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Abstract

Advanced high strength steel (AHSS) is being increasingly used in automotive industries for weight reduction purposes. Hot
stamping steel, which is a boron alloyed steel, has a strength greater than 1500 MPa after hot forming and successive quenching.
Because the heating temperature is normally greater than 900 °C, a thin Al-Si based coating layer is applied to the steel surface to
prevent oxidation. In this study, metallurgical characteristics of laser weldments were investigated in hot stamping steel plates
with and without an Al-Si coating layer. The behavior of the Al-Si coating layer after the hot stamping process was analyzed, and
the effects of Al-Si coating on laser weldability were investigated. Keyword : Al-Si coated steel; Boron-alloyed steel; Laser welding
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1. Introduction

In the past decade, extensive studies have been conducted to investigate the laser welding of advanced high
strength steel (AHSS) used in light weight vehicles [1-9]. Dual-phase steel, transformation-induced plasticity steel,
complex-phase steel, Martensitic steel, boron alloy steel, and new phase steel have been developed to meet demands
for steel with higher strength. AHHS has higher strength and normally less favorable formability than conventional
mild steel. Boron alloy steel such as 22MnBS5 steel has a fully martensitic microstructure and the highest strength
among commercialized AHHSs used in the automotive industry. To overcome poor formability, boron alloy steel is
formed through a hot forming process at a temperature greater than the Ac; temperature and is thus referred to as hot
forming steel. Various coatings such as Al-Si and Zn coatings have been investigated to prevent surface oxidation
during the high-temperature process. Because Al-Si coating exhibits high oxidation resistance at high temperature
[10-12], it has been more widely used than Zn coating, which has a melting temperature of 400 °C.

During laser welding of hot forming steel with an Al-Si coating, the coating is diluted into the weld zone, which
results in Fe-Al intermetallic phase formation [13]. The brittleness of the Fe-Al intermetallic phase weakens the
strength of the weld joint. According to a recent study conducted by the authors of the present paper, degradation of
weldments is more important in an overlap welded joint than in a butt welded one [14]. In this study, laser overlap
welding was conducted on hot stamping steel, 22MnBS5, with and without Al-Si coating. The behavior of the Al-Si
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coating inside the welds was investigated, and the mechanical behavior of the weldments was analyzed.
2. Experimental setup
A fiber laser with a maximum output power of 3 kW and a 6-axis robot were used to implement laser welding, as

shown in Fig 1. A laser beam was delivered through an optical fiber with a diameter of 200 pm and an optic system
with a focal length of 300 mm.

(a) Fiber laser (b) Laser optic and welding robot
Fig. 1 Laser welding system

The base material was hot forming steel, 22MnB5, with a thickness of 1.6 mm, and specimens of Al-Si coated
and non-coated hot forming steel were prepared. The thickness and composition of the Al-Si coating layer were
measured through scanning electron microscopy. The scales that formed on both surfaces of the non-coated hot
forming steel during the hot forming process were mechanically removed before laser welding.

The laser welding was conducted on an overlap joint using a laser power of 3 kW and a welding speed of 3
m/min to achieve fully penetrated beads. The delivered laser beam was perpendicularly irradiated on the specimen
with a beam diameter of 0.36 mm at the focal point (Fig. 2).
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Fig. 2 Measured beam profile and diameter

Tensile shear tests were conducted three times on rectangular specimens with a width of 25 mm under each
condition, and the average strength was used to compare the strength under both coating conditions. The micro-
Vickers hardness of the samples was measured on 2% nital-etched weldments under a load of 100 gf, which was
held for 10 s. In addition, 2% nital-etched weldments were observed using an optical and a scanning electron
microscope (SEM).

3. Results and Discussion
3.1. Behavior of Al-Si coating layer after hot forming process

The magnified image and chemical composition of the Al-Si coating layer after the hot forming process, are
shown in Fig. 3. During heat treatment, Al-Si coating was diffused to the base metal and the average thickness of the
layer increased from 25 pum to about 35 um. The aluminum content in the vicinity of the base metal abruptly
decreased. At point 5 in Fig. 3, the Fe-Al intermetallic phase (IMP) was confirmed and the IMP layer was uniformly
established with a thickness of 5 um. Inside the coating layer, several cracks were found owing to the difference in
thermal expansion coefficients of aluminum and steel, which agreed with observations made in a previous study
[15].
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Fig. 3 SEM image and chemical composition of Al-Si coating layer
3.2. Welded specimen

Fig 4 shows cross-sections of the weldments and fracture modes for the tensile shear test. A “white band” layer
was found in the middle of the heat affected zone (HAZ). The metallurgical aspect of this layer will be discussed in
the next paragraph. In the case of the non-coated hot forming steel, failure occurred at the interfacial surface, while
failure occurred along the fusion line in the case of Al-Si coated steel. The tensile shear strengths of non-coated steel
and Al-Si coated steel were 17.3kN and 13.4kN, respectively. For Al-Si coated steel, an FeAl intermetallic phase
developed during welding. This phase influenced the morphology of weldments as discussed in detail in the SEM-
EDS section of the results.

The micro-Vickers hardness profiles are shown in Fig. 5. In both cases, similar hardness profiles were observed,
with the fusion zone having the highest hardness and the heat affected zone having a lower hardness than the base
metal. The HAZ inside the white band (inner HAZ) had relatively high hardness, while the HAZ outside the white
band (outer HAZ) had extremely low hardness.
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Fig.4 Macro section and fracture location Fig.5 Hardness profiles of specimen

The microstructures of weldments were observed using an optical microscope; these microstructures are shown
in Fig. 6. Heat input during the welding process transforms the martensite structure in the base metal. In the outer
HAZ (Fig. 6a), the maximum temperature during the thermal cycle is lower than the phase transformation
temperature, Acs, which resulted in the formation of tempered martensite with relatively low hardness. The white
band area (Fig. 6b) was heated to a temperature between Ac; and Aci, which produced a bainitic microstructure. The
inner HAZ (Fig. 6¢) was heated to a temperature between Ac; and the melting temperature, which resulted in the
formation of a mixed structure made of martensite and bainite. At the fusion zone (Fig. 6d), the melting and the
successive quenching afforded a martensitic microstructure. A more detailed description of the structure distribution
was observed upon SEM analysis, as shown in Fig. 7. It should be noted that the lath of martensite in the fusion
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zone is longer and larger than that in the base metal. This can be explained by the expansion of the prior austenite
grain boundary in the fusion zone owing to the recrystallization of austenite.

Fig. 6 microstructure of weldments

A: Outer HAZ  B: White Band
C Inner HAZ [ Fusion Zone
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Fig. 7 SEM results for weldments

Although laser welding is a very low heat input process, HAZ softening was observed because the martensitic
microstructure in the HAZ area was transformed into tempered martensite and bainite by heat input. However, as in
the tensile shear test results shown in Fig. 4, the fracture did not occur along HAZ, but at the interfacial surface or
along the fusion line. In the case of non-coated hot forming steel, stress is concentrated on a narrow interfacial bead
with a width that is relatively small as compared to the width of the specimen, owing to the small beam diameter of
the laser and high energy density (Fig. 8a). In the case of Al-Si coated hot forming steel, the Fe-Al intermetallic
compounds were formed along the fusion line and a fracture occurred along the precipitate layer (Fig. 8b).

(a) Non-coated hot forming steel (b) Al-Si coated hot forming steel
Fig. 8 Optical Microscope of weldments

SEM-EDS analysis was conducted to investigate the chemical composition of the intermetallic precipitate layer
along the fusion line shown in Fig. 8b. The intermetallic precipitates were found to be three phase compounds
composed of Fe, Al and Si (Fig. 9). A possible explanation for these findings is that the aluminum and silicon in the
Al-Si coating had melted and were diluted into the weld metal during welding. While not being sufficiently stirred,
some of these metals combined with Fe to produce an intermetallic phase that forms as layer along the fusion line
during the cooling stage. Figure 9 shows the element analysis results for Al, Si, and O, obtained using an electron
probe micro-analyzer. Aluminum and silicon consisting of the coating are soluble in Fe and homogenously
distributed inside the fusion zone but partially precipitated as an intermetallic phase rather than as a solid solution.



2230 C. Kim et al. / Procedia Engineering 10 (2011) 22262231

WT(%)
< Al Si Mn Fe Au
Point 1 092 041 8784 1083
Point 2 121 325 055 8498 1001
Point 3 106 121 048 277 8391 1057
Atom{%})
C Al Si Mn Fe Au
Point 1 204 087 9382 328
Point 2 5.55 6.65 107 8393 280
Point 3 501 255 097 287 8554 3.06
i | i
=k
.-.i I ]
5 2y i k
S o T P} 1 ] Sl T S X _-.I__‘
H | i r! T " &

Fig.9 Analysis of precipitates

Fig.10 Elements distribution in weldments

4. Conclusion

In this study, the effects of Al-Si coating on laser weldability were investigated for Al-Si coated and non-coated

hot forming steel. The conclusions of this study can be summarized as follows:

1) During the hot forming process, Al-Si coating was diffused into the base metal and the thickness of the

coating increased from 25 pm to 35 pm.

2) In the heat affected zone, the martensitic microstructure was transformed into tempered martensite, bainite,
and a mixture of bainite and martensite, on the basis of the location. The most softened area was the outer

HAZ outside the white band, which consisted of tempered martensite.

3) The fracture location in the tensile shear test was propagated along the interface or fusion line rather than the
softened HAZ because of stress concentration and brittle intermetallic precipitates.

4) Aluminum and silicon in the Al-Si coating were primarily dissolved into weldments as solid solution and
partially developed as an inter-metallic phase with Fe. The inter-metallic phase precipitated along the fusion

line, which weakened the strength of the weldments.
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