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The 450 �C isothermal section of the Zn-Fe-Ti ternary system with an emphasis on the Zn-rich
corner was experimentally determined by means of optical microscopy, scanning electron
microscopic/energy-dispersive spectrometric (SEM-EDS) analysis, and x-ray diffraction. A true
ternary phase T with an approximate formula of TiFe2Zn22 has been identified. This phase is in
equilibrium with all phases in the system, except aFe; aTi; and Ti2Zn. Four Ti-Zn binary
compounds, TiZn16, TiZn8, TiZn3, and TiZn, were found in this study.
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1. Introduction

Galvanizing Si-containing steels in unalloyed Zn baths
results in excessively thick coatings with poor adhesion.
This phenomenon is referred to as the Sandlin Effect in the
open literature.[1-3] A practical solution to this problem is
galvanizing the steels in alloyed baths. In addition to metals
such as Al,[4] Ni,[5] and Mn,[6] which are currently used in
the galvanizing industry, Ti is an alloying element of great
potential for the galvanizing industry.[7]

Interstitial-free (IF) steels are frequently continuously
galvanized for applications as exposed auto panels that are
subjected to deep drawing in manufacturing. The addition of
Ti to IF steels affects the kinetics of Fe-Zn phase formation
in galvannealing, resulting in a more rapid growth rate of the
C phase in the coating which, in turn, results in excessive
coating powdering in panel fabrication.[8]

Hence, the information of phase equilibria in the Zn-Fe-
Ti ternary system, especially in the Zn-rich corner at
temperatures relevant to hot dip galvanizing, is very
important to the industry. The purpose of the present study
is to experimentally develop the Zn-Fe-Ti isothermal section
at 450 �C, thereby generating information of importance to
the galvanizing industry.

Numerous researchers have studied the Ti-Zn system,
and more than 10 compounds have been reported.[9-20]

However, the nature of these compounds is still a subject of
discussion. Recently, Vassilev et al.[21,22] proposed a new
version of the Zn-rich side of the phase diagram. These
researchers believe that the intermediate phases in the
system are not necessarily all line compounds and could

exist in the vicinity of their respective stoichiometry,
probably in metastable states. The formation of some
metastable compounds was not excluded.[21]

Due to its importance to the galvanizing industry, the Fe-
Zn binary system has been investigated repeatedly.[23-44]

The most recent assessment of the system was carried out by
Su et al.[45] The Ti-Fe phase diagram is relatively well
investigated, and the version compiled by Massalski[46] will
be used for the construction of the isothermal section.

Gloriant et al.[7] proposed a metastable isothermal sec-
tion of the Zn-Fe-Ti ternary system at 450 �C following
their experimental study of the interface layers formed on Fe
and Fe-Ti alloys galvanized in molten Zn with and without
Ti addition. One of the main features of the isothermal
section is the presence of the large domain of the C2 phase
that extends well into the Zn-rich corner, coexisting with the
liquid phase and all intermetallic compounds in the system.
It can contain up to 12% Ti. Long annealing experiments
resulted in a significant decrease in the extent of this field as
equilibrium is approached. The C phase ( C1 in Gloriant�s
notation) was shown to possess a large composition range. It
extends to the Fe-rich corner and coexists with Fe2Ti and
aFe: Only three Ti-Zn compounds, TiZn15, TiZn7, and
TiZn3, were detected in their study.

2. Experimental Methods

The design compositions of the alloys studied in this
work are listed in Table 1. The purity of the metallic
powders was 99.99 wt.%. Samples were prepared by
carefully weighing the powders of Fe, Zn, and Ti, 5 g in
total for each sample. All masses were weighed to an
accuracy of 0.0001 g.

Some challenges were encountered while preparing the
samples because of the high reactivity of Ti at elevated
temperatures. In the initial trial, the Ti powder was found
to react with the quartz tube, fused SiO2 in nature, at high
temperatures to form Ti oxides[22,47,48] due to the
extremely negative standard Gibbs energies of formation
of the oxides. As a result, the mixtures had to be contained
in corundum crucibles that were then sealed in evacuated
quartz capsules.
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Each alloy mixture was heated to above its estimated
liquidus temperature and kept at this temperature for 14 h,
followed by quenching in water using a bottom-quenching
technique to minimize Zn loss and to reduce sample

porosity. This technique has been reported elsewhere[49,50]

and will not be detailed here. The quenched samples,
together with their corundum crucibles, were then sealed
again individually in evacuated quartz tubes and annealed at
450 �C for 30 days to ensure the establishment of an
equilibrium state. The treatment was completed with rapid
water quenching to preserve the equilibrium state at 450 �C.

The specimens were prepared in the conventional way
for microstructure examination using both optical and
scanning electron microscopes (SEM). A nital solution
was used to reveal the microstructures of the samples. A
JSM-6360LV scanning electron microscope (SEM)
equipped with an OXFORD INCA energy dispersive X-
ray spectroscope (EDS) was used to study the morphology
and chemical compositions of various phases in the
samples. The phase makeup of the alloys was further
determined by analyzing x-ray diffraction patterns generated
by a Bruker D8 advanced x-ray diffractometer, operating at
50 kV and 100 mA with Cu K a radiation.

3. Results and Discussion

Phases in an alloy can be easily differentiated based on
the relief, color, and chemical composition. In most cases,
the results obtained by SEM-EDS analysis alone are
sufficient for phase identification; however, the true iden-
tities of the phases were all confirmed by analyzing the
relevant x-ray diffraction patterns.

All phases found in the alloys are listed in Table 1
(Column 3) together with the chemical compositions
determined by the SEM-EDS technique (Columns 4 to 6).
The compositions reported are the averages over at least five
measurements. An important discovery of this study is that
the T phase, which was believed previously to be the
extension of the C1 phase

[7] of the binary Zn-Fe system, is a
true ternary phase existing in a separate composition range.
As can be seen in Fig. 1(a), the microstructure of Alloy 15
(Zn-2.5Ti-17.5Fe) consisted of three phases: T, C; and C1:
These three phases can be easily differentiated based on
their morphology, relief, and chemical compositions. The T
phase is most resistant to etching among the three. SEM-
EDS analyses revealed that the T phase contained 4.0% Ti,
9.0% Fe, and 87.0% Zn (all compositions in at.% except if
otherwise noted). This composition is markedly different
from the chemical composition of the C1 phase of 0.8% Ti,
19.6% Fe, and 79.6% Zn. Indexing of the x-ray diffraction
pattern generated from this alloy, as shown in Fig. 1(b),
indicates clearly that this alloy consisted of three phases
with the T phase possessing its own set of characteristic
peaks. The microstructure and x-ray diffraction pattern of
Alloy 9 are shown in Fig. 2(a) and (b), respectively. It can
be seen very clearly that the microstructure of this alloy
consists of two phases: the T phase and the Zn-rich solid-
solution phase gZn; marked as ‘‘Liquid’’ in the figure
because it was in the liquid state at 450 �C. It should be
mentioned that the gZn is apparently supersaturated with Ti
and Fe. All three strongest peaks of this phase shifted
noticeably in Fig. 2(b). Judging by the positions of the (002)

Table 1 Alloy and phase compositions

Composition, at.%

Design composition Phase Ti Fe Z n

1 93Zn-4.5Ti-2.5Fe TiZn16 5.7 0.2 94.1

T 3.8 6.0 90.2

gZn 0.4 0.0 99.6

2 93Zn-1.5Ti-5.5Fe gZn 0.0 0.5 99.5

f 0.4 6.0 93.6

T 3.9 7.7 88.4

3 93Zn-0.5Ti-6.5Fe f 0.2 6.8 93.0

4 91Zn-7Ti-2Fe TiZn16 5.8 0.0 84.2

TiZn8 10.1 0.4 89.4

T 4.4 6.3 89.3

5 91Zn-4.5Ti-4.5Fe TiZn16 5.8 0.1 94.1

T 4.0 6.0 90.0

6 91Zn-1.5Ti-12Fe T 3.9 8.2 87.9

d 1.0 7.8 91.1

f 0.3 6.6 93.1

7 91.5Zn-1Ti-7.5Fe d 0.6 7.7 91.7

8 90.5Zn-Ti2-7.5Fe f 0.2 6.6 93.2

T 3.9 7.9 88.2

9 90Zn-4Ti-6Fe gZn 0.0 0.7 99.3

T 3.8 6.0 90.2

10 87.5Zn-1Ti-11.5Fe d 1.1 11.0 87.8

11 87Zn-10Ti-3Fe TiZn8 10.5 0.3 89.2

T 4.4 6.7 88.9

12 86.5Zn-1.5Ti-12Fe T 4.1 8.6 87.3

d 0.7 12.0 87.2

C1 0.8 16.6 82.6

13 86Zn-1Ti-13Fe C1 1.0 18.2 80.8

d 0.3 12.6 87.1

14 80Zn-15Ti-5Fe TiZn8 10.9 0.8 89.3

TiZn3 22.3 0.6 77.1

T 4.3 7.2 88.5

15 80Zn-2.5Ti-17.5Fe C 0.8 24.5 74.7

C1 0.8 19.6 79.6

T 4.0 9.0 87.0

16 78.5Zn-2Ti-19.5Fe C 74.9 0.8 24.3

T 4.5 8.7 86.8

17 73Zn-26Ti-1Fe TiZn3 23.4 0.8 75.8

TiZn 48.3 0.6 51.1

T 4.6 7.3 88.1

18 70Zn-15Ti-15Fe TiFe2 32.3 65.5 2.2

TiFe 48.3 50.5 2.2

T 4.9 8.0 87.1

19 70Zn-13.5Ti-16.5Fe TiFe 48.9 49.1 2.0

T 4.8 8.0 87.2

20 70Zn-10Ti-20Fe TiFe2 31.1 66.1 2.8

T 4.5 8.4 87.1

21 65Zn-20Ti-15Fe TiFe 50.2 49.2 0.6

TiZn 49.4 1.1 49.4

T 4.8 7.7 87.5
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and (100) reflections, lattice parameter a increased and c
decreased. The characteristic peaks of the T phase can be
seen clearly in Fig. 2(b) because T phase is the major phase
in Alloy 9. A comparison of the x-ray patterns shown in
Fig. 1(b) and 2(b) indicates very clearly that the x-ray
pattern of the T phase is vastly different from that of the C1

phase. The C1 phase is well studied. It possesses a face-
centered cubic (fcc) crystallographic structure with
a = 1.798 nm, and the unit cell contains 408 atoms. Its
strongest peak is at 2h ¼ 42:64�: On the other hand, the
patterns shown in Fig. 1(b) and 2(b) suggest that the
strongest peak of the T phase is at 2h ¼ 43�:

The data listed in Table 1 indicate that the T phase has a
relatively narrow composition range. It contains Ti from 3.8
to 4.9%, Fe from 6.0 to 7.3%, and Zn from 87.1 to 90.2%.
The average composition of all T particles analyzed in this
work suggests this compound can be approximately
described by the formula of TiFe2Zn22. Ternary phases
were frequently detected in the Zn-rich corner of Zn-Fe-
based ternary systems, such as the Zn-Fe-Al system,[51] the
Zn-Fe-Co system,[49] and the Zn-Fe-Ni system.[52] These
phases all have the same fcc crystallographic structure and

the same size of unit cell. These phases were all designated
as T phase by Tang.[49,51,52] To be consistent, this phase is
also designated as T.

SEM-EDS analyses indicate that the microstructure of
Alloy 12 (Zn-1.5Ti-12Fe) corresponded to the ðTþ C1 þ dÞ
three-phase equilibrium state. The relief and compositions
of the T phase and the C1 phase were significantly different.

The microstructures of Alloys 5, 8, 11, and 13 were quite
simple and consisted of two phases (see Table 1 for details)
with the minor phase existing in the matrix of the major
phase. Their microstructures are similar to that shown in
Fig. 2(a) for Alloy 9.

The microstructure and the x-ray diffraction pattern of
Alloy 2 are shown in Fig. 3(a) and (b). SEM-EDS analyses
indicate that it corresponded to the ðTþ fþ gZnÞ three-
phase equilibrium state. Ti was practically not detected in
the gZn phase. A separate study carried out by one of the
authors indicated that the Ti composition of this invariant
point at 450 �C is only 0.03 wt.%.[53] It can be seen that the
lattice of the gZn phase was not noticeably distorted in this

Fig. 1 The microstructure (a) and x-ray diffraction pattern (b)
of Alloy 15. The composition, the morphology, and the charac-
teristic x-ray diffraction peaks of the T phase indicate that it is a
true ternary phase

Fig. 2 The microstructure (a) and x-ray diffraction pattern (b)
of Alloy 9. Note the gZn (marked as Liq.) is supersaturated with
Ti and Fe, as indicated by the noticeable shifts of its major
peaks in the x-ray pattern
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case; the three peaks of this phase are located at their normal
positions as shown in Fig. 3(b). Based on the fact that the
gZn phase in Alloy 2 contained more Fe and less Ti than
that in Alloy 9,[53] one can conclude that the lattice
distortion of the gZn phase in Alloy 9 was mostly caused by
Ti supersaturation.

The microstructure of Alloy 1 (Zn-4.5Ti-2.5Fe) is shown
in Fig. 4(a). The phases existing in this alloy were identified
as T, TiZn16, and gZn: The designation of TiZn16 is based
on the x-ray diffraction pattern of the compound. The
existence of TiZn16 is first reported by Heine who published
the x-ray diffraction pattern of this compound.[14] This
compound has been included in the phase diagram proposed
recently by Vassilev.[22] The presence of this phase at
450 �C substantiates the early finding that the peritectic
temperature of its formation is 460 �C,[10,11] higher than the
445 �C indicated by Massalski.[46] The T phase is more
resistant to etching than the TiZn16.phase. As a result, it is
easy to distinguish the T phase from the TiZn16 phase based
on their relief and compositions. The x-ray diffraction
pattern of Alloy 1 is shown in Fig. 4(b). SEM-EDS analysis
indicated that the solubility of Fe in TiZn16 is small, no

more than 0.3%. Figure 5 shows the microstructure
(Fig. 5a) and x-ray diffraction pattern (Fig. 5b) of Alloy 4
(Zn-7Ti-2Fe). It corresponds to the (TiZn16 + TiZn8 + T)
three-phase equilibrium state. Again, the Fe solubility in
TiZn16 is negligible.

As indicated earlier, the prevailing Zn-Ti phase dia-
gram[9] includes TiZn10 and TiZn5, but not TiZn8. The
diffraction patterns of Alloys 4 and 14 shown in Fig. 5(b)
and 6(b), were carefully studied. With the removal of all
peaks contributed by phases T, TiZn16, and TiZn3, the
remaining peaks in the two patterns are consistent. This
indicated that only one phase exists between the TiZn16 and
TiZn3 phases. Energy-dispersive spectrometric analysis in
Table 1 indicates that the phase is TiZn8. A similar phase
with a composition corresponding to TiZn7 was identified in
the work of Gloriant et al.[7] Chen et al.[54] reported the
existence of Ti3Zn22 and determined the crystal structure in
detail. The exact composition of this phase is Ti2.841Zn22.159,
which corresponds to the TiZn8 phase. Most likely, these
two phases are the same, although Vassilev[22] suggested
recently the existence of both TiZn7 and TiZn8. The minor

Fig. 3 The microstructure (a) and x-ray diffraction pattern (b)
of Alloy 2. Three phases, T, f; and gZn; coexist in this alloy

Fig. 4 The microstructure (a) and x-ray diffraction pattern (b)
of Alloy 1. Three phases, TiZn16, T, and gZn; coexist in this
alloy
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difference in composition of the two phases could be the
result of the uncertainty associated with SEM-EDS analysis.
In the present work, the results of Chen et al. are accepted.
The TiZn8 compound dissolved about 0.4 to 0.8% Fe, more
than that of the TiZn16 compound.

The microstructure of Alloy 17 is shown in Fig. 7. It
consists of the T phase, the TiZn phase, and the TiZn3
phase. The existence of this phase field makes the equilib-
rium between the FeTi phase and the TiZn3 phase, as
suggested by Gloriant et al.,[7] impossible.

During the annealing, samples of Alloy 18 to Alloy 21
often expanded significantly and even became powder
presumably because there was no liquid phase acting as the
binding phase, and intermetallic phases of Fe-Ti types are
brittle in nature. It was difficult to obtain compact samples.
SEM-EDS analyses of these porous samples suggest the
existence of (TiFe + TiZn + T), (TiFe + TiFe2 + T), and
(Fe2Tiþ aFeþ T) three-phase equilibrium fields in these
samples. The maximum solubility of Zn in FeTi and Fe2Ti is
about 2.8% and 2.2%, respectively. Because of the small
volume fractions of the FeTi and the Fe2Ti phases in the
samples, it is difficult to identify their characteristic peaks
with any certainty in the x-ray diffraction patterns.

Fig. 6 (a) The microstructure of Alloy 14 consists of the fol-
lowing three phases, TiZn8, TiZn3, and T. These three phases
possess totally different relief and can be easily differentiated in
this backscattered electron (BSE) micrograph. (b) The x-ray dif-
fraction pattern of Alloy 14

Fig. 5 The microstructure (a) and the x-ray diffraction pattern
(b) of Alloy 4. Three phases, TiZn16, TiZn8, and T, coexist in
this alloy

Fig. 7 Three phases, T, TiZn3, and TiZn, coexist in Alloy 17.
Note that TiZn particles are smaller, darker, and totally sur-
rounded by large TiZn3 particles
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Based on the experimental results obtained in this study
and the information of relevant binary systems in the open
literature, the 450 �C isothermal section is constructed, as
shown as Fig. 8(a). An enlarged Zn-rich corner is shown in
Fig. 8(b). It should be mentioned here that only four Ti-Zn
compounds-namely, TiZn16, TiZn8, TiZn3, and TiZn-were
found in the present investigation. Other Ti-Zn compounds,
such as TiZn5, TiZn10, TiZn2, and Ti2Zn3, as shown in the
prevailing Ti-Zn binary phase diagram proposed by Mas-
salski,[9] were not detected in the present study. It can be seen
in the isotherm that the T phase is in equilibrium with gZn; f;
d; C1;C; Fe2Ti, FeTi, TiZn, TiZn3, TiZn8, and TiZn16. The
existence of the (TiZn + T + TiZn3) three-phase equilibrium
state prohibits the equilibrium between FeTi and FeZn3
suggested by Gloriant et al.[7] The composition range of the
T phase is relatively small and narrow. With an increase in
the Zn content of the T phase, the Ti content of the phase
changes only marginally. As a result, the T phase field is
almost parallel to the Fe-Zn binary side of the system.

4. Conclusions

Based on SEM-EDS analyses and x-ray diffraction
studies, the 450 �C isothermal section of the Zn-Fe-Ti
ternary system was determined in the present work. The
main findings are:

• The T phase is a true ternary phase. It can be described
approximately by the formula TiFe2Zn22. The composition
range of the T phase is relatively small.

• The ternary phase T is in equilibrium with all the phases
in the system except aFe; aTi; and Ti2Zn.

• The equilibrium between the TiZn, T, and TiZn3 phases
prohibited the equilibrium between FeTi and FeZn3 com-
pounds, as suggested by others.[7]

• There were only the following four Ti-Zn compounds,
TiZn16, TiZn8, TiZn3, and TiZn found in present work.
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