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Analysis of the Inhibition Layer of Galvanized Dual-Phase Steels
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The formation of the Fe-Al inhibition layer in hot-dip galvanizing is a confusing issue for a long time.
This study presents a characterization result on the inhibition layer formed on C-Mn-Cr and C-Mn-Si dual-phase
steels after a short time galvanizing. The samples were annealed at 800 C for 60 s in N»-10% H, atmosphere
with a dew point of -30 C, and were then galvanized in a bath containing 0.2 %Al. X-ray photoelectron
spectroscopy (XPS) and transmission electron microscopy (TEM) was employed for characterization. The
TEM electron diffraction shows that only Fe,Als intermetallic phase was formed. No orientation relationship
between the Fe,Als phase and the steel substrate could be identified. Two peaks of Al 2p photoelectrons,
one from metallic aluminum and the other from AI’" ions, were detected in the inhibition layer, indicating
that the layer is in fact a mixture of Fe;Als and A,O;. TEM/EDS analysis verifies the existence of AlLOs3
in the boundaries of Fe,Als grains. The nucleation of Fe,Als and the reduction of the surface oxide probably
proceeded concurrently on galvanizing, and the residual oxides prohibited the heteroepitaxial growth of

F82A15.
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1. Introduction

Hot dip galvanized/galvannealed dual-phase (DP) steel
has become one of the most important materials in car
manufacturing to fulfill the requirements of fuel economy,
crashworthiness and corrosion resistance. However, it is
well known that most of the alloy elements, such as Mn,
Si, and Cr, added in dual-phase steels for increased harden-
ability exhibit high oxide formation tendencies so that se-
lective oxidation occurs upon intercritical annealing even
though protective atmosphere is employed.”” The oxides
are believed to deteriorate the wettability of liquid Zn and
hinder the formation of Fe-Al inhibition layer during con-
tinuous hot-dip galvanizing process.4)'7) A uniformly dis-
tributed inhibition layer prohibits the nucleation and growth
of brittle Fe-Zn intermetallics and ensures good adherence
of the galvanized coating. In addition, the formability and
surface appearance of the galvannealed coating is closely
related to the quality of the inhibition layer which controls
the homogeneity of the Fe-Zn interfacial reactions. How-
ever, the formation mechanism of the Fe-Al (-Zn) in-
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hibition layer on low carbon (LC) steels and interstitial
free (IF) steels is still elusive, though both of which have
been used for outer-panels for years.”'” As a result, the
understanding of the microstructures and the formation
mechanism of the inhibition layer on the DP steels is very
limited. Tobiyama and Kato" reported that the thickness
of the inhibition layer decreased with increasing Mn or
Si contents in the steels. The co-existence of Mn and Si
allows the formation of Mn,SiO4 oxides on the steel sur-
face during annealing which is detrimental to the formation
of inhibition layer.” On the other hand, Khondker et al."”
suggested that manganese oxides can be reduced by Al
in the bath and may not hinder the Fe-Al reaction(s). A
mechanism involving the aluminothermic reduction of
MnO followed by a two-step formation of the inhibition
layer on high Al-low Si TRIP (transformation-induced
plasticity) steels was proposed recently.ls)

We reported recently results by in-plane transmission
electron microscopy (TEM) analysis of the inhibition layer
formation on a TiNb-added IF steel.'” By dissolving
chemically the Fe and Zn away, large area of the inhibition
layer and residual substrate is available for microscopic
observation. A well-defined orientation relationship be-
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tween the steel substrate and the Fe,Als compound was
observed, indicating Fe,Als forms via a heterogeneous epi-
taxial growth on @ iron. In this study, the same method-
ology was employed to characterize the inhibition layer
formed on dual phase steels. Additional x-ray photoelectron
spectroscopy (XPS) analysis was carried out to collect
chemical information.

2. Experimental details

Two steels, a C-Mn-Cr steel and a C-Mn-Si steel, with
compositions listed in Table 1 were prepared by vacuum
induction melting. The ingots went through a series of
processes to simulate the hot rolling, coiling, cold rolling
and continuous annealing/hot-dip galvanizing in sequence.
The ingots were first reheated and soaked at 1250 C for
two hours, and were hot rolled in nine sequential passes
without interruption to a thickness of approximately 5 mm.
The finish-rolling temperature was 880 ‘C. The strips were
rapidly cooled by water spray to about 500 T and then
immediately soaked at 550 C in a furnace followed by
a controlled cooling process to the room temperature to
simulate the coiling process. After the coiling simulation,
the hot bands were machined to a thickness of 4 mm to
remove the scale and then cold rolled to 1.0 mm thick
(cold reduction=75%). After being electrolytically cleaned,
cold-rolled samples of 120 mm x 200 mm in size were
loaded separately in a commercial hot-dip simulator
(Iwatani EU4) and were annealed at 800 ‘C for 60 seconds
in a N, +10 % H, atmosphere with a dew point of -30
C. Some samples were cooled and taken out at this stage
for XPS analysis of surface oxides. Other samples were
then galvanized by cooling to 460 C at a rate of 15 C/s,
holding for 10 s and then dipping into a Zn bath containing
0.2 wt% Al for 4 s. Nitrogen gas jet was used to blow
out excess Zn when samples were withdrawn from the
Zn bath to form a Zn coating of average weight 45 g/mz.
The Zn bath, slightly undersaturated with iron (0.011
wt%), contained 0.19 wt% of aluminum as analyzed by
spark optical emission spectroscopy. The temperature of
the Zn bath was controlled to 460 +/-2 C.

The specimens used for characterization of inhibition
layer were cut from the uniform coating area at the center
of the galvanized sample. Samples were then dipped into

Table 1. Chemical composition [in wt%] of the steels used in
this study

Steel Mn Cr Si Al C P N
C-Mn-Cr 1.02 1.02 0.02 0.043 0.10 0.017 0.0051
C-Mn-Si  2.01 - 0.5 0.043 0.10 0.017 0.0051

diluted hydrochloric acid to remove the Zn coating to ex-
pose the Fe-Al compound. Samples for XPS (JEOL
JPS9010MX) analysis were sputtered by 2 kV Ar ions
for 50 seconds to remove oxides formed on etching,
Non-monochromatized Mg K, x-ray beam is used to radi-
ate the sample, and the core level spectrum for each ele-
ment was collected in 0.2 eV step and at a 10 eV pass
energy. For TEM (FEI Tecnai G2 operating at 200 kV)
observation, Zn was first removed as above, followed by
evaporating a thin layer of amorphous carbon onto the
thin intermetallic compound to strengthen it, and then the
Fe substrate was removed by chemical dissolution and the
compound layer was placed on Cu grid. To study the ori-
entation relationship between Fe substrate and Fe-Al com-
pound, the Fe removal process was stopped before com-
pletion so that a thin layer of Fe was retained.

3. Results and discussion

Fig. 1 shows the XPS core level spectra for Mn 2p;3p,
Cr 2ps3p, Si 2p and Al 2p acquired from the as-annealed
samples and the galvanized samples. Spectra acquired
from sintered Mn3;O4, AlL,Os; and Cr,O; standards are also
included for references. The Mn 2ps;, spectrum for the
C-Mn-Cr steel in the as-annealed state (Fig. la) is very
similar to that for the Mn3O, standard, containing two
component peaks at 640.5 eV and 642.2 eV. Considering
the fact that the binding energy of Cr 2ps» peak for the
annealed C-Mn-Cr sample in Fig. 1b deviated slightly
from that for Cr,O;, the oxides formed on the steel surface
are possibly a mixture of manganese oxides, Mn3O4 and
MnCr,O4 spinel. This is proved by TEM results described
later. For the annealed C-Mn-Si steel, Mn 2p3,» spectrum
has a strong component at 642.2 eV (Fig. 1a) and the
Si 2p peak is at 101.8 eV (Fig. Ic), both the characteristics
agreeing well with those for Mn-Si mixed oxides, such
as Mn,SiO,."” The oxides formed on the C-Mn-Si steel
are therefore a mixture of manganese oxides, probably
Mn3O4 and Ml’leiO4.

The Zn coating on the galvanized samples was removed
for XPS analysis. All the Fe 2ps» peaks (results not shown)
are in the metallic state, confirming that the oxides formed
during on etching have been removed by sputtering. In
Fig. la, a weak Mn peak is recognized for the galvanized
C-Mn-Cr sample and a relatively strong Mn peak at 642
eV is resolved for the galvanized C-Mn-Si sample. In Fig.
1b, Cr 2p3; peak at 576.4 eV is detected in the inhibition
layer of the galvanized C-Mn-Cr steel, showing that the
inhibition layer contains MnCr,Os. Fig. 1c shows that no
Si peak can be recognized for the galvanized C-Mn-Si
sample. However, considering the Mn peak at 642 eV
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Figure 1. XPS spectra for (a) Mn 2ps;, (b) Cr 2p3», (¢) Si 2p, and (d) Al 2p acquired from the as-annealed and the galvanized
C-Mn-Cr and C-Mn-Si samples.

shown in Fig. la, the inhibition layer of the C-Mn-Si sam-
ple may contains small amount of Mn,SiO4. Accordingly,
the external oxides containing Cr or Si are at least partially
retained in the inhibition layer of both samples. Fig. 1d
shows that two Al 2p peaks, one for metallic Al at 72.5
eV and another for A’ of AlO;, are observed for both
samples. The inhibition layer is indeed composed of a mix-
ture of Fe-Al intermetallic phase(s), Al,Os; and Cr or Si
containing oxides.

Figs. 2a-d are the TEM bright field image, diffraction
pattern, energy dispersive X-ray spectrum and dark field
image of inhibition layers extracted from the galvanized
C-Mn-Cr sample. The ring pattern in Fig. 2b is identified
to be the orthorhombic Fe,Als phase and the indexes are
shown. Energy dispersive X-ray spectroscopy (EDS) anal-
ysis (Fig. 2c) showed that the layer contains about 5 at%
Zn and, consequently, the inhibition layer is a ternary
Fe;Als«Zny compound. It is worth noting that C, O, Cr,
Si, Mn and Cu are also detected in the inhibition layer.
The C signal is contributed from the carbon coating ap-
plied for extracting the inhibition layer, and the Cu signal
is resulted from the stray radiation. However, the rest ele-
ments are not expected to exist in the inhibition layer and
the phenomenon will be discussed later. The dark field
image of Fig. 2d was formed with a portion of the dif-
fraction rings and shows that the grain size of Fe,AlsZng

CORROSION SCIENCE AND TECHNOLOGY Vol.11, No.1, 2012

changes widely from ~50 nm to as large as 500 nm. It
is also worth mentioning that the thickness of the in-
hibition layer is not uniform. Fe;Als«Zny grains of large
sizes tend to aggregate in thick portion. In addition, no
orientation relationship was observed between Fe,Als.«Zny
and steel substrate in contrast to a well-defined orientation
relationship between Fe,Als and IF steel, as reported by
us previously.'” Similar phenomena were also observed
for the C-Mn-Si steels.

Fig. 3a shows a bright field image obtained at a high
magnification for the inhibition layer formed on the
galvanized C-Mn-Si steel. It is evident that the layer is
composed of coarse grained FeAls.Znx (>200 nm) in
thick region and fine grained Fe;AlsxZng (<100 nm) in
thin region. Two EDS spectra acquired from positions 1
(thick region) and position 2 (thin region) are shown in
Fig. 3b. The spectrum acquired from position 1 is free
from oxygen. In contrast, the oxygen content in the thin
region (position 2) is high and a Si peak is also detected.
Accordingly, it can be inferred that the ALO; and Mn,SiO4
are distributed mainly in the thin portion of the inhibition
layer.

The nucleation and growth of Fe,Als.Zny is therefore
closely related to the oxides formed on the steel surface
prior to galvanizing. The oxides are shown in Fig. 4a of
the annealed C-Mn-Cr steel which reveals that the steel
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Figure 2. Microstructures and diffraction patterns of the inhibition layer formed on the galvanized C-Mn-Cr steels. (a) TEM

bright field image, (b) selected area ring patterm and corresponding indexes, (c) energy dispersive X-ray spectrum and (d) dark
field image formed with a portion of the SAD ring in (b).
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Figure 3. (a) Bright field image of the inhibition layer formed on the galvanized C-Mn-Si steel. (b) Corresponding energy
dispersive spectra acquired from position 1 and position 2 in (a).

surface is only partially covered. The oxides consist main-

ly of Mn3O4 and MnCr,O4 according to the corresponding
diffraction pattern in Fig. 4b. Several reactions might occur
concurrently in galvanizing. First, the iron in contact with
the liquid zinc dissolved and was followed by the nuclea-

12

tion of the Fe,Als«Zny phase at the interface. Second, man-
ganese oxides on the surface were quickly reduced by Al
in the Zn bath according to the so-called aluminothermic
reduction reaction:'*

CORROSION SCIENCE AND TECHNOLOGY Vol.11, No.1, 2012
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Figure 4. (a) Bright field image and (b) corresponding diffraction patterns of oxides extracted from the annealed C-Mn-Cr

sample.

SMI’IXOy(S) + ZyAl(,'n ) yAZZOj(x) + 3le’l(in Zn)

The reduced Mn then dissolved into the Zn bath and
diffused outwards rapidly. The resultant ALOs particles,
on the other hand, were trapped in the inhibition layer
during the growth and coalescence of Fe,Als«Zny grains.
Third, a portion of oxides, such as MnCr,O4 and Mn,SiOs,
which could not be or had not been reduced by Al, were
detached from the interface due to the dissolution of under-
neath iron and are trapped in the inhibition layer, too. The
detachment of MnCr;Os and Mn;SiOs allows new
Fe,Als«Zny grains to nucleate on the newly exposed steel
surface.

When the steel was dipped into the bath, the Fe,Als«Zn
grains nucleated rapidly on the uncovered steel surface.
These Fe>Als.Zn, grains had longer time to grow and
therefore had large sizes (Fig. 3a). For the portion of sub-
strate covered by oxides, Al was depleted and the for-
mation of Fe;Als.«Zn was rather sluggish. The inhibition
layer was therefore thin and was composed of fine grained
Fe;Als«Zny. The AlLO; and remaining unreduced oxides,
such as MnCr,O4 and Mn,SiOs, were incorporated and re-
sulted in the oxygen and silicon peaks in EDS of Fig.
3b.

Unlike the case for the galvanized IF steel,'” no ori-
entation relationship between the Fe,Als.«Zny intermetallic
and the steel substrate was observed. This could be attrib-
uted to the fact that dual phase steels usually possess a
weak recrystallization texture and the population of steel
grains having preferential orientations of <110> and <111>
parallel to the normal direction is low."™™" Moreover,
the various oxides observed on the DP steels could surely
disrupt the epitaxial nucleation of Fe,Als<Zny with respect
to the steel surface. Therefore, these Fe,AlsxZn, grains
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did not have any crystallographic orientation relation with
the steel substrate.

4. Summary

In summary, the formation of the inhibition layer of
galvanizing dual phase steels in Al-containing Zn bath was
studied. Prior to the galvanizing, the steel surface was par-
tially covered by manganese oxides and Cr or Si contain-
ing oxides. XPS and TEM results all showed that sig-
nificant amount of oxides existed in the inhibition layer.
The oxides included MnCr,O4 or Mn,SiO4 formed during
annealing and Al,O; formed in the reduction of manganese
oxides by Al in the zinc bath. The depletion rate of Al
on reducing manganese oxides played a key role on retard-
ing the nucleation and growth of Fe;AlsZny at the oxides
covered surface. The inhibition layer was composed of
mixed thick and thin regions. The thick regions contained
coarse Fe,Als.«Zny grains formed in the beginning of gal-
vanizing and the thin regions were a mixture of oxides
and fine grained Fe;Als..Zn, formed in the late stage. No
orientation relationship was observed between the
Fe)Als.Zny and the steel substrate.
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