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Effects of chemical compositions and manufacturing conditions on mechanical properties and microstructures
were investigated in order to obtain galvannealed high strength dual phase steel sheets with superior mechanical
properties and coating properties. An intercritical annealing between Ac1 and Ac3 was conducted to produce
the DP (dual phase) steel sheets, followed by quenching to room temperature. The purposes of Al addition
are to reduce the iron oxidation with chemical composition (Si, Mn etc.) and to improve the wettability
by liquid zinc.
The present study will focus on the characterization for making dual phase steel sheets and enhancing the
galvanizability of Al added DP steel sheets about continuous annealing line in CGL.
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1. Introduction

  In order to reduce vehicular greenhouse emissions, the 
light-weight of cars is a major issue for the automotive 
industry. However, this light-weight can not be attained 
at the cost of mechanical properties or crashworthiness.1) 
In response to these needs, Advanced High Strength Steels 
(AHSS) were designed and developed by steel makers for 
automotive applications.2) Dual-Phase (DP) steel sheets are 
one of the most common AHSS steel sheets. The higher 
initial work hardening rate with excellent uniform and total 
elongation combines to give DP steel sheets a much higher 
ultimate tensile strength(UTS) and a lower ratio of yield 
strength(YS) to UTS than conventional steel sheets or 
high-strength low-alloy(HSLA) steel sheets at a similar 
level of yield strength These characteristics have made DP 
steel sheets attractive for automotive applications.3) As the 
circumstances exposed to automotive are also getting se-
vere due to chloride for snow removing, air pollution and 
acid rain. The assurance period for corrosion protection 
of car body is getting longer, coated steels particularly 
hot dip galvanized steels having benefits for heavy coating 
with low operational cost are increasingly being applied 
to automotive use.4) Galvannealed steel sheets are being 
used increasingly for applications requiring excellent cor-

rosion resistance, paintability and weldability, such as au-
tomotive body panels. Galvannealed coating, however, is 
consisted of brittle intermetallics, so coating failure has 
been one of concerns with galvannealed coating. The coat-
ing failure is thought to be classified into two modes : 
the internal failure caused in the coating and the interface 
failure caused at the coating/steel interface. Therefore, 
Galvannealed dual phase steel sheets of mechanical prop-
erties are achieved through intercritical annealing followed 
by quenching with N2-H2 and N2 gas atmosphere to avoid 
selective oxide. The reaction between Fe and Zn can be 
accelerated by galvannealing at high temperature. However, 
high temperature galvannealing leads to deterioration of 
the coating adhesion.5) In order to accelerate the galvan-
nealing reaction, a lot of means had been examined up 
to date: surface activation by oxidation-reduction,6) 2-step 
annealing separated by pickling to remove the selective 
surface oxides,7) surface modification of the cold-rolled 
steel surface by Fe electroplating.8) The galvanizing re-
action on steel sheets proceeds by immersion of solid steel 
into Zn. The reaction temperature, around 460 ℃, evidently 
high for Zn, which is kept in its melted state, remains 
quite low for steel sheets whose melting point are 1536 
℃. That means that atoms transportation in steel is far 
slower than atoms transportation into liquid Zn. The con-
sequence is that local equilibrium along interfaces between 
solid steel and liquid zinc is set by the thermodynamic 
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Table 1. Chemical Composition (wt.%)

Content C Si Mn Al Mo Cr Ac1
(℃)

Ac3
(℃)

Ms
(℃)

CB1
0.05~0.09 0.1~0.3 1.0~2.0

- - 0.2 711 913 433

AM2 0.5 0.1 - 707 906 449

Fig. 1. Schematic illustration of the process parameters.

state of zinc, the liquid phase.
  In this report, in order to develop the galvannealed 
AHSS dual phase steel sheets with addition of chemical 
composition for good coating properties, surface mod-
ification by the heat treatment was studied.9)-10)

2. Experimental

2.1 Materials and heat treatment
  Experimental Ingots made about 20 kg in laboratory by 
vacuum induction furnace. They were homogenized at 
1250 ℃ for 2 hours in Argon atmosphere and then hot 
rolled to 2.6 mm hot band. Finishing Temperatures were 
kept above 900 ℃ and coiling temperatures were kept at 
600 ℃ for 30 minutes, then air cooled to ambient tem-
perature. After pickling in 10% hydrochloric solution at 
80 ℃, steel sheets are then cold rolled to 1.0 mm thick. 
The cold rolled steel sheets were annealed with heat treat-
ment conditions as shown Fig. 1 by heat treatment equip-
ment to simulate annealing at intercritical temperature and 
it was selected through Ac1, Ac3 and Ms temperatures 
which were estimated from available equations.11)-12)

  The composition of the steel substrates investigated is 
listed in Table 1. Mechanical Properties are tested by 
Tensile test. Microstructures and the surface of coating 
layer are observed in a field emission gun scanning elec-
tron microscope (FEG-SEM) and Focused Ion Beam(FIB). 
Coating Properties were investigated with coating profiles 
by glow discharge spectrometry (GDS) 

  Ac1 (℃) = 723 - 10.7Mn + 29.1Si 

  Ac3 (℃) = 910 - 203(C1/2) + 44.7Si

  Ms (℃) = 539 - 423C - 30.4Mn - 7.5Si + 30Al

3. Results and discussion

3.1 Microstructure and mechanical properties
  Microstructures of hot rolled steel sheets were com-
posed of ferrite and pearlite with band morphology. The 
band morphology was disappeared by heat treatment in 
the intercritical region. Microstructures of DP steel sheets 
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Fig. 2. SEM Microstructures of CB1 (a) X3,000, AM2 (b) X3,000 and (C) X15,000.

Fig. 3. TEM Microstructures of CB1 (a), AM2 (b).

are shown Fig. 2. DP steel sheets were composed of ferrite 
and martensite phases. Fine structure of ferrite and smaller 
ferrite volume was achieved as the intercritical annealing 
temperature was increased. This was because more austen-
ite was formed at higher intercritical annealing temperature 
and the austenite was transformed to martensite during 
quenching. Fig. 2 shows the general dual phase structure 
which volume fractions of martensite for CB1 and AM2 
are 11% and 15%, respectively after heat treatment within 
intercritical temperature. Fig. 2 (c) shows expanded micro-
structures by Fig. 2 (b).
  Martensite phase shows island type in intergranualar or 
grain boundaries. Fig. 3 shows martensite morphology. 
Fig. 3 (a) shows martensite phase among ferrite grain 
boundaries as shown ⓐ and also shows dislocation around. 
However, ⓑ shows other phases partially like bainite sim-
ilar to pearlite except ferrite and martensite which size 
is about 0.5 ㎛. Fig. 3 (b) shows AM2 steel sheets which 
are similar to martensite around ferrite grain boundaries 
like Fig. 3 (a) and it exhibites martensite phases around 
grain boundariesby ⓒ in Fig. 3 (b). Also, Fig. 3(b) ⓓ 
shows movable dislocations around exhibited by advanced 

high strength steel sheets (AHSS) dual phase. 
  Mechanical Properties and martensite volume fraction 
of DP steel are shown in Table 2. The value of CB1 and 
AM2 is shown as a comparison. Their mechanical proper-
ties are similar to those of 590 MPa grade steel sheets 
and Elongation of CB1 is 28% which is higher than that 
of AM2, and YR is almost equal, however, YR of CB1 
is higher than AM2 just a little. 

3.2 Galvannealed coating properties
  In GA baths, Al level ranges between 0.125 and 0.135 
wt.%, at 460℃. The solid phase in thermodynamic equili-
brium with the liquid phase is now Al saturated δ phase. 
When the coated steel sheet is subjected to galvannealing, 

Table 2. Mechanical Properties of CB1 and AM2

YS 
(MPa)

TS 
(MPa)

Elongation 
(%) YR Martensite

Vol. fraction (%)

CB1 402 624 28 0.64 11

AM2 392 655 25 0.60 15
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Fig. 4. FEG-SEM images of galvannealed surface (a) CB1 and (b) AM2.

Fig. 5. FIB Images of Galvannealed Surface (a) CB1 (b) AM2.

the coating would solidify through constitutional super-
cooling, namely isothermal solidification, resulting from 
the enrichment of the liquid coating with iron due to the 
Fe-Zn interdiffusion. The remaining liquid coating would 
then be solidified by decreasing temperature (physical 
cooling) for short galvannealing or by constitutional super-
cooling for longer galvannealing. The surface morphology 
and microstructure is an example of the solidification by 
constitutional supercooling followed by physical cooling. 
The σ crystals are formed from liquid through constitu-
tional supercooling, and the remaining liquid solidified to 
form the η phase by physical cooling. (Fig. 4 (a)-(b))
  Voids are always found to be located near the surface 
of the galvannealed coatings, once the σ phase reached 
the surface of the coating. The voids are thought to form 
due to solidification shrinkage. The solidification must 
have occurred first near the coating/substrate interface and 
propagated to the coating surface due to the concentration 
gradient. This resulted in the location of the voids near 
the coating surface, where the last portion of liqiid in the 
coating surface, where the last portion of liquid in the coat-
ing to be solidified, as the solidification is driven by con-

stitutional supercooling instead of physical cooling. The 
solid state interdiffusion governs the change in micro-
structure of galvannealed coatings only when the solid-
ification completes by constitutional supercooling before 
the end of the galvannealed process. The effect of the liq-
uid state diffusion must be the dominating process in de-
termining the iron distribution in the coating. As iron con-
tinues to diffuse toward the surface region, the above mode 
of solidification continues to completion. Consequently, 
well-defined crystals of the σ phase form on the coating 
surface. The facts that the early formation of σ crystals 
visible on the surface and the similarity among the surface 
morphologies of the solidification must have completed 
in this mode in the early stages of galvannealing. The voids 
formed at the last stage of solidification are annealed out 
gradually by the vacancy diffusion mechanism for longer 
galvannealing.
  Fig. 6 (a) and (b) show the GDS peaks with the chemical 
compositon of the substrate. Here it should be noted that 
the change with depth was different with Al content of 
the chemical composition in the substrate. Fig. 6 (a) shows 
the typical depth profiles on the surface and at the interface. 
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Fig. 6. GDS of Depth Profile (a) CB1 (b) AM2.

However, Fig. 6 (b) shows the increase of Al content at 
the interface.

4. Summary 

  The mechanical and coating properties between CB1 
and AM2 have been investigated and results are summar-
ized as follow:
  1) The tensile strength of dual phase galvaannealed steel 
sheets is higher than 590 MPa, and elongation is above 
25 %. 
  2) The coating layer is about 10 ㎛ and the similar coat-
ing properties as those of conventional mild steel sheets
  3) The coating layer of CB1 shows more cavities with 
chemical composition of DP galvannealed steel compared 
to AM2. 
  4) CB1 steel sheets have general depth profile, but AM2 
steel sheets have increased Al depth profile with Al addi-
tion in chemical compositions
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