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Abstract: The spangles on hot dip galvanized steel sheet were investigated on an X-ray diffraction(XRD) meter by the rotating
crystal method. The correlations between the crystallographic orientations of spangles and their morphologies were analyzed. The
results show that the correlation can be classified into three types: f=0°, 0°<f<<90° and f=90° by f. Crystallographic model of
single spangle under the ideal condition was established based on the experimental results. The correlation between a and f can be

deduced by their geometric relation as an equation.
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1 Introduction

Spangles on hot dip galvanized(HDG) coatings are
characterized by typical dendrite single-crystals[1].
Spangles are produced on the galvanized steel sheets
when certain alloying elements, such as Pb, Sb, Sn, Bi,
Al, are added into zinc bath. This is because those
alloying elements not only change the size of zinc grain
by altering the surface tension of liquid zinc, nucleus
incidence and growing rate of zinc grain, but change the
orientation of zinc grain[2—4]. Added alloy elements in
zinc can affect the properties of the zinc alloy[5—6].
Spangles are the symbol for HDG sheets, and in recent
years, galvanizing articles with spangles are increasingly
required by customers[7-9].

Zinc coating with spangles is a decorative coating,
and its appearance is closely related to the orientation of
zinc crystals and the distribution of alloy elements in the
coating[10—12]. It is found that bright spangles present a
texture of basal plane (0001), with a smooth surface and
little second phase from segregation. However, dull
spangles have a pyramidal texture with any of the
following planes: (1011), (1012), (1013), (1014) or a
prismatic texture with the plane (1010) parallel to the
steel surface, having a rough surface. And the second
phases are segregated from the coating surface where
they precipitate. Because spangles are great zinc crystals
by naked eye and are segregated by alloying elements in

dull segments, these will do harm to the mechanical
properties and corrosion resistance. The difference of
zinc crystallographic orientation on the surface makes
the close-packing atoms on the surface and the
segregation of alloy elements change, resulting in the
different effect on the mechanical properties and
corrosion resistance of coatings[12—16].

In recent years, many researches were reported on
the formation mechanism, the mechanical and corrosive
properties of spangles, which have connection with the
orientation of zinc crystals. For the research on
crystallographic orientation of spangles, most works
were focused on the texture[17—19], little on the single
spangle. In the present investigation, single spangle with
different morphologies produced in Zn-0.15A1-0.2Sb
bath was discussed on an X-ray diffraction(XRD) meter
by rotating crystal method separately. Crystallographic
model of single spangle under the ideal condition was
established.

2 Experimental

The 100 mmX60 mmX1.2 mm steel sheet
specimens  were galvanized in a bath of
Zn+0.15%A1+0.2% Sb in a hot dip galvanizing(HDG)
simulator at 450 ‘C. Those specimens with spangles
were observed on metalloscope and their a-angles
between primary dendrite arms were measured. Three
samples with only one typical spangle morphology,
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labeled with I, II and III, were cut from the galvanized
specimens and analyzed by X-ray diffractometer (D
max/IIIA, Cu K,, 20 kV). According to XRD results,
pole figures of the single crystals of these spangles were
drawn to characterize the crystallization orientation of
each spangle.

XRD experiments were done as follows: at first,
place a sample on the sample stage of X-ray
diffractometer and set up a space coordinate system x-y-z
on the basis of the surface as the plane xOy, then rotate
the sample around axis Oz (normal to the plane xOy), as
shown in Fig.1(a). Apparently, only the zone planes
belonging to the zone axis parallel to axis Oy can
produce diffraction peak reflection condition. It is
assumed that pole figures of a zinc single crystals are
placed on plane xOy so that their centers coincide. The
rotation of the sample around axis Oz is equivalent to
pole figure of the single crystal of spangle rotating
around axis Oz (Fig.1(b)). It is deduced that the crystal
plane will produce diffraction peaks in XRD pattern if its
pole point (hklw) lies on the xx’ by the rotating of pole
figure, as shown in Fig.1(b).
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Fig.1 Schematic diagram of experiment principle (a) and

rotation of pole figure of single spangle around axis Oz (b)

It is known from diffraction data of zinc
crystallography theory[13] that no diffraction peak
appears when 260 is smaller than 30°, and all diffraction
peaks with 26 beyond 80° are weak. So 26 is taken from
30° to 80° in present investigation.

3 Results and discussion

3.1 Morphology and XRD analysis

Fig.2(a) shows the micrograph of a snow-flake
spangle, labeled with I . The spangle I displays a six-
fold star dendrite morphology with 60° angles between
the primary dendrite arms. It has a bright surface and
remarkable dendrite structure. The secondary dendrite
arms grow laterally away from the trunk well. XRD
result reveals that all the five diffraction peaks belong to
the zone axis [1210], and the diffraction peak of plane
(0001) is the most intense, as shown in Fig.2(b).

(b) (0001)
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Fig.2 Micrograph (a) and X-ray diffraction pattern (b) of snow-
flake spangle [

Fig.3(a) shows the micrograph of an inclined
dendrite spangle, labeled with II. The spangle II
displays a dull and rough surface without remarkable
dendrite structure on the left half, while a bright and
clear dendrite structure, even the secondary dendrite
arms appear clearly on the right half. As compared with
spangle [, the 60° symmetry dendrite structure
disappears and the two largest o angles are equal to 95°.
XRD result reveals that the diffraction peak of (1011)
is much more intense than the others, as shown in
Fig.3(b).
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Fig.3 Micrograph (a) and X-ray diffraction pattern (b) of
inclined dendrite spangle II

Fig4(a) shows the micrograph of an
orthogonal-dendrite spangle, labeled with III. The
spangle III displays a dull and rough surface entirely
with just four primary dendrite arms of 90° « angle, clear
secondary dendrite arms that are vertical to emanate.
XRD result reveals that only planes (1010)and (1120)
produce peaks, as shown in Fig.4(b).

3.2 Pole figure analysis

It is known from the diffraction pattern of zinc
powder that only six crystal planes produce diffraction
peaks when 26 is ranged from 30° to 80°. They are the
planes of (101 1), (0001), (1010), (1012), (1013) and
(1120), which were exactly captured in previous
experiments. For powder samples, the diffraction peak
of plane (1011) is the strongest, the diffraction peaks of
planes (0001), (1120) and (1013) are the second
strongest, the diffraction peak of (1012) is the third
strongest.

In Fig.2(b), the planes (0001), (1010), (1011),
(1012) and (1013) produce peaks, which are zone
planes belonging to the zone axis <1 210> and whose
pole points in the (0001) pole figure all lie on the
common great circle xOx', as shown in Fig.5(a), which
shows the pole figure after the clockwise rotation by 30°
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Fig.4 Micrograph (a) and X-ray diffraction pattern (b) of
orthogonal-dendrite spangle I11

of the standard zinc (0001) pole figure. It is deduced that
the basal plane (0001) is aligned parallel to the steel
sheet surface almost perfectly and the six fast growing
<101 0> directions are all parallel to the steel sheet
surface, which corresponds to the six primary dendrite
arms in Fig.2(a) and is in good agreement with the 60°
symmetry dendrite structure. The position of the zinc
single crystal on the steel sheet surface is sketched in
Fig.5(b). The six alike diffraction patterns can be gained
while the sample is rotated from 0° to 360°.

As shown in Fig.3(a), the standard six-fold stared
shape is elongated along some direction and the a angle
is increased to 95° due to the inclination of the basal
plane (0001) on the steel sheet surface. Fig.6(a) shows
the relation between each crystallographic orientation
(corresponding to each primary arm of spangle) and the
c-axis of spangle. The correlation between a and /5 can be
deduced by their geometric relation as follows:

o =2arcsin ! (D)

2cosﬂ1’1+%tan2 p

where a is the angle between primary dendrite arms of
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spangles, f is the angle between the basal plane (0001)
and the steel sheet surface. The calculated values of f as
a function of a are shown in Fig.6(b).

It is known from Fig.6(b) that the basal plane (0001)
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of spangle II inclines by 58° from the steel sheet
surface. The pole figure of spangle II can be obtained by
rotating Fig.5(a) by 58° along the <1100> direction, as
shown in Fig.7(a). In Fig.3(b), the intensity of plane
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Fig.5 Pole figure (a) and schematic model of position of spangle I on steel sheet surface (b)
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Fig.7 Pole figure (a) and schematic model of position of spangle II on steel sheet surface (b)
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(1011) is extremely strong, while the others are nearly
close to zero, which corresponds to the great circle xOx’
where only (1011) pole point lies, as shown in Fig.7(a).
This means that the six fast growing <101 0> directions
are no longer parallel to the steel sheet surface. Therefore
an inclined dendrite spangle is formed, and the four alike
diffraction patterns can be gained while the sample is
rotated from 0° to 360°.

In Fig4(b), the planes {1010} and {1120}
belong to the zone axis [0001], and their pole points lie
on the common circle xOx’, as shown in Fig.8(a). Fig.8(a)
is the pole figure gained by inclining Fig.5(a) by 90°
along the [1100] direction. It is inferred that the basal
plane (0001) is perpendicular to the steel sheet plane as
shown in Fig.8(b). Under such circumstances, only the
two of six fast growing directions <101 0> and the other
two <0001> directions can develop well and orthogonal-
dendrite structure is formed. That is why the angle o
between arms equals 90° instead of 180° that was
calculated by the angle a between the arms of directions
<1010> in Fig.6. The two alike diffraction patterns
could be gained while the sample is rotated from 0° to
360°. The entire orthogonal-dendrite spangle should be
the rhombus shape because the growing rate of the
<1010> arms is faster than that of the <0001>. This
difference is due to the anisotropy of the solid-liquid
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Fig.8 Pole figure (a) and schematic model of position of
spangle 1 on steel sheet surface (b)

interfacial energy (yy1), which is smaller for the (0001)
plane (about 70 mJ/m?) than for the (1010) plane
(about 100 mJ/m?) [19].

4 Conclusions

1) Each spangle represents a single-crystal zinc
grain. The possible orientation of the basal plane (0001)
on the steel sheet surface determines the morphology of
the spangle. The correlation between the angle a between
the arms and the inclination angle S on the steel sheet
surface is denoted by the following equation:

1

2cosﬂ1/1+itan2 i

2) Spangles may be categorized into three types
according to g: O =0°, <1210> zone planes produce
diffraction peaks, in which the diffraction peak of the
plane (0001) is the most intense, the spangle presents 60°
symmetry dendrite structure and shiny surface, usually
called snow-flake or six-fold star; @ 0°<<f<<90°, almost
only plane (1011) produces diffraction peak, 60°
symmetry of the dendrite structure disappears, and the
spangle presents feathery structure or shiny/dull divided
morphology; @ f=90°, <0001> zone planes (1010)
and (1120) produce diffraction peaks, and the spangle
presents dull and rough orthogonal-dendrite morphology.

3) Zinc solidification in hot dip galvanized coatings

a =2 arcsin

occurs by dendrite crystallization. Dendrite arms grow in
preferred crystallographic directions, which are the fast
growth directions in growth kinetics, and the most
commonly observed directions for zinc are <1 100>,
secondly <0001>,
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