JMEPEG (1996) 5:601-608

©ASM International

The Structure and Deformation Behavior of
Zinc-Rich Coatings on Steel Sheet

S.R. Shah, J.A. Dilewijns, and R.D. Jones

The deformation behavior of commercially produced hot-dipped zinc and zinc-alloy coatings on steel un-
der simple uniaxial tension has been studied. The strong basal plane texture of the hot-dipped galvanized
coatings was found to be unfavorable for plastic flow and accounted for the extensive cracking observed
during deformation. The eutectic structure in Galfan coatings was found to be beneficial in suppressing
the formation of microcracks at low strain levels, although when grain boundary dents were present,
cracks formed easily at these locations. Microcracks were observed in Galvalume coatings at all levels of
strain. A technique to measure the coating plasticity has been developed to quantify the level of cracking

in coatings at varying degrees of deformation.
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1. Introduction

THE DEFORMATION processes of zinc and zinc-alloy coat-
ings on steel sheet are complex because of the different me-
chanical properties of the steel substrate, the coatings, and
any intermetallic layers which are present. Zinc and zinc-al-
loy coatings must have the ability to be formed without ex-
tensive fracturing or peeling off the steel substrate or
producing any unacceptable topographical changes in the
outer coating layer, such as excessive roughening. Coating
ductility depends on factors such as the grain size, crystal-
lographic orientation, temperature, coating thickness, and
thickness and phase composition of the intermetallic layer.
This investigation has examined the deformation behavior
of three types of commercially important hot-dip coatings:
galvanized, Galfan,* and Galvalume.**

The deformation behavior in hexagonal close-packed met-
als such as zinc is well documented (Ref 1-5). Slip occurs on
the basal (0001) plane and in the {1 120) directions. Plastic de-
formation is also accomplished by pyramidal slip and/or defor-

*Galfan is a registered tradename owned by the International Lead
Zinc Research Organization (ILZRO).

**Galvalume is a registered trademark of Bethlehem Steel Corpora-
tion.
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Table 1 Description of samples used

mation twinning. Twinning becomes more important under
conditions where pyramidal slip, which is thermally activated,
is not favorable or where the basal plane is unfavorably ori-
ented for slip. One contributing effect of twinning to general
plastic flow is that unfavorably oriented grains for slip are re-
oriented into a more favorable position upon twinning. Cleav-
age in zinc crystals occurs mainly on primary basal planes or on
secondary cleavage planes, which are basal planes in twins
formed prior to fracture.

2. Experimental Procedure

Details of the materials examined are given in Table 1. All
were suppled by producers in Europe and North America.

Optical and scanning electron microscopy (SEM) were used
to characterize the coating surface. Polarized light was found to
be particularly helpful in resolving structures. All coated sheet
samples were deformed in tension on a microscope-mounted
straining stage at a strain rate of about 8 x 10~-5/s. Each speci-
men was strained to 5% engineering strain in small (~1%) in-
crements. Further straining was then performed in 5%
increments. The topography of the coating was examined after
each deformation increment using the optical microscope, and
where necessary, the SEM. The optical microscope used in this
investigation was the Reichert-Jung Polyvar-Met, while the
SEM used was a JEOL JSM-CEF, fitted with a LINK energy dis-
persive analysis system.

X-ray diffraction was used to determine the texture of the
coatings. The experiments were performed using a Philips
PW1729 x-ray generator with a PW1710 diffractometer sys-
tem. Cu-K,, radiation was used at 35 kV and 40 mA. Data

Coating Supplier’s Sheet Spangle Coating Coating thickness, pm
Identification type designation gage, mm size, mm weight, g/m? SideI Side I
GA Galvanized A 0.72 5.50 365 25 25
GF8 Galfan B 0.70 0.33 135 8 8
GF15 Galfan B 0.70 0.21 210 15 15
GF20 Galfan C 0.70 0.05 250 20 20
GF23 Galfan B 0.75 0.15 300 23 23
GL Galvalume A 0.50 2.60 240 20 20
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collection and analysis were computer controlled and carried out
by a Philips W1877 PC-APD analytical software package. The
densities of the various (hkl) planes were determined by measur-
ing the area under the peaks on the diffractograms. The calculated
values averaged from several samples were then compared with
those obtained from a random powder sample to give a compara-
tive value. Details are given elsewhere (Ref 6, 7).

In a procedure used to measure the coating plasticity, mi-
crographs were taken of all the samples after deformation to
various degrees. The microplasticity was determined in sam-~
ples in uncracked regions by measuring the distance between

prominent microstructural features at different levels of strain.
This method is helpful in particular for Galfan, which showed
extensive plastic deformation.

3. Results and Discussion

3.1 Structure and Texture of As-Received Samples

The typical surface topography of a hot-dip galvanized
coating consists of flat, single-ridged, and double-ridged grains

@

(e)

Fig.1 (a) Galvanized—surface topography. (b) Galfan GF8—surface microstructure. (c) Galfan GF20—surface microstructure. (d) Gal-

valume—surface topography. (e) Galvalume—transverse microstructure
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(Fig. 1a). The spangle topography has been described previously
(Ref 8, 9). Many galvanized coatings show large numbers of
grains with basal planes parallel to the surface. These grains tend
to show a flat topography. The basal preferred orientation also be-
comes more pronounced in minimized coatings. Figure 2(a)
shows a strong basal preferred orientation in the galvanized sam-
ple examined. However, it should be noted that the dull and frosty
regions that have a dimpled and ridged structure (Ref 10) are evi-
dence that the level of non-basal orientation is significant.

The microstructure of zinc-aluminum near-eutectic Galfan
consists of two phases: zinc-rich particles surrounded by a typical
eutectic phase consisting of white zinc (thick) and dark aluminum
(thin) lamellae (Fig. 1b). The phase composition is affected by the
cooling rate after galvanizing and by the bath composition (i.e., the
aluminum content). A Galfan coating with a hypoeutectic compo-
sition (4.5% Al) produced at a high cooling rate will give a more
uniform and homogeneous eutectic structure (Ref 11-13). The
fineness of the microstructure is dependent on the cooling rate and
becomes completely eutectic when fast cooled. Figure 1(c) shows
one of the problems of the Galfan coating, the occurrence of
shrinkage valleys (or dents) at grain boundaries, which represent
localized regions of thin coating. These tend to promote grain
boundary separation when deformed.

Table 2 shows the orientation data of the basal, pyramidal,
and prismatic planes obtained for different regular and mini-
mized spangle Galfan coatings. These intensities were ob-
tained from planes parallel to the sheet surface. For each
sample, the relative peak intensities were normalized to the
maximum peak (Ref 14). The texture of a Galfan coating is
seen to depend mainly on two factors: the coating weight and
the spangle size, and therefore indirectly the cooling rate of the
liquid. There is no previous work available on the first aspect of
texture dependency, but there are various reports available on
the second (Ref 15, 16). In the present study all Galfan coatings
showed a preferred basal orientation. This is consistent with the
report (Ref 14) that a strong basal plane texture develops in the
hot-dipped coatings like Galfan when intermetallic compounds
are very thin or not formed. It was also noted that the basal tex-
ture increased with thickness in coatings from the same source
(GF8, GF15, GF23). Sample GF20, from a different source, is
reported to have been given a minimizing treatment. This sam-

Table 2 Normalized intensities of peaks obtained on
Galfan coatings

Intensity, %
Plane Ir(a) GF8 GF15 GF20 GF23
Basal
(0002) 53 100 100 100 100
Pyramid
(1011) 100 18 14 7 13
(1012) 28 3 2 2 2
(1013) 25 4 3 2 3
(1122) 23 2 2 1 1
Prism
(1010) 40 4 7
(1120) 21 2 2 1 1

(a) Normalized intensities of peaks for randomly oriented zinc polycrystals
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ple also shows an increased number of zinc-rich primaries (Fig.
Ic) than other Galfan coatings. It shows a stronger basal texture
than the thicker GF23 coating.

The Galvalume coating consists of two well-differentiated
regions: a dendritic -aluminum solid solution, which solidi-
fies first, and a zinc-rich phase mixture, which fills in the in-
terdendritic spaces of the a-phase. The zinc-rich phase
mixture consists mainly of a zinc-aluminum eutectic, which
forms as a result of nonequilibrium solidification (coring). A
completely solidified coating will contain about 80% o den-
drites and 20% zinc-rich phase mixture (Ref 17). These
phases can be seen in Fig. 1(d) and (e). Shrinkage cavities
can also be seen within the zinc-rich eutectic structure. Sili-
con is added to the alloy to limit intermetallic layer growth
and thus improve coating adhesion. Silicon-rich particles
can be seen in the transverse section (Fig. le).

The x-ray diffractogram of the Galvalume coating (Fig. 2b)
shows a strong aluminum (111) texture. There is also a signifi-
cant zinc (1011) presence.

3.2 Deformation Behavior of Zinc and Zinc-Alloy
Coatings
3.2.1 Hot-Dip Galvanized

Figure 3 shows typical examples of surface topographies (a,
b, e, f) and transverse sections (c, d) of deformed samples. The
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Fig.2 Portions of x-ray diffractrograms obtained on (a) galva-
nized and (b) Galvalume coating
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deformation of regular spangle galvanized coating occurred
primarily by twinning at low levels (<5%) of tensile strain.
Twins are seen in Fig. 3(a) and (b) in both flat and ridged re-
gions, and they are also evident in the transverse sections (Fig.
3c, d). Grain boundary separation increased with strain and
probably initiates at the smallest strains.

«Tensile axis—

e,

At higher strains, intragranular cracks associated with basal
plane (0001) cleavage predominate in basally oriented grains.
It has been suggested (Ref 9) that intragranular cracking could
occur by cleavage on matrix basal planes, provided that they
were inclined at more than 12° to the plane of the surface or by
secondary basal cleavage in twins in basally or nearly basally

()

(¢)

Fig.3 Deformation of galvanized coating; twin formation at 4% strain in (a) shiny and (b) shiny and frosty spangle. (c) and (d) Transverse
sections showing cracks within zinc layer at 10% and twin at 20% strain, respectively. (e) and (f) Cracks at grain boundary and along the

ridges and intragranular cracking at 10% and 20% strain, respectively
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oriented grains. This type of cracking has been reported (Ref
5). Evidence of cracking at twin bands at higher strains can also
be seen in Fig. 3(c) and (d). In non-basally oriented grains,
cracking was found along the ridges at higher strains (Fig. 3e),
while large intragranular cracks are also evident in Fig. 3(f) at
almost 90° to the tensile axis.

3.2.2 Galfan

The important factors that affect the behavior of a Galfan
coating during a forming operation are the microstructure, tex-
ture, and thickness of the coating. The microstructure of the
four coatings studied consisted of zinc-rich primaries dispersed
within a eutectic matrix. All coatings exhibited a strong basal
texture.

Two types of behavior were observed. In coatings GF8,
GF15, and GF23, the first stage of deformation was plastic flow
accommodated by slip and twinning. Figure 4 shows the defor-
mation behavior over the strain range between 5 and 30%. Vir-
tually no cracking was observed at low levels of strain.
Evidence of plastic deformation is the extensive surface rum-
pling (Fig. 5) and the fine slip lines observed under polarized
light (Fig. 5b). At higher strains, intragranular cracks were evi-
dent (Fig. 4), but there was also evidence of plastic flow with-
out cracking. The formation of twins in the zinc primaries
within the eutectic matrix at 60 to 80° to the tensile axis was ob-
served at 5% strains (transverse section in Fig. 6a). Figure 6(b)

<=-=- Tensile Axis -->

shows a crack at the interface of the zinc primary and the matrix
at 25% strain. In the thickest coating, GF23 (which displays a
higher basal orientation and a smaller grain size), a greater sus-
ceptibility to cracking was found. The deformation mecha-
nisms were again slip and twinning, but cracking was
predominantly at grain and cell boundaries.

Coating GF20 behaved differently than coatings GFS8,
GF15, and GF23. Surface rumpling indicated that plastic defor-
mation was again taking place, but the most important factor
was the large number of grain boundary dents (Fig. 1c). These
provided preferential sites for crack nucleation, as is shown by
extensive grain boundary cracking at higher strains (Fig. 4). In-
tragranular cracks were also observed, but at lower strain levels
than in coatings GF8, GF15, and GF23. This is a result of sec-
ondary basal cleavage in the higher number of zinc-rich prima-
ries in this coating. The formation of twins prior to cracking
was also observed, together with some intergranular cracks ata
lower level of strain (Fig. 7a).

The size of twins in Galfan appears to be related to the initial
grain size. In the larger grain size coatings (e.g., GF8 and
GF15), coarser twins were observed (Fig. 7b). The larger grain
size coatings also contained less basally oriented grains, as
shown in Table 2. These results are in agreement with previous
findings (Ref 7) that in galvanized coatings, the localization of
twinning strain is less extensively developed with a larger grain
size than with a small grain size under the same conditions. In

<== Tensile Axis -->

Fig.4 Optical micrographs of deformed surfaces of Galfan coatings
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Fig.5 Surface of GF15 coating at 15% strain under (a) normal
and (b) polarized light

other words, in grains that are more randomly oriented (as in
large grain size Galfan coatings), further straining will bring
ahout the formation of cracks in the grain in question. The
larger the grain size, the greater is the tendency for the deforma-
tion to proceed by a combination of twins and cracks. As a re-
sult, less twin-band behavior could be seen in samples with a
relatively low basal orientation.

Other reasons for the superior behavior of Galfan coatings
during deformation lie in the microstructure. The coatings are
almost completely eutectic, and there is no optically detectable
intermetallic layer present at the coating-substrate interface.
The eutectic cells provide high stored energies to resist trans-
granular crack propagation and are thus capable of providing
uniform deformation under stress.

3.2.3 Galvalume

The results of this study indicate that there are three impor-
tant sites for crack nucleation in a Galvalume coating: interden-
dritic zinc-rich regions, spherical shrinkage voids, and silicon
flakes. No evidence was found to support the theory of Hu-
mayun (Ref 18) that the intermetallic layer assisted crack for-
mation.

606—Volume 5(5) October 1996
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Fig. 6 Transverse sections of GF15 coating at (a) 5% and (b)
25% strain

The use of SEM confirmed that cracking could be nucleated
at low strains in the brittle interdendritic zinc-rich regions (Fig.
8). These cracks grow as plastic strain increases (Fig. 8b). This
region, which consists of zinc-rich B-particles within the eutec-
tic structure, is associated with the (1011) orientation. It is
therefore possible that some plastic deformation occurred prior
to cracking.

Cracks could also be nucleated by shrinkage voids (e.g.,
Fig. 8a).

Silicon flakes in the coating were also identified as sites for
crack nucleation (Fig. 8c), in accordance with a previous obser-
vation (Ref 19). However, the severity of this form of cracking
can be reduced if the silicon flakes are finely dispersed in the
coating during solidification.

A fourth, less significant, mechanism for coating failure is
the formation of cracks in large aluminum dendrites at higher
strains (Fig. 8b).

3.3 Coating Plasticity

Data obtained using the microplasticity method are plotted
in Fig. 9, which shows the cracking contribution to total strains
as a percentage. Three of the Galfan coatings (8, 15, and 23 tm)
show much smaller amounts of cracking than galvanized Gal-
valume, and the 20 wm thick Galfan material. This can be ex-
plained by noting that the less ductile Galfan coating was

Journal of Materials Engineering and Performance
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(a)

Fig.7 Twin formation at surfaces of (a) GF20 and(b) GF15
coatings at 5% strain. Optical micrographs using polarized light

produced by a different manufacturer than the other three and
contained a different type of microstructure, one with strongly
developed grain boundary dents. These would have been prone
to initiate separation at grain boundaries when the coating was
deformed. The galvanized sample evaluated in this study was a
conventional normal spangle product and behaved in a predict-
able manner, as did the Galvalume product. All coatings
showed an increased contribution from the widening of cracks
to coating deformation as strain increased. This merely reflects
the diminishing ability of the coatings to deform plastically as
straining continued.

4. Conclusions

e Hot-dip galvanized coatings deform by slip, twinning, and
grain boundary separation at low strains. At higher strains,
intragranular cracking becomes important,

e The Galfan samples examined had a strong basal texture
thatincreased with decreased spangle size. The deforma-
tion behavior of Galfan coatings depended on the micro-
structure, texture, and extent of dent formation at the
grain boundaries. Initial plastic deformation took place

Journal of Materials Engineering and Performance
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(c)

Fig.8 (a) and (b) Deformed surfaces of Galvalume coating at
10% and 20% strain, respectively. SEM micrographs. (c) Trans-
verse section of Galvalume coating at 10% strain

throughslipandtwinning.Intragranularcrackingathigher
levelsofstraincould beassociated withthe cleavage of ba-
salplanes.

e  Cracking in the Galvalume coating was found to be initi-
ated at zinc-rich interdendritic regions, spherical voids,
and silicon flakes at lower strains, while cracks were also
found to form within aluminum dendrites at higher
strains.
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