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Abstract: The 450 °C isothermal sections of the Fe-5i-Sn-Zn quaternary system with Zn composition
fixed at 70 and 93 at.% were determined experimentally using optical microscopy, scanning electronic
microscopy coupled with energy dispersive X-ray spectroscopy (SEM-EDS), and X-ray diffractometry
(XRD). Five four-phase regions were identified in the 70 at.% Zn section, whereas no four-phase
region was found in the 93 at.% Zn section. The liquid phase was found to be in equilibrium with
almost all phases in the two sections, including the FeSn, FeSi, FeSiy I'y, 8, (, and «-Fe phases. The
solubility of Sn in the (, FeSi, and FeSi, phases was rather limited; however, the maximum solubility
of Si in the FeSn phase was 0.5 wt.%. No quaternary compound was found in the study.

Keywords: Fe-5i-S5n-Zn quaternary system; phase diagram; scanning electron microscopy

1. Introduction

Hot dip galvanizing is one of the most versatile anti-corrosion technologies of steel [1-5], for which
Zn and its alloys are mainly used amongst various materials. Since the galvanized coating is easily
interfered by Si in steels, its anti-corrosion effect is greatly reduced. The effect of silicon-containing
impurities on the galvanized layer has become an important task in corrosion resistance today. Si
has been introduced to steels as either a de-oxidant or strengthening alloying element [6]. However,
the presence of silicon in steels can result in abnormal thickness of coating, brittleness, and poor
adherence. This phenomenon is commonly referred to as Si reactivity [7-11]. To solve this problem,
high-temperature galvanizing and alloy-element additions to the Zn bath have been used in practice.
The addition of alloy elements, such as Al, Ni, Ti, and V [12-15], has proven to be effective for
Si-reactivity control. At present, Ni additive has been used widely for Si-containing galvanizing,
although it is effective only when the Si content of steels is less than 0.2 wt.%. To study the effect of
controlling Si reactivity, Sn and its alloys have been added to the Zn bath by scholars [8,16,17], but few
have provided a solid mechanism.

Adding Sn to a zinc bath has an effect on the microstructure of hot-dip galvanizing Si-containing
steels, but its mechanism is not clear. In fact, galvanizing Si-containing steels in an Sn-containing bath
involves the Fe-5i-Sn-Zn quaternary system. The annealing temperature of the phase equilibrium of
the Zn-rich corner isothermal sections is 450 °C, which is the conventional galvanizing temperature.
In this experiment, the quaternary phase equilibrium Fe-5i-Sn-Zn of the zinc-rich corner isothermal
sections at 450 °C, which was used in the formation of the coating’s microstructure on Si-containing
steel with different Sn additions, provided the theoretical foundation for the effect of Sn on Si reactivity.
In this study, 450 °C isothermal sections of the Fe-Si-Sn-Zn quaternary system with Zn fixed at 70 and
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93 at.% were studied by using optical microscopy, scanning electron microscopy coupled with energy
dispersive X-ray spectroscopy (SEM-EDS), and X-ray diffractometry (XRD).

2. Literature Review

The aim of the present work is to study the phase equilibrium of the Zn-rich corner. Information
regarding binary and ternary systems relevant to Zn is important for the establishment of the Fe-Si-Sn-Zn
quaternary system. A considerable amount of attention has been paid to the Zn-Fe binary system
because it plays a critical role in the galvanizing industry [18-21]. Su et al. [18] redrew the Zn-Fe
phase diagram and revealed the stable phases in the Zn-rich corner, including I, I'y, 8, and C. Table 1
documents the binary compounds involved in the study and their nominal compositions. [20,22,23]

Table 1. Crystallographic data of the intermetallic compounds relevant to the present work.

Phase Compositions, at.% Lattice Parameter, nm Space Group  Prototype Reference
Zn Fe Si Sn a b c

T'-Fe3Znyy  68.5-82.5 17.5-32.5 - - 0.8932 - - I43m CusZng [20]
T1-Fe11Zng  75-81 19-25 - - 1.7963 - - F43m - [20]
5-FeZny 86.5-91.8 8.2-13.5 - - 1.282 - 5.704 P63mc FeZny [20]
(-FeZni3 92.8-94 6-7.2 - - 1.3424  0.7608  0.5061 C2/m CoZny3 [20]
FeSi - 50 50 - 0.44891 - - P23 FeSi [22]
FeSip - 66.7 33.3 - 0.98792 0.77991 0.78388 Cmca FeSi, [22]
FeSn - 50 - 50 0.5298 - 0.4448 Pe/mmm CoSn [23]

To study the mechanism of Si reactivity, several research groups have investigated the Zn-Fe-Si
system [24-30]. K&ster [24] has reported that the FeSi compound was equilibrated with the ¢ phase in
the 450 °C isothermal section [24]. However, based on the experimental work by Bretez et al. [25] and
thermodynamic calculations conducted by Perrot and Dauphin [26], Foct et al. [27] have proposed the
450 °C isothermal section of the Zn-Fe-Si system. The result suggested the Zn-Fe-Si phase diagram
included an equilibrium state among the liquid, , and FeSi phases. This result contrasted with
the phase diagrams proposed by Koster [24]. Most recently, the Zn-Fe-Si system reinvestigated by
Su et al. [26] confirmed all phase equilibrium states proposed by Koster [24]. As shown in Figure 1a [28],
they found that ¢ coexisted with FeSi.

Fesi,
FeSi+FeSi,+Liq.

10Z FeSi,*Si+Liq.

0 eSi+Liq.+{
0 10 20 30 40 50 60 70 80 90 100
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(a)

Figure 1. Ternary isothermal sections at 450 °C used as reference in the current study: (a) Zn-Fe-Si;
Reproduction from [28], with permission of Taylor & Francis (b) Zn-Fe-Sn [31]. Reproduction from [31],

with permission of Springer.
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Tang et al. [31] determined the Zn-rich corner of the Zn-Fe-Sn ternary system at 450 °C. As shown
in Figure 1b [31], they found that the liquid can coexist with three Fe-Zn compounds, namely, the ¢, 9,
and I'; phases, and two Fe-Sn compounds, namely, FeSn and FeSnj.

3. Experimental Methods

The isothermal sections of the Fe-Si-Sn-Zn quaternary system for the Zn-rich corner at 450 °C
were determined using the equilibrated alloy method. The alloys were prepared using metal powders
and bulky particles. The purity of all the raw materials was 99.99%. All specimens were prepared by
carefully weighing Fe, Si, Sn, and Zn, and the total weight was 10 g, which was determined using an
electronic balance with an accuracy of 0.0001 g. The prepared samples were mixed and sealed under
Ar atmosphere in an evacuated quartz tube. Then, the mixture was heated to the liquid state and kept
for 48 h, followed by water quenching. A bottom-quenching technique [28] was used to minimize Zn
loss due to vaporization and reduce the porosity in the quenched samples. The samples were finally
annealed at 450 °C for 45 days followed by water quenching.

The samples were prepared in the conventional way for microstructure examination. A nital
solution was used for revealing the microstructure details. The morphology and chemical compositions
of various phases in the samples were analyzed using a scanning electron microscope (SEM)(JSM-6560LV,
JEOL, Tokyo, Japan) equipped with an energy dispersive X-ray spectroscope(EDS)( MCA X-STREAM,
Oxford instruments, London, UK). The operation voltage of the SEM was 20 kV. The phase makeup of
the alloys was further determined by analyzing X-ray diffraction patterns generated by an advanced
X-ray diffractometer(XRD)( Bruker D8, Billerica, MA, USA), operating at 40 kV and 40 mA with
Cu-Ka radiation.

4. Results and Discussion

Twenty-two alloys were prepared for the study of the Fe-5i-Sn-Zn quaternary system at 450 °C.
The designed composition of each sample is listed in Table 2 for the isothermal sections, with Zn fixed
at 70 and 93 at.% (Column 2). These phase fields are also listed in Table 2 (Column 3) together with the
chemical compositions of the equilibrated phases (Columns 4-6). These compositions were determined
by using the SEM-EDS technique, and each tabulated composition value represented the average of at
least five measurements.

Table 2. Composition of samples and phases in the 450 °C isothermal section of the Fe-Si-Sn-Zn
quaternary system with Zn fixed at 70 at.%.

Composition (at.%)

Sample Design Composition Phase
Zn Fe Si Sn
Liq. 832+ 03 0.0 0.0 16.8 + 0.2
Al 7.5Fe-8.55i-14Sn-70Zn FeSi 08+01  493+08 497+04  02+0.1
FeSi, 17+03  326+06 652+02  05+0.1
Liq. 715+04  05+02 0.0 28.0 + 0.4
A2 10Fe-7Si-13Sn-70Zn FeSi 11+01  489+09 496+06  04+0.1
¢ 924+04 73+04 0.0 0.3 +0.1
Liq. 60.5 + 0.2 0.0 05+02  39.0+04
A3 11Fe-55i-14Sn-70Zn FeSi 12+03  493+02 493402  02+0.1
5 902+08  92+08 0.0 0.6 +02
Lig. 496+04  05+0.1 06+03  493+0.8
Ad 9.5Fe-15Si-15.55n-70Zn FeSi 12+04  494+04 492405  02+0.1
5 89.8+1.0  9.6+04 0.0 0.6 +0.1
Lig. 514+02  0.6+0.1 02+01  47.8+06
. FeSi 08+01  494+05 494+04  04+0.1
A5 13Fe-35i-145n-70Zn 5 879+04 11.3+02  03+0.1 0.5+ 0.1

o 09+01 72.6 £0.4 25.6 + 0.6 09+0.2
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Table 2. Cont.

Composition (at.%)

Sample Design Composition Phase
Zn Fe Si Sn
Liq. 51.3+02  05+02 02+01  480+0.5
. FeSi 07+01  495+06 495+06  03+0.1
A6 14Fe-35i-135n-70Zn 5 879+05 11.3+02  04+0.1 0.4 +0.1
« 09+01  727+07 255+06  09+02
Liq. 360+06  04+0.1 02+01  634+0.1
A7 16.5Fe-35i-10.55n-70Zn 5 86.7+05 119+02  0.6+0.1 0.8+0.1
« 42+01  717+01  239+05  02+0.1
Lig. 355+05  0.6+0.1 05+01  634+06
A8 19.5Fe-3.55i-7Sn-70Zn 5 85.9+06 12.8+02  04+0.1 0.9 +0.1
« 49+04  708+07 238+05  05+0.1
Lig. 109+01  01+0.1 04+01  886+0.1
. 5 86.7+03 119+05  03+0.1 1.1+0.1
A9 22Fe-35i-55n-70Zn « 72+06 710406 214+05  04+0.1
V) 773+05 191+06  03+0.1 33+06
Liq. 10.8 + 0.1 0.0 03+01  889+06
. 5 868+07 119+02  03+0.1 1.0+02
A10 14Fe-15i-155n-70Zn o 71+02 711+07 214+05 04+02
¥ 773+03  192+05  03+0.1 32+02
Liq. 126+05  0.1+0.1 01+01  872+07
All 20Fe-15i-9Sn-70Zn « 72+07  711+03 21.1+05  0.6+0.1
I 766 +0.7 193+04  03+0.1 3.8+0.1
Liq. 147 + 0.3 0.0 03+01  850+05
A12 21.5Fe-1.55i-7Sn-70Zn « 65+04  721+03 214+02 0.0
¥ 761+07 196+05  03+05 4.0+0.1
Liq. 104 + 02 0.0 04+01  892+0.8
) FeSn 19+04  477+05  03+01  50.1+05
Al3 22Fe-15i-76n-70Zn « 6.9 + 0.1 722+04 205+08  04+01
I, 758+05 197+01  03+0.1 42+0.1
r 66.8+07 291+02  02+0.1 39 +0.1
. FeSn 43+04  461+05  01+01  495+03
Ald 24.5Fe-0.55i-55n-70Zn « 25+02  858+06 114+02  03+0.1
I 745+05 21.0+02  02+0.1 43+04
, Liq. 94.3 + 1.0 0.0 0.0 5.7 +0.3
Bl 4.9Fe-0.15i-25n-93Zn cq 902+05 77+02  01+01 0.0
, Liq. 945+10  01+0.1 0.0 54 +0.1
B2 5.3Fe-0.15i-1.65n-93Zn cq 924+05 74+02 0.1+0.1 0.1+0.1
_ Liq. 95.1 + 0.4 0.0 0.0 49+02
B3 5.7Fe-0.15i-1.25n-93Zn (:q 923+0.3 7.6+04 0.1+0.1 0.0
, Liq. 94.7 + 1.0 0.0 0.0 53+ 0.4
B4 5.5Fe-0.15i-1.45n-93Zn cq 924+08 75+01  01+01 0.0
Liq. 93.7+06  02+0.1 0.0 6.1+0.2
B5 1.7Fe-0.35i-55n-93Zn FeSi 12+02  495+02 492+08  01+0.1
14 928+07  69+03 01+0.1 02+0.1
Liq. 953+0.7  01+0.1 0.0 46+03
B6 4.5Fe-0.55i-25n-93Zn FeSi 11+02  495+02 491+07  03+02
14 928+03  69+02 01+0.1 02+0.1
Liq. 974+06  02+0.1 0.0 24+03
B7 5Fe-15i-1Sn-93Zn FeSi 14+01  493+07 492+07  01+0.1
C 06+07  72+02 02+0.1 0.0
Liq. 95.9+0.7  05+0.1 0.0 36+02
BS 3.5Fe-15i-2.55n-93Zn FeSi 0.8+0.2 49+07  499+02  03+0.1

C 926 +£0.7 72+0.6 01+01 01+01
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4.1. Phase Equilibrium of the Fe-Si-Sn-Zn Quaternary System at 450 °C with Zn Fixed at 70 at.%

Alloys marked as Al1-Al4 were prepared for determining the phase equilibriums in the
70 at.% section.

As shown in Figure 2 (Alloy A1), the larger dark phases are FeSi and the darker phases surrounding
them are FeSi,. The matrix is the eutectic of n-Zn and 3-Sn formed from the liquid phase (Liq.) during
cooling. In the ternary system, the liquid solidifies as a degenerated eutectic mixture when its Sn
content is lower than approximately 26 at.%. As the liquid solidifies into the mixtures of 3-Sn and
M-Zn, it is more reasonable to consider the result of the measured area as the actual composition.
In conclusion, Alloy Al consists of three phases at 450 °C: Liq., FeSi, and FeSi,.

Figure 2. The microstructure of Alloy Al.

Figure 3a indicates the presence of four phases in Alloy A2: FeSi, ¢, 3-Sn, and n-Zn phases. The
dark particles represent the FeSi phase, and the ¢ phase exists as blocky crystallites in the matrix. The
matrix is the eutectic of 3-Sn and 1-Zn, which is similar to that in Al. The { phase contains less than
0.3 at.% Sn and practically no Si, whereas the FeSi phase contains 1.1 at.% Zn and 0.4 at.% Sn. The XRD
pattern of this alloy is shown in Figure 3b. As the matrix was consistent with eutectic compositions,
the Zn and Sn peaks were the highest.

2
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Figure 3. The microstructure (a) and the XRD pattern (b) of Alloy A2.

An examination of the microstructures of Alloys A3 and A4 indicates that they consisted of three
phases at 450 °C: Liq., , and FeSi. As shown in Figure 4a, the dark FeSi grain and light-gray blocky &
phase coexist in the n-Zn and 3-Sn matrix. The white phase is identified as 3-5n and the neighboring
light-gray phase is identified as n-Zn. The XRD pattern of Alloy A3 (Figure 4b) indicates the existence
of n-Zn and P-Sn. The solubility of Sn in the 6 compound is 0.6 at.%.
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Figure 4. The microstructure (a) and XRD pattern (b) of Alloy A3.

The microstructures of Alloys A5 and A6 are similar, consisting of grey blocky phases, dark blocky
phases, small dark particles, white phases and light grey phases(Figure 5). The SEM-EDS analysis
suggests that the gray blocky area is a quaternary extension of the & phase containing approximately
0.3 at.% Si and 0.5 at.% Sn. The dark blocky area is measured as 72.6 at.% Fe, 25.6 at.% Si, 0.9 at.% Zn,
and 0.9 at.% Sn, suggesting that it is the o-Fe phase. The EDS analyses indicate that the small dark
particles around the «-Fe phase contain almost the same atomic fraction of Fe and Si, suggesting that
this area is the FeSi phase. The white areas are the (3-Sn phases and the light-gray areas are the n-Zn
phases, which were both formed by liquid similar to Alloy Al. The n-Zn and b phases can be easily
recognized because of their different reliefs.

Figure 5. The microstructure of Alloy A5.

Alloy A7 corresponds to the Liq. + «-Fe + b three-phase equilibrium state, while the dark «-Fe and
gray blocky & phases coexist with the Liq. phase, as shown in Figure 6. In this alloy, the liquid phase
mainly contains Sn (63.4 at.%) and the solubility of Sn in the x-Fe compound is 0.5 at.%. Moreover, the
phase equilibrium in Alloy A8 is similar to that in Alloy 7.
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Figure 6. The microstructure of Alloy A6.

The coexistence of the Liq., §, «-Fe, and I'; phases can be identified through the SEM-EDS analyses
of Alloys A9 and A10. Figure 7a shows the microstructure of Alloy A9. The solubility of Sn and Si in
the I'y phase is 3.3 and 0.3 at.%, respectively. The XRD pattern obtained from Alloy A9 is shown in
Figure 7b, in which the peaks can be contributed to the §, a-Fe, I'1, and 3-Sn phases.

B-Sn

* H <>

a-Fe

Intensity/Counts
<m

80 90

20/degree

Figure 7. The microstructure (a) and XRD pattern (b) of Alloy A9.

The microstructures of Alloys A1l (Figure 8) and A12 are similar. The result of the EDS indicates
that the white 3-Sn and locked 1n-Zn coexist with the dark «-Fe phases in the matrix of the gray I'l
phase. Similarly to Alloy A1, n-Zn and (3-Sn formed from the liquid phase (Liq.) during the cooling.
Hence, Alloy A1l corresponded to the Liq. + I'l + -Fe three-phase equilibrium state at 450 °C.

Figure 8. The microstructure of Alloy Al1.
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Figure 9a displays the microstructure of Alloy A13, which consists of two intermetallic phases
and two solid-solution phases. The major component formed a matrix with other embedded minor
phases. The SEM-EDS analyses and XRD suggest that the major, dark, and white areas represent the
I'1, a-Fe, and 3-Sn phases, respectively, and the light gray areas adjacent to the dark areas represent
the FeSn intermetallic phase. An XRD pattern obtained from the alloy is shown in Figure 9b. The peak
at 20 = 44.6° confirms the existence of the FeSn phase.

[ ]
] (b) e B-Sn
» o-Fe
@ FeSn
=T
2
g
Q iy
2 b
§
|

Figure 9. The microstructure (a) and XRD pattern (b) of Alloy A13.

Figure 10a presents the microstructure of Alloy A14, which consists of four structural features:
three intermetallic phases and a solid-solution phase. The intermetallic phases can be identified
through XRD as the I, I';, and FeSn phases. The Sn solubility is 3.9 at.% in the I phase. The dark gray
a-Fe phase is in equilibrium with the I, I';, and FeSn phases at 450 °C. Among the four phases, the I'y
phase represents the matrix in Alloy A14. The XRD, as shown in Figure 10b, proves that the I'y phase
has the highest intensity.

r] (b) T
* alc

/ s T
FeSn B v [cSn

l 4y

\ o—Fe

Intensity/Counts

50um.

Figure 10. The microstructure (a) and XRD pattern (b) of Alloy A14.

4.2. Phase Equilibrium of the Fe-Si-Sn-Zn Quaternary System at 450 °C with Zn Fixed at 93 At.%

Alloys marked as B1-B8 were prepared to determine the isothermal section of this system with Zn
fixed at 93 at.%.

The microstructures of Alloys B1-B4 are similar. Figure 11a shows the microstructure of Alloy
B1 as consisting of the Liq. and ¢ phases. As the cooling rate is not rapid enough, the Liq. phase
decomposes to the Zn-rich and Sn-rich phases. The Sn and Si solubilized in the ¢ phase are limited.



Metals 2019, 9, 908 9of12

Figure 11. The SEM images of Alloys Bl and B5. (a) The microstructure of Alloy B1l. (b) The
microstructure of Alloy B5.

As shown in Figure 11b, the dark FeSi and gray blocky ¢ phases coexist in the matrix of Alloy
B5. The matrix is a mixture of gray Zn-rich and Sn-rich solid-solution phases. The microstructures of
Alloys B6 and B7 are similar, consisting of the Liq., FeSi, and ¢ phases.

The phase equilibria in 70 and 93 at.% Zn-Fe-Si and Zn-Fe-5n are based on the results of Su et al. [26]
and Tang et al. [29], respectively. Based on the results of the microstructural studies and phase analyses,
including the SEM-EDS and XRD analyses, and by consulting the Zn-rich corners of the relevant
ternary systems, the 450 °C isothermal section of the Fe-5i-Sn-Zn system with Zn fixed at 70 and
93 at.% are constructed in Figure 12. Five four-phase regions, i.e., Liq. + FeSi + 6 + (, Liq. + FeSi
+ & + «-Fe, Liq. + 0 + a-Fe + I'1, Liq. + FeSn + «-Fe + I';, and I' + FeSn + «-Fe + I'1 exist in the
isothermal section with 70 at.% Zn. By contrast, no four-phase region is experimentally identified in the
isothermal section with 93 at.% Zn. The phase diagrams are constructed mainly on the four-phase field.
When one of the phase compositions lies above the selected section (70 or 93 at.% Zn) and three other
phase compositions are located below this section, the four-phase region is triangular. By contrast,
when two equilibrium phases are on one side and two equilibrium phases are on the other side of the
selected section, the four-phase field is represented as a quadrilateral. Furthermore, of note is that the
projection of a specific equilibrium may appear in more than one section. For example, Sample B5 in
Table 2 contains phases with 95.3 (Liq.), 92.7 (¢), and 1.1 (FeSi) at.% Zn. Thus, this specific three-phase
equilibrium can be projected in the sections at both 70 and 93 at.% Zn. Note that the red lines shown in
the three-phase fields are projections of the measured tie-triangles within the plane.
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Si30Zn70
30

e Designed alloy compositions

10 Lig+T, 15 20 Lig+d 25
+FeSn+o+T
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Figure 12. Isothermal sections of the Fe-Si-Sn-Zn quaternary system at 450 °C with Zn fixed at 70
(a) and 93 at.% (b).

5. Conclusions

In this study, isothermal sections of the Fe-Si-Sn-Zn quaternary system at 450 °C with Zn fixed at

70 and 93 at.% were determined based on SEM-EDS analyses and XRD results. The main conclusions
are listed as follows.

@

@)

Five four-phase regions exist in the isothermal section of the Fe-5i-Sn-Zn quaternary system at
450 °C with 70 at.% Zn. By contrast, no four-phase region is experimentally identified in the
isothermal section with 93 at.% Zn.

The 6 phase can coexist with the Liq. and FeSi phases.
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®)

4)

The maximum solubility values of Sn and Zn in the FeSi phase are 0.4 and 1.2 at.%, respectively.
The Sn percentages in the ¢, §, I'1, and I phases are 0.3, 1.1, 4.3, and 3.9 at.%, respectively. The Si
percentages in the §, I'1, I', and FeSn phases are limited to 0.6, 0.3, 0.2, and 0.3 at.%, respectively.
No quaternary compound was found in the two sections.
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