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In this study, a multi-step rapid heating procedure composed of two holding stages is developed to
achieve fast alloying as well as less zinc loss of the zinc coating. The oxidation behavior during the
first holding stage and the microstructure evolution during the final holding stage of the zinc coating
are investigated. The results suggest that a continuous surface oxidation layer can be formed during
the first dwell stage. In addition, the phase structures of the zinc-based coating treated by multi-step
rapid heating show dramatic difference compared with that of the coating subjected to direct rapid
heating. Furthermore, the zinc loss due to evaporation could be reduced by the multi-step rapid heating
procedure.
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1. Introduction

The application of hot stamping parts has shown dramatic potential in weight reduction
and anticollision performance improvement of car bodies in recent years [1, 2]. In hot
stamping process of boron steel, coating systems are commonly adopted to prevent the
steel substrate from surface oxidation. The zinc coating has drawn significant attention due
to its remarkable cathodic protection for boron steel [3-5].

Nevertheless, the widespread application of zinc coating in hot stamping is limited by
its metal induced embrittlement (MIE) risk to steel substrate [6, 7]. Rapid heating of zinc
coated boron steel is one of the solutions to avoid MIE by facilitating coating alloying
during austenization treatment [8]. However, the zinc coating might suffer from zinc loss
due to zinc evaporation during direct rapid heating procedure. In this study, a multi-step
rapid heating procedure is proposed to achieve fast alloying and less zinc loss of the zinc
coating. The surface oxidation behavior and phase structures evolution of the coating are
investigated.

2. Experimental Procedures

The material used is hot stamping boron steel sheet with hot-dip galvannealed zinc coating
which is dominated by 6 phase in as-delivered condition. A Gleeble thermo-mechanical
simulator was adopted to conduct the heat treatment of zinc coated steel specimens. The
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heating rate during rapid heating was set as 100 °C/s. After holding at the heating
temperature, the specimens were cooled to room temperature by compressed air.
According to the heat treatment conditions, the specimens were divided into three
groups as shown in Table 1. The specimens in Group 1 were used to analyze the surface
oxidation behavior of zinc coating during the first holding stage (Step 1) of the multi-step
rapid heating procedure. The specimens in Group 2 were used to investigate the phase
structures evolution of zinc coating during the final holding stage (Step 2) of the multi-step
rapid heating procedure. As for Group 3, the specimens were treated by direct rapid heating
(DRH) procedure. After rapid heating treatment, a scanning electron microscopy (SEM)
was used to characterize the surface and cross-sectional morphologies of zinc coating.

Table 1. Heat treatment conditions of the zinc coated specimens.

Group Heating temperature (°C) Holding time (s)
1 Step 1: 820 30, 60
’ Step 1: 820 Step 1: 40
Step 2: 885 Step 2: 5, 20, 50, 100
3 (DRH) 885 45, 60, 90

3. Results and Discussion

3.1.  Surface oxidation behavior of zinc coating during the first holding stage

The surface oxidation morphologies of the zinc coating after the first holding stage are
shown in Fig. 1. When the specimen was heat treated at 820 °C for 30 s, almost the entire
coating surface was covered by the oxide layer with few amounts of oxide particles (Fig.
1a). As the holding time was prolonged to 60 s, the ravined size of the oxide layer became
larger (Fig. 1b). The formation of the continuous compact oxide layer on coating surface
indicated effective suppression of zinc evaporation during subsequent heating procedure.
Therefore, the holding time during holding stage Step 1 for the specimens in Group 2 were
set as 40 s.
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Fig. 1. Coating surface SEM morphologies of the Group 1 specimens holding for different time at 820 °C: (a)
30s; (b) 60s.
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3.2.  Phase structures evolution of zinc coating during the final holding stage

Figure 2 shows the SEM cross-sectional morphologies of the zinc coating after the final
holding stage. When the holding time was 5 s, the coating is mainly composed of I phase
and o-Fe(Zn) phase, with minor 3 phase in the surface region (Fig. 2a). With the holding
time increasing to 20 s, the & phase disappeared, while the continuous a-Fe(Zn) layer
became thicker with decreasing proportion of the I' phase (Fig. 2b). As the holding time
reached 50 s, the coating was dominated by the a-Fe(Zn) phase (Fig. 2¢). The coating
transformed into a complete a-Fe(Zn) layer with the holding time prolonged to 100 s (Fig.
2d). Under this condition, the sufficient alloying of zinc coating was achieved.

Fig. 2. Coating cross-sectional SEM morphologies of the Group 2 specimens sub]ecfed to different holding time
during the final holding stage: (a) 5's; (b) 20 s; (¢) 50 s; (d) 100 s.

The SEM cross-sectional morphologies of the zinc coating treated by direct rapid
heating procedure are illustrated in Fig. 3. It should be noted that the total heating times of
the specimens in Fig. 3a and Fig. 3b were almost the same with that of the specimens in
Fig. 2a and Fig. 2b respectively.

Fig. 3. Coating cross-sectional SEM morphologies of the Group 3 specimens subjected to different holding time
during the direct rapid heating procedure: (a) 45 s; (b) 60 's; (c) 90 s.
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It could be found that the phase structures of the zinc coating treated by multi-step
rapid heating procedure showed dramatic difference with that of the zinc coating treated
by direct rapid heating procedure. At a total holding time of 45 s, the 6 phase almost
disappeared in the coating subjected to multi-step rapid heating procedure, as shown in Fig.
2a. As a contrast, the zinc coating treated by direct rapid heating procedure demonstrated
a three-layer phase structures (Fig. 3a). With the holding time increasing to 60 s, the &
phase disappeared and the coating was dominated by the a-Fe(Zn) phase (Fig. 3b). At a
holding time of 90 s, the zinc coating transformed into a complete a-Fe(Zn) layer (Fig. 3c).
However, the thickness of the o-Fe(Zn) coating treated by DRH procedure was
significantly smaller than that of the a-Fe(Zn) coating shown in Fig. 2d. This suggests that
the zinc loss due to evaporation could be reduced by the multi-step rapid heating procedure.

4. Conclusions

During the first holding stage of the multi-step rapid heating procedure, a continuous
oxidation layer could be formed as the holding time reached 30 s. The phase structures of
the zinc coating treated by multi-step rapid heating was dramatically different from that of
the zinc coating treated by direct rapid heating. With the holding time increasing from 5 s
to 100 s during the final holding stage, the zinc coating dominated by I" phase and a-Fe(Zn)
phase gradually transformed into a complete o-Fe(Zn) layer. Furthermore, the zinc loss due
to evaporation was reduced by the multi-step rapid heating procedure.
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