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Abstract — Coated sheets for car body are assembled by spot-welding and, more and more, by adhesive bonding.
Thus, during life time, the coating endures stresses which can lead to the failure of the whole bonded
assembly. The behavior of the zinc coating has then to be primarily studied during tension of flat samples.
Several investigation techniques, including in-situ characterizations and 3D observations, are combined to
observe and understand the damage mechanisms of the zinc coating during plastic deformation. A specific
attention is paid to the influence of temper rolling which is usually applied on low-carbon steel sheets after
annealing and hot-dip coating. Damage is mainly observed at the boundary of large zinc grains lying on the
surface plateaus, non-deformed by rolling, and often nucleates at the defects due to dendritic zinc
solidification.

Key-words — Zinc coated steel; temper rolling; damage; in-situ tensile test; DIC; FIB-SEM

1. Introduction

Low carbon steel sheets for automotive applications are coated with zinc alloy to be protected
against corrosion. The great majority of cold-rolled steel sheets for automotive are hot dip
coatedinaZn bath at 460 °C after annealing. The coated sheet is then temper rolled to achieve
a flat surface, control the roughness and adjust the mechanical properties.

Deep drawn parts are assembled to form the car body. In the body shop, the main
assembly technique is spot welding. In addition, the use of continuous adhesive joint is in
constant increase as it improves the stiffness and the crash performance of vehicle parts. In
fact, the joint strength is critical during crash where all the parts of the bond (adhesive, steel
and galvanized layer) can be plastically deformed. This is particularly true in the case of a
ductile steel substrate. Automotive equipment manufacturers evaluate the adhesive bonding
properties using two criteria: the maximal shear stress value (lap shear test), and the failure

pattern. It is worthy to note that an adhesive failure is considered as unacceptable by
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carmakers. It was recently showed a possible link between the plasticization of the coated
steel beneath the adhesive and the failure pattern [1].

Early work already studied the zinc coating behavior accounting for the hexagonal
crystallography of grains and crystallographic texture inherited from solidification [2]. A series
of papers detailed the damage mechanisms occurring in the zinc layer during straining of
coated steel samples [3-6]. However, some controversies still exist to prove whether cracks
initiate along the zinc grain boundaries, then lead to decohesion at the steel-zinc interface, or
the reverse. Bending and in-situ SEM bending experiments were recently proposed to study
the behavior of galvannealed steel [7,8]. Such experiments are not easy to analyze since
bending induces heterogeneous strains within the coating. A second difficulty arises from the
observation surface which is the sheet thickness and may be not representative of the damage
mechanisms within the whole sample. Moreover, none of these studies accounts for an effect
of temper rolling on the zinc coating deformation, except a work studying how the production
of zinc fines during a friction test depends on the roughness of the roll surface [9].

The objective of this paper is to explore the deformation and damage mechanisms of a
temper-rolled coated steel sheet during straining and give first insights to future work on the
fracture mechanisms at the zinc — adhesive interface. Investigation tools at different scales
and in-situ scanning electron microscopy (SEM) tensile tests coupled with digital image
correlations (DIC) are combined to study the coating evolutions during straining of a temper
rolled zinc-coated steel sheet. After deformation, FIB-SEM cross-section observations allow
an in-depth investigation of the coating and the zinc — steel interface. A special focus is done
on the effect of temper rolling, damage propagation during straining, and 3D observation of

cracks formation.

2. Experimental procedures
The material under study was a galvanized low carbon ductile steel grade, cold rolled to 0.8
mm, then continuously annealed and hot dip coated. The steel substrate, containing 0.08 wt.%
carbon and 0.5 wt.% manganese, has an average grain size about 16 um.

The thickness of the zinc layer is around 10 um. A small amount of aluminum (0.2 wt.%)
is added to the zinc bath to produce a reactive adhesion of the coating on the steel substrate.
A thin layer of intermetallic AlsFe; is formed between steel and zinc [10,11]. Solidification of

zinc on sheet surface gave rise to large grains, of the order between 50 and 200 um, with a
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crystallographic texture which is primarily basal after solidification as already well established
[2,11].

At the end of the annealing process, coated sheets were temper rolled, which deformed
the zinc layer and locally modified the crystallographic texture and the grain microstructure
[11-13].

Dog-bone, full-thickness tensile specimens were cut in the galvanized sheet along the
transverse direction. The gage length and width are 8 and 4 mm respectively. The samples
were strained with a home-made tensile machine of 5 kN capability, specially designed for in-
situ tests either under optical microscope (OM) or in a SEM. The displacement rate was chosen
to get an initial strain rate of about 7.10* s, Local displacement was measured by DIC. For
tests under OM, the surface contrast was increased by air-spraying a speckle pattern of black
paint particles on a white painted background. Black dot diameters were between 25 and 100
um. Two reference points, initially defined, allowed the average elongation to be followed as

I”

if it were a “numerical” extensometer. The software Sylvia [14] computed on line the mean
strain during the tensile test. From an estimation of the actual section of the sample, a stress-
strain curve can then be drawn (Figure 1.a).

As the zinc layer deformation was relatively heterogeneous due to the large grain size,
DIC was used to quantify the displacement field and evaluate a representative elementary
surface. Images with a resolution of 3296 x 1633 pixels were acquired with an optical camera
(Prosilica GX3300 — Allied Vision) at a frequency of a frame per second. Maps of the strain field
were calculated with the digital image correlation software CMV [15]. Strain heterogeneities
were seen during tensile test. They appeared relatively early during deformation, then tend
to slightly decrease at largest applied strains (Figure 1.b to d). The representative elementary

surface was then deduced as described by [16] and evaluated to be about 1.8 x 1.8 mm?.
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Figure 1 — (a) Tensile stress-strain curve of coated low carbon steel; (b, ¢, d) Longitudinal strain field
of the process zone after 0.02, 0.06, and 0.12 of average macroscopic elongation
(the tensile axis is vertical).
The color levels represent the ratio of the local relative strain by the average one.

In order to investigate the local deformation of the zinc layer in more detail, in-situ tensile
tests were performed in a Field Emission Gun — Scanning Electron Microscope (FEG SEM — FEI
QUANTA 600). A thin gold square grid was deposited by electron lithography [17,18]. The
mesh was made with regular squares of 2 um side length. To get a correct image without any
shift, the tensile test was stopped at different strains up to 0.12 to allow image capture of the
area of interest. During this stage, the tensile force was slightly decreased to avoid any creep.
High resolution Back Scattered Electron (BSE) images were taken at 20kV. The CMV software
[15,17] was used to compute the strain field from the displacement of the nodes of the square
grid. The local deformation could then be correlated to the texture evolution and damage
mechanism of the zinc coating.

The crystallographic orientation of zinc and steel grains was deduced from Electron Back
Scattering Diffraction (EBSD). The sample surface was first cleaned, then ion polished in order
to take off aluminum oxides and carbon traces from the surface while keeping the roughness
unchanged. The PECS Il System (model 685) by Gatan was used for 5 min polishing at 4 kV with
two argon ion beams at an angle of 10° from the surface. The ion polishing highly improves
the quality of the EBSD diagrams and strongly reduces the fraction of non-indexed points.
EBSD measurements were performed under 20 kV with a spot size of 4 and a step size of 2.5
um (resp. 0.7 um) for 3x3 mm? areas (resp. 250x250 pm?). Grain boundaries were defined for
a 10° misorientation between two adjacent domains. The local misorientation gradient, up to
10°, was measured with the Kernel Average Misorientation (KAM), deduced from EBSD maps.

Finally, 3D observations were performed after Focused lon Beam (FIB) machining
through the zinc layer. A gallium ion beam was accelerated under 30 kV in a SEM (FEI Helios
Nanolab 660). The beam current was first set to 21 nA to create a regular cross-section, then

reduced to 9.3 nA, and finally to 2.5 nA, to clean up the new surface.

3. Results and discussion

3.1. Effect of temper rolling

4/16



Temper rolling, sometimes called ‘skin pass’, is applied on steel sheets after galvanization to
improve their flatness and adjust the final mechanical properties (suppression of the Liders
plateau for low carbon steel, control of the yield strength) [19]. A complementary use of
temper rolling is the transfer of a controlled roughness on the sheet using special rolls with a
designed surface [11,19,20]. This is of prime importance for the final aspect of painted parts
of the car body, and also favors lubrication during deep drawing and stamping of parts [9,20].
Due to a low thickness reduction and an applied tension on the strip, temper rolling mostly
affects the sheet surface. For galvanized steel sheets, it means that the zinc layer is primarily
deformed [9]. The rolling cylinder roughness is such that some areas are indented which
creates valleys on the sheet surface around non-deformed plateaus (Figure 2.a). Between
valleys and plateaus, a transient region is mostly subjected to shear stress. The coating surface
then appears roughly like the negative of the roll roughness after temper rolling. Band
Contrast, which quantifies the quality of the diffraction signal in an EBSD map, clearly
highlights plateaus (Figure 2.b). Their average diameter is of the order of 100 to 150 um. These
observations are quantitatively coherent with the sheet roughness measurements after rolling

[20].

Plateau
Valley

an5|ent
region
Coated s eA \ \

Figure 2 — (a) A schematic description of roughness transfer from roll to sheet surface: valleys
are mostly submitted to plane compression, and transient regions to shear;
(b) EBSD Band Contrast map of the coating surface after temper rolling: the non-deformed
plateaus appear as smooth light grey areas.

(b)

The sub-surface microstructure is evidenced by KAM measurements which image the grain or
sub-grain plastic deformation (Figure 3). Plateaus are in fact large domains with a constant
crystallographic orientation (in blue in Figure 3.b). It is to be noted that, in these non-strained
areas of the zinc surface, solidification dendrites are often still visible (noted by black arrows
in Figure 3.a). A low depression on the zinc surface locates the end of the solidification. This is

frequently observed on coating surface before any cold rolling [2]. These traces confirm that
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the plateaus had no contact with the roll cylinder during temper rolling. The highest
misoriented areas delineate strained regions (noted A and C in Figure 3.b). From EBSD Band
Contrast or KAM measurements, the surface fraction of plateau is estimated roughly equal to

50%.

Figure 3 — Zinc surface after temper rolling: (a) BSE image (traces of solidification dendrites are
indicated by black arrows);
(b) KAM map of the same area (colors quantify the local misorientation from 0 to 10° according to the
bar below the figure, and black lines delineate grain boundaries).
A, B, and C denote examples of transient regions, plateaus, and valleys respectively, as sketched in
Figure 2.a.

EBSD maps also evidence these different domains in connection with the grain size (Figure 4).
Though the large scale of the map (3x3 mm?) and the surface roughness complicate an
accurate measurement of the crystallographic orientation, almost 70% of the pixels can be
indexed. Figures 4.a and b clearly show a bimodal distribution of the grain size in agreement
with the local KAM map in Figure 3.b. A careful comparison between Band Contrast and EBSD
maps on a same area and the analysis between BSE images and corresponding EBSD maps at
higher magnification (Figure 5) allow us to confirm the largest grain size is associated to the
plateaus, while the smallest is to the valleys and the transient regions. As an example, the
large grain in Figure 5.a, with the [1210] axis at 4° from the z direction on the IPF-z orientation
map, was not strained during temper rolling as confirmed by traces of solidification dendrites
(black arrow in Figure 5.a). It is then possible to extract from EBSD maps, all grains with a size
larger than 40 um which can reasonably be assumed as lying on the plateaus (Figure 4.c). Their
average size is about 90 um, similar to the grain size after solidification. Most often, these
grains extend through the full thickness of the zinc layer (see for instance on the right side of
Figure 6). Most of these grains have a basal orientation as observed after solidification and

before any temper rolling.
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Figure 4 — EBSD maps of the zinc coating surface after temper rolling: (a) IPF coloring for the z-axis
normal to the sheet;
(b) IPF coloring for the x-axis parallel to the rolling direction (horizontal axis);
(c) Orientations of the largest grains (above 40 um) — IPF-z;
(d) Orientation of the smallest grains (below 40 um) — IPF-z.

0001 1270

Figure 5 — Effect of temper rolling on the zinc coating (a) BSE observation (the black arrow indicates a
dendrite mark on a large grain); (b) EBSD map of the same region (IPF-z);
(c) EBSD map after 0.12 strain in tension (IPF-z) (deformation twins are clearly visible in the large
grain).

In the valleys, the average grain size is smaller (about 15 um) and grain orientations are more

diverse (Figure 4.d). The size of the valleys is of the order of a few tenths of micrometers,
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which is in good agreement with the estimation of the strained surface under a roll
indentation calculated by FE simulations [9]. Due to local straining, grains in the valleys and

transient regions are subdivided through the coating thickness (Figure 6).

valley / inter-plateau plateau
A A

Figure 6 — Through-thickness orientation of Zn grains after temper rolling. IPF-z, z being the normal to
the sheet surface.
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Figure 7 — {0001} and {11-20} pole figures of zinc grains calculated from 3x3 mm? EBSD maps after
temper rolling along RD (a, ¢, and e) and after 0.12 tensile strain along TD (b, d, and f).
(a) and (b) from all grains
(c) and (d) from small grains (below 40 um)
(e) and (f) from large grains
It is to be noted that large grains mainly contributed for the texture evolution during tension.

Pole figures are deduced from EBSD maps with all grain sizes, but also for smaller and larger
grain sizes (Figure 7). It is worth to note that there is no qualitative difference between the
crystallographic orientations for the smallest and largest grain sizes (Figure 7). After temper
rolling, the main component is almost a fiber texture around the basal orientation as already

observed by Mataigne et al. [11].
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3.2. Surface observation of damage propagation during straining
In-situ SEM straining was performed to investigate the deformation and damage mechanisms
on the zinc surface. Due to the main crystallographic orientations after solidification and
temper rolling, twinning appears as the main deformation mechanism (Figures 7.a and b).
Though the orientation of the large grain in figure 5 is not representative of the average
texture of the largest grains, twinning is clearly evidenced with almost half of the surface
showing twin orientation after stretching (Figure 5.c). While twinning is also seen in smaller
grains with basal orientation, the main contribution to the twinning component in the final
texture comes from the large grain deformation (Figure 7.f), that is the non-deformed grain
by temper rolling.

Figure 8 presents the field of the Von Mises equivalent strain within an area of
300 x 300 um?, slightly smaller than the representative elementary surface defined formerly,
for two average tensile strains of 0.02 and 0.11. Local strain concentrations are clearly
evidenced which define a pattern of inclined directions, roughly at +/- 45° from the tensile axis
(Figure 8.b). Locally, the maximum local strain can be twice larger than the average
macroscopic strain. It is worthy to be noted that the strain heterogeneities appear at very low
strains and develop at a same location on the surface as this was observed at the whole sample
scale (Figure 1.a). This result is similar to observations on other hexagonal metals as

magnesium alloys, for instance [21].

B H
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g 1500 H
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a) b)
Figure 8 — Local equivalent strain of zinc coating on a 300x300 um? area for an average strain equal
to 2% (a) and 11% (b).
Note the orientation of the strain localization bands,
inclined with respect to the tensile axis (horizontal direction)

Mainly due to the limited number of possible slip systems in zinc at room temperature, grain
boundary sliding is observed which supplement the intragranular deformation to

accommodate the macroscopic strain (Figure 9.b). A quantification of the displacement field
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after a strain of 0.12 highlights a deformation only localized at the grain boundary, with almost

no intragranular deformation.

Tensile direction.
_-—>.

Figure 9 — Surface damage evolution during in situ straining.
(a) Local equivalent strain of zinc coating on a 300x300 um? area for an average strain equal to 3.7%
(b) Example of grain boundary sliding at different average strains
(enlargement of square 1 in Fig. 9.a).
(c) Example of intergranular crack evolving during straining (enlargement of square 3 in Fig. 9.a)
The last map in (b) and (c) gives the equivalent strain field,
the arrows indicating the direction of the main principal axis of the local strain tensor.

A few cracks are already present after temper rolling, but the majority of them nucleates after
a small deformation and opens during straining (Figure 9.c). Cracks often develop along the
zinc grain boundaries leading to decohesion between neighboring grains. Triple points are

preferred locations for crack initiation, but some can be observed between two grains.
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These observations are in good agreement with former results by Parisot et al. [3] and
Song et al. [4]. They confirm that cracks might originate from strain incompatibilities between

grains with different crystallographic orientations.

b) R

Figure 10 — Crack between two zinc grains in a valley (scratches indicated by an arrow in
figure 10.a results from an interaction between the roll and the zinc surface).
a) BSE surface observation after 0.12 strain; b) and c) in-depth view of the cracks at two
different locations along the grain boundary after FIB machining.

3.3. 3D characterization of damage within the zinc coating
To go further and investigate the damage mechanism, 3D observations were performed using
FIB machining of the zinc surface after straining. Different locations were selected from the
in-situ tests:
* On the strained valleys: Figure 10 shows a crack formed in a valley. Scratches on the
surface due to wearing (area indicated by the dotted circle and black arrow in Figure
10.a) confirm that the observation is performed on a strained area. The crack lies along
the interface between two zinc grains. As seen during in situ experiments, these
decohesion cracks slightly propagate along the grain boundary. Their depth seems
relatively limited through the zinc layer (Figures 10.b and c). It was never reported any
propagation of a crack till the zinc—steel interface. The crack propagation through the
coating thickness is most probably limited by twins and grain boundaries (Figure 6),
even if the geometry of the hole drilled by FIB does not allow any EBSD measurement

to validate this hypothesis. This is coherent with former observations that cracks
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initiate on the zinc coating surface [3, 4, 5]. In the valleys, affected by the temper
rolling, cracks seem unable to propagate down to the zinc—steel interface.

On the non-deformed plateaus: Cracks frequently nucleate at triple points between
grains on the surface (Figure 11). This is where strain accommodation is the most
difficult in hexagonal polycrystals [22]. While the crack propagates along the grain
boundaries, it also evolves toward the zinc—steel interface (Figure 11). The present
observation does not allow us to conclude on the crack initiation location within the

coating thickness.

Figure 11 — Crack at a triple point junction on a plateau.
a) BSE surface observation after 0.12 strain; b) in-depth view of the crack after FIB machining.

5 um

Figure 12 — Crack between two zinc grains on a plateau (note the presence of a trace of
dendrite noted by the arrow in Figure a).
a) BSE surface observation after 0.12 strain; b) and c) in-depth view of the cracks at two
different locations along the grain boundary after FIB machining.

Cracks are sometimes observed along zinc grain boundaries. In this case, they are
always associated with a solidification dendrite. As exemplified in Figure 12, crack

initiates at the intersection of a grain boundary and a dendrite (indicated by the black
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arrow in Figure 12.a). Crack then clearly propagates along the zinc grain boundary and
through the coating thickness until the interface with the steel substrate (Figure 12.b
and c). In the central part of the crack, the two zinc grains separate from each other
(Figure 12.a). The crack then propagates along the interface between zinc grains and
steel substrate (Figure 13). The role of the solidification dendrite in the nucleation
process is not totally elucidated. Due to the solidification process, most of the inter-
dendrite grooves delineate a zinc grain boundary (see Figure 3, for instance). Different
hypotheses can be stated. First, the intersection between a grain boundary and a
dendrite groove is in fact a triple junction, no crack being associated to the dendrite
groove due to its orientation with respect to the tensile axis (Figure 12.a). But the
nucleation site could also result from a mechanical effect due to the slight groove at
the coating surface or an effect of segregated elements in the last solidified liquid
which weaken the grain boundary.

An advantage of FIB machining is to allow EDX analyses on the cross section normal to
the crack (Figure 13). In this example, a crack propagation is also observed at the
interface between the zinc and the AlsFe; layers. Though the steel grain orientation is
not known, the decohesion probably depends on the relative orientation of the zinc

and steel grains.

Figure 13 — EDX analysis of the zinc — steel interface after deformation
(same cross section as Fig. 12.b).

These 3D observations confirm that the straining of a galvanized low carbon steel sheet
induces cracks which nucleate on the surface along zinc grain boundaries, mainly at triple

point junctions. Where the zinc coating was locally deformed by temper rolling, the in-depth
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propagation of cracks appears limited by the strained microstructure of the zinc layer — twins,
sub-grain or grain boundaries. In this case, crack hardly reaches the zinc—steel interface.
Conversely, the fact that, in non-deformed areas of the zinc coating (the plateaus), the whole
layer thickness containing almost a single grain, cracks which nucleate on the surface
propagate though the coating thickness. The main nucleation sites, in these cases, seem to be
restricted to the triple points or linked to a solidification dendrite associated to a zinc grain

boundary.

4. Conclusions

The present work showed the advantage of coupling different methods at various scales to
investigate locally the damage mechanisms of zinc coating. This methodology has been
applied for the first time to temper rolled galvanized low carbon steel.

The main results confirm that many cracks nucleate on the zinc surface due to difficulties
of strain accommodation between grains of a hexagonal polycrystal, associated to the effect
of a free surface. It was proved that, beyond triple points, solidification dendrites can promote
nucleation of cracks at zinc grain boundaries.

Temper rolling does not decrease the tendency for crack nucleation and propagation in
strained areas (the valleys), but the deformed microstructure through the coating thickness
tends to limit, or even suppress, crack propagation until the zinc—steel interface which could
be favorable for corrosion resistance and reduction of powdering.

A stronger coupling between in-situ observations and 3D characterization opens a real
path for a better understanding of the damage mechanisms of zinc coating on steel and its

interaction with adhesive.
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