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Abstract

The solidification structure of the coating layer in hot-dip Zn-11%Al-3%Mg-0.2%Si
coated steel sheet was studied by metallographic examinations together with the
calculation of a phase diagram based on Thermo-Calc. The observation exhibited
that the solidification structure is a combination of the Zn/Al/MgZn,, ternary eutectic
structure, the primary fcc-Al phase and the MgZn, phase, which is different from
the predicted one under an equilibrium state in the sense that meta-stable MgZn,
instead of stable Mg ,Zn,, was observed under the present condition. Excluding the
Mg Zn , phase from the equilibrium phase diagram, the metastable phase diagram
was calculated and excellent agreement was obtained between the calculation and
the experiment in terms of the solidification structure of the coating layer. The small
amount of Ti addition to the coating bath was confirmed to lead to the formation of

fine dendrite structure. Detailed EBSD observation revealed that TiAl, acts as

heterogeneous nucleation sites of the primary fcc-Al.

1. Introduction

The alloy phase diagram is a design map that provides guidelines
on the optimum alloy composition and process conditions to obtain
the desired microstructure in materials design. Thus, it plays an ex-
tremely important role in the development of materials. With a focus
on calculation of phase diagrams (CALPHAD), since the late 1980s,
Nippon Steel Corporation has introduced thermodynamic equilib-
rium analysis software and thermodynamic databases, such as
SOLGASMIX and Thermo-Calc,"? and applied them to analyze

practical materials and actual processes.” The most important merit
of CALPHAD is that it permits a sufficiently accurate estimation of
the phase diagram of a multicomponent system from the thermody-
namic data of two- and three-component systems using a solution
model that reflects the alloy phase physical structure, whereas the
phase diagram of many practical materials is difficult to determine
experimentally because they are multicomponent systems contain-
ing four or more components. Another benefit of CALPHAD is that
it permits easy decision of the metastable equilibrium phase diagram,
which is difficult to observe experimentally.
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In this report, we present an example in which CALPHAD was
fully utilized to analyze the solidification structure of a hot-dip al-
loy-coating layer with good corrosion resistance.

In recent years, a hot-dip Zn-Al-Mg-coated steel sheet with a Zn-
Al coating layer with Mg added to enhance the corrosion resistance
has been increasingly used.*” Since the hot-dip Zn-Al-Mg coating
layer is a multicomponent system, its solidification structure is more
complicated than that of the hot-dip Zn-Al coating layer. It has been
known that the types of phases and the homogeneity and size of the
microstructure of the coating layer of galvannealed coating steel sheet
significantly influence the basic properties of the steel sheet, such as
corrosion resistance, formability, and appearance.>® Therefore, It is
important to understand the solidification structures in the coating
layer and grasp their influence on various properties of the coating
steel sheet. For understanding the solidification process of hot-dip
Zn-Al-Mg coating, we observed the solidification structures and stud-
ied the solidification path using the CALPHAD technique.

On the other hand, many Zn-Al and Zn-Al-Mg alloys used for
hot-dip Zn-Al-coated steel and hot-dipped Zn-Al-Mg-coated steel
sheets form a dendrite of the fcc-Al phase (hereinafter abbreviated
as the Al phase) as the primary phase. Since the size of the primary-
phase dendrite depends on the cooling rate, it is considered possible
to refine the crystals by varying the degree of undercooling. It is
known that to refine the crystals of an aluminum alloy for forging,
the inoculation effect produced by the addition of TiAl,, TiB,, or TiC
particles is effective.” In hot-dip zinc coating with Al added also, the
microstructure refinement effect with Ti-based precipitates as inocu-
lant nuclei can be expected since the primary phase is an Al phase.
However, it has not been studied in earnest. In the present study, we
added Ti to the coating bath for hot-dip Zn-11% Al-3% Mg-0.2 Si-
coating and studied the influence of the formed Al phase on the crys-
tal refinement and the crystal refinement mechanisms.

2. Experimental Procedure and Phase Diagram Cal-
culation Method
The coated steel sheet used for the evaluation of the solidifica-
tion structure was prepared by employing the hot-dip galvanizing
simulator shown in Fig. 1. First, a 0.8-mm-thick steel sheet was heated
to 1,053 K in an N, atmosphere containing 3 vol% H, and main-
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Fig.1 Schematic view of galvanizing simulator
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tained at that temperature for 60 s to reduce the sheet surface. After
the steel sheet was cooled to 773 K at the same atmosphere, it was
dipped in a 723 K coating bath for 3 s, with the coating weight con-
trolled from 70 to 90 g/m? each side by N, wiping, and then cooled
down at a rate of 10°C/s. The coating bath composition was Zn-11
mass%Al-3 mass%Mg-0.2 mass%Si. The solidification structure of
the coating layer was observed using a field-emission scanning elec-
tron microscope (FE-SEM). In addition, the solidification phases were
subjected to an elementary analysis using an electron probe
microanalyzer (EPMA). The individual phases of the solidification
structure were identified by X-ray diffraction (XRD).

The coated steel sheet with Ti added was prepared by a method
similar to that described above, except that 100 ppm Ti was added to
the coating bath. The solidification structure of the coating layer was
observed by a method similar to that described above. After that, a
grain orientation analysis was conducted by employing the electron
backscattering diffraction pattern (EBSD) technique to evaluate the
crystal conformation between the inoculant nucleus and primary
phase.

The calculation of phase diagrams was carried out by use of
Thermo-Calc,? where the thermodynamic parameters of ternary (Al-
Mg-Zn) alloy phases described by sub-lattice model'® were substi-
tuted from those obtained by Liang et al.'” Since the purpose of our
phase diagram calculation was to study the main coating structures,
the added trace element, Si, was not considered.

3. Solidification Structure of Zn-11 mass % Al-3

mass % Mg-0.2 mass %Si Coating Layer

Fig. 2 shows the calculated equilibrium phase diagram of a Zn-
Al-Mg ternary system with Mg fixed at 3 mass%, and Fig. 3 shows
the calculated changes in type and amount of the precipitate phases
in the equilibrium solidification process. It can be seen from the two
figures that a ternary peritectic-eutectic reaction—liquid phase L +
MgZn, — Mg,Zn,, + Al phase—occurs at 623 K and that a ternary
eutectic reaction—L — Zn phase + Al phase + Mg,Zn —takes place
at 616 K, where “Zn phase” is an abbreviation of the hcp-Zn phase.
It is expected that when the 11% Al coating being studied solidifies
in the equilibrium state, the Al phase will decompose after the above
ternary peritectic-eutectic reaction and ultimately three phases—the
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Fig. 2 Calculated equilibrium phase diagram of the Zn-Al-Mg system
at 3mass % Mg
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Zn phase, Al phase, and Mg Zn, phase—will be observed.

Fig. 4 shows the results of an EPMA observation of a cross sec-
tion of the coating layer. As solidification structures, a Zn-prevalent
eutectic structure, an Al-prevalent structure and a Mg-prevalent struc-
ture were observed. On the basis of the knowledge obtained from the
equilibrium phase diagrams shown in Figs. 2 and 3, we considered
that the Zn-prevalent eutectic structure appearing lamellar in the SE
image was a ternary peritectic-eutectic structure containing Mg,Zn
that the Al-prevalent structure was an Al phase formed as the pri-
mary phase, and that the Mg-prevalent structure was a Zn-Mg based
intermetallic compound. However, from the XRD results of the coat-
ing layer shown in Fig. 5, the only intermetallic compound detected
was MgZn,, and the presence of Mg, Zn, could not be confirmed.
From this, it may be considered that in the actual solidification process,
a ternary eutectic reaction of Al, Zn, and MgZn,, not the above
peritectic-eutectic reaction predicted from the equilibrium phase dia-
grams, was occurring.

Figs. 6 and 7 show the calculated metastable phase diagrams with
the crystallization of Mg Zn | neglected (suspended) in the calcula-

'_8100

% |

@ 80 Liq.

E

w L

b L Mg,Zn,, ROITH

£ N 3

N

s : 0

S0 AL 3 Al

= 0 N4 MgZn,
400 500 600 700 800

Temperature 7/K

Fig.3 Calculated change in kind and quantity of phases in Zn-
11mass % Al-3mass % Mg alloy in the course of equilibrium
solidification

d)Zn B

c)Mg

Fig. 4 Cross sectional SEM and EDX images of coating layer in Zn-
11% Al-3%Mg-0.2%Si coating
a) SE image, b) Al, ¢) Mg, d) Zn
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tions. Fig. 8 shows the liquidus temperature diagram of a Zn-Al-Mg
ternary system obtained in the metastable equilibrium calculation
and the calculated solidification path for a Zn-11%Al1-3%Mg alloy.
From these phase diagrams, the solidification of a Zn-11 mass%Al-
3 mass%Mg alloy begins with the formation of an Al phase as the
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Fig. 5 X-ray diffraction patterns of Zn-11% Al-3%Mg-0.2%Si coating
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Fig. 6 Calculated change in kind and quantity of phases in Zn-
11mass % Al-3mass % Mg alloy in the course of metastable
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Fig. 7 Calculated meta-stable phase diagram of the Zn-Al-Mg system
at 3mass % Mg
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primary phase, through eutectic crystallization of the Al phase and
MgZn,, and ends in the ternary eutectic crystallization of the Al phase,
Zn phase, and MgZn, phase. Thus, the calculated solidification struc-
ture coincides with the actual solidification structure. The eutectic
temperature of the ternary Zn phase/Al phase/MgZn, system in the
metastable state is 609 K, which is not significantly different from
the ternary peritectic-eutectic temperature in the equilibrium state
shown in Fig. 2 (623 K) or the Zn phase/Al phase/MgZn, eutectic
temperature (616 K).

The crystal structure of MgZn, is a Type C14 Laves structure.
This structure is similar to that of the Frank-Kasper phase.'>'¥ Since
coordination 12, which is the local structure of the liquid phase, has
a high degree of short-range regularity, the nucleation energy barrier
in the liquid phase is considered small.'* Generally, coating layers
solidify rapidly (10°C/s in the present experiment). Therefore, it is
considered that the ternary eutectic reaction of the Zn phase/Al phase/
MgZn, occurred preferentially because of the rapid MgZn, nucle-
ation under high-degree undercooling.

Fig. 9 shows the results of FE-SEM observations of the ternary
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Fig. 8 Calculated solidification path of Zn-11mass % Al-3mass % Mg alloy

Fig. 9 SEM images of ternary eutectic structure and Al dendrite in Zn-
11%Al1-3%Mg-0.2%Si coating
a), b) Low magnification micrograph and c), d) High magnification
micrograph

eutectic structure and the primary Al phase. The high-magnification
micrograph of the ternary eutectic structure (Fig. 9(d)) reveals a lamel-
lar structure consisting of three phases. It is considered that the white
phase corresponds to a Zn phase, the gray phase to an MgZn, phase,
and the black phase to an Al phase. The ternary eutectic structure
shown in Fig. 9 (d) can be observed as a solidification structure in
which a Zn and MgZn, phases grew in the form of lamellae, and
then, in that MgZn, phase, a mixture of a fine Zn and Al phases are
rod shaped. As shown in Fig. 9 (c), at the interface between the pri-
mary Al phase and ternary eutectic structure also, the separation to
the Zn and Al phases was observed. It is considered that those Al and
Zn phases surrounding them are the primary Al and the Al-rich Al
phases and Zn phases precipitated from the Al phase contained in
the ternary eutectic structure by monotectic reaction.

4. Solidification Structure When Ti Was Added

Even when Ti was added, the types of phases of the solidification
layer and the proportions of precipitation of the individual phases
were similar to those when Ti was not added. However, as shown in
Fig. 10 (b), the marked refining of the primary Al phase in the form
of an equiaxed dendrite was observed. It is already known that the
addition of TiAl, particles, TiB, particles or TiC particles to refine
the grain size of an aluminum alloy for forging is effective.” It has
been clarified that in the refinement of grains of the Al phase formed
in the hot-dip zinc coating with Al added, the same effect can be
obtained by adding Ti. The results of an EPMA observation of the
coating layer obtained are shown in Fig. 11. It can be seen that a Ti-
Al based intermetallic compound (TiAl,) exists in the center of the
Al phase dendrite. It was conjectured that the TiAl, served as the
inoculation nucleus to refine the primary Al phase. Therefore, we
studied the crystal conformation and orientation relationship between
the inoculation nucleus (TiAl,) and the crystallized Al phase.

Fig. 12 shows the EBSD mapping images of the primary Al and
Zn phases forming a ternary eutectic structure of the coating layer

Fig. 10 Optical micrographs showing dendrite structures at the top
surface
a) Without Ti addition and b) with Ti addition
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with Ti added. As shown in the Al phase orientation-mapping image,
the Al phase dendrite spread in four directions when the ground face
was {001}, whereas it spread in six directions when the ground face
was {111}. Although Al is a face-centered cube, the primary Al phase
contains 40% Zn. It is already known that when the Zn content is
reasonably high, the orientation of preferential growth of dendrite
changes from <100> to <110>'>. When a crystal structure whose
dendrite has grown in the <110> orientation is observed from the
{001} ({111}) side, the dendrite of the solidification structure is seen
as a structure that has grown in four (six) directions.

In the orientation-mapping image of Al shown in Fig. 12, each
individual dendrite shows only one grain orientation regardless of
its location. The primary Al phase that has solidified at a high tem-
perature is separated into two phases—Al and Zn phases—by the
monotectic reaction at low temperatures. This shows that the grain
orientation of the Al phase after the monotectic reaction retains the
information about the grain orientation of the primary Al phase. There-
fore, it can be seen that the orientation-mapping image of Al shown
in Fig. 12 represents the solidification structure of the primary Al

10um

Fig. 11 X-ray images by EPMA showing the Ti-Al intermetallic
compound in the center of the Al dendrite in Zn-11% Al-3%Mg-
0.2%Si coating with 100 mass ppm Ti addition
a) SE image, b) Al, ¢) Ti and d) Zn

80.00 um = 100 steps

phase observed from various directions at a time.

The results of the EBSD observation of the nucleation sites and
their surroundings, taken from the {001} side of the Al phase, are
shown in Fig. 13. The EBSD pattern of intermetallic compounds
that are nucleation sites agrees well with that of the TiAl, crystal
prepared separately. The grain orientation of the ground face of the
TiAl, indexed using the above result was the {100} side, as shown in
Fig. 13 (d). Next, the EBSD pole figures of the Al phase and TiAl,
and the crystal models obtained from them are shown in Fig. 13 (f)-
(i). The grain orientations of the Al phase and TiAl, were all parallel
not only at the ground face, but also the planes perpendicular to the
{100} side. Therefore, it can be seen that the grain orientations of
TiAl in the center of the dendrite and those of the Al phase around
the TiAl, completely coincide with each other three-dimensionally.
From the crystal model of the Al phase shown in Fig. 13(g), it can be
confirmed that the dendrite of the Al phase shown in Fig. 13 (a) has
grown in the <110> direction.

The Al phase has an fcc structure, and TiAl has a DO,, structure.
The DO,, structure consists of two layers of the Al unit lattice (fcc)
with the Al at the four corners and the center replaced with Ti. Table
1 shows the planar disregistry, ¢ , between the Al and TiAl, phases
at each of the representative index planes calculated from the lattice
constant in accordance with the procedure employed by Ohashi et
al.'® According to the EBSD measurement results shown in Fig. 13,
there was a perfectly coherent orientation relationship between the
TiAl in the center and the Al phase surrounding it. This shows that
the Al phase dendrite grew epitaxially from TiAl at the center. The
reason for this is considered to be as follows. Since the Al phase has
a similar unit lattice to TiA, and all the index planes making up the
unit lattice show good coherence, as shown in Table 1, TiAl, crystals
are converted into an Al phase of the fcc structure simply by replac-
ing Ti with Al and the resultant Al phase can easily grow epitaxially.

From the above results, the Al phase in the coating layer was
refined when Ti was dissolved in the hot-dip Zn-11 mass%Al-3
mass%Mg-0.2 mass%Si coating bath because it is supposed that TiAl,
crystallized before the Al phase in the coating and acted as Al nucle-
ation sites. In other words, it is considered that the heterogeneous
nucleation of the Al phase occurred on the TiAl, surface, lowering
the degree of undercooling required for nucleation, and as a result, a
fine, equiaxed solidification structure was obtained.

80.00 um = 100 steps

Fig. 12 BSE image and EBSD orientation mapping, showing the solidified structure of Zn-11% Al-3%Mg-0.2 %Si coating with 100 mass ppm Ti addition
a) BSE image, b) Orientation mapping image of Zn, ¢) Orientation mapping image of Al, d) Stereo triangles of Zn (hcp) and e) Al (fcc) showing

color-indicated orientation
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Fig. 13 BSE image and EBSD orientation mapping showing TiAl, in Al dendrite
a) BSE image of Al dendrite, b) Enlarged BSE image of a), ¢) Orientation mapping of Al, d) Orientation mapping of TiAl,, e) Stereo triangles of Al (fcc)
and TiAl,(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,

Table 1 Planar disregistry between TiAl, and Al

Plane form [uvw] | [uvw] , d [uvw] d [uvw] , 0, (deg) 0 g:llj;i

[100] 1ia15 [100] 5 3.854 4.049 0

(001) gia15// (001) 5, [110] ;a1 [110] 4, 2.725 2.862 0 48
[010] 1ia15 [010] o, 3.854 4.049 0
[010] 1ia15 [010] o, 3.854 4.049 0

(100) ;515 // (100) o, [021] 1ia15 [011] 2.868 2.862 2.8 3.6
[001] 1ia1; [001] 4 8.584 4.049 0
[201] 1iai; [T01] 5 2.868 2.862 0

(102) 4157/ (101) 5, [221] ;415 [T11] 2.301 2.338 1.5 22
[010] 1315 [010] o, 3.854 4.049 0
[T10] 7514 [T10] 4, 2.725 2.862 0

(110) gi015// (110) o, [221] 1ia15 [T11] 2.301 2.338 2.6 42
[001] 1ia15 [001] 4 8.584 4.049 0

d[uvw], d[uvw] : Atomic displacement along [uvw]_and [uvw] , respectively

5. Conclusion

We conducted a detailed study of the solidification structure of
the hot-dip Zn-11 mass%Al-3 mass%Mg-0.2 mass%Si coating layer
whose cooling rate is relatively high. As a result, it was found that
the solidification structure was in a metastable state with Mg,Zn |
suspended and that the solidification was completed by the ternary
eutectic reaction, L — Zn phase + Al phase + MgZn,, without any
accompanying crystallization of Mg, Zn, . In a coating layer inocu-
lated with Ti, the heterogeneous nucleation of primary Al phase with
TiAl, as the nucleation site occurred, producing a markedly refined
structure. A detailed EBSD orientation analysis revealed that the grain
orientation of TiAl, as the nucleation site completely coincided three-
dimensionally with that of the Al phase around TiAl,, indicating that
the Al phase grew epitaxially on the TiAl, during solidification.
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0, : Difference in angle between [uvw]_and [uvw]
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