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Phase equilibria of AlI-Fe—Sn ternary system
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Abstract: The isothermal sections of Al-Fe—Sn ternary system at 973 and 593 K were determined experimentally by the
equilibriated alloy method using scanning electron microscopy coupled with energy-dispersive spectrometry and X-ray
diffractometry. Experimental results show that no ternary compound is found on these two sections. The maximum solubility of Fe in
the liquid phase is 1.6% (mole fraction) at 973 K and those of Fe and Al in the liquid phase are 0.6% and 5.1% (mole fraction) at
593 K, respectively. The maximum solubility of Sn in the Fe—Al compounds is 4.2% (mole fraction) at 973 K and 2.3% (mole
fraction) at 593 K. All the Fe—Al compounds can be in equilibrium with the liquid phase.
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1 Introduction

In the modern manufacturing industry, combination
of different materials, e.g., steel and aluminum alloy, has
been widely applied in order to reduce the mass of
vehicle and decrease of the fuel consumption [1,2]. Some
different methods are used to produce Al/Fe cladding
materials [3,4]. However, joining of the two kinds of
different materials is a great challenge because of the
large differences in thermo-physical properties between
them and the formation of brittle intermetallic
compounds at elevated temperatures [5]. Generally, some
alloying elements, such as Si and Sn, are added to
aluminum alloy in order to meet the challenge [6].
Knowledge of phase equilibrium in the Al-Fe—Si—Sn
quaternary system is useful to fully understand the effect
of Si and Sn on the joining process.

The phase relation of the AlI-Fe—Si—Sn quaternary
system is also important for designing the composition of
bath in the hot-dip-aluminizing (HDA). HDA is a widely
used anticorrosion technology which can prevent
oxidation at high temperature [7,8]. However, the
dramatic reaction between the molten and the steel
substrate during HDA in pure Al or 55%Al—-Zn bath may

lead to the formation of thick and brittle interlayer Fe,Als.

This interlayer can be detrimental to the forming

performance of the aluminized steel. Moreover, high
temperature will result in severe oxidation of the
aluminum bath and damage of equipment of hot dip
plating operation [9]. Hence, it is important to decrease
the hot-dipping temperature and reduce the thickness of
the intermetallic layer by adding alloying elements in the
aluminum bath. Si in bath can inhibit the Fe—Al reaction
and reduce the thickness of the coating [10,11]. Sn is an
important element that can increase the fluidity and
reduce all the L—S transformation temperatures of the
bath [12]. Therefore, the information of the phase
relationships of the Al-Fe—Si—Sn quaternary system is
essential to understand the synergistic effect of Sn and Si
in HDA.

However, the phase diagram of the Al-Fe—Sn
ternary system was determined experimentally just at
room temperature in 1988 [13], and the phase
relationship of the Al-Fe was not perfect in that time.
Furthermore, there is no information about this ternary
system at the correlative temperature in the literature.

Due to its importance, the Al—Fe binary system was
investigated repeatedly [14—16]. The generally accepted
Al-Fe phase diagram is from an assessment by
KATTNER and BURTON [14]. But they did not present
a set of parameters to calculate the whole diagram as the
modeling technique at that time did not allow an
acceptable thermodynamic model for the B2 and DO;
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ordering. Later, the Al-Fe binary system was assessed by
SUNDMAN et al [15]. Recently, the Al-rich part of the
Fe—Al phase diagram was re-investigated in detail by LI
et al [16]. There are four intermetallic compounds, FeAl;,
Fe,Als, FeAl, and FeAl in the binary Al—Fe system. All
of them indicate certain homogeneities according to the
literature. In the present work, it was identified by its
chemical composition according to the available Al-Fe
binary phase diagram.

The Fe—Sn binary system has been investigated
repeatedly [17,18]. The experimental data and thermo-
dynamic calculation of Fe—Sn phase diagram were
summarized and assessed again by HUANG et al [18].
Their calculated results were in good agreement with the
experimental information. There are three intermetallic
compounds, Fe;Sn,, FeSn and FeSn,, with no
homogeneity. Al-Sn is a simple eutectic system with
limited solid solubility in the two terminal solid solutions,
FCC (Al) and tetragonal (f-Sn) [19,20]. There is no
information about the Al-Fe—Sn ternary phase diagram
(The available information on the crystal structures of
the phases involved in the present work is summarized in
Table 1). Therefore, in this work, the phase equilibria of
Al-Fe—Sn ternary system at 973 and 593 K were
investigated.

2 Experimental

The phase relationships of the Al-Fe—Sn ternary
system are deduced by the equilibriated alloy method.
The designed compositions of these alloys are listed in
Tables 2 and 3. The purities of raw materials, i.e., Fe and
Al powders and Sn shots, are 99.99% (mass fraction).
The mixture of the raw materials, with the mass of each
constituent precisely measured to an accuracy of
0.0001 g and a total mass of 5 g, was used. Because Al
can react with the quartz tube at elevated temperatures,
the mixture of the three elements was mixed and put into
a corundum crucible which was sealed in an evacuated
quartz tube. Each sample was heated to 1423 K and kept

for 2 d, then quenched in water. Some quenched samples
were annealed at 973 K for 40 d to detect the 973 K
isothermal section. And some quenched samples were
annealed at 593 K for 60 d to detect the 593 K isothermal
section, to ensure the establishment of an equilibrium
state. The treatment was completed with water quenching
quickly to preserve the equilibrium state at annealing
temperatures.

The specimens were prepared in the conventional
way for metallographic examinations. A nital etching
solution was used for revealing the microstructure details
and a conventional optical microscope was used for the
preliminary examination of all specimens. Detailed
metallographic examinations and compositional analyses
of various phases in the samples were performed using a
JSM—-6360LV scanning electron microscope (SEM)
coupled with OXFORD INCA energy-dispersive
spectrometry (EDS). The constituent phases were further
identified by analyzing XRD patterns generated by a
Rigaku Ultimate IV D/max-rA X-ray diffractometer,
operating at 40 kV and 40mA with Cu K, radiation.

3 Results

All phases found in the equilibrated alloys are listed
in Table 2 for 973 K and Table 3 for 593 K (Column 3),
respectively, together with the chemical compositions
determined by EDS (Columns 4, 5 and 6). The reported
compositions are averages at least five measurements.
The p-Sn phase is in liquid state at 973 and 593 K,
denoted as “L” herein unless otherwise noted.

3.1 Phase equilibrium of Al-Fe—Sn ternary system at

973 K

Nine equilibrated alloys with the compositions
listed in Table 2 were designed to determine the 973 K
isothermal section. The typical alloys with different
microstructures are discussed as follows, and particular
attention is paid to those located in the three-phase
equilibria regions.

Table 1 Crystallographic parameters for binary compounds relevant in present work

Cell parameter

Compound Crystal system Space group A WA A 5) Reference
FeAl; Monoclinic C2/m 15.49 8.08 12.48 107.69 [21]
Fe,Als Orthorhombic Cmcem 7.66 6.42 4.22 [22]
FeAl, Triclinic P1(1) 4.878 6.461 8.800 [23]
FeAl Cubic Pm3m(221) 2.889 2.889 2.889 [23]
Fe;Sn, Rhombohedral R3m 5.344 5.344 19.845 120 [24]
FeSn Hexagonal P6/mmm 5.300 5.300 4.449 120 [25]
FeSn, Tetragonal 14/mem 6.539 6.539 5.325 [26]
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Table 2 Alloys and phase compositions of typical alloys in
Al-Fe—Sn system at 973 K

Typical Desigr.le.d Phase Mole fraction/%
alloy composition Al Fe Sn
Al 65AI-15Fe205n - 2104475
FeAl; 751 249 0
L 42 07 951
A2 60Al-20Fe—20Sn FeAl; 750 249 0.1
Fe,Al; 713 287 0
L 33 L1 956
A3 55A1-25Fe-20Sn Fe,Als 703 297 0
FeAl, 662 338 0
L 28 11 96.1
A4  48AI-32Fe—20Sn FeAl, 629 368 03
FeAl 483 511 0.6
L 1.6 16 968
A5 30ASOFe=20Sn bl 352 636 12
L 14 15 971
A6 10AI-60Fe-30Sn  a-Fe 165 793 42
FeSn 14 502 484
N 6ALedfesos, OFe 135 842 23
FeSn 09 503 488
aFe 79 898 23
A8  3Al-67Fe-30Sn  FeSn 0 502 498
Fe;Sn, 0 594 40.6
A9 3AITTFe20sn  Che 09 %22 1S
FesSn, 02 612 386

Table 3 Alloys and phase
Al-Fe—Sn system at 593 K

compositions of typical alloys in

Typical Designed Mole fraction/%
alloy composition Phase Al Fe Sn
aA) 999 0 0.1
Bl  65A1-15Fe—20Sn L 5.1 0.4 94.5
FeAls 753 246 0.1
L 35 0.5 96.0
B2 60Al1-20Fe—20Sn  FeAl; 75.6 243 0.1
Fe,Als 729 271 0
L 2.6 0.6 96.8
B3 55A1-25Fe—20Sn Fe,Als  70.1  29.6 0.3
FeAl, 669 319 1.2
L 23 0.3 974
B4 48A1-32Fe—20Sn  FeAl, 66.2 338 0
FeAl 494 504 0.2
BS 32AI-48Fe20Sn - 22 04 974
FeAl 40.1 587 1.2
L 2.2 0.2 97.6
B6 23Al1-47Fe-30Sn  FeAl 36.1 61.6 23
FeSn, 0.4 326  67.0
B7 10A-60Fe-30sn To 1S 80712
FeSn, 0.4 32.7 669
a-Fe 8.1 90.1 1.8
B8  4Al-66Fe—30Sn FeSn 1.1 50.5 484
FeSn, 0.3 328  66.9
B9 2Al-68Fe-30sn o 2T %06 07
FeSn 1.2 50.7 48.1
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3.2 Phase equilibrium of Al-Fe—Sn ternary system at
593 K

Nine equilibrated alloys with the compositions
listed in Table 3 were designed to determine the 593K
isothermal section. The typical alloys with different
microstructures are discussed as follows, and particular
attention is paid to those located in the three-phase
equilibria regions.

4 Discussion

4.1 Phase equilibrium of Al-Fe—Sn ternary system at
973 K

Figure 1 shows the microstructures of the alloys in
which there are Fe—Al compounds. The microstructure
of alloy Al is shown in Fig. 1(a). Based on the
SEM-EDS analyses, this alloy consists of a black blocky
FeAl; phase and primary dendrites of a(Al). The a(Al)
forms from liquid phase during the water quenching
process. The blocky FeAl; phase contains 75.1% Al and
24.9% Fe (mole fraction) with almost no Sn. XRD
patterns shown in Fig. 2 confirm that the phase is the
FeAl; phase. SEM—-EDS analyses and XRD patterns
indicate that it consists of a mixture of a(Al) and S-Sn.
So, alloy Al should be in the FeAl;+L two-phase
equilibria state. The composition of the L phase is
determined by measuring the area fractions of the f-Sn
and a(Al) phase dendrite using EDS. The L phase
contains 52.1% Al, 47.5% Sn and 0.4% Fe. Figure 1(b)
shows the microstructure of alloy A2. Experimental
results indicate that it consists of the gray L phase, the
black blocky FeAl; phase and the gray Fe,Als grain. The
matrix L phase contains 4.2% Al and 0.7% Fe. And Sn is
hardly detected in the FeAl; phase and Fe,Als phase. It
can be seen from Fig. 1(c) that alloy A3 consists of the
matrix L phase and the gray blocky Fe,Als phase attached
around the light gray FeAl, phase. EDS analyses indicate
that no Sn is detected in the FeAl, phase and Fe,Als
phase. Figure 1(d) shows the microstructure of alloy A4.
SEM-EDS analyses suggest that the light gray FeAl
phase and the black FeAl, phase coexist with the white L
phase in alloy A4. The L phase contains 2.8% Al and
1.1% Fe.

The typical XRD patterns of the four alloys A1-A4
are shown in Fig. 2. The pattern of alloy Al indicates
that it consists of mixture of a(Al)+£-Sn and FeAl; phase.
The patterns of alloys A2—A4 clearly confirm the
three-phase equilibria state in each alloy, respectively.

Figure 3 shows the microstructures of the alloys
involving Fe—Sn compounds. Figure 3(a) shows the
microstructure of alloy A6. SEM—EDS analyses indicate
that three phases, i.e., gray FeSn matrix, white L phase
and the black a-Fe particles co-exist in alloy A6. The
a-Fe phase contains 16.5% Al and 4.2% Sn. The L phase
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Fig. 1 Microstructures of alloy A1 (a), alloy A2 (b), alloy A3 (c) and alloy A4 (d) at 973
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Fig. 2 XRD patterns of alloy Al, alloy A2, alloy A3, alloy A4
at 973 K

contains 1.4% Al and 1.5% Fe. The microstructure of
alloy A8 is shown in Fig. 3(b). Based on the SEM—EDS
analyses, this alloy consists of three phase, i.e., the gray
Fe;Sn, matrix which contains 59.4% Fe and 40.6% Sn,
the light gray FeSn phase with 50.2% Fe and 49.8% Sn

and the black strip a-Fe phase with 7.9% Al and 2.3% Sn.

Fe;Sn, phase and FeSn phase are not easy to
distinguish. The light gray spicule which is in the a-Fe
phase is FeSn. However, they are clearly differentiated
from the X-ray pattern. EDS analyses suggest that no Al
dissolves in Fe;Sn, or FeSn. The XRD patterns of alloys
A6 and A8 are shown in Fig. 3(c) which clearly indicate
the three-phase equilibrium state mentioned above.

-

K

4.2 Phase equilibrium of Al-Fe—Sn ternary system at
593 K

The microstructure of alloy B1 is shown in Fig. 4(a).
Based on the SEM—EDS analyses, this alloy consists of
three phases, i.c., the gray blocky FeAl; phase, the black
a(Al) phase and the matrix f-Sn which is transformed
from the liquid phase. Fe is not dissolved in the a(Al)
phase. Sn is hardly found in the FeAl; phase and the a(Al)
phase. Figure 4(b) shows the microstructure of alloy B3.
SEM-EDS analyses suggest that the gray matrix is the L
phase, the black block is the FeAl, phase and the black
particle is Fe,Als phase. The liquid phase contains 2.6%
Al and 0.6% Fe. It can be seen from Fig. 4(c) that alloy
B4 consists of the white liquid phase, the black FeAl,
matrix and the gray FeAl phase. SEM—EDS analyses
indicate that Sn is hardly found in the FeAl, phase and
FeAl phase. The liquid phase contains 2.3% Al and 0.3%
Fe. The typical XRD patterns of the three alloys B1, B3
and B4 are shown in Fig. 4(d), which clearly confirm
these three-phase equilibrium states in each alloy,
respectively.

The microstructure of alloy B6 is shown in Fig. 5(a).
SEM-EDS analyses indicate that this alloy contains
three phases, i.e., the white L phase, the black blocky
FeAl phase and the gray blocky FeSn, phase. The FeAl
phase contains 36.1% Al and 2.3% Sn. The L phase
contains 2.2% Al and 0.2% Fe. Figure 5(b) shows the
microstructure of alloy B8, which contains three phases,
the dark blocky a-Fe phase, the gray blocky FeSn phase
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Fig. 3 Microstructures of alloy A6 (a), alloy A8 (b) and XRD patterns of two alloys (c) at 973 K
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Fig. 4 Microstructures of alloy B1 (a), alloy B3 (b), alloy B4 (c) and XRD patterns of three alloys (d) at 593 K
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Fig. 5 Microstructures of alloy B6 (a) and alloy B8 (b) and
XRD patterns of two alloys (c) at 593 K

and the white blocky FeSn, phase. The a-Fe phase
contains 8.1% Al and 1.8% Sn. Figure 5(c) shows the
XRD patterns of alloys B6 and BS, which clearly
indicate these three-phase equilibrium states mentioned
above in each alloy, respectively.

4.3 Isothermal sections of Al-Fe—Sn ternary system at
973 and 593 K
The phase diagram of the relevant binary systems is
the base for the boundary of the isothermal section of
the ternary system. The accepted phase diagrams of
Fe—Al [14], Fe—Sn [17] and Al-Sn [19] are shown in
Fig. 6.
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Fig. 6 Phase diagram of relevant binary systems: (a) Fe—Al
[14]; (b) Fe—Sn [17]; (c) Al=Sn [19]

Based on the information of relevant binary systems
and the results of microstructure observation and phase
analyses, including X-ray diffraction and SEM—EDS
analyses, the 973 and 593 K isothermal sections of
Al-Fe—Sn ternary system are constructed and shown in
Figs. 7(a) and (b), respectively.

From Fig. 7(a), it can be seen that five three-phase
regions, i.e., L + FeAl;+ Fe,Als, L + Fe,Als+ FeAly, L +
FeAl, + FeAl, L + a-Fe + FeSn and a-Fe + FeSn +
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Fe;Sn, exist in the 973 K isothermal section. The liquid
phase can be in equilibrium with the four Fe—Al
intermetallic compounds. The Fe—Al intermetallic
compounds contain little Sn. There is no ternary
compound. The phase relationship of the 593 K
isothermal section is similar to that of the 973 K section.
Their difference is mostly on the Fe—Sn side. Contrasting
Figs. 7(a) and (b), the equilibrium relationships around
Fe;Sn, or FeSn, phase are different between the two
isothermal sections. On the 593 K isothermal section, the
FeSn, phase is in equilibrium with FeSn and a-Fe.
However, on the 973 K section, the FeSn, phase
disappears and Fe;Sn, phase appears. Another difference
is the size of the area of liquid phase. On the 593 K
isothermal section, there is a little area of liquid phase at
the Sn-rich corner; however, there is a lathy area of
liquid phase beside the Al—Sn side on the 973 K section.

100

0 20/ 40 (& 60 80 100
a-FetFe;Al,+FeSn =
x(Sn)/%

Al
100

LAFeAls+
Fe,Als

0 20 40 FeSn 6( FeSm 80 100
x(Sn)/%

Fig. 7 Isothermal sections of Al-Fe—Sn ternary system at
973 K (a) and 593 K (b)

5 Conclusions

1) Based on SEM-EDS analyses and X-ray
diffraction results, the 973 and 593 K isothermal sections
of the Al-Fe—Sn ternary system are determined.

2) Five three-phase regions exist on the isothermal
section at 973 K and six on the 593 K section. No ternary
compound is found in this system on the two sections.

3) The liquid phase can be in equilibrium with four
Fe—Al intermetallic compounds at 973 and 593 K.

4) The maximum solubilities of Fe and Al in the
liquid phase are 0.6% and 5.1% (mole fraction) at 593 K,
respectively, and that of Fe reaches 1.6% (mole fraction)
at 973 K. The maximum solubility of Sn in the Fe—Al
compounds is 4.2% (mole fraction) at 973 K and 2.3%
(mole fraction) at 593 K.
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