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Figure 1-1 Automotive Steel Sheet Evolves 
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Figure 1-2 Relationship of tensile strength and elongation of steels 
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Figure 1-3 Growing Use of High Strength Steel Sheet in Automobiles 

 

 

1.2.2  

 

 5



 

Figure 1-4

 

 

 

Figure 1-4 Iron is Easily Deformable 
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Figure 1-5 Interstitially –dissolved Carbon and Nitrogen Harden Iron 
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Figure 1-6 View Showing a Frame Format of Interstitial Free (IF) Steel 
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Figure 1-7 View Showing a Frame Format of Solid Solution Hardening 

 

 

Figure 1-8 View Showing a Frame Format of Precipitation Hardening 
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Figure 1-9 View Showing a Frame Format of Transformation Hardening 
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Figure 1-10 View Showing a Frame Format of Dual Phase (DP) Steel 
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Table 1-1 Various surface treated steel sheets and main application 
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Figure 1-12 Galvanizing steel sheet production process 
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Figure 1-13 Binary phase diagram of Fe-Zn system 
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Figure 1-14 Layout of the hot-dip galvanizing line 
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Figure 1-17 Heat cycle of galvannealing steel sheet 
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Figure 1-18 View Showing a Frame Format of Galvanizing machine 
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Figure 1-19 View Showing a Frame Format of Galvannealing machine 

 

 

Figure 1-20 View showing a frame format of reaction of Galvannealing 
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Figure 1-21 Schematic diagram showing outburst behavior 
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2.2.1  

Table 2-1 1.3mass%Si-1.3 mass % 

Mn 1.6 mass %Si-1.0 mass %Mn Ni,Cu

1.3 mass %Si-1.3 mass %Mn Cu

ST:1230 FT:900 CT:720 4mm
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Table 2-1 Chemical composition  of steel sheets tested (mass%) 
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Figure 2-1 Layout of the experimental hot-dip galvanizing line 
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Figure 2-2 Thermal cycle of the galvanizing examination 

 

Table 2-2:Atomosphere of the test 

 

 

2.3.3  

Table 2-1

A1,A3 NOF-RF

Figure 2-3 Table 2-2 NOF
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RF 15vol% + -30 30 /s
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(a) oxidation                        (b) de-oxidation 

Figure 2-3 Thermal cycle of the oxidation and deoxidation examination 
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2.3.1 Ni,Cu  
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(a) Ni addition                        (b) Cu addition 

Figure 2-4 Relationship between Ni and Cu content of steel and 

galvanisability 
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2.3.2 Ni,Cu  

Figure 2-5 B-1 1.6%Si-1.0%Mn B-3 1.6%Si-1.0%Mn
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Ni
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Si Mn Ni
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Figure 2-5 Cross-sectional optical micrographs of coating layer 
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(a) 1.3mass%Si-1.3mass%Mn      (b) 1.6mass%Si-1.0mass%Mn 

 -Ni-Cu(mass%)                  -Ni-Cu (mass%) 

Figure 2-6 Thickness of Fe-Zn layer in galvannealing coating 

 

 

2.3..3 Ni,Cu  

Si,Mn Ni,Cu

A-1 1.3 mass %Si-1.3 mass %Mn A-4 1.3 

mass %Si-1.3 mass %Mn-0.8 mass %Ni-0.2 mass %Cu

 

Figure 2-7 Si,Mn Ni,Cu NOF SEM
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Figure 2-7

Si,Mn  
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Fe oxide
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(a) 1.3mass%Si-1.3mass%Mn        (b) 1.3mass%Si-1.3mass%Mn 

  -0.8mass%Ni-0.2mass%Cu 

Figure 2-7 SEM images of the cross sections of NOF annealed surfaces 

 

Figure 2-8 Si,Mn Ni,Cu NOF-RF SEM

Figure 2-9 Figure 2-10 Si,Mn Ni,Cu

TEM a e EDX

EDX ,c ,d Si,Mn

e Si Si,Mn
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Deoxidized Fe
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(a) 1.3mass%Si-1.3mass%Mn        (b) 1.3mass%Si-1.3mass%Mn 

                                  -0.8mass%Ni-0.2mass%Cu 

Figure 2-8 SEM images of the cross sections of NOF-RF annealed surfaces 

 

 45



 

 

a

b

a b

Fe

Fe

Fe

Fe Si
O

Mn

Fe

Fe

 

Figure 2-9 TEM images of the cross sections of NOF-RF annealed 1.3 

mass%Si-1.3mass%Mn steel 
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Figure 2-10 TEM images of the cross sections of  NOF-RF annealed 

1.3mass%Si-1.3mass%Mn-0.8mass%Ni-0.2mas s%Cu steel 
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Si,Mn Si,Mn

Si,Mn Si,Mn
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Figure 2-11 Si,Mn Ni,Cu

SEM

Si,Mn Ni,Cu 10~20 m
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(a) 1.3mass%Si-1.3mass%Mn        (b) 1.3mass%Si-1.3mass%Mn 
25 m25 m                                  -0.8mass%Ni-0.2mass%Cu 

Figure 2-11 SEM images of NOF-RF annealed samples 
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Figure 2-12 EPMA mapping of NOF-RF annealed samples 

 

SEI O Si
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O Si
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Figure 2-13 EPMA mapping of NOF-RF annealed 1.3 mass%Si-1.3mass%Mn 

steel 
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SEI O Si

Mn Ni Cu

SEI O Si

Mn Ni Cu

O Si

Mn Ni Cu  

Figure 2-14 EPMA mapping of  NOF-RF annealed 1.3mass%Si  

-1.3mass%Mn-0.8mass%Ni-0.2mass%Cu steel 
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Figure 2-15 Mechanism of improvement in galvanizability by Ni and Cu 

addition 
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3.2  

 

3.2.1  

Table 3-1 1.2mass%Si-0.3mass%Al-

1.0mass%Mn Ni,Cu A E Si

Al 0.6mass%Si-0.6mass%Al-1.3mass%Mn

Ni,Cu F H Al 0.7mass%Si- 

1.2mass%Al-1.3mass%Mn Ni,Cu I

:1230 :900

:650 2.3mm 0.8mm 50mm 100mm

650

Table 3-1

Si 0.14mass%

Ni Cu

Ni Ni,Cu

Cu

Ni Cu  

 

Table 3-1 Chemical composition  of tested steel sheets (mass%) 
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3.3  

 

3.3.1 Ni,Cu  

Figure 3-1 1.2mass%Si-0.3mass%Al-1.0mass%Mn-Ni,Cu 0.6mass%

Si-0.6mass%Al-1.3mass%Mn-Ni,Cu

Ni

500 /m2 2 /

501 /m2 3 / Si,Al,Mn

Ni,Cu  

 

 

Figure 3-1  Relationship between Ni and Cu content of steel and 

galvanizability 
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3.3.2 Ni,Cu  

Figure 3-2 1.2mass%Si-0.3mass%Al-1.0mass%Mn-Ni,Cu A E

0.6mass%Si-0.6mass%Al-1.3mass%Mn-Ni,Cu F H

510 30

Fe =Zn Fe% Ni

1.2mass%Si-0.3mass%Al- 

1.0mass%Mn-0.5mass%Cu Ni 1.5mass%

1.5mass% 2.0mass% Ni

0.6mass%Si-0.6mass%Al-1.3mass% Mn

Ni,Cu  

 

 

Figure 3-2  Relationship between Ni and Cu content of steel and Fe 

content in Zn-Fe layer 

 

Figure 3-3 0.6mass%Si-0.6mass%Al-1.3mass%Mn

Ni,Cu F H 0.7mass%Si-1.2mass%Al-
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1.3mass%Mn Ni,Cu I

480 30

Fe =Zn Fe% Ni,Cu

Al 0.6mass% 1.2mass%

 

 

 
Figure 3-3 Relationship between Ni,Cu and Al and Fe content in Zn-Fe 

layer 

 

Ni,Cu
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Figure 3-4
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Fe Fe Ni,Cu 540

0.8mass%Ni,0.6mass%Cu 480
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Figure 3-4  Relationship between galvannealing temperature and Fe 

content in Zn-Fe layer 
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Figure 3-6 d,e
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Figure 3-5 TEM images of the cross sections of galvanized 

0.6mass%Si-0.6mass%Al-1.3mass%Mn steel 
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Figure 3-6 TEM images of the cross sections of annealed and galvanized 

0.6mass%Si-0.6mass%Al-1.3mass%Mn- 0.8mass%Ni-0.4mass%Cu steel 
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Figure 3-7 EPMA mapping of galvanized and soaked by White Fuming Nitric 

Acid.
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Figure 3-8 Mechanism of improvement in galvanizability by Ni and Cu 

addition 
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4.2

Figure 4-1 q q 90

Figure 4-1(b) 90

Figure 4-1(a)

10-4 10-1s

ss sl

ssl  

 ss = ssl + sl cosq    (eq.4.1) 

(eq.4.1) Young  

3

Figure 4-2  

q sslss

sl

 

q ssl
ss

sl

 

(a) on-wetting condition (q > 90º) (b) wetting condition (q < 90º) 
Figure 4-1 Wettability between liquid droplet and solid substrate in gas 
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(a) Adhesional wetting 

 

 

(b) Penetrating wetting 
 

 

(c) Spreading  wetting 
Figure 4-2 Three types of wetting phenomena 

 
 

Wa

 

 Wa = ( ss + sl ) – ssl    (eq.4.2) 

(eq.4.2) Dupré Wa
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Wi ss ssl

 

 Wi = ss – ssl      (eq.4.3) 

 

 

Ws  

 Ws = ss – ( ssl + sl )    (eq.4.4) 

q = 0

 

Wa Wi Ws Young

s q  

 Wa = sl ( 1 + cos q )     (eq.4.5) 

 Wi = sl cos q     (eq.4.6) 

 Ws = sl ( cos q – 1)     (eq.4.7) 

(eq.4.5) Young-Dupré  

 

 

7,8,9,10,11) 

10-1 104 

s 10-4 10-1s

8,11) q r Figure 4-3

7,8,9,10,11)

 

WaF Wa(t)  
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q
r

q r

 

Figure 4-3 Definition of contact angle, q and spreading radius, r 

 

Young Young- Dupré qF 2

 

 sp = spl + sl cos qF    . (eq.4.8) 

 WaF = sl ( 1 + cos qF)      (eq.4.9) 

p q (t)

Wa(t)  

 Wa(t) = sl ( 1 + cos q (t) )    (eq.4.10) 

(eq.4.9) (eq.4.10) t A(t)

Fd(t)  

Fd(t) = D ( Wa A ) 

  = ( WaF AF ) – ( Wa(t)  A(t) ) 

  = sl cos qF AF – sl cos q (t) A(t)  (eq.4.11) 

q (t) qF

A AF Fd(t) 0
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A

 

dFd / dt = ( sp + sl – spl ) dA / dt 

 = ( sp + sl – spl ) p (( r + dr )2 – r 2 ) / dt 

 = K r dr / dt    (eq.4.12) 

K

r dr / dt

 

 

8,9) 

 

 rt – r0 = K t      (eq.4.13) 

rt r0 t 0

K Vd

 

 

8,10) 

 

 dR / dt = K ( Co, T ) q    (eq.4.14) 

K T Co
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( q 60 ) q 4Vd /pR3  

 rt 4 – r0 4 = K’Vd t     (eq.4.15) 
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4.3

Table 4-1

Si,Mn Fe

4mm

( Soaking Temperature 1230

Finishing Temperature 900 Coiling 

Temperature 720 ) 4mm 1mm

20mm 20mm

1500

JIS

Table 2.2 2 3g

 

 
Table 4-1  Composition of Si-Mn steel 

 
 

Table 4-2  Impurities of Zn (JIS special class) 
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Figure 4-4 Schematic diagram of experimental setup of sessile drop method 
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Figure 4-5 Schematic illustration of experimental setup and gas purification 

system 
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Figure 4-6 Schematic diagram of graphite crucible and graphite stage 
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Figure 4-4
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Figure 4-7 Temperature profile of the experiment 
 

Contact angle, q

spreading 
radius r

Standard value
of radius rsph

Relative spreading radius, R = r / rsph
 

Figure 4-8 Definition of contact angle, spreading radius  

and relative spreading radius
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[pixel]
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r  

r

20)

rsph

R  

R = r / rsph   (Eq. 4.16) 

R rsph Figure  

2.12 6.40 103 kg m-3  
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4.4

 

4.4.1  

Figure 4-9 Si,Mn

6mm

Figure 4-10

 

 

0s 1s

24s 140s

0s 1s

24s 140s
 

crucible 

6mm zinc 

substrate 

Figure 4-9 Change in droplet shape of liquid Zn  

on steel sheet containing Si and Mn 
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0s

Time

0s

Time  
Figure 4-10 Initial change in droplet shape of liquid Zn on steel sheet 

containing Si and Mn until 0.1 second after the droplet contacts with 

substrate 
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Figure 4-11 0.1s 10

Figure 4-12 Si-Mn

10

Figure 4-11

Figure 4-12

 

 

Low carbon
steel

Si-Mn
steel

 
Figure 4-11 Change in initial contact angle of liquid Zn on low-carbon steel 

and Si-Mn steel with time 
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Figure 4-12 Change in contact angle of liquid Zn on low-carbon steel 

and Si-Mn steel with time 

 

Figure 4-11
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0.03sec

0.1sec

0.03sec

0.1sec initial

0.001sec

0.03sec 0.1sec  

initial Table 4-3

Si-Mn

(eq.4.1) Young (eq.4.2)

(eq.4.5) Wa

(eq.4.5) l 16)

initial Wa Table 4-4

 

 
Table 4-3  Initial contact angles of liquid Zn on low-carbon steel and Si-Mn steel 

Substrates  

Low-carbon steel Si-Mn steel 

Run 1 38 78 

Run 2 42 90 

Initial contact angle

initial / degree 

Average 40 84 
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Table 4-4  Work of adhesion of liquid Zn to low-carbon steel and Si-Mn steel 

 

Substrates  

Low-carbon steel Si-Mn steel 

Work of adhesion 

Wa / mNm-1 

 

1327 

 

830 

 

4.4.2  

r

Figure 4-13

Table 4-5  

 

 
 
 

Si and Mn
containing steel

Low carbon steel

 
Figure 4-13 Change in contacting radius of liquis Zn on low-carbon 

steel and Si-Mn steel with time 
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600 13)

rsph

R = r / rsph R Figure 

4-14 r

R R  

 
Table 4-5  Mass of liquid Zn droplet in each experiment 

Substrates  

Low-carbon steel Si-Mn steel 

Run 1 0.20 0.26 Mass of a 

droplet / g Run 2 0.28 0.27 

 

 
 
 
 

Si and Mn
containing steel

Low carbon steel

 

Figure 4-14 Change in relative spreading radius of liquid Zn 

on low carbon steel and Si-Mn steel with time 
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Figure 4-15 Change in relative spreading velocity of liquid Zn  

on low carbon steel and Si-Mn steel with time 
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Figure 4-16  Relationship between contact angle and relative spreading 

velocity 
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Table 4-6

Si-Mn 10 100

 

 
 
Table 4-6  Relative spreading velocity at 10 30 degrees of contact angle of 

Liquid Zn on low-carbon steel and Si-Mn steel 

Substrates  

Low-carbon steel Si-Mn steel 

Run 1 0.09 1.0 0.010 

Run 2 0.08 1.1 0.008 

Relative spreading 

velocity V / s-1 

Average 0.09 1.1 0.009 
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Table 5-1  Composition of Si-Mn steel. 
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Figure 5-1 Schematic diagram of experimental setup of sessile drop 

method. 
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Figure 5-2 Temperature profile of the experiment. 
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Figure 5-3  Change in initial contact angle of liquid Zn on various 

Si-1.0mass%Mn steels with time. 
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Figure 5-4 Change in contact angle of liquid Zn on various 

Si-1.0mass%Mn steels with time. 
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Figure 5-5  Initial contact angle of liquid Zn on various Si-Mn steels. 
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Figure 5-6  Work of adhesion of liquid Zn on various Si-Mn steels. 
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Figure 5-7 Change in relative spreading radius of liquid Zn on various  

Si-1.0mass%Mn steels with time. 
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Figure 5-8 Change in relative spreading velocity of liquid Zn on various 

Si-1.0mass%Mn steels with time. 
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Figure 5-9 Relationship between contact angle and relative spreading 

velocity on various Si-1.0mass%Mn steels. 
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Figure 5-10 Relative spreading velocity on various Si-Mn steels. 

 110



 111

 

5.4  

 

Si,Mn

Si,Mn

 

Si

Mn

Mn 1.0mass% Si

 

Si

Si 0.50mass% Mn

 

 

 

5.5  

 

1) K.Nishimura, Y.Odashima and Y.Hirano CAMP-ISIJ 12 1999 551 

2) The Physical Properties of Liquid Metals T. Iida and R. I. L. Guthrie

(1988) 

 

 



Si,Mn

Si,Mn Ni,Cu

Si,Mn

 

 

1

 

2 NOF Si,Mn

Ni,Cu

 

Si,Mn Ni

 

Si,Mn Ni,Cu

 

Si,Mn Cu  

Si,Mn Ni,Cu

Si  

Si,Mn Ni,Cu

Si,Mn Si,Mn

Ni,Cu

 

3 All-RTF Si,Al,Mn

Ni,Cu

 

 112



Si,Al,Mn Ni,Cu

 

Si,Al,Mn Ni,Cu

Si Al  

Si,Al,Mn Ni,Cu

Si-Al-Mn

Ni,Cu

 

4

 

Si Mn

 

Si Mn

 

5 Si-Mn

2 Si Mn

 

 113



Si

Mn

Mn 1.0mass% Si

 

Si

Si 0.50mass% Mn

 

 

Si,Mn Ni,Cu Si,Mn

590MPa

780MPa

2004 No82-04,P1

 

 

 

 114



 

 

 

 

 

 

Korea University M.S.E. 

Assistant Prof. JFE

 

 115



 116

 

 

1) Y.Takada, M.Suehiro, M.Sugiyama and T.Senuma Tetsu-to-

Hagane,92(2006),21 

2) Y.Takada, M.Suehiro, Y.Ikematsu and K.Tanaka : Tetsu-to- Hagane,94 

(2008),173 

3)  Y.Takada, M.Suehiro, M.Sugiyama, K.Honda and A.Itami Nippon Steel 

Giho,381(2004),66 

4)  Y.Takada, M.Suehiro, M.Sugiyama, K.Honda and A.Itami Nippon Steel 

Technical Report,91(2005),73 

5) S.Shimada, Y.Takada, J.Lee and T.Tanaka Tetsu-to-Hagane, 93(2007),15 

6) Y.Takada, S.Shimada, J.Lee, M.Kurosaki and T.Tanaka Tetsu-to-Hagane, 

93(2007),532 

7) S.Shimada, Y.Takada, J.Lee and T.Tanaka ISIJ International,48(2008), 

1246 

8) Y.Takada, S.Shimada, J.Lee M.Kurosaki and T.Tanaka ISIJ 

International , now on print 

 

 



    
 

 




	論文表紙（新）
	論文目次
	第一章序論
	第二章（Ni,Cu1)
	第三章（Ni,Cu2)
	第四章（濡れ性1)
	第五章（濡れ性2)
	第六章結論・謝辞
	論文背表紙（氏名入り）

