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ARTICLE INFO ABSTRACT

In this work the fracture and corrosion behaviour of hot-dip aluminized steels is investigated in controlled
dipping experiments which allowed to separately study the effects of Si in the Al bath (1-10 wt%) and the
intermetallic phase thickness (5-30 pm). The addition of Si had no direct influence on the performance of the
coating system for similar thickness values of the IMP seam, which in turn showed to be the dominant factor
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ﬁlou;mmum independent from the amount of Si. Thin intermetallic phase seams (< about 10 um) exhibited more (about
Deformation 5-10 per 100 pm interfacial length) but smaller cracks with a fishnet pattern on the outer Al-Si coating, which

remained intact and interconnected until a tensile deformation of 15-20%. Thicker intermetallic phase seams
resulted in less (about 2 per 100 um interfacial length) but broader cracks perpendicular to the tensile direction,
giving rise to a lamellar pattern on the Al-Si coating, which cracks and uncovers the steel already at strains below
10%, and readily flakes off leaving the steel substrate to accelerated corrosion in chloride environments. Our
results indicate that the reduction of the intermetallic phase seam thickness remains the main target to improve
the performance of hot-dip aluminized coated steel by combining appropriate Si additions with minimized
dipping temperatures and times.

1. Introduction

Steel is the most widely used construction material due to the un-
ique combination of wide accessible ranges of mechanical properties at
comparatively low cost, and thus the backbone of modern infra-
structure and transportation. Among the biggest challenge in applying
steels is their susceptibility to corrosion, an electrochemical process
which originates at the surface of a material. Of the multitude of pos-
sible methods of corrosion protection, metallic coatings are most widely
used, with aluminium (Al) increasingly replacing zinc as a coating
material. Hot-dip aluminizing (HDA), i.e. dipping the steel substrate
into liquid Al, is the most versatile and economic coating technique,
and therefore extensively used for sheet material for automotive ap-
plications. HDA steel sheets are typically deep drawn into fuel filters
and fuel tanks, as well as other parts and components where the ex-
cellent corrosion resistance of Al especially at elevated temperatures is
of key importance, such as exhaust systems and heat shields [1]. The
most important industrial sheet forming processes are deep drawing
and stretching, where the metal sheet is formed into the desired shape
by pressing it into a die. One specific type of drawing process is the hot
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stamping of steel sheet with or without cold pre-deformation (also
called press hardening) for the production of ultra-high strength chassis
components, such as the A- and B-pillar, front and rear rail, bumper and
tunnel [2-6]. In order to fulfil its protective role in such (not only au-
tomotive) components, though, it is of critical importance that the HDA
coating is not damaged during such forming operations, as its removal
or damage potentially renders the steel substrate prone to oxidation and
decarburisation at high temperatures (i.e. during the hot stamping
process) and / or corrosion (i.e. rust formation) at low temperatures.
It is well known that the mechanical performance of HDA steel, and
thus its corrosion protection ability, is drastically influenced by the
brittle intermetallic phases (IMPs) formed due to the interdiffusion of Al
and Fe during the dipping process. In order to decrease the thickness of
this IMP seam between the steel substrate and Al coating, silicon (Si) is
added to the Al bath [7]. The formability of such HDA steel sheets has
been investigated by deep drawing [8,9] or push-out tests [10], while
others used bending and tensile tests to evaluate the performance of Al-
Si coated steel. Shady et al. [11] demonstrated that raising the Si
content in Al increased the number of bends until peeling and flaking of
the coating occurred in line with other works [12-17], and concluded
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that the coating's performance is mainly governed by the thickness of
the IMP layer.

However, Si has a more complex role and will induce several mi-
crostructural changes in HDA steel apart from the already mentioned
reduction of the IMP thickness for similar processing conditions,
namely, the formation of deviating types of IMPs formed at the inter-
face with different mechanical characteristics [18], and increased
strength and reduced ductility of the Al based coating [19]. Together
they determine the overall performance of the coated steel in a partially
contradicting manner: while increasing the Si concentration may lead
to thinner IMP seams it also embrittles the overlaying Al coating. In all
previous studies, though, these effects were investigated simulta-
neously, as they are mutually linked when identical coating parameters
(e.g. dipping time and temperature) are applied. Furthermore, only
little information exists on the micromechanical mechanisms of the
associated failure processes [20].

In order to further improve coating compositions and parameters by
deepening the understanding of the underlying phenomena, the ex-
perimental conditions in this work were chosen to study the effects of
(i) IMP thickness and (ii) the role of the Si content separately, in order
to evaluate their respective contributions to the overall performance of
HDA steel. Firstly, IMP seams of similar thickness but stemming from
experiments with different Si content were investigated. Secondly, the
influence of the thickness of the IMP layers is examined while keeping
the Si content unchanged but varying the dipping time. These experi-
ments allow elucidating how Si influences the fracture behaviour of
HDA coating on steel. Designated tensile samples were used to in-
vestigate the protective performance of the different coatings as a
function of pre-deformation using corrosion testing. Moreover, the
failure initiation and propagation is investigated in order to derive
guidelines for the design and adaptation of HDA parameters.

2. Materials and methods

The hot-dip experiments were performed with a Rhesca hot-dip si-
mulator 200-A. Steel substrates with a thickness of 0.9 mm of DC06
European grade, cut to plates of 100 mm by 200 mm, were dipped in Al
baths containing 1, 5 and 10 wt% Si, respectively, at a temperature of
685 °C under a protective atmosphere of N, — 5% H, preventing the
steel from oxidizing. Dipping times of 3, 60 and 300 s were applied. The
thicknesses of both Al coating and IMP seam was measured by image
analysis (ImageJ software) on SEM images (FEG-SEM Quanta-450). The
resultant thickness values for the respective IMP seams and Al coatings
are compiled in Fig. 1. The chosen HDA conditions allow for straight-
forward comparisons between samples of different Si concentrations
and / or IMP thicknesses at similar thickness of the Al coatings. It
should be noted that the growth-suppressive effect of Si is complex and
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Fig. 1. Thickness of Al-Si coatings and the intermetallic phase seams (IMP) for different
bath compositions and dipping times.
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does not exhibit linear effects [11,14,21].

Tensile tests at 5 um s~ ! initial strain rate were used to elucidate the
mechanical performance of the different coatings, i.e. investigating the
complex co-deformation phenomena of the strong steel substrate,
brittle IMPs and ductile Al. All samples were machined by spark-erosion
and taken from the same area of a HDA steel plate, with the tensile axis
parallel to the rolling direction. Three setups were used with respective
objectives:

(i) Standard tensile testing was performed with a hydraulic testing
machine Instron 8511 on specimens according to DIN 50125 E
with gauge dimensions of 30 mm length and 8 mm width. The
stress and strain levels were approximated by the concepts of en-
gineering stress and strain (i.e. dividing force by initial area and
dividing displacement by the initial gauge length, respectively),
and the outer surface was observed after the tests by optical mi-
croscopy (OM; Keyence digital microscope VHX-5000). All samples
showed similar macro-mechanical behaviour, with approximate
values of 110 MPa yield stress, 290 MPa ultimate tensile stress,
20% uniform and 40% total elongation. Samples with thicker IMP
seams (Fig. 1) generally showed reduced uniform and total elon-
gations.

(ii) Micro-tensile testing was performed with a Kammrath & Weiss
setup on specimens with gauge dimensions of 5 mm length and
3 mm width. A speckle pattern applied upon the samples allowed
to derive the local strain on the coating through digital image
correlation (DIC) measurements using the ARAMIS software
package. For investigating the deformation and fracture behaviour
of the coating as a function of the local strain, longitudinal sections
of the ruptured samples were polished and analysed by OM ima-
ging, as detailed elsewhere [22].

(iii) In order to efficiently investigate the corrosion protection of dif-
ferent coatings affected by varying degrees of mechanical pre-de-
formation, tensile samples with three gauge sections of identical
length (15 mm each) but different width were designed. Based on
the data obtained from the standard tensile data, finite element
analysis (FEM) for the associated von Mises stress fields was per-
formed using the commercial solver Abaqus/Standard, an isotropic
elastic-plastic law and a Young's modulus of 215.623 GPa on a
mesh of 33513 linear hexahedral elements of type C3D8R, and 42
linear wedge elements of type C3D6. As shown in Fig. 2, a sample
with three separate gauge widths of 15, 9 and 6 mm, respectively,
was derived. These dimensions translate to about 100 MPa (i.e. in
the elastic region), about 190 MPa (i.e. low plastic strain) and
about 290 MPa (i.e. large plastic strains close to necking) at a load
of about 1500 N and 6.5 mm crosshead displacement, applied in
the hydraulic testing machine Instron 8511 at 5 um s~ . After the
tensile pre-deformation the specimens were subjected to corrosion
tests in a salt spray chamber under a constant fog according to the
ASTM B117 standard (5 wt% NaCl in water, 35 °C, 100% humidity,
up to 300 h). The cut-edges of the samples were painted with an
epoxy paint to prevent their corrosion in order to study the effects
of the pre-deformed coatings only.

3. Results
3.1. Influence of Si

Three HDA conditions were selected in order to investigate the in-
fluence of Si on the mechanical performance, namely Al-1 wt% Si and
3 s dipping time, Al-5 wt% Si for 60 s and Al-10 wt% Si for 3's, as the
resultant IMP seams were of comparable thickness (between 5 and
8 um; Fig. 1). All three HDA conditions showed similar behaviour under
standard tensile loading conditions. As shown on selected samples in
Fig. 3, a fishnet-like pattern can be observed on OM images of the
coating surface 45° with respect to the tensile direction after about 10%
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Fig. 2. Example of a stress/strain curve (standard geometry, steel dipped in Al - 10.wt%

10 for 3s) and FEM calculation result of the three-gauge geometry for corrosion ex-
periments after mechanical pre-deformation.

engineering strain, as well as small cracks in the IMP seam.

Results of more detailed investigations on the damage initiation and
progress with increasing tensile strain, performed on micro tensile
samples, are compiled in Fig. 4, exemplified on steel dipped for 3 s into
Al - 1 wt% Si. Cracks start to form in the IMP seam (about 5-10 per
100 um interfacial length) perpendicular to the tensile direction at
strains below 15% (the limit for reliable strain measurements of the
applied DIC setup), covered by a 'bridge' of the Al-based coating. These
cracks broaden with increasing strain and horizontal cracks (parallel to
the interface with Al-coating and steel substrate) start to appear in the
IMP seam. The perpendicular cracks in the IMP widen to about 5-10 pm
with increasing strain, and from about 15% elongation the Al coating
covering them ruptures (in a ductile manner). Even though the steel is
far from mechanical failure at these strain levels (Fig. 2), it is now in

Al — 1 wt.% Si

coating surface -

tensile axis

Pages of 7

Al — 10 wt.% Si

Materials Science & Engineering A 710 (2018) 385-391

direct contact with the surrounding atmosphere and thus potential
corrosion, oxidation or decarburisation phenomena (see Section 3.3).
No difference could be observed between the three HDA conditions
with regards to the basic sequence of damage initiation and progress, as
well for the micro-mechanical behaviour of the different IMP phases (all
similarly brittle). The critical local strain (i.e. where the coating rup-
tures and its protection for the steel substrate expires), however, de-
creases with increasing Si content (from about 20% for Al — 1 wt% Si to
15% or less for 5 and 10 wt% Si), illustrating the Si-induced embrit-
tlement of the Al-coating “bridges” covering the IMP cracks.

3.2. Influence of IMP thickness

The influence of the IMP thickness was evaluated on steel dipped
into Al — 10 wt% Si (the most relevant bath composition from an in-
dustrial point of view) for 3, 60 and 300 s. These HDA conditions re-
sulted in similar Al-Si coating thicknesses of about 10-15 um, but
varied the thickness of the IMP seam from about 5 to about 30 um
(Fig. 1). Samples with thinner IMP seams, i.e. those dipped for 3 and
60 s, showed a behaviour as those samples described in the previous
chapter, i.e. a fishnet-like pattern on the coated surface and small,
mostly perpendicular cracks within the IMP seam (Fig. 3). The sample
dipped for 300 s, however, behaved differently. As shown in Fig. 5,
after about 10% tensile strain (on standard tensile samples) lines per-
pendicular to the tensile direction appear, and the much thicker IMP
seam (> 20 um) shows less (about 2 cracks per 100 um interfacial
length) but broader perpendicular cracks, as well as horizontal ones.
Investigations on micro-tensile specimens revealed a critical local strain
(i.e. where the coating fails and the steel is exposed to the atmosphere)
of less than 15%. With further increasing nominal strain the coating
was observed to flake off the steel substrate to a growing extent, ex-
posing it at mm wide areas. Samples dipped into Al — 1 wt% Si for 60
and 300 s had comparable IMP seam thicknesses (Fig. 1) and behaved
similarly than those dipped into Al — 10 wt% Si for 300 s, but less
flaking of wide areas of coating due the enhanced ductility of the
coating with less Si.

3.3. Corrosion protection after pre-deformation

Salt-spray testing was performed on three-gauge specimens from
four different HDA experiments, namely Al — 1 wt% Si dipped for 3 s, Al
- 5 wt% Si dipped for 60 s, and Al — 10 wt% Si dipped for 3 and 300 s.

Fig. 3. Optical microscopy characterization
results of samples dipped for 3s and
strained to about 10% elongation.
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Fig. 4. Damage evolution with increasing
increasing |l strain tensile direction local strain (micro-tensile geometry) in
longitudinal sections of a sample dipped
into Al — 1 wt% Si for 3s.

Fig. 5. Optical microscopy characterization
results of a sample dipped into Al — 10 wt%
Si for 300s and strained to about 10%
elongation (left: coating surface, right:
longitudinal section).
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After the mechanical pre-deformation, the specimens from the first
three HDA conditions — all with comparatively thin IMP seams — ex-
hibited the previously observed fishnet-like pattern in the medium and
thin gauge sections (i.e. those with low and high plastic strain), but no
flaking of the coating could be observed (Fig. 6 left) even after severe
pre-deformation. Despite the fact that the Al-Si coatings from these
three HDA conditions are criss-crossed by crevices leaving the steel
substrate exposed, red rust could only be observed at the thinnest gauge
section after 300 h exposure within the harsh chloridic environment.
The Al-Si coatings are able to protect the steel as its Al,O3 surface layer
is affected at high chloride environments and leaves Al available to
sacrifice itself [23], and rusting appears from the moment at which the
coating is consumed.

The much thicker IMP seam of the sample dipped for 300 s, how-
ever, caused the coating to flake off in the highest strain gauge section
(Fig. 6; right), and started to show red rust already after 2h of salt-
spray testing. The lesser strained gauge sections exhibited lamellar
fracture patterns and a similar corrosion behaviour than the samples
with thinner IMP seams.

4. Discussion

The Si concentration alone did not have a significant impact on the
micromechanical and corresponding corrosion behaviour of the in-
vestigated HDA coated steels (Figs. 3 and 6). While Si turned out to
slightly embrittle the Al-Si coating, no pronounced influence on the
damage evolution was detected (Fig. 4). Significant differences in
failure mechanism and critical deformation levels, however, could be
observed depending on the thickness of the IMP seam, which was in
turn related to the Si content and dipping time (Figs. 1, 5 and 6). The
observed different failure patterns in the Al-Si coating (45° fishnet w.r.t.
the tensile direction for thinner IMPs, 90° rectangular and larger cracks
for thicker IMP seams) and the underlying failure initiation and pro-
gressing mechanisms may be rationalised by the schematic sketch
shown in Fig. 7. At the top the theoretically expected deformation be-
haviour of the separate components of an HDA steel sheet (steel sub-
strate, IMP seam and Al-Si coating) under tension are shown. The
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Fig. 6. Surface damage visualized by optical
microscopy characterization results of steel
samples dipped into Al — 10 wt% Si for dif-
ferent times and corresponding IMP thick-
nesses. Shown are the thinnest gauge sec-
tions of three-gauge samples after
mechanical loading prior to the corrosion
experiments.

Young's modulus of the Al based coating can be expected to be only a
third of that of DC06 steel (about 70 GPa vs. 210 GPa), while the in-
termetallic layer has a Young's modulus similar to steel [20]. The
consequences are illustrated in the bottom rows of damage evolution
schemes. While intermetallic phases are brittle irrespective of their
thickness, thicker IMP seams are expected to start cracking at lower
strains than thinner ones, with a critical thickness of about 3-10 um
[71. Thus, the Al coating may already deform plastically before thin
IMP seams (obtained after higher Si concentrations and short dipping
times) start to crack. As the more ductile Al-Si coating will deform by
ductile shear (45° to tensile axis), correspondingly formed shear bands
may concentrate stress and thus be the initiation point for IMP cracking,
thereby imprinting the deformation pattern of the coating on the IMP
seam.

On the other hand, thicker intermetallics (here above about 10 pm)
start to crack at lower global strain levels, i.e. before the Al coating
could undergo significant (plastic) deformation, and fracture will occur
similar to a brittle material under normal tension (i.e. 90° to the tensile
direction). As these cracks widen, they concentrate stress at the ductile
but soft Al layer, and, at sufficiently high strain levels, cause the re-
maining coating 'bridges’ to fail at the original locations of the first IMP
cracks in a lamellar pattern. While these cracks (in a lamellar or angled
arrangement) left the steel substrate open for contact with a potentially
corrosive environment, they were apparently thin enough to not affect
the protective performance of the coatings unduly in the salt-spray
experiments conducted in this study (i.e. leaving sufficient amount of Al
relative to the crack size to be sacrificially consumed). This should not
apply though for oxidation and decarburisation phenomena as during
annealing in a hot stamping operation. Our study thus highlights the
importance of obtaining regular and thin IMP seams (via appropriate Si
additions and short dipping times) in combination with ductile Al-based
coatings, as well as the adaption of forming operations and post-pro-
cessing parameters to maximise the effect of HDA coated steel.

5. Conclusions

In this work, the mechanical performance, fracture and corrosion
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Al-Si coating Fig. 7. Sketch of the micromechanical mechanism
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behaviour of HDA steels was investigated. The influence of Si and the
IMP thickness was examined separately to fully understand their effect
on the corresponding corrosion behaviour after mechanical pre-de-
formation. The addition of Si on itself had no direct influence on the
performance of the coating system (i.e. the sum of IMP seam and Al-
based coating). Rather the thickness of the IMP seam showed to be the
dominant factor independent of its build-up (i.e. with or without Si-
induced changes in constituting phases). Thin IMP seams (< about
10 um) exhibit smaller but more cracks with a fishnet pattern on the
outer Al-Si coating, which remains closed and interconnected until a
tensile deformation of 15-20%. Thicker IMP seams result in less but
broader cracks perpendicular to the tensile direction, giving rise to a
lamellar pattern on the Al-Si coating, which already cracks open and
uncovers the steel at strains below 10%. In concert with the corrosion
tests, our results corroborate that the main target to improve the

Page® of 7

performance of HDA coated steel is to reduce the IMP thickness, most
ideally by combined Si addition and minimized dipping temperatures
and times.
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