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Microstructural design of the studied Dual-Phase steel:
Microstructure / Property Relationships

Dual-Phase (DP) are extensively used in the automotive industry

Cold Drawing / Stamping

DP = heterogenous microstructures made of a and o’ phases (typically 10 - 25 %vol in DP600-DP800)
Good balance between strength and ductility

Mechanical properties strongly related to the fraction of o’

Important to control martensite fraction of DP steels
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Microstructural design of the studied Dual-Phase steel:
Production
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Microstructural design of the studied Dual-Phase steel:
Intercritical Annealing

« Martensite fraction depends on intercritical annealing conditions

» Austenitization affected by different mechanisms occuring during heating of
cold rolled ferrite/pearlite microstructure

» Fragmentation / Spheroidization / Ripening of cementite lamellae
» Recovery / Recrystallisation of ferritic matrix
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« Huge impact of the morphology/composition on the austenitization kinetics



Microstructural design of the studied Dual-Phase steel:
Intercritical Annealing

Martensite fraction depends on intercritical annealing conditions

Austenitization affected by different mechanisms occuring during heating of cold
rolled ferrite/pearlite microstructure
* Fragmentation / Spheroidization / Alloy Component partitioning in cementite
» Recovery / Recrystallisation of ferritic matrix

Ini_ti-al' F/P.microstructu ré'

ferrite

Huge impact of the morphology/composition on the austenitization kinetics



Microstructural design of the studied Dual-Phase steel:
Intercritical Annealing

Martensite fraction depends on intercritical annealing conditions

Austenitization affected by different mechanisms occuring during heating of cold rolled

ferrite/pearlite microstructure

Fragmentation / Spheroidization / Alloy Component partitioning in cementite
Recovery / Recrystallisation of ferritic matrix

Experimental measurements

25

¢RT

+700°C

20 A

15 -

10 -

Mn U-Fraction [%]

4

200 nm 700°C 5 1

T T T T
0 20 40 60 80

Distance [nm]

T
100




Microstructural design of the studied Dual-Phase steel:
Intercritical Annealing

» Martensite fraction depends on intercritical annealing conditions

» Austenitization affected by different mechanisms occuring during heating of cold rolled
ferrite/pearlite microstructure
» Fragmentation / Spheroidization / Alloy Component partitioning in cementite
» Recovery / Recrystallisation of ferritic matrix

Simulated composition profiles
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Microstructural design of the studied Dual-Phase steel:
Intercritical Annealing

Martensite fraction depends on intercritical annealing conditions

Austenitization affected by different mechanisms occuring during heating of cold rolled
ferrite/pearlite microstructure
» Fragmentation / Spheroidization / Alloy Component partitioning in cementite
» Recovery / Recrystallisation of ferritic matrix
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Microstructural design of the studied Dual-Phase steel:
Intercritical Annealing

» Martensite fraction depends on intercritical annealing conditions

» Austenitization affected by different mechanisms occuring during heating of cold rolled
ferrite/pearlite microstructure
» Fragmentation / Spheroidization / Alloy Component partitioning in cementite
* Recovery / Recrystallisation of ferritic matrix

780°C — 3°C.s""

SED  15,0kV  WD8,0mm Std.-P.C.35,0 x2 000 I 10um

780°C — 30°C.s""

SED  15,0kV  WD8,0mm Std.-P.C.35,0 x2 000 I 10um

* Huge impact of the morphology/composition on the austenitization kinetics
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HEXRD - Experimental setup

Thermal T(°C)

control

Monochromator
SiG11)

Monochromatic beam 100 KeV
Diffraction in transmission
Powder diffraction condition

High acquisition frequency: 10 Hz

Sample environment: Bahr
dilatometer




HEXRD Experiments

Numerous informations provided by HEXRD experiments: Rietveld Analysis

1. Phase transformation:

Phase mass fraction
Evolution of the lattice parameters
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Integrated intensity [Arbitrary Unit]
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HEXRD Experiments

1. Phase transformation:

- Phase mass fraction
- Evolution of the lattice parameters

2. Recovery:

- Full Width Half Maximum

!
Equation of Williamson-Hall [WH 53]:
K. A ,
FWHM(6).cos8 = o + 4.5inf. ¢
FWHM
- B = peak angular position (rad)
- A = Synchrotron beam wavelength (m)
- D = Crystallite size (m)
: . _ _ . - & = strain parameter
I 2;-5*(:) s s s - K =parameter (~0.9)

FWHM.cos(f)

Numerous informations provided by HEXRD experiments: Rietveld Analysis

- Crystallite size D and the strain parameter € of the material with Williamson-Hall method
- Estimation of the dislocation density with the formula of Smallman
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HEXRD Experiments

Numerous informations provided by HEXRD experiments: Rietveld Analysis
1. Phase transformation:

- Phase mass fraction
- Evolution of the lattice parameters

2. Recovery:
- Full Width Half Maximum

- Crystallite size D and the strain parameter ¢ of the material with Williamson-Hall method
- Estimation of the dislocation density with the formula of Smallman

Equation of Smallman [SM 57]:

_3 2TTE

P="D

- p = dislocation density (m.m-3)
- b = Burger’s vector (m)

- D = crystallite size (m)

- € = strain parameter
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HEXRD Experiments

Numerous informations provided by HEXRD experiments: Rietveld Analysis

1. Phase transformation:

- Phase mass fraction
- Evolution of the lattice parameters

2. Recovery:
- Full Width Half Maximum

- Crystallite size D and the strain parameter € of the material with Williamson-Hall method
- Estimation of the dislocation density with the formula of Smallman

3. Recrystallization
- Individual diffraction spots

(200}
1540 1550 1S&0  IS7@ 1580 1590 1600 1540 1550 ISE0 1570 1580 1590 1600
o B 77 ST R B e e — . 1
ing i ; it 3 700°C |
(200)* DS ring is not overlapped with: 3 . E
] - [
1080 - - 080 1030 E 1080
- cementite ] d i
] - g
- austenite 1060 - 1060 1050 B F 150
o0 - 1040 "”mn—f = f—uun
] & L
1030 -z — ; - w0
-
1000 - — 1000 llllll; L ; 1000
_ - 5
e . 90 360 S gT—E—T—r=——== 930 15

Ll L) T T T TATTTTITITITT T
1540 1550 1560 IS70 1560 1590 1600 1540 1550  IS60  IST0 1580  15%0 1600



HEXRD Experiments

Numerous informations provided by HEXRD experiments: Rietweld Analysis

1. Phase transformation:

- Phase mass fraction
- Evolution of the lattice parameters

2. Recovery:

- Full Width Half Maximum

- Crystallite size and average strain of the material with Williamson-Hall method
- Estimation of the dislocation density with the formula of Smallman

3. Recrystallization
- Individual diffraction spots
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HEXRD Experiments

Numerous informations provided by HEXRD experiments: Rietweld Analysis

1. Phase transformation:

- Phase mass fraction
- Evolution of the lattice parameters

2. Recovery:
- Full Width Half Maximum

- Crystallite size and average strain of the material with Williamson-Hall method
- Estimation of the dislocation density with the formula of Smallman

3. Recrystallization
Individual diffraction spots
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HEXRD Experiments
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Numerous informations provided by HEXRD experiments: Rietweld Analysis
1. Phase transformation:

- Phase mass fraction
- Evolution of the lattice parameters

2. Recovery:
- Full Width Half Maximum
- Crystallite size and average strain of the material with Williamson-Hall method

- Estimation of the dislocation density with the formula of Smallman

3. Recrystallization
- Individual diffraction spots

Development of an algorithm for spot counting
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Application on model Fully Ferritic steel

ULC Steel: no concomitant phase transformation, no cementite

time
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Application on model Fully Ferritic steel

T'CA

450°C |-

10 min

100 °Cst

« 450 °C:

- Initial py: 6.5 1014 m2
- Logarithmic decrease of p
- No supplementary diffraction spots
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Application on model Fully Ferritic steel

450°C |~

« 500°C:

10 min - Logarithmic decrease of p

- No supplementary diffraction spots
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Application on model Fully Ferritic steel
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Application on model Fully Ferritic steel

TC
A « 650 °C:
650°C I- .- 10 min
- - Rapid decrease of p
- Followed by linear decrease of p
a50°c|---
- Progressive apparition of diffraction spots
b - Short incubation time ~ 15s
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Application on model Fully Ferritic steel

A . 650 °C:
e50°C |- .- 10 min
550°C oo - Rapid decrease of p

- Followed by linear decrease of p
450°Cc |-

- Progressive apparition of diffraction spots

K - Short incubation time ~ 15s
'§ - Activation Enthalpy calculated: Qre* = 513 kJ.mol-!, close to 500 kJ.mol’
[MUK96]
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Application on DP Steels

2 additionnal issues: non isothermal treatment + phase transformation

T°C

_LPhase transformation | a+0 — a +vy
1

Recrystallization
+

Cementite ripening

Recovery
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B0O°C

p [m.m?] x 1E15

Identification of mechanisms during heating

™C

Four stages:

10 mn

« Stage 1 : no microstructure evolution

+ Stage 2 :recovery/ no recrystallization
Recovery starts at 380°C

+ Stage 3: Recrystallization
— recrystallization starts at 665°C

+ Stage 4: Recrystallization + Phase transformation
— The microstructure is ~ 90% recrystallized before austenitization
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p [m.m3] x 1E15

Identification of mechanisms during heating

™C

0°C

10 mn

Four stages:
« Stage 1 : no microstructure evolution

+ Stage 2 :recovery/ no recrystallization
Recovery starts at 380°C

+ Stage 3: Recrystallization
— recrystallization starts at 665°C

+ Stage 4: Recrystallization + Phase transformation
— The microstructure is ~ 90% recrystallized before austenitization
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Number of spots

Intensity [Arbitrary Unit]

Application on DP Steels

300

1
1
1
I
250 ; .
1
1
1 L ]
1
! oy
200 1 : Acl=710°C 1540 1550 1560 1570 1580 1600
: 1100 __mu..ulmu.ml..m....lm.uu.luumul.. uuul__ 1100
! 3 (200)“-\665°C
1 m
: ]
[ ] [
1 o4 L
! 1080 - 1080
! ] r
1
1
I
1 4 L
1 - L
1 1060 = - 1060
1 4 L
I
I
TS0y E 1040
Temperature [°C] r
120 ] C
— 665°C 1020 — - 1020
110 —__&70°C ] [
——GBO'C
100 | 1 3
1000 - 1000
90 1 r
80
70 | ) 580 —frrrrrprrT T
I 1540 1550 1560 1570 1580 1600
60 !
50
) \N/ k
30
20 4

30 60 90 120 150 180 210 240 2?0 300 330 360

Azimuthal Angle [*]

154I] 1550 1560 1570 1560
INPTRETI FRRTRITET TRvTROTIA I

1600

1100 =

1080

1060

040

1020

TR EENEE S TSR EE R TSR T SN E R R PN R

=

=

=
|

L

960

(200)a 670°C

N

mly—lll]ﬂ

- 1080

F 1060

- 1040 ™04

E 1020

- 1000

- 980

AALLLARIA LA IRt LRI LA LA LRI
1540 1550 1560 1570 1560

1600

1540

1550 1560 1570 1580 1530
m m ITERTHl R e |

1600

100

5 (200)“\6j\30°c

1080 4

101 -

1020
1000

a3 ]

I
BN

N
N
R
~4

L

— 1080
— 1060
— 1040
— 1020

E 1000

1540

High precision in determining the recrystallization start temperature
Not possible to achieve with post mortem experiments
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Application on DP Steels

Normalized number of recrystallization peaks

Comparison with EBSD (GOS):
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CONCLUSION

HEXRD enables time resolved and in situ characterization with a single
experiment

— Recovery (Williamson Hall + Smallman)

— Recrystallization (Individual diffraction spots) NEW !

— Phase transformation (Rietveld refinement)

Technique tested on:
— Ultra Low Carbon (UFC) steel
— Dual Phase (DP) steel
— under isothermal / non-isothermal condition

But still need to be validated on more cases

Added Values

— Precise determination of recovery / recrystallization start temperature
— Activation enthalpies for recovery and recrystallization




In parallel...

Modeling of the austenite transformation for:

Pearlite islands
Dispersed cementite particles

Presence of carbides
inside austenite
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Thank you for your attention
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