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Abstract: The phase relationships in the Zn—Al-Ti system at 450 and 600 °C were experimentally determined using
equilibrated alloys method. The specimens were investigated by means of scanning electron microscopy coupled with
energy dispersive spectroscopy and X-ray diffractometry. Eleven and eight three-phase regions are confirmed in the 450
and 600 °C isothermal sections, respectively. The Ti,Als which only exists at high temperature (990—1199.4 °C) in
Ti—Al binary system is confirmed in two isothermal sections due to the dissolution of zinc. The T phase is confirmed as
a ternary compound rather than an extension phase of TiZn; at 450 °C. The 7, phase is a new ternary phase stable at

450 and 600 °C in Zn—Al-Ti ternary system.
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1 Introduction

Hot-dip galvanizing has been widely used to
protect steel products from oxidation and corrosion.
However, galvanizing Si-containing steels remains
a technical challenge as it produces dull and
excessively thick coatings with poor adhesion. This
phenomenon is referred to the Sandelin effect or Si
reactivity [1-3]. A practical method to solve this
problem is to galvanize the steel in an alloy bath.
The Sandelin phenomenon disappears when the Al
or small amount of Ti is added into the zinc
bath [4—8]. CULCASI et al [9] investigated the
synergistic effect of Ti and Al on the structure and
the surface quality of the coating, and the results
showed that addition of Ti could serve as a catalyst
for the Fe—Al reaction, allow a great development

of the inhibition layer and delay the growth of the
Fe—Zn intermetallic. XU et al [10] investigated the
influence of Ti and La additions on the formation of
intermetallic compounds in the AlI-Zn—Si bath. Ti is
added as a grain refiner into the Al-Zn—Si bath to
enhance the nucleation rate [11,12]. Therefore,
more studies on the phase equilibria of Zn—Al-Ti
ternary system are necessary for understanding
mechanism on the interfacial reactions and
developing Zn—Al-Ti alloy coating.

SU et al [13,14] experimentally investigated
the Zn—Al-Ti isothermal section at 450 and 350 °C
in order to get a better understanding of the effect of
Al and Ti on galvanizing, and the Ti,Als phase
which  only exists at high temperature
(990—-1199.4 °C) in Ti—Al binary system was not
found in this isothermal section. While in research
of LUO et al [15], the Ti,Als phase can be stable in
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the Zn—Al-Ti ternary system at 400 and 500 °C due
to the dissolution of zinc in the Ti,Als phase. LI
et al [16] also confirmed the existence of the Ti,Als
phase in Al68.6Zn4.1Ti27.3 alloy. In order to make
sure of the existence of Ti,Als in Zn—Al-Ti at
450 °C and obtain reliable phase relations and
enough data for thermodynamic model of
Zn—Al-Ti ternary system, the isothermal sections at
450 and 600 °C in the Zn—AIl-Ti system were
determined experimentally in the present work.

2 Literature review

The Al-Zn binary system has been
investigated repeatedly due to the importance of
aluminum—zinc alloy in hot dip galvanizing and
other applications [17—19]. For Zn—Al system,
there are only three condensed phase, i.e., Al-based
fce, Zn-based hep and liquid.

The thermodynamic calculations of phase
diagram for Ti—Al system was presented by
KAUFMAN and NESOR [20] in 1978, and then
MURRY [21], OKAMOTO [22] and ZHANG
et al [23] investigated this system respectively.
RAGHAVAN [24], SCHUSTER and PALM [25]
reassessed the Ti—Al system again. The latter
critically reevaluated all available literature data.
The result of the assessment is accepted in this
work.

The intermetallics existing in the Zn—Ti
system are still in dispute. The binary phase
diagram of Zn—Ti evaluated by MURRAY [26]
contains seven compounds including TiZn,s, TiZn,o,
TiZns, TiZns, TiZn,, TiZn and Ti,Zn. However,
VASSILEV et al [27,28] obtained Zn—Ti binary
system by differential scanning calorimetry and
diffusion couples, and they found another five
Ti—Zn compounds, i.e., TiZnys, TiZng, TizZny,,
TiZn; and Ti,Zn;. Whether the TiZn;, and TiZns
phases exist has yet to be confirmed, because these
two phases were not found in the diffusion couples.
GLORIANT et al [29] found that the compound
TiZn; was the only phase between TiZn;s and TiZn;.
CHEN et al [30] studied the crystal structure of
Ti3Zn,, and TiZn;e, and confirmed that TiZn,s and
TiZn,s were the same phase, and they believed that
only TiZn;s and Ti;Zn,, existed between TiZn; and
n-Zn. In Ref. [30], it was first tested that Ti;Zny, is
a tetragonal structure and its space group is
P42/mbc. The exact composition of TizZny, phase is

Ti2.8417Zn22.159, and thus it is also named as TiZng
phase [31].

3 Experimental

The isothermal section of Zn—Al-Ti at 600
and 450°C was determined with equilibrated
alloys. Samples were prepared from metal powders
with purity of 99.99%. Each sample was carefully
weighed with electronic balance, 3 g in total. Due to
the fact that Al and Ti will react with quartz at high
temperature and to avoid oxygen diffusion, the
mixed powders were first put into a corundum
crucible and then sealed in an evacuated quartz
tube. The samples were heated to 1200 °C and kept
for two days, followed by quenching in water. The
quenched samples were re-sealed in evacuated
quartz tube, and then annealed at 600 and 450 °C
respectively, for 60 days to make sure to reach
equilibrium state.

The specimens prepared in the
conventional way for microstructure examination.
The nital solution was used to reveal the
microstructure of the samples. A JSM—6360LV
scanning electron microscope equipped with
energy-dispersive spectrometric (SEM—EDS) was
utilized to study the morphology and chemical
composition of various phases in the samples. The
phases were further confirmed by analyzing their
X-ray powder diffraction patterns by a D/max-rA
X-ray diffractometer, operating at 40kV and
100 mA with Cu K, radiation.

were

4 Results and discussion

To determine the phase relationships of the
600 and 450°C isothermal sections in the
Zn—Al-Ti ternary system, a series of specimens
were prepared. Table 1 and Table 2 list the nominal
composition of the ternary alloy samples. All
phases formed in the specimens, together with the
chemical composition of the phases are included in
Table 1 and Table 2.

4.1 Phase equilibria of Zn—Al-Ti ternary system
at 600 °C

Figure 1(a) shows the microstructure of Alloy

Al. SEM—-EDS analysis indicates that it contains a

three-phase region, i.e., the dark a(Al) phase, stripy
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Table 1 Compositions of samples and phases of 600 °C
isothermal section in Zn—Al-Ti ternary system

Table 2 Compositions of samples and phases of 450 °C
isothermal section in Zn—Al-Ti ternary system

Designed Content/at.%
Phase

composition/at.% Al Ti Zn

Sample

Designed Content/at.%
Phase

composition/at.% Al Ti  Zn

Sample

a(Al) 908 05 8.7
Liquid 772 0 228
TiAl, 715 27.1 14

Al Al84Ti3Znl13

TiAl; 719 273 0.8
Ti,Als 68.8 274 3.8
a(Al) 822 02 17.6

Bl Al75Til3Zn12

Liquid 766 0 23.4
A2 AI72Til3Znl5 TiAl, 704 28.0 1.6
Ti,Als 682 28.1 3.7

TibAls 68.0 273 4.7
B2  AI67Til3Zn20 T 599 259 142
a(Al) 780 02 218

Ti,Als 684 273 43
TiZn; 53.7 264 199
Liquid 423 0 577

A3 Al48Til2Zn40

T, 19.7 603 20.0
B3 Al21Ti55Zn24  Ti;Al 21.7 68.6 9.7
T 24.6 293 46.1

Ti,Als 673 29.1 3.6
A4 Al60Ti33Zn7 TiAl, 60.8 356 3.6
TiZn; 574 279 14.7

T 21.1 292 497
B4 Al14Ti44Zn42  TiZn 1.8 49.6 48.6
T, 9.6 544 36.0

TiAl 375 494 13.1
TiZn; 33.3 30.1 36.6
Ti;Al 257 62.0 123

AS Al130Ti40Zn30

T 593 26.6 14.1
BS5 Al63Ti27Zn10  TiAl, 643 33.1 2.6
Ti,Als 67.9 28.1 4.0

T, 18.4 57.3 243
A6 All8Ti47Zn35  Ti;Al 219 662 11.9
TiZn; 20.5 29.8 49.7

T 526 29.1 183
B6 Al54Ti40Zn6 TiAl  48.1 462 5.7
TiAl, 63.6 33.1 33

7, 121 525 354
A7 AISTi42Zn50  TiZn 3.4 51.6 45.0
TiZn; 10.0 29.1 60.9

T 42.1 292 287
B7 Al42Ti43Zn15 TiAl 440 481 79
Ti;Al 263 67.0 6.7

T, 17.1 58.8 24.1
A8 AllSTi60Zn25  Ti; Al 222 66.7 11.1
TiZn 42 523 435

a(Al) 762 0.1 237
B8  AI35Ti8Zn57 T 485 253 262
Liquid 30.6 0.1 69.3

TiZn; 44.7 25.8 295
Liquid 314 0 68.6
TiZn; 413 25.6 33.1
Liquid 6.7 0 933

A9 Al38Til8Zn44

Al0 Al20Ti10Zn70

T 174 26.1 56.5
TiZn;,, 06 6.6 928
TiZng 0.5 12.1 874

B9 Al3Ti14Zn83

TiZng 04 133 86.3

AL AlTilozmgs  TZms 94 247 659 BI0  AI3Til9Zn78 TiZn 1.6 49.5 489
Hoen Liquid 0 13 987 T 146 279 575
Al7 Al68.6Ti27.3Znd.1 TibAls 68.9 272 39 T 223 252 525

TiAl; phase and white liquid phase. The solubilities
of Zn and Ti in a(Al) reach 8.7 and 0.5 at.%,
respectively. On the other hand, the solubility of Zn
in TiAl; reaches 1.4 at.%.

The microstructure of Alloy A2 is shown in
Fig. 1(b). With the help of SEM—-EDS, it can be
found that Alloy A2 consists of three phases, i.c.,
TiAl;, TiAlsand Liquid phase. The dark TiAl; and
Ti,Als; phases exist in the matrix of liquid phase.
Since the samples were put into a corundum
crucible and sealed in a quartz tube, the cooling rate
was not quick enough as the samples were
quenched into the water, and then the liquid phase

Bl11 AlSTi5Zn90 Liquid 2.0 0.1 979

TiZn,s, 03 6.5 932

T, 149 614 23.7

B12  Al30Ti47Zn23 .
Ti;Al 163 715 122

Ti;Al 305 663 3.2

BI3  AI3STi58Znd
3 SBUSBZnd a1 464 510 26

T, 159 542 299
T 227 29.2 48.1

B14  Al16Ti50Zn34

a(Al) 56 0.1 943

BI5  AI75Ti8Znl
5 75Ti8znls T 289 253 358

T 583 257 16.0

B16  Al62Til3Zn25
a(Al) 772 0.1 227

Ti,Als 68.5 273 42

B17  AI72Til3Znl5
a(Al) 817 0.1 182
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decomposed into Al-rich and Zn-rich phases during
the quenching process.

The XRD patterns of Alloy Al and A2 are
shown in Figs. 1(c) and (d), respectively, which
further confirm the two three-phase regions of
o(AD)+TiAl;+Liquid and  Ti,Als+TiAl;+Liquid,
respectively.

According to above results, the TipAls phase,
which should not exist in the binary system below
990 °C, appears in Alloy A2. To confirm the
existence of the TiAls phase, Alloy Al17 (the
nominal composition is Al68.6Ti27.3Zn4.1) was
smelted and annealed at 600 °C for 60 days. The
sample is found to be in single phase state under
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SEM-EDS examination and the phase is confirmed
as Ti,Alsby its XRD shown in Fig. 2. According to
LUO et al [15], the existence of Ti,Als is due to the
dissolution of Zn in Ti—Al. Therefore, the Ti,Als
can stably exist at a lower temperature. In Alloy
A17, the solubility of Zn in Ti,Als reaches 3.9 at.%.

The coexistence of TiZn;, Ti,Als and Liquid is
found in Alloy A3 from the microstructure and
XRD analyses, as shown in Figs. 3(a) and (c). The
dark phase is Ti,Als phase, and the liquid phase
decomposes into white Zn-rich phase and dark
Al-rich phase due to inadequate quenching rate. The
grey big block phase is TiZn; and the Al content
reaches 53.7 at.%. In our previous work [16], five

a—Al
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80 20 30 40

. A" > % N

L] v Al »

il NN dJ.L l A M
50
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Fig. 1 SEM images (a, b) and XRD patterns (c, d) of Alloy Al (a, ¢) and Alloy A2 (b, d)

Fig. 2 SEM image (a) and XRD pattern (b) of Alloy A17

(b)
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L
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Fig. 3 SEM images (a, b) and XRD patterns (c, d) of Alloy A3 (a, ¢) and Alloy A4 (b, d)
alloys were prepared to determine the existence of the difficulty of sample preparation, alloys

the TiZn; phase of isothermal section in Zn—Al-Ti
system at 600 °C. By scanning electron microscopy
and X-ray diffraction analyses, these five samples
were all in single-phase state which was proven to
be the TiZn; phase.

SEM-EDS analyses indicate that Alloy A4
corresponds to a three-phase equilibrate state, as
shown in Fig. 3(b), and XRD pattern in Fig. 3(d)
further confirms the three-phase region of TiZn;+
Ti,Als+TiAl,.

Figure 4(a) presents the microstructure of
Alloy AS. According to the results of SEM—EDS
analyses, there is a three-phase region of Ti;Al+
TiZn;+TiAl in Alloy AS. The white part is the TiZn;
phase and the grey dark part is the TiAl phase. The
grey white Ti;Al phase occurs inside the TiAl phase.
The Zn solubility in Ti;Al phase and TiAl phase
reaches 12.3 and 13.1 at.%, respectively.

Figure 4(b) shows the three-phase region of
Ti3Al+TiZn;+T, of Alloy A6. The composition of 7,
in this sample is Al18.4Ti57.3Zn24.3 and it is a new
ternary phase in Zn—Al-Ti ternary system which
has not been reported in previous literatures. Due to

containing only the 7, single phase have not been
obtained for further study.

Figures 4(c) and (d) show the XRD patterns of
Alloys A5 and A6, which help to further identify
the two three-phase regions of Ti;Al+TiZn;+TiAl
and Ti;Al+TiZn;+T5, respectively.

Figure 5(a) shows the microstructure of Alloy
A7. According to the analyses with SEM—EDS and
XRD, a three-phase region of TiZn+TiZn;+7, is
confirmed. The black 7, phase and the grey TiZn
phase exist in the matrix of TiZn; phase. The XRD
pattern of A7 shown in Fig. 5(c) further ascertains
the three-phase region of TiZn+TiZns+7,. Figure
5(b) shows the microstructure of Alloy AS. The
SEM-EDS analyses indicate that it is in the
three-phase region of TiZn+T,+Ti;Al. The three
phases can be judged from their contrast.

4.2 Phase equilibria of Zn—Al-Ti ternary system
at 450 °C

Figure 6(a) shows the microstructure of Alloy

B1. SEM-EDS analyses indicate that Alloy Bl

consists of three phases, i.e. a(Al)+TiAl;+Ti,Als.
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Fig. 4 SEM images (a, b) and XRD patterns (c, d) of Alloy A5 (a, ¢) and Alloy A6 (b, d)
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Fig. 5 SEM images (a, b) and XRD patterns (c, d) of Alloy A7 (a, ¢) and Alloy A8 (b, d)
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Fig. 6 SEM images (a, b) and XRD patterns (c, d) of Alloy B1 (a, ¢) and Alloy B2 (b, d)

Figure 6(b) shows the microstructure of Alloy B2,
which presents the three-phase region of Ti,Als+7+
o(Al). These two samples confirm the existence of
Ti,Als which was ignored by SU et al [13,14]. The
XRD patterns of Alloys B2 and B3 are shown in
Figs. 6(c) and (d), respectively, which further
confirm the existence of Ti,Als at 450 °C.

The inadvertence of the Ti,Als phase in the
study of SU et al [13,14] is largely attributable to
the following aspects. Firstly, the composition of
Ti,Als is very close to that of TiAls, especially as
zinc is dissolved in it. Secondly, the Ti,Als phase
does not exist below 990 °C according to the Ti—Al
binary system. So, the Ti,Als phase is probably
treated as the TiAl; phase.

Figure 7(a) shows the microstructure of Alloy
B3, and three phases, 7, T, and Ti;Al co-exist in
this alloy. The light grey matrix is the 7 phase and
the grey dark part is the 7, phase. The darkest phase
is Ti3;Al phase. The Zn solubility in Ti;Al reaches
9.7 at.%. Figure 7(b) shows the three-phase region
of T+TiZn+T, of Alloy B4. It is the same as the
previous alloy: the light grey matrix presents the 7
phase, the grey dark part is the TiZn phase and the

darkest phase surrounding the 7 phase corresponds
to the 7, phase. The Al solubility in TiZn and 75
reaches 1.8 and 9.6 at.%, respectively. From these
two samples, it can be concluded that the 7, phase
can exist stably at 450 °C.

The coexistence of Ti,Als, TiAl, and T is found
in Alloy B5 from the microstructure and XRD
analyses, as shown in Figs. 8(a) and 8(c). The light
grey matrix is the 7 phase, but the contrast between
the Ti,Als and TiAl, phases is not clear. However,
the Ti,Als phase appears in block shape and TiAl,
appears in acicular shape. The XRD pattern of B5 is
shown in Fig. 8(c), further confirming the three-
phase region of 7+Ti,Als+TiAl,.

SEM-EDS analyses indicate that Alloy B6
corresponds to 7+TiAl+TiAl, three-phase equilibria
state, as shown in Fig. 8(b) and the XRD pattern is
shown in Fig. 8(d). The Zn solubilities in TiAl and
TiAl, reach 5.7 and 3.3 at.%, respectively.

The microstructure of Alloy B7 is shown in
Fig. 9(a). With the help of SEM—EDS and XRD, it
can be found that Alloy B7 consists of three phases,
i.e., TizAl, TiAl and T. The dark TiAl and Ti;Al
phase exist in the matrix of T phase. The contrast of



1012 Wei WANG, et al/Trans. Nonferrous Met. Soc. China 30(2020) 1005-1016

d
( ) ° o— TiZn

o—T
o—Tz

L,

ool el s S e el e r=ellisol so s el Mool el S ok o0
20(%) 20/(%)
Fig. 7 SEM images (a, b) and XRD patterns (c, d) of Alloy B3 (a, c¢) and Alloy B4 (b, d)
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Fig. 8 SEM images (a, b) and XRD patterns (c, d) of Alloy B5 (a, ¢) and Alloy B6 (b, d)
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Ti;Al phase is deeper than that of TiAl. The Zn
solubilities in Ti;Al and TiAl reach 6.7 and 7.9 at.%,
respectively.

Figure 10 shows the microstructures of Alloys
B8—B11. According to the results obtained by
SEM-EDS analyses, there are four three-phase
regions of TH+a(Al)+Liquid, TiZng+TiZne+7,
TiZng+TiZn+T and Liquid+TiZn;s+7. These results
are consistent with the phase relationship obtained
by SU et al [13]. Unlike the result obtained in
Zn—Al-Ti ternary system at 600 °C, the T phase in
the isothermal section at 450 °C is a ternary phase
rather than an extension of the TiZn; phase.

Based on the results of microstructures
observation and phase analyses, the 600 and 450 °C
isothermal sections of Zn—Al-Ti ternary system are
constructed, as shown in Fig. 11 and Fig. 12,

1013

respectively. Figure 11 turns out that eight three-
phase regions are confirmed in the Zn—Al-Ti
system at 600 °C, i.e., a(Al)+TiAl;+Liquid, Liquid+
TiAl;+TirAls, Ti,AlstLiquid+TiZns, TiAls+TiAly+
TiZns, TizAl+TiZns+TiAl, Ti;Al4+TiZny+7,, TiZnyt+
T,+TiZn, Ti;Al+T)+tTiZn and two three-phase
regions could be deduced, viz., Ti,Als+TiAl;+TiAl,
and TiAl+TiZn;+TiAl,. Figure 12 presents the
isothermal section of Zn—Al-Ti ternary system at
450 °C, which consists of eleven ternary phase
regions, i.e., TiIAL+Ti,Alsta(Al), a(A)+7+Ti,Als,
T+Liquidta(Al), T+TiZn+TiZng, T+TiZngtTiZn,
T+Liquid+TiZnys, T+T,+TiZn, Tr+T+TizAl, T+
Ti;Al4+TiAl, T+TiAl+TiAl,, T+TiAlstTiAlL,. In
addition, two three-phase regions could be derived
in the 450 °C isothermal section, i.e., TiAL+TiAl;+
Ti,Als and TiZn+TiZng+TiZn;.

(®) . .y

«—TiAl
= — Ti,Al
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Fig. 11 Isothermal section of Zn—Al-Ti phase diagram at 600 °C: 1—TiAl;tLiquid+a(Al); 2—TiAl;+Ti,Als+Liquid;
3—Ti,Als+TiZnstLiquid; 4—TiAlL+Ti,Als+TiZn;; S—TiZns+TiAl4TizAl; 6—TiZny+T5+TizAl; 7—T,+TiZn+TiZn;;
8— T, +TiZn+TizAl
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Fig. 12 Isothermal section of Zn—Al-Ti phase diagram at 450 °C: 1—TiAl;+Ti,Alsta(Al); 2—TiAlsta(Al)+T;
3—T+T,+TiAly, 4—T+T,+TiZn; 5—TiAls+TiAlL+T; 6 —T+TiAl+TiAl, 7—Ti;A+TiAI+T, 8 —Liquid+a(Al)+T;
9—T+TiZng+TiZnyg; 10—T4TiZn+TiZng; 11—T+TiZnctLiquid
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The Ti,Als and T, phases are stable in both
isothermal sections of Zn—Al—Ti ternary system at
450 and 600 °C, and the 7, phase is a new ternary
phase in the Zn—Al-Ti ternary system at 600 and
450 °C. The composition range of the 7 phase is
similar to that of the TiZn; phase. However, the T
phase in the isothermal section at 450 °C is a
ternary phase rather than an extension phase of
TiZn.

5 Conclusions

(1) Eight three-phase regions are confirmed in
the 600 °C isothermal section and two three-phase
regions can be deduced. Eleven three-phase regions
are confirmed in the 450 °C isothermal section and
two three-phase regions can be deduced.

(2) The Ti,Als phase which could only exist at
high temperature in Ti—Al binary system appears in
450 and 600 °C isothermal sections because of the
dissolution of Zn.

(3) The ternary compound 7 phase in the
isothermal section at 450 °C is not an extension
phase of TiZn;. However, the compositions of the T’
and TiZn; phases are similar.

(4) The T, phase is a new ternary compound
stable in the isothermal section of the Zn—Al-Ti
ternary system at 450 and 600 °C.
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