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An attempt was made to apply digital image correlation (DIC) strain analysis to in-situ scanning electron
microscopy (SEM) observations of bending deformation to quantify local strain distribution inside a
ZnMgAl-alloy coating in deformation. Interstitial-free steel sheets were hot-dipped in a Zn-3Mg-6Al
(mass%) alloy melt at 400 °C for 2 s. The specimens were deformed using a miniature-sized 4-point bend-
ing test machine inside the SEM chamber. The observed in situ SEM images were used for DIC strain
analysis. The hot-dip ZnMgAl-alloy coating exhibited a solidification microstructure composed of a three-
phase eutectic of fine Al (fcc), Zn (hep), and Zn,Mg phases surrounding the primary solidified Al phases.
The relatively coarsened Zn,Mg phases were locally observed inside the ZnMgAl-alloy coating. The DIC
strain analysis revealed that the strain was localized in the primary solidified Al phases and fine eutectic
microstructure around the Zn,Mg phase. The results indicated high deformability of the multi-phase micro-

structure of the ZnMgAl-alloy coating.
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1. Introduction

Hot-dip zinc (Zn) and its alloy coating on steels
(galvanized steels) are extensively produced for
architectural and automobile applications due to their low
cost and sufficient corrosion resistance under atmospheric
environments [1,2]. Zn—Mg—Al ternary alloy coatings
(ZnMgAl alloy coating) exhibit superior corrosion
resistance [3]. The associated hot-dip galvanizing technologies
are being applied to building steel parts. One of the
significant issues in the application of the hot-dip ZnMgAl
alloy galvanizing process to steel parts is the sufficient
adhesiveness of the Zn alloy coating layer on the steel
parts. It is generally known that the Al-rich Al-Fe
intermetallic phase layer consisting of q-Al;Fe, and h-
Al Fe, phases [3] is often formed at the interface between
the ZnMgAl alloy coating and the steel parts [4-8].
Unfortunately, these Al-rich Al-Fe intermetallic phases
are brittle properties [9], likely due to the difficulty of slip
deformation at ambient temperature, whereby it is
required to control the formation of the Al-Fe intermetallic
phases in the ZnMgAl alloy coating on steel parts. Thus,
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itis required to understand the interfacial reaction between
steel parts and ZnMgAl alloy melt (with a ternary
composition of Zn—3%Mg—6%Al) during the hot-dip
galvanizing process. We have investigated on the
formation sequence of Al-Fe intermetallic phases and its
associated growth during the hot-dip galvanizing process
for the ZnMgAl alloy coating in conjunction with the
calculated Zn—Al-Mg—Fe quaternary phase diagram [10].

The produces the
solidification microstructures in the Zn alloy coating

hot-dip galvanizing process

formed on the steel sheet/strip. It is generally known that
the primary solidified Al(fcc) phase and fine three-phase
eutectic microstructures composed of Al(fce), Zn(hep), and
Zn,Mg phases are often formed in the hot-dip ZnMgAl-
alloy galvanized coatings [10,11]. The multi-phase
solidification microstructure might exhibit inhomogeneous
deformation, which is closely associated with the
deformability of the ZnMgAl-alloy coatings in the plastic-
forming process. In particular, the Zn,Mg intermetallic
phase exhibits brittle properties as well as the Al-rich Al-
Fe intermetallic phases, whereby it is necessary to
understand the role of the Zn,Mg intermetallic phase in
the deformation of the ZnMgAl-alloy coating on the steel
sheets in the plastic-forming process.
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To better understand the effect of the multi-phase
solidification microstructure on the deformation of hot-
dip ZnMgAl-alloy coating in terms of the Zn,Mg
intermetallic phase, in this study, an attempt was made to
use the in-situ SEM observation combined with the digital
image correlation (DIC) strain analysis for the solidification
microstructure of the Zn—-3%Mg —6%Al alloy coating on
the steel sheet in bending test.

2. Experimental

In the present study, interstitial-free (IF) steel sheets
were used as a model of pure iron with a ferrite (a-Fe)
single-phase microstructure. The steel sheet was hot-
rolled and then cold-rolled to about 1.5 mm in thickness.
Hot-dipping experiments were carried out using a hot-
dip process simulator [12,13]. Before the hot-dipping
experiment, the steel sheets were mechanically polished
and then finished with buffing compounds. The alloy
sheets with an approximate dimension of 210 mm x
105 mm x 1.2 mm were heated to 800 °C for 60 s, and
then cooled down to a bath temperature of 400 °C under
N,-50 vol.% H, atmosphere. After that, these sheets were
hot-dipped in a molten Zn—3Mg—6Al (mass%) alloy bath
at 400 °C for 2 s, followed by rapid cooling by using the
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gas wiping system. The microstructures of the prepared
samples were observed by scanning electron microscope
(SEM) operating at 20 kV. The observed sample surfaces
were mechanically polished and then finished using
colloidal silica. The low-magnification SEM images were
used to measure the thickness of the IF steel sheets. For
high-magnification SEM observation, the sample surface
was ion-polished with a cross-section polisher operated
at 6 kV.

The appearance of the miniature-sized 4-point bending
test machine (TSL Solutions Inc. BS-500) and the
specimen geometry [14] are presented in Fig. 1a and 1b.
The bending test machine loaded with an experimental
plate-shaped specimen was placed inside the vacuum
chamber of the SEM instrument (JEOL JSM-6610) for
in-situ observation of the ion-polished surfaces, as
presented in Fig. 1c. Note that the specimen surface for
SEM observations was ion-polished with a cross-section
polisher operated at 6 V. The macroscopic strain (&,)
applied to the surface of the bent specimen was calculated
by the following equation:

6 =1/2R (1)

where ¢ is the specimen thickness (approximately 1.5 mm)
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Fig. 1. Schematic illustrations showing (a) a specimen mounted in a miniature-sized bending test machine, (b) a geometry of
used specimens associated with fulcrum points for a four-point bending test applied [14], (c) a designed miniature-sized
bending test machine fitting into an SEM chamber for in-situ observation, and (d) a bent specimen geometry

CORROSION SCIENCE AND TECHNOLOGY Vol.23 No.2, 2024



IN-SITU SEM OBSERVATION AND DIC STRAIN ANALYSIS FOR DEFORMATION AND CRACKING OF HOT-DIP ZnMgAl ALLOY

COATING

and R is the radius of curvature measured using the in-situ
observed low-magnification SEM images, as schematically
shown in Fig. 1d. The local strain distribution in the
ZnMgAl-alloy coating of the bent specimens was
quantified by digital image correlation (DIC) analysis [15]
using the in-situ observed SEM images at different states
of deformation. In the present study, DIC analysis software
(Correlated Solutions Inc. VIC-2D) was performed using
high-magnification SEM images at a subset size of
approximately 5 mm for the captured SEM images.

3. Results and Discussion

3.1 In-situ SEM observation in bending test

Fig. 2 presents a representative load-displacement curve
of the hot-dip ZnMgAl-alloy galvanized steel specimens
in the bending tests. Stress drops are often observed in
the flow curve of bending tests conducted in the SEM
chamber when the bending must be interrupted to allow
careful SEM observations of microstructure in the

lon-polished
surface

Sheet
specimen

(€) &, = 13.0%

ZnMgAl-alloy coating. These stress drops correspond to
the stress relaxations in the specimen during the
interrupting bending test for in-situ SEM observations.
Nevertheless, the flow curves exhibit a yielding and
subsequent strain hardening and agree well with the curve
from uninterrupted bending tests conducted outside the
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Fig. 2. Representative load-displacement curve of the hot-
dip ZnAlMg-alloy coated IF steel sheet measured by the
miniature-sized bending test machine
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Fig. 3. Low-magnification SEM images showing the bent specimens at different macroscopic strains, g, (measured by

curvature of the specimen surface)
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Fig. 4. (a) Load-displacement curve and (b-f) corresponding in-situ observed SEM backscattered-electron images showing the
initiated and propagated cracks in the ZnMgAl coating layer on the tensile-strained surface of the sheet specimen.
Macroscopic strains (&, ) were calculated to be approximately (d) 1.6 %, (e) 9.2 %, and (f) 17.0 %

SEM chamber.

Low-magnification in-sitt  SEM images obtained
during the bending test are displayed in Fig. 3. The
specimen was uniformly deformed with an increasing
punch stroke (displacement). For the specimens deformed
at different displacements, the radius (R) of curvature was
experimentally measured using the in-situ observed
images (Fig. 3). Note that the observed V-shaped area on
the cross-section of the specimen corresponds to the
observed ion-polished surface. The measured R values
can be used to calculate the macroscopic strains () of
the specimen following equation (1) (as schematically
illustrated in Fig. 1d). The calculated ¢ approximately
ranged from 4 % to 15 % for different displacements, as
labeled in Fig. 3.

Fig. 4 presents a load-displacement curve of the
specimen measured by the bending test and corresponding
in-situ observed backscattered electron images (BElIs)
showing the microstructure of the hot-dip ZnMgAl-alloy

116

coating on the tensile-strained surface of the bent
specimen. A number of dendritic Al(fcc) phases
surrounded by fine eutectic microstructures composed of
Al(fce), Zn(hep), and Zn,Mg phases were observed in the
present ZnMgAl-alloy coating formed on the steel sheet
(Fig. 4b). Relatively coarsened Zn-rich intermetallic
phases (corresponding to the Zn,Mg phase in the present
alloy system) were locally found inside the coating (Fig.
4b, ¢). An identified area showing the relatively coarsened
Zn,Mg phase in the ZnMgAl-alloy coating was in-situ
observed in the bending test. The observed images
obviously show that a vertical crack was initiated inside
the brittle Zn,Mg intermetallic phase at an early stage of
deformation under a macroscopic strain of ¢, = 1.6 %
(Fig. 4d). This vertical crack opened and propagated
inside the fine eutectic microstructure under the tensile
deformation (Fig. 4e). The crack tip appeared to contact
the dendritic Al(fcc) phase (presumably exhibiting higher
deformability), suggesting the suppressed crack propagation.
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Fig. 5. (a) Load-displacement curve and (b-f) corresponding in-situ observed SEM backscattered-electron images showing the
microstructure of the ZnMgAl coating layer on the compressive-strained surface of the sheet specimen; Macroscopic strains
(&,) were calculated to be approximately (c) -5.1 %, (d) -10.0 %, (e) -13.5 %, and (f) -17.4 %

However, the initiated crack penetrated the coating layer
at a higher tensile strain of g, = 17.0 % (Fig. 4f). In
addition, note that extensive slip traces were observed in
the steel sheet, in particular around the cracks (Fig. 4e,
f), which is indicative of the occurrence of slip
deformation localized around the initiated cracks.

Fig. 5 displays a load-displacement curve of the
specimen measured by the bending test and corresponding
in-situ observed BEIs showing the microstructure of the
hot-dip ZnMgAl-alloy coating on the compressive-
strained surface of the bent specimen. Many dendritic
Al(fcc) phases surrounded by the
microstructure were observed as well, whereas relatively

fine eutectic

coarsened Zn,Mg phases with granular morphologies
were locally observed (Fig. 5b). A selected area showing
the granular Zn,Mg phase was in-situ observed in the
ZnMgAl-alloy coating under compression. The observed
images clearly represent that no crack was initiated
around/inside the granular Zn,Mg phase (Fig. 5c-f), even
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at a high compressive strain of ¢, =-17.4% (Fig. 5f). The
result indicates the coarsened Zn,Mg phase have a slight
effect on cracking in the hot-dip ZnMgAl-alloy coating
under compression.

3.2 Local strain distribution analyses for in-situ observed
SEM images

To understand the inhomogeneous deformation associated
with the relatively coarsened Zn,Mg phase in the
ZnMgAl-alloy coating under tension or compression, the
local strain distribution was quantified by DIC analysis
of the in-situ observed SEM images in the tensile-strained
and compressive-strained surface regions (as presented in
Fig 4 and Fig. 5). The results from the DIC analysis are
summarized in Fig. 6 and Fig. 7. The visualized strain
maps of ¢ are presented in these figures, with the
horizontal and vertical directions defined as x and y
directions, respectively. The crack initiated at a low
macroscopic strain of ¢, = 1.6 % under tension (Fig. 4d),

17
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Fig. 6. DIC analyzed strain distribution maps (&) for in-situ observed SEM backscattered-electron images showing the
initiated and propagated cracks in the ZnMgAl coating layer on the tensile-strained surface of the sheet specimen
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Fig. 7. DIC analyzed strain distribution maps (&) for the in-situ observed SEM backscattered-electron images showing the
microstructure of the ZnMgAl coating layer on the compressive-strained surface of the sheet specimen

and a significant strain localization was not detected
around the crack (Fig. 6a), indicating the brittle fracture
occurring in the Zn,Mg phase. However, the strain
localization appeared more pronounced around the crack
tip at a higher macroscopic strain (Fig. 6b, c). The
occurrence of plastic deformation in the dendritic Al
phases and fine eutectic microstructures would reduce the
stress/strain localization (for crack propagation) around the
tip of the propagated crack. Under compression (Fig. 7), the
strain localization was scarcely observed inside the relatively
coarsened Zn,Mg phase, whereas the compressive strain

118

(negative value of ¢, ) was localized around the Zn,Mg
phase (Fig. 7a). The tendency appeared more significant by
applying higher macroscopic strain (Fig. 7b-d). These results
demonstrated high deformability of the dendritic Al phases
and fine eutectic microstructures in the ZnMgAl-alloy
coating under tension and compression. The elimination
of the locally formed Zn,Mg phase (with brittle properties)
in the hot-dip galvanizing process could be, therefore,
necessary to prevent the local cracking occurring in the
ZnMgAl-alloy coating in the plastic-forming process (in
particular, stretch forming process).
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4. Summary

The present paper proposed a novel experimental
approach of the in-situ SEM observation of the 4-point
bending test combined with the digital image correlation
(DIC) strain analysis for quantification of the local strain
distribution inside the ZnMgAl-alloy
deformation. The present ZnMgAl-alloy coating exhibited

coating in

the solidification microstructure composed of a three-
phase eutectic of fine Al (fcc), Zn (hep), and Zn,Mg
phases surrounding the primary solidified Al phases. The
relatively coarsened Zn,Mg phases were locally observed
inside the ZnMgAl-alloy coating. After the bending test,
no crack was found on the compressive-strained surface
ofthe ZnMgAl-alloy coated steel specimen, while vertical
cracks were found on the tensile-strained surface. The in-
situ SEM observations revealed that cracks were initiated
inside the relatively coarsened Zn,Mg phase in the
ZnMgAl alloy coating and then penetrated the inside of
the coating under tension. The DIC analyses revealed that
the strain was localized in the primary solidified Al phases
and fine eutectic microstructure around the Zn,Mg phase,
indicating high deformability of the multi-phase
microstructure of the ZnMgAl-alloy coating under tension
and compression. The proposed experimental approach
would be effective in understanding the deformation of
the galvanized coating on steel sheets [16].
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