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Effect of Boron in AHSS on Coatability in Hot-Dip Galvanizing
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Generally, Si and Mn are added to advanced high strength steel (AHSS) sheets. It is well known that these
elements can form oxides during annealing and cause surface bare spots in hot-dip galvanizing due to their
poor wettability with molten Zn. Boron (B) is also often added to AHSS to improve hardenability. How-
ever, few reports have investigated the effect of B on coatability, especially under low dew point condi-
tions. To investigate the effect of B, B-free specimens and specimens containing 15 or 30 ppm B were
prepared and annealed at low dew points from -60 to -45 °C. These specimens were dipped in a molten
zinc. Their coatability was then evaluated based on the appearance. Results showed that the area of bare
spots expanded as the B content increased and the dew point decreased. To understand the mechanism,
annealed specimens without galvanizing were also prepared and analysed. XPS analysis showed that boron
nitride (BN) was formed on the surface of B-added specimens. BN was considered to deteriorate coat-
ability in hot-dip galvanizing because the estimated amount of BN increased as the B content increased and
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the dew point decreased, which showed the same trend as coatability.
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1. Introduction

Demand for reduction of automotive body weight to
decrease fuel consumption and greenhouse gas emissions
has increased in recent years. To decrease body weight
while maintaining collision safety, use of advanced high
strength steel (AHSS) is expanding, and these steel sheets
are also galvanized or galvannealed for corrosion
resistance. AHSS often contains solute strengthening and
hardening elements such as C, Si, Mn, P, B and Cr.
However, it is well known that Si and Mn form oxides
on the steel surface by selective oxidation in the annealing
process. These oxides deteriorate coatability in hot-dip
galvanizing due to their poor wettability and reactivity
with molten Zn [1-3]. Therefore, various approaches to
improve the coatability of AHSS have been demonstrated,
such as controlling the dew point in the furnace of the
continuous galvanizing line (CGL). For example, increasing
the dew point results in formation of inner oxides and
suppression of selective surface oxidation of Si and Mn
because the oxygen potential in the furnace is increased
[4,5]. Decreasing the dew point has also been investigated,
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and this approach suppresses the velocity of selective
oxidation of Si and Mn because the oxygen potential is
decreased [6].

B is often added to AHSS to improve hardenability
owing to its low cost and good performance with small
addition. Several reports have investigated the coatability
in hot-dip galvanizing of B-added steel annealed at high
dew points such as -20 °C. For example, it was reported
that B addition affects the morphology of oxides: Oxides
become large and spherical because the melting point of
Mn-B oxide is lower than that of Mn oxide [7]. It was
also reported that B addition increases selective oxidation
of Si and Mn [8,9]. From these results, B was considered
to deteriorate coatability at high dew points. However,
few reports have investigated the effect of B when the
steel was annealed at a low dew point. Therefore, in this
study, the effect of B on coatability at low dew points
was investigated in terms of selective oxidation, oxide
morphology and the surface segregation behaviour of B.

2. Experimental Procedure

2.1 Test specimens
In order to investigate the effect of B, B-free specimens
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Table 1. Chemical composition of specimens (mass %)

C Si Mn P S B
Steel 1 (B free) 0.08 0.2 3.0 0.005 0.001 Tr.
Steel 2 (15 ppm B) 0.008 0.2 3.0 0.005 0.001 0.0015
Steel 3 (30 ppm B) 0.08 0.2 3.0 0.005 0.001 0.0030

700 °C

5°C/s

GD-OES
SEM
XPS

Observing appearance

Fig. 1. Schematic of annealing conditions

and specimens containing 15 or 30 ppm B were prepared.
The chemical composition of the specimens is shown in
Table 1. The specimens used in this work were cast as
75 kg ingots in the laboratory. The ingots were then cut
into blocks, reheated at 1250 °C for 1 hour, and hot rolled
to a 30 mm thickness. Subsequently, the 30 mm thick
plates were reheated again at 1250 °C for 1 hour and hot
rolled to a 6 mm thickness. The plates were ground on
both sides to a 2.5 mm thickness, annealed at 550 °C for
10 minutes, and pickled in a 5 vol% HCl solution at 80 °C.
Finally, the plates were cold rolled to a thickness of
1.2 mm.

2.2 Annealing and hot-dip galvanizing

The specimens after cold rolling were cut to 70 x
180 mm and then annealed and hot-dip galvanized in a
hot-dip process simulator (Rhesca). The annealing process
was carried out in the infrared heating furnace of the
simulator. The atmosphere of the furnace was 10 vol% H,-
N, gas. The dew point of the furnace was also controlled
to -60, -50 or -45 °C. Fig. 1 shows the temperature and
treatment time used as annealing conditions in this
experiment. After annealing, the specimens were cooled
to 460 °C by N, gas and dipped in a molten zinc bath.
Coatability was evaluated by the appearance of the
galvanized specimens. Specimens without galvanizing
were also prepared and analysed by the methods described
below.
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2.3 Surface observation and analysis

Depth profiles of the elemental composition were
obtained by glow discharge optical emission spectrometry
(GD-OES). The specimens were sputtered with Ar
plasma, and the analysed spot was 4 mm ®. The measuring
time was 150 s with an interval of 0.1 s.

The surface of the annealed specimens was observed
with a scanning electron microscope (SEM). The
acceleration voltage in this observation was controlled to
1 kV. The oxide morphology and the difference of the
chemical composition were observed with secondary
electron (SE) images and energy selective backscattered
electron (EsB) images, respectively.

The surface chemical composition of the annealed
specimens was analysed by an X-ray photoelectron
spectroscopy (XPS). A monochromatic Al Ka anode,
take-off angle of 45° and analysis area of 1 um® were
employed in the analysis. The spectra obtained in a narrow
scan were quantified by peak fitting for all the elements
detected in a wide scan.

3. Results and Discussion

3.1 Coatability in hot-dip galvanizing

Fig. 2 shows the appearance of the specimens after
annealing and hot-dip galvanizing. Fig. 2a shows the
results of the B-free specimens and specimens containing
15 and 30 ppm B annealed at the dew point of -50 °C.
Only small bare spots were observed in the B-free
specimen. These small bare spots have often been
observed when AHSS was hot-dip galvanized due to
selective oxidation of Si and Mn. On the other hand, large
bare spots were observed on the specimens containing 15
and 30 ppm B, and the area increased at the higher B
content. These results suggest that coatability in hot-dip
galvanizing was deteriorated by B addition. Fig. 2b shows
the specimens containing 15 ppm B which were annealed
at the dew points of -60, -50 and -45 °C. In the case of
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Fig. 2. Appearance of specimens after annealing and hot-dip galvanizing. (a) Dew point: -50 °C, (b) 15 ppm B addition
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Fig. 3. (a) GDS depth profiles of specimen containing 15 ppm B annealed at dew point of -50 °C (b) Definition of calculation of
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annealing at -45 °C, large bare spots were not observed
even though the specimen contained B. However, when
the dew point was less than -50 °C, a large bare spot was
observed. Furthermore, the bare spot became larger when
the dew point was -60 °C. Therefore, these results suggest
that the deterioration of coatability by B addition occurs
only when the steel is annealed at a low dew point.

3.2 Selective oxidation of Si and Mn on surface

In order to evaluate the amount of selective surface
oxidation, depth profiles were obtained by GD-OES. Fig.
3a shows the depth profiles of the specimens containing
15 ppm B annealed at -50 °C. Peaks of both Si and Mn
were observed within 1 s of sputtering time. This suggests
that selective oxidation of Si and Mn on the surface is
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caused by annealing. Therefore, in order to investigate
the effect of selective oxidation on coatability, the amounts
of selective oxidation were calculated by integrating the
intensity from the steel surface to the point of the minimal
value, as shown in Fig. 3b.

Fig. 4a shows the relationship between the B content
and the amount of selective oxidation calculated by the
method mentioned above. Firstly, selective oxidation of
Si slightly decreased as the B content increased. Secondly,
selective oxidation of Mn increased when 15 ppm B was
added, but the amount of oxidation did not change when
B addition was increased from 15 to 30 ppm B. These
results suggest that selective oxidation of Si and Mn were
not clearly promoted by B addition, and the large bare
spot that occurred in hot-dip galvanizing was not related
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Fig. 4. Effects of (a) B content and (b) dew point on amount of selective oxidation of Mn and Si

Fig. 5. SEM images of surface after annealing at dew point of -60 °C; (a) SE2 of B-free, (b) SE2 of 15 ppm B, (c) EsB of B-free

and (d) EsB of 15 ppm B specimens

to the amount of selective oxidation. Fig. 4b shows the
relationship between the dew point and the amount of
selective oxidation. Selective oxidation of both Mn and
Si increases as the dew point increases. This tendency can
be understood as the result of an increase in the oxygen
potential. However, this tendency is inconsistent with the
result that bare spots were expanded by decreasing the
dew point. Therefore, these results also suggest that the
large bare spot that occurred in hot-dip galvanizing cannot
be explained by the amount of selective oxidation of Mn
and Si during annealing.
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3.3 Observation of oxides formed on surface

Fig. 5 shows the results of SEM observation of the B-
free specimen and the specimen containing 15 ppm B.
Fig. 5a and b show SE images, i.e., the morphology of
the surface. The results show that the morphology of the
oxides was not changed by B addition. Fig. 5c and d are
EsB images showing the difference of the chemical
composition as contrast. The EsB images were almost the
same in spite of the difference in the B content. In the
results of energy dispersive X-ray spectroscopy (EDX),
the areas of light contrast are the steel substrate and the
areas of dark contrast are oxides of Si and Mn. Therefore,
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the morphology and distribution of oxides on the surface
were not different in the B-free and B-added specimens,
meaning the deterioration of coatability shown in Fig. 2 also
cannot be explained by the morphology and distribution of
oxides formed during annealing.

3.4 Identification of boron on surface

In order to identify B on the surface, an XPS analysis
was carried out. Fig. 6 shows the XPS wide spectrum of
the B-free and 15 ppm B specimens annealed at the dew
point of -50 °C. Most of the detected peaks were the same
in the B-free and 15 ppm B specimens. However, the
specimen containing 15 ppm B had a clear B1s peak (near
190 eV) and N1s peak (near 400 eV). Fig. 7 shows the
narrow spectra of Bls and N1s of the same specimens as
in Fig. 6. The binding energy of the Bls spectrum was
about 191.3 eV, while that of N1s was about 398.5 eV. In
addition, the quantities of B and N was calculated by peak
fitting for all elements. As results, 7.6 at.% of B and 6.6

Bls
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at.% of N were detected in the quantitative analysis,
suggesting that BN was formed on the surface of the
annealed specimen containing 15 ppm B because the
binding energy was close to that of BN [10] and the
quantities of B and N were almost equal.

Fig. 8a shows the amounts of B and N calculated from
the results of the XPS analysis as a function of the B
content of the steel. The results show that the amount of
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Fig. 7. B1s and N1s spectra of specimens annealed at dew point of -50 °C
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B and N increases as the B content increases. This
tendency corresponds to the occurrence of the large bare
spot in hot-dip galvanizing observed in the B-added
specimens, as shown in Fig. 2a. Fig. 8b shows the amounts
of B and N as a function of the dew point of annealing.
The results show that the amount of B and N decreased as
dew point increased, and at -45 °C, little BN was formed.
These results also correspond to the result that the large
bare spots were observed at less than -50 °C, as shown in
Fig. 2b. These facts suggest that the large bare spot in hot-
dip galvanizing shown in Fig. 2 could be caused by BN.

3.5 Estimated mechanism of effect of B on coatability in
hot-dip galvanizing

The estimated mechanism by which B in the steel
substrate affects hot-dip galvanizing, as described above,
is shown in Fig. 9. In the case of B-free steel, small bare
spots were caused by selective oxidation of Si and Mn.
Although small bare spots were also occurred as a result
of selective oxidation when B-added steel was annealed
at -45 °C, when B-added steel was annealed at less than
-50°C, a large bare spot occurred because BN was formed
in addition to the oxides of Si and Mn.

The formed BN may cover only the outermost surface

of annealed specimens because the analysis depth of XPS
is several nanometres. Even though the amount of BN is
small and its thickness is very thin, it can deteriorate
wettability and reactivity with molten zinc more
drastically than oxides, causing the large bare spot shown
in Fig. 2, because it is well known that BN can hardly
react with liquid metals due to its firm covalent bonding.
Regarding the formation of BN, some reports have
mentioned that BN was formed by annealing at a low
dew point under -50 °C [11,12]. BN formation has also
been predicted by an equilibrium calculation [13]. These
reports mentioned that BN is more stable than oxides of
B when the oxygen potential of the atmosphere is low and
its nitrogen potential is high. In this study, BN was detected
in the case of the B-added specimens annealed at the dew
points of -50 and -60 °C in N, gas, as shown in Fig. 8.
However, BN did not form on the specimens containing B
when annealed at the dew point of -45 °C. These
phenomena are close to those in the previous reports.

4. Conclusions

The effect of B on coatability in hot-dip galvanizing of
steel sheets annealed at low dew points was investigated,

Dew point Annealing Galvanizing
Oxide of Si and Mn Zn coating Small bare spot
B free steel -45 ~ -60 °C
Oxide of Si, Mn and B Zn coating Small bare spot
-45°C
B added steel
Oxide of Si and Mn BN Zn coating Large bare spot
-50 ~ -60 °C

Fig. 9. Schematic images of estimated mechanism of effect of B on coatability in hot-dip galvanizing
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and the following conclusions were obtained.

A large bare spot tended to occur in hot-dip galvanizing
as the B content increased and the dew point of annealing
decreased.

Selective surface oxidation of Si and Mn and the
morphology and chemical composition of the oxides were
not changed by B addition.

An XPS analysis suggested that BN formation occurred
when B was added and annealing was performed at a low
dew point, and an experiment showed that the amount of
BN had a good correlation with generation of the large
bare spot. From these results, B addition is considered to
deteriorate coatability in hot-dip galvanizing by causing
the formation of BN on the surface when the steel is
annealed at a low dew point.
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