  Zn78–Fe4–Cu18 �Fe 79.6 4.6 15.8
�Cu 75.3 3.5 21.2

A5  Zn76–Fe6–Cu18 �/� 74.2 6.5 19.3
�Fe 78.6 6.2 15.2
�Cu 75.4 4.3 20.3

A6  Zn80–Fe10–Cu10 �Fe 80.2 9.5 10.3
�/� 76.2 12.1 11.7

A7  Zn75–Fe10–Cu15 �/� 73.4 11.2 15.4
A8  Zn71–Fe10–Cu19 �/� 69.8 10.4 19.8
A9  Zn69–Fe10–Cu21 �/� 68.7 10.2 21.1
A10  Zn66–Fe2–Cu32 �/� 64.7 2.5 32.8
A11  Zn60–Fe10–Cu30 �-Fe 6.2 93.2 0.6

�/� 63.9 3.2 32.9
A12  Zn62–Fe10–Cu28 �-Fe 7.4 92.1 0.5

�/� 67.4 4.2 28.4
A13  Zn65–Fe10–Cu25 �-Fe 8.4 91.2 0.4

�/� 66.8 7.6 25.6
A14  Zn64–Fe18–Cu18 �-Fe 9.9 89.7 0.4

�/� 71.8 8.1 20.1
A15  Zn64–Fe22–Cu14 �-Fe 11.2 88.5 0.3

�/� 72.0 12.2 15.9
A16 Zn64–Fe24–Cu12 �-Fe 11.8 87.9 0.3

�/� 67.3 18.9 13.8
A17  Zn64–Fe28–Cu8 �-Fe 12.9 86.9 0.2

�/� 66.4 23.5 10.2
A18  Zn64–Fe30–Cu6 �-Fe 13.5 86.3 0.2

�/� 68.5 23.5 8.1
A19  Zn50–Fe10–Cu40 �-Fe 3.3 95.9 0.8

� 57.5 0.8 41.7
� 47.9 0.6 51.5

A20  Zn40–Fe10–Cu50 �-Fe 2.3 96.9 0.8
� 44.2 0.6 55.2

A21  Zn33–Fe10–Cu57 �-Fe 1.4 97.7 0.9
� 42.2 0.5 57.3
(Cu) 34.7 0.6 64.7

A22  Zn20–Fe10–Cu70 �-Fe 0.7 98.8 0.5
(Cu) 21.4 0.8 77.8

Fig. 3. The BSE micrograph of alloy A2 (Zn85–Fe2–Cu13) at 620 ◦C indicates that it

consists of three phases: �-Zn, �Fe and �Cu. (b) X-ray diffraction pattern of alloy A2
(Zn85–Fe2–Cu13) confirms there are �-Zn, �Fe and �Cu in alloy A2 at 620 ◦C.

during quenching. WDS  analyses indicated that the �Fe phase con-
tains 80.2 at.% Zn, 3.9 at.% Fe and 15.9 at.% Cu. The solubility of Cu in
the �Fe phase is higher than the result obtained by Avettand-Fènoël
et al. [8] at 460 ◦C. The �Cu phase contains 76.7 at.% Zn, 3.2 at.% Fe
and 20.1 at.% Cu. The existences of the three two-phase regions,
�-Zn + �Fe (alloy A1), �-Zn + �Cu (alloy A3) and �Fe + �Cu (alloy A4),
also confirms that the three-phase region (�-Zn + �Fe + �Cu) exists
in 620 ◦C isothermal section.

The compositions of alloy A5–A18 were designed in regions near
the � phase and the � phase at 620 ◦C. The microstructure analyses
of alloy A11–A18 showed that all of them comprise two phases
which consist of �-Fe and � (or �). Backscattered Electron (BSE)
micrograph and phase composition analyses revealed that the two-
phase equilibrium relationship of � and � is undetected in alloy
A11–A18. A typical microstructure is shown in Fig. 4a. SEM–WDS
analyses indicated that there are �-Fe and � in alloy A11, and the
�-Fe phase contains 6.2 at.% Zn, 93.2 at.% Fe and 0.6 at.% Cu, while
the � phase contains 63.9 at.% Zn, 3.2 at.% Fe and 32.9 at.% Cu. X-ray
diffraction studies confirmed that these phases are indeed �-Fe and

�.

Additional alloys were also designed to study the phase rela-
tionship of the � and � phases. The compositions of the � phase
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Fig. 4. (a) Two phase, �-Fe and �/�, exist in alloy A11 (Zn60–Fe10–Cu30) at 620 ◦C. (b) Eight typical X-ray diffraction patterns obtained from the series of alloys (A11–A18) at
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20 ◦C, the peaks of A11 systematically shift to the peaks of A18. Every alloy is comp
or  the �/� phases containing different amounts of Cu.

or �) in these alloys are marked in Fig. 1 using quadrilateral (�)
nd triangular (�) symbol. The quadrilateral symbol (�) shows the
lloy situates within the � (or �) phase region, it means the spec-
men is a single phase alloy. Their Zn content is slightly lower
han the design composition, which suggests that some Zn was
ost in alloy preparation. The triangular symbol (�) stands on the
hase boundary of the � (or �) phase. The composition of � (or
) almost falls on the extension of the line connecting other phase

�-Fe, �Fe or �Cu) and the point representing the alloy’s composi-
ion in the composition triangle. In general, the Zn content in � (or
) is also slightly lower than that calculated using the lever rule.
n the � and � phases, the Cu contents decrease gradually from
7.4 at.% to 2.8 at.%, whereas the Fe contents increase from 1.7 at.%
o 28.1 at.% (as shown in Fig. 1), this is a consecutive changing
rocess.
nly of �-Fe and �/� phases. (c) The lattice parameters (�) with standard deviations

Brandon et al. [28] studied the crystal structures of binary
phase � (Cu5Zn8) and binary phase � (Fe3Zn10). According to their
research, binary phase � and � have the same crystal structure and
similar lattice parameter. Eight typical X-ray diffraction patterns
obtained from alloy A11–A18 are arrayed in Fig. 4b, every alloy
only consists of �-Fe and � (or �). The peaks contributed by �-Fe
from these alloys are not obvious, which are found to be shifted to
the right with Zn dissolved into �-Fe. Comparing with the binary
phase �, the peaks contributed by the � phase from alloy A11 shift
slightly to lower angles. The peaks (3 3 0) and (6 0 0) existing at
diffraction angles 2� = 43.297◦ and 62.882◦ for binary phase � have

shifted to 43.102◦ and 62.595◦ for alloy A11, respectively. Calcula-
tions indicated that lattice parameter a increases from 8.866 Å for
binary phase � to 8.89673 Å for alloy A11. This suggests that the
lattice parameter of the � phase increases since Fe is dissolved into
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Fig. 5. (a) The BSE micrograph of alloy A5 (Zn76–Fe6–Cu18) at 620 ◦C indicates that
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exists in the alloy. The analyses of alloy A21 and A22 confirmed
the existence of the three-phase region (�-Fe + � + (Cu)) in 620 ◦C
isothermal sections. The microstructure of alloy A21 is shown in
Fig. 7. Three phases, �-Fe, � and (Cu), can be easily differentiated
t  consists of three phases: �-Zn, �Fe and �Cu. (b) X-ray diffraction pattern of alloy
5 (Zn76–Fe6–Cu18) shows the coexistence of the three phases �/�, �Fe and �Cu at
20 ◦C.

he phase. Alloy A18 was prepared for � phase, the X-ray diffrac-
ion peaks of � phase in alloy A18 have shifted slightly to higher
ngles. The peaks (3 3 0) and (6 0 0) existing at diffraction angles
� = 42.672◦ and 61.933◦ for binary phase � have shifted to 42.707◦

nd 61.987◦ for alloy A18, the lattice parameter a has decreased
rom 8.982 Å to 8.97519 Å compared with the binary phase �. The
attice parameters of the � phase decreases with increase of Cu con-
ent in the phase. As shown in Fig. 4b, the X-ray diffraction peaks
ontributed by the � phase (or �) shift consecutively from alloy
11 to alloy A18. Fig. 4c plots the graph of the lattice parameters

�, with standard deviations) versus the Cu content in the � and �
hases. In a series of the lattice parameters, a linear relationship is
isplayed for the lattice parameter decreases with the increases of
u content in the � and � phases. The results obtained from this
tudy indicate that Cu and Fe atoms are mutually interchangeable
n the compounds � and �, thereby the � phase and the � phase
orm a continuous solid solution. The result is agree with the early
eport by Budurov [9],  that the � and � phases form a continuous
olid solution at 700 ◦C. In this work, the continuous solid solution

s designated as the �/� phase.

Observed from Fig. 5a, there are three phases, �/�, the �Fe and
Cu in alloy A5. Microstructural observations indicated that both
/� and �Fe exist in the matrix of the �Cu phase, and the deeply
Fig. 6. The BSE micrograph of alloy A19 (Zn50–Fe10–Cu40) at 620 ◦C indicates that it
consists of three phases: �-Fe, � and �.

etched blocky crystallites are considered as the �Fe phase, in addi-
tion, the compositions of three phases are similar. As shown in
Fig. 1, the �Fe phase and the �Cu phase extend into the ternary
system. The Fe contents of the �/� phase and the �Fe phase are prac-
tically the same 6.5 at.%, however, the �/� phase contains higher Cu
than the �Fe phase. The �Cu phase contains slightly less Fe and more
Cu than the �/� phase. According to Fig. 5b, the peaks contributed
by the �Cu phase and the peaks contributed by �/� phase overlap.
Due to the contribution of the �Cu phase, the intensities of the peaks
(6 0 0) and (7 2 1) are higher. There are �/�, �Fe and �Cu in alloy A5,
which has been confirmed once again by X-ray diffraction analyses.

SEM–WDS and X-ray diffraction analyses confirmed the coexis-
tence of �-Fe, � and � in alloy A19. The BSE micrograph of alloy A19
is shown in Fig. 6. The � phase contains 57.5 at.% Zn, 41.7 at.% Cu
and only 0.8 at.% Fe. The solubility of Fe in � phases is 0.6 at.%. Alloy
A20 is in the (�-Fe + �) two-phase region, and the X-ray diffrac-
tion analyses also declared that the two-phase equilibrium state
Fig. 7. Three phase: �-Fe, � and (Cu), exist in alloy A21 (Zn33–Fe10–Cu57) at 620 ◦C.
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Table  4
Specimens and phase compositions in the Zn–Fe–Cu ternary system at 800 ◦C.

Alloy Designed composition Phase Composition (at.%)

Zn Fe Cu

A2 Zn85–Fe2–Cu13 �-Zn 84.5 2.1 13.4
A3  Zn79–Fe2–Cu19 �-Zn 78.4 1.8 19.8
A6 Zn80–Fe10–Cu10 �-Fe 22.7 76.8 0.5

�-Zn 84.1 4.7 11.2
A7 Zn75–Fe10–Cu15 �-Fe 16.5 82.9 0.6

�-Zn 80.9 3.4 15.7
A8  Zn71–Fe10–Cu19 �-Fe 13.9 85.4 0.7

�-Zn 79.8 2.9 17.3
� 69.8 3.6 26.6

A10 Zn66–Fe2–Cu32 � 65.2 2.2 32.6
A11 Zn60–Fe10–Cu30 �-Fe 10.5 88.8 0.7

�  63.5 2.9 23.6
A12 Zn62–Fe10–Cu28 �-Fe 11.9 87.5 0.6

�  66.2 3.1 30.7
A19  Zn50–Fe10–Cu40 �-Fe 6.8 92.4 0.8

�  55.5 2.6 41.9
� 48.2 1.4 50.4

A20  Zn40–Fe10–Cu50 �-Fe 3.7 95.4 0.9
� 43.1 1.5 55.4

A21  Zn33–Fe10–Cu57 �-Fe 1.5 97.4 1.1
� 37.6 1.9 60.5
(Cu) 31.9 1.3 66.8
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Fig. 8. The BSE micrograph of alloy A19 (Zn50–Fe10–Cu40) at 800 ◦C indicates that it

620 ◦C. The phase coexistent relationship of the �/�, �Fe and
�Cu has been confirmed, their compositions are very similar, the
A22  Zn20–Fe10–Cu70 �-Fe 0.9 98.0 1.1
(Cu) 21.9 1.2 76.9

rom its morphology and chemical compositions. SEM–WDS anal-
ses indicated that the apex of the �-Fe + � + (Cu) phases triangle at
he (Cu) phase boundary is approximately 34.7 at.% Zn and 0.6 at.%
e at 620 ◦C. The identities of the phases in alloy A21 have been
onfirmed by X-ray diffraction analyses.

.2. The 800 ◦C isothermal section of the Zn–Fe–Cu ternary
ystem

Twelve alloys were prepared for studying the 800 ◦C isothermal
ection of the Zn–Fe–Cu ternary system. The specimens and phase
ompositions are shown in Table 4. Alloy A2 and A3 were annealed
t 800 ◦C and examined again, the results indicated that they locate
n the �-Zn single-phase region, and their Fe contents in �-Zn phase
re 2.1 at.% and 1.8 at.%, respectively.

The alloy A6–A12 were annealed for 15 days, then SEM–WDS
nd X-ray diffraction analyses revealed that the phase relation-
hips of the �-Fe phase, the �-Zn phase and the � phases. The
-Fe phase coexists with the �-Zn phase in Alloy A6 and alloy A7.
he Fe solubility of the �-Zn phase in alloy A6 and A7 is 4.7 at.%
nd 3.4 at.%, respectively. The solubility increases with the increase
f the temperature and the decrease of Cu content in the �-Zn
hase. The maxima solubility is 8.4 at.%, which lies on the Zn-Fe
xis. SEM–WDS and X-ray diffraction analyses revealed the alloy
8-A9 consists of �-Fe, �-Zn and �. The � phase contains 69.8 at.%
n, 3.6 at.% Fe and 26.6 at.% Cu in alloy A8. It extends to the Zn–Fe-
ich side in the 800 ◦C isothermal section. Based on the formation of
he �/� continuous solid solution with at 620 ◦C, this trend was  rea-
onable. The � single-phase alloy A10 and the two-phase alloy A11
nd A12 (�-Fe + �) also confirms the extension of � phase boundary.

The phase relationships in alloy A19 and A20 at the 800 ◦C
sothermal sections are in full agreement with that at the 620 ◦C
sothermal sections. The BSE micrograph of alloy A19 at 800 ◦C is
hown in Fig. 8. It confirms the coexistence of �-Fe, � and � in
lloy A19. The sample was  deeply etched using aqueous solution

ixed ferric chloride and hydrochloride. Because of its low relief,

he � phase is easy to identify compared with the one in Fig. 6.
he � phase at 800 ◦C contains 55.5 at.% Zn, 41.9 at.% Cu and 2.6 at.%
e, it contains more Fe than that at 620 ◦C. The solubility of Fe in
consists of three phases: �-Fe, � and �.

� phases at 800 ◦C is also higher than that at 620 ◦C, it increases
from 0.6 at.% to 1.4 at.%. SEM–WDS and X-ray diffraction analyses
declared that alloy A20 locates in the (�-Fe + �) two-phase region
at 800 ◦C. The analyses of alloy A21 and A22 also confirmed the
(�-Fe + � + (Cu)) three-phase region exists in the 800 ◦C isothermal
section. The microstructure of alloy A21 at 800 ◦C is ultrafine dif-
ference compared with that at 620 ◦C. But the (Cu) phase contains
31.9 at.% Zn, 1.3 at.% Fe and 66.8 at.% Cu at 800 ◦C, the solubility of Fe
in (Cu) phases is higher than that at 620 ◦C. Alloy A22 stands within
the (�-Fe + (Cu)) two-phase region, and its X-ray diffraction anal-
yses also confirmed that the two-phase equilibrium state exists in
the alloy.

5. Conclusion

Based on the SEM–WDS and X-ray diffraction analyses of ternary
alloys, the phase relationships of the Zn–Fe–Cu system at 620 ◦C and
800 ◦C were determined in this study. The following findings can
be concluded from this work:

1. Four three-phase regions have been identified in the Zn–Fe–Cu
ternary system at 620 ◦C, and three three-phase regions have
been confirmed in the Zn–Fe–Cu ternary system at 800 ◦C. The
�-Fe phase coexists with the � phase and the � phase at 620 ◦C
and 800 ◦C.

2. The Fe solubility in �-Zn increases with the increase of the tem-
perature and the decrease of Cu content in �-Zn phase, the
maxima solubility is 8.4 at.% at 800 ◦C. The solubility of Fe in
� and (Cu) at 800 ◦C is about 1.9 at.% and 1.3 at.%, respectively.
Corresponding solubility at 620 ◦C are lower than that at 800 ◦C.

3. The � and � phases form a continuous solid solution at 620 ◦C,
which was designated as the �/� phase. The lattice parameters
of the �/� phase increases with increase of Fe in the �/� phase.
The �-Fe phase and the �/� phase form a two-phase region.

4. Binary phase �Fe and �Cu extend into the ternary system at
three-phase triangle of (�/� + �Fe + �Cu) was  small and narrow.
5. Binary phase � extends to the Zn–Fe-rich side at 800 ◦C. The

lowest Cu content is about 27.6 at.% and the highest Fe content
reaches to 3.6 at.% in the � phase.
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