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Nucleation of the Primary Al Phase on TiAl; during Solidification
in Hot-Dip Zn-11%Al-3%Mg-0.2%Si-Coated Steel Sheet*!
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The solidification structure of a hot-dip Zn-11%Al-3%Mg-0.2%Si coated steel sheet with a slight Ti addition was investigated by EBSD. In
every center of the primary Al phase of the alloy-coating layer, TiAls was observed by a scanning electron microscope, which suggests that
TiAls acts as a heterogeneous nucleation site of the primary Al phase. The latter was revealed to have perfect lattice coherency with the nucleus
TiAl; phase. The crystal orientation relationships between TiAl; and the primary Al are (001)yja;, // (001)4; and [100]r1, // [100]4,
(100)7ial, // (001)5; and [001])ria, // [100]a1, (102)riar, // (110)o; and [201]ria1, // [110]a1, (110)gia;, // (110) 5 and [110]7ial, // [110]41
indicating that the primary Al phase grows in an epitaxial manner from the nucleus TiAl; phase. The planar disregistry § between the two phases
was calculated to be less than 5%, owing to this good lattice coherency. The TiAls phase is considered to decrease the degree of undercooling

necessary for the nucleation of the primary Al phase.
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1. Introduction

Hot-dip galvanized steel sheets are widely used in the
markets of construction, electrical appliances, and so on,
since they have good corrosion resistance. Particularly in the
field of construction, where materials are subjected to a
severe outdoor corrosion environment, Zn-5 mass%Al" and
55 mass%Al-Zn? alloy-coated steel sheets have been practi-
cally used with corrosion resistance improved owing to the
addition of Al. Recently, hot-dip Zn-Al-Mg alloy-coated
steel sheets with the further corrosion resistance have been
developed and the volume of steels used is soaring.>®

Zn-Al and Zn-Al-Mg alloys exhibit eutectic reactions and
Al dendrite is formed as the primary crystal when the Al con-
tent is hypereutectic. Since the size of the primary Al phase
depends on the cooling rate, crystal refinement is expected
to be controlled by changing the degree of undercooling.

It is well known that the injection of particles, such as
TiAl;, TiB, and TiC, has the effect of crystal refinement in
the cast Al alloys,” although no research has been reported
on whether or not a similar effect is expected for the crystal
refinement of the primary Al during the hot-dip process.

In this paper, the addition of Ti to a coating bath with com-
position of Zn-11 mass%Al-3 mass%Mg-0.2 mass%Si was
studied in terms of the crystal refinement of the primary Al.
Emphasis was placed upon discussion of the mechanism.

2. Experimental Procedure
The coating test was carried out using a hot-dip galvaniz-

ing simulator, as shown in Fig. 1. A steel sheet of thick-
ness of 0.8 mm was first reheated to 1053 K for 60s in an

*IThis Paper was Originally Published in Japanese in J. Japan Inst. Metals
72 (2008) 43-50.
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atmosphere of N, with 3vol% H,, which resulted in a
reduction in the surface of the specimen. Subsequently the
specimen was cooled to 773 K in the same atmosphere and
dipped in a molten bath of 723K for 3s followed by N,
wiping, which controlled the coating thickness to within
70~90 g/m? followed by gas cooling to room temperature.

The two types of coating bath, namely the Zn bath with
the additions of 11 mass%Al-3 mass%Mg-0.2 mass%Si and
the Zn bath with the further addition of 100 mass ppm Ti,
were used.

Sample H— Cooling stage
| High frequency
E induction furnace
+— H2/N2 gas
Molten
coating bath

6\ Electric furnace
U IIC)

O @)

@ @)

O @)

Fig. 1 Schematic view of galvanizing simulator.
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Fig. 2 Optical micrographs showing dendrite structures at the top surface of Zn-11mass%Al-3 mass%Mg-0.2 mass%Si coating,

a) without Ti addition, and b) with Ti addition.

The solidification structure was observed by optical
microscopy after polishing the surface layer from the top
surface followed by etching with nital reagents and EBSD
(Electron Back Scattering Diffraction Pattern) was used for
the crystal orientation analysis. The specimen was chemi-
cally polished and subjected to high resolution scanning
electron microscopy, while crystal orientation analysis using
EBSD was carried out by FE-SEM (Hitachi S-4300SE) with
an EBSD detector and TSL software.

In the primary Al phase of Zn-11 mass%Al-3 mass%Mg-
0.2 mass%Si just after solidification commenced, significant
amounts of Zn were contained, whereas at low temperatures,
the primary Al phase is decomposed into two phases, namely
the Al and Zn phases, due to a monotectoid reaction.®
Consequently, it may be possible that the lattice constant of
the Al phase at high temperature differs from that in low
temperature. With this in mind, the lattice constant of the Al
phase with Zn in a solid solution was measured using the
high temperature X-ray diffractometer, M18XCE, produced
by McScience.

3. [Experimental Results
3.1 Solidification structure of Zn-11mass%Al-
3 mass % Mg-0.2 mass % Si

The optical micrographs of the solidification structure of
the coating layer in Zn-11 mass%Al-3 mass%Mg-0.2 mass%-
Si are shown in Fig. 2, together with that of the coating layer
with the Ti addition. It is clear that the Ti addition refined the
dendrite structure of the primary Al phase.

Figure 3 shows the result of EPMA analysis for the
primary Al phase in the coating layer of the Ti added Zn-
11 mass%Al-3 mass%Mg-0.2 mass%Si steel sheets. In every
center of the Al dendrites, intermetallic compounds were
observed, which were revealed to include both Ti and Al
by EPMA element mapping. Therefore, this intermetallic
compound was implied to be that of the Ti-Al series.

3.2 High temperature X-ray diffraction
Figure 4 shows the calculated quasi-equilibrium phase

diagram of the Zn-Al-Mg alloy series with 3 mass%Mg using
Thermo-Calc.” Since the Zn-11 mass%Al-3 mass%Mg alloy
contains Al as a hypereutectic, it is clear that the Al phase
crystallizes first as the primary, followed by an eutectic
reaction, which leads to the Al and MgZn, phases. Finally,
the solidification is completed by a ternary eutectic reaction,
resulting in the Zn, Al and MgZn, phases. The calculated
change in compositions as a function of temperature in the Al
phase of Zn-11mass%Al-3 mass%Mg alloy is shown in
Fig. 5. The calculation using Themo-Calc clarifies that the
primary Al phase contains as much as 40 mass%Zn at the
temperature where solidification commences.

In order to measure the lattice constant of the crystallizing
primary Al phase with so much Zn, high temperature X-ray
diffraction was carried out using a specially prepared Al-
40 mass%Zn alloy. According to the phase diagram of Al-Zn
alloy, Al-40 mass%Zn alloy at room temperature is decom-
posed into two phases, namely the Al and Zn phases, due to
the monotectoid reaction. However at temperatures exceed-
ing 623 K, only the Al phase with Zn in solid solution exists.
Therefore high temperature X-ray diffraction was performed
at 703K, close to the completion temperature of solid-
ification of the Al-40 mass%Zn alloy.

Figure 6 shows the results of X-ray diffraction of Al-
40 mass%Zn alloy; both at room temperature and 703 K. The
fact that only the diffraction peak of the Al phase was
detected at 703 K indicates that Zn is completely in a solid
solution in the Al phase at 703 K. Furthermore, the measured
lattice constants, as determined by the cos? fextrapolation
method using diffraction peaks, are 0.4048nm at room
temperature and 0.4086 nm at 703 K, respectively. The lattice
constant at 703 K is about 0.004 nm larger than that at room
temperature. Therefore the result allows us to infer that the
lattice constant at the temperature where solidification
commences is slightly larger than that at room temperature.
Since the difference is a maximum of 1%, the discussion on
lattice coherency in the next chapter was carried out using the
lattice constant described in JCPDS card in the sense that the
lattice constant in the solidification temperature range may be
approximated by that at room temperature.
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Fig. 3 X-ray images by EPMA showing the Ti-Al intermetallic compound in the center of the Al dendrite in Zn-11 mass%Al-
3 mass%Mg-0.2 mass%Si coating with 100 mass ppm Ti addition. a) SE image, b) Al, c) Ti, d) Zn.
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Fig. 4 Calculated metastable phase diagram of the Zn-Al-Mg system at
3 mass%Mg.

Moreover, the intermetallic compound TiAl; was newly
prepared and subjected to high temperature X-ray diffraction
to measure the lattice constant, since the Ti-Al intermetallic
compound in the primary Al confirmed by EPMA was
considered to be TiAls. Figure 7 shows the results of X-ray
diffraction of TiAls, both at room temperature and 723 K.
Almost no difference in the angle of the diffracted peak was
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Fig. 5 Calculated change in compositions of the Al phase in Zn-
11 mass%Al-3 mass%Mg alloy.

observed. Furthermore the measured lattice constants deter-
mined by the cos? fextrapolation method using diffraction
peaks are 0.3875nm in a-axis and 0.8616 nm in c-axis at
room temperature, and 0.3895 nm in a-axis and 0.8666 nm in
c-axis at 723K, respectively. Again the difference in the
lattice constants between 723 K and room temperature are as
little as about 0.002nm in a-axis and about 0.005nm in
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Fig. 6 X-ray diffraction patterns of Al-40 mass%Zn alloy, measured at a) RT, and b) 703 K.
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Fig. 7 X-ray diffraction patterns of TiAls, measured at a) RT, and b) 723 K.

c-axis. Therefore, the later discussion, relating to the lattice
coherency, was performed using the lattice constant describ-
ed in the JCPDS card, assuming the lattice constant in the
solidification temperature range to be almost the same as that
at room temperature.

3.3 EBSD analysis

Figure 8 shows the results of EBSD of the coating layer in
Zn-11 mass%Al-3 mass%Mg-0.2 mass%Si with Ti addition.
As already demonstrated in Fig. 4, during the hot-dip coating
of Zn-11 mass%Al-3 mass%Mg-0.2 mass%Si, the Al phase
crystallizes first as the primary, through the eutectoids of the
Al and MgZn, phases, before the solidification is finally
completed by the ternary eutectic reaction; resulting in the
Zn, Al and MgZn, phases. Therefore, the orientation
mapping of the Al phase in Fig. 8 shows that of the primary
Al phase, whereas the orientation mapping of the Zn phase
shows that of the Zn phase comprising the ternary eutectic
structure.

The orientation mapping image of the Al phase reveals that
dendrites with {001} orientation, parallel to the sheet surface
in the solidification structure, are spread in four directions,
whereas dendrites with {111} orientation are spread in six
directions. It has been reported that in the case of Al-Zn alloy
with high Zn content, the dendrite of the Al phase easily
grows in the (110) direction.'” Taking into consideration the
fact that Al belongs to FCC metal, the dendrites in the
solidification structure are expected to grow in four and six
directions when the primary Al crystals have {001} and
{111} orientations parallel to sheet surface, respectively. As
shown in Fig. 8, exactly the expected structures were
observed.

Moreover, Fig. 8 indicates that every dendrite of the
primary Al phase has its own unique orientation, which
implies that the orientation information of the primary Al
phase is inherited to the Al phase, even after the monotectoid
reaction takes place, because the primary Al phase formed
during solidification is decomposed into the Al and Zn phase
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Fig. 8 BSE image and EBSD orientation mapping, showing the solidified structure of Zn-11 mass%Al-3 mass%Mg-0.2 mass%Si coating
with 100 mass ppm Ti addition. a) BSE image, b) orientation mapping image of Zn, c) orientation mapping image of Al, d) stereo triangles
of Zn (HCP) and Al (FCC) showing color-indicated orientations.
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Fig. 9 BSE image and EBSD orientation mapping showing TiAl; in Al dendrite. a) BSE image of Al dendrite, b) enlarged BSE image of
a), c) orientation mapping of Al, d) orientation mapping of TiAls, e) stereo triangles of Al (FCC) and TiAls (Tetragonal), f) {100} pole
figure of Al dendrite, g) crystal orientation of Al dendrite, h) {100} pole figure and {001} pole figure of TiAl; and i) crystal orientation of
TiAl;.
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Fig. 10 BSE image and EBSD orientation mapping showing TiAl; in Al dendrite. a) BSE image of Al dendrite, b) enlarged BSE image of
a), c¢) orientation mapping of Al, d) orientation mapping of TiAls, e) stereo triangles of Al (FCC) and TiAls (Tetragonal), f) {111} pole
figure of Al dendrite, g) crystal orientation of Al dendrite, h) {112} pole figure of TiAl; and i) crystal orientation of TiAlj.

due to the monotectoid reaction.® Therefore, the orientation
map of the Al phase in Fig. 8 may be considered to be that
of the primary Al phase.

Figure 9 shows the EBSD results on the nucleus of the
primary Al phase, which has the {001} plane parallel to the
sheet (polished) surface. The dendrite of the Al phase with
{001} plane was initially selected, whereupon the EBSD
patterns were obtained from the center of the dendrites. As
indicated in the SEM image in Fig. 9(a) and (b), in the center
of the dendrites the intermetallic compounds, presumably
TiAl;, were observed and the EBSD patterns from these
intermetallic compounds have excellent agreement with
those from the artificially prepared TiAl;. The crystal
orientations of TiAlz thus indexed were revealed to have a
{100} plane parallel to the sheet surface as shown in
Fig. 9(d). The pole figures of Al and TiAl; are shown in
Fig. 9(f) and (h), whereas the crystal models inferred from
the pole figures are described in Fig. 9(g) and (i). The crystal
orientations of Al and TiAljs are parallel in the sense that not

only the polished surfaces but also the other planes
perpendicular to {100} are parallel. Therefore, the crystal
orientation of TiAls perfectly accords in three dimensions
with that of Al, which preferentially nucleated on TiAls.
Moreover, the dendrite growth direction of Al was confirmed
to be (110).

Figure 10 shows the result of EBSD analysis where the Al
phase has the {111} plane parallel to the sheet (polished)
surface. The EBSD measurement was carried out in the
dendrite center of the Al phase. The SEM image in Fig. 10(a)
shows TiAls in the dendrite center and here, the polished
surface of TiAl; was revealed to have a {112} plane. Pole
figures of Al and TiAl; are shown in Fig. 10(f) and (h),
whereas the crystal models inferred from the pole figures are
described in Fig. 10(g) and (i). The crystal orientations of Al
and TiAlj; are parallel in the sense that not only the polished
surfaces but also all other {111} planes are parallel to all
{112} planes of TiAls. Therefore, the crystal orientation of
TiAl; perfectly accords in three dimensions with that of Al,
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which nucleated on TiAls. Moreover, again in this case, the
dendrite of the Al phase was confirmed to grow into a (110)
direction.

The pole of one dendrite of the Al phase in Figs. 9(f) and
10(f) was relatively broad, which is considered to stem from
the fact that the Al phase in the dendrite is comprised of
numerous and very fine Al crystals due to the monotectoid
reaction of the primary Al.

4. Discussion

Figure 11 shows the unit cells of the crystal structure
for Al and TiAl;. Al has an FCC structure, whereas TiAlj
has a D0,, structure. Since the D0y, structure of TiAljz is
characterized by the points whereby 1) two Al unit cells
(FCC) are piled and 2) An Al atom in the four corners
and the center are substituted by the Ti atom, the unit
cell of TiAls significantly resembles that of Al. Moreover,
taking into account the fact that the lattice constants are
in very close proximity, we can presume the lattice coher-
ency for various planes of Al and TiAl; to be essentially
excellent.

Figure 12(a) and (b) show the superimposed atomic
arrangements between the (001)a; and (001)tiai, planes,
and (100)4; and (100)r;a1, planes. Figure 13(a) and (b) show
the case between (101)4; and (102)1ia1, planes, and (110)a
and (110)ria, planes. Furthermore the calculated planer
disregistries (6) in terms of lattice incoherency for these
planes are listed in Table 1. Here, § was calculated using
eq. (1),'V which takes into account the difference in angle
caused by the atomic arrangements of materials belonging to
different crystal structures.

|d[uvw]’ cos 8 — d[uvw]’ |

3 dluvw]’
(D), _ n
S, = D 3
P

x 100, (1)

where (hkl),: plane with low index of TiAlz, [uvw];: normal
direction of (hkl), plane, (hkl),: plane with low index of Al,
[uvw],: normal direction of (hkl), plane, d[uvw],: atomic
distance in the direction of [uvw],, d[uvw],: atomic distance
in the direction of [uvw],, 0;: angle between [uvw]; and
[uvw],.
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Fig. 11

Unit cell of a) Al (FCC), b) TiAls (D0,»).
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Fig. 12 Schematic superimposed presentation of atomic arrangements of
a) between (001)tia;, and (001)a; with 4.8% misfit and 6; = 0°, and b)
between (100)7ia), and (100)a; with 3.6% misfit and 6, = 2.8°.

It is clear that the disregistries (§) of (100)ra;, // (001)4,
(001)gia1, // (0011, (110)giny, // (110), and (102)riny, //
(110)4; are less than 5% and considered to be small enough
in terms of lattice coherency, which is one of the most
important factors controlling the capability for hetero-
geneous nucleus.

Moreover, according to the EBSD results shown in Figs. 9
and 10, the following orientation relationships between TiAlj;
and Al are confirmed; (001)gia;, // (001),; and [100]yia, //
[100]a1,  (100)tia1, // (001)5;  and  [001]giaL, // [100]as
(102)1ia, // (110); and [201]rial, // [110]a1, (110)ria, //
(110)4; and [110]yiaL, // [110]41, which indicate that the
primary Al phase grows in an epitaxial manner from the
nucleus TiAl; phase. In other words, the epitaxial growth
of the primary Al phase on TiAl; takes place very easily. This
is presumably associated with the fact that the simple
substitution of Ti atoms by Al atoms leads to the change
from TiAls to Al, due to the excellent lattice coherency and
the closeness of unit cells between Al and TiAlj;.

Consequently the reason why the Ti addition to the coating
bath with Zn-11 mass%Al-3 mass%Mg-0.2 mass%Si resulted
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Table 1 Planar disregistry between TiAl; and Al
Plane form [vw] [wvwl, dluvw; dlwwwl, 0, (deg) Sy
[100]7ial, [100]a 3.854 4.049 0
(001) 541, // (001) 5 (110l [110]a; 2.725 2.862 0 4.8
[010]rial, [010] a1 3.854 4.049 0
[010]rial, [010] a1 3.854 4.049 0
(100)7ia1, // (100) 4 [021]7iAl, [011]a 2.868 2.862 2.8 3.6
[001]7ial, [001] 4 8.584 4.049 0
[2011riaL, (10114, 2.868 2.862 0
(102)7ia1, // (101) 4 [QZl]TiA]3 (11174 2.301 2.338 1.5 2.2
[010]ial, [010] a1 3.854 4.049 0
[110]ias, [110] 4 2.725 2.862 0
(110)pia1, // (110)4, [2211iaL, (111 2.301 2.338 26 42
[001]rial, [001] A1 8.584 4.049 0
(110) direction. Gonzales et al.'” reported that the Al
a) dendrite growth direction in Zn-Al solution is determined by
[010]TiAly//[010]Al the interface energy between the liquid and the Al crystal,
[T11]a and the Al dendrite, when containing more than 60 mass%Zn,
™~ ) = [221]TiAl, grows into the (110) direction. This is in positive agreement
(/ *************** % with the present experimental result.

Q < < [201]TiAls//[101]A
(102)TiAls//(101)Al
b)  [001]Tia/[001]Al
[221]TiAl

T [111]a

Q@ T - TiAls
Q O O [110]TiAl//[110]A
(110)TiAlL//(110)Al

Fig. 13 Schematic superimposed presentation of atomic arrangements of
a) between (102)ria1, and (101)5; with 2.2% misfit and 6, = 1.5°, and b)
between (110)ria), and (110)a; with 4.2% misfit and 6, = 2.6°.

in the refinement of the Al phase may be considered to stem
from the fact that TiAls, which initially crystallizes in the
molten bath, acts as the preferential nucleation site of the
primary Al. Namely, the TiAl; phase is considered to
decrease the degree of undercooling necessary for the
heterogeneous nucleation of the primary Al.

According to the EBSD results in Figs. 9 and 10, the
dendrites of the Al phase are considered to grow into the

In the early stage of solidification Al grows in an epitaxial
manner on TiAls, however, after it grows to a certain size, the
Al dendrite is considered to grow into the (110) direction.
This is because the growth direction is determined by
minimizing the total energy, supposedly by the interfacial
energy between liquid and Al, under circumstances where the
primary Al surrounds TiAl; and the interface between the
liquid and Al becomes dominant.

5. Conclusion

The solidification structure of a hot-dip Zn-11 mass%Al-
3 mass%Mg-0.2 mass%Si coated steel sheet with a small
amount of Ti addition was investigated and the following
conclusions were obtained:

(1) As for the solidification structure of a hot-dip Zn-
11 mass%Al-3 mass%Mg-0.2 mass%Si, the primary Al
phase is refined by the Ti addition.

(2) In every center of the primary Al phase of the alloy-
coating layer with Ti addition, TiAl; was observed.

(3) The primary Al phase contains as much as 40 mass%Zn
in solid solution, however, the lattice constant at the
solidification temperature range is almost the same as
that at room temperature.

(4) EBSD analysis revealed that the crystal orientation of
TiAl; in Al phase perfectly accords with that of the
surrounding Al phase. The crystal orientation relation-
ships between TiAl; and primary Al are (001)yip), //
(001)A; and [100]rial, // [100]a1, (100)1ial, // (001)4)
and  [001]yiay, // [100]a;,  (102)gia), // (110)4,  and
[201]ial, // [110]as, (110)7ia, // (110)4 and
[110]ria), // [110]a;, indicating that the primary Al
phase grows in an epitaxial manner from the nucleus
TiAl; phase.

(5) The planar disregistry 6 between the Al and TiAlz
phases was calculated to be less than 5%. Owing to the
excellent lattice coherency, the TiAl; phase is consid-
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ered to decrease the degree of undercooling necessary
for the heterogeneous nucleation of the primary Al
phase.

(6) Consequently the Ti addition into the coating bath with
Zn-11 mass%Al-3 mass%Mg-0.2 mass%Si is consid-
ered to make the TiAl; phase crystallize first in liquid,
which acts as the heterogeneous nucleation sites of the
Al phase, resulting in a solidification structure with a
relatively equiaxed and fine primary Al phase.
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