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More steel is used than all other

metals combined
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“Steel is strong,
tough, easily formed
and cheap. Its uses
range from ships to
paper clips. More
steel is used than all
other metals
combined”.

M. F. Ashby, D. Cebon, Teaching Engineering Materials: the CES EduPack



Large Quantity of Steel Products in China

Annual steel production in 2011 is 696 million tons, about 45.5% of the World.
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Large Quantity of Automobiles in China

Automobile annual sale in 2011 is 18.51 million, ranked No.1 in the world.
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Automobile lightweight and Safety——
Strive to develop advanced high strength steel

Automobile lightweight is urgent measure under the
pressure caused by environment and resource

»~8% petrol saved if automobile weight
reduced 10%*.

Advanced high strength steel is the first choice of automobile structure materials

1975 2005 2007 2015 Sl
Mild Steel 2,180 1,751 1755 1,314 Down 866 Ibs.
HSS and Bake Hard 140 324 327 325 Up 185 Ibs.
Advanced / Ultra HSS -- 111** 149** 403** Up 403 Ibs.
Iron 585 290 284 244 Down 341 Ibs.
Aluminum (includes castings) 84 307 327 369 Up 285 Ibs.
Plastic/Composites 180 335 340 364 Up 184 Ibs.

*: Takehide SENUMA, ISlJ International, 2001, 41, 520-532



« UTS >1000 MPa

Feasible microstructure?

 Elongation 20% or more
« Low cost (alloying elements. processing)

50 + [

IE

40 \ HSSIF
w's Challenge

30+ Opportunity

1200 1400

200 400 00
TS (MPa

1st AHSS 2" AHSS ‘ 3 AHSS
<15000MPa-% 50000MPa-% 20000MPa-%

D. K. Matlock, J. G. Speer, The 3rd International Conference on Advanced Structural Steels, Gyeongju, Korea, August 22-24, 2006, 774.



3rd AHSS target microstructures

Matrix Strengthening TRIP  Precipitates Strengthening
ﬂ Hard(M)+ Soft(RA) + Precipitates ]

ﬂ Lath martensite + retained austenite + nano scale precipitate 1

Microstructure control
Local VS Overall ! #ﬂ Fraction / morphology / size etc. for Soft RA ]
Interface (Block & Packet) 10




Why lath martensite (~ 0.4 C%)?

* Complicated microstructure for lath martensite
— prior austenite grain
— packet (habit plane)
— block (OR)
— lath (low angle)

* Several possible strengthening mechanism
— Substantial and interstitial solid ha
— Dislocation strengthening, i.e. work
— Fine twins ~
— Grain size
— segregation of carbon atoms

— Precipitation of iron carbons

Morito S, et al. Acta Mater, 2003, 51: 1789



AHSS with high alloying elements (high cost)

Compositions
C Ni Cr Mo Co Mn Si Ti Al S P

AF 1410E 0.16 | 10.05 | 1.99 1.01 | 13.80 | 0.16 | 0.051 | 0.01 0.01 0.003 | 0.001

Steels

AerMetl00 | 0.24 | 11.08 | 3.04 1.20 | 13.40 [ 0.01 | 0.001 | 0.01 | 0.0099 | 0.001 | 0.003

4340 0.40 1.78 0.79 0.26 0.69 0.26 0.031 0.003 | 0.016
120
Ultimate AF1410E+1Cr '
100 ’
)
n 801
s g .
?; - A - X
g E AerMet 100 AFI410E

20 +

427 454 482 510 538

. Tempering Temperature { °C)
204 318 ar 54 w2 s10 Effect of tempering on Charpy notch toughness
Tempering Temperature (°C) of AF 1410E and AF 1410E + ICr steels
Variation of yield and ultimate strength as a function of :
tempering temperature. Maraglng steels

Box: AF 1410 E + 1Cr; diamond: AF 1410E; and triangle: AerMet 100.

Precipitation

Ayer R, Machmeire PM(1996) Microstructural basis for the effect of chromium on the strength 12
and toughness of AF1410-based high performance steels. Metall Trans 27A: 2510-2517




e 0.4C- 2Si-1Cr-1Mo

Progress Il: Steels with Enhanced Toughness

nano precipitation on suitable matrix

Processing 500-600° C tempering 500° C+1.7 (Strain Ageing)
UTS (MPa) 1770 1850
YS (MPa) 1470 1840

A (%) 10 15

VE (J) 14 226

Lath martensite
+nano precipitate
= “bamboo”

Dispersed nano
precipitation

Yuuji Kimura, Tadanobu Inoue, Fuxing Yin, Kaneaki Tsuzaki, science, vol.320, 2008 13



Progress lll: Nano bainite steels

Nano scale microstructure

Nano ferrite-+nano

austenite=—nano

Homogenisation Austenitisation Isothermal
ﬁ heat treatment
1200°C
2 days

Furnace
cooling

Temperature

26/34/96 hours

Water
Quench
Time

Steel fC \Si Mn Cr Mo V  Co Al

A 0.79 1.59 1.94 1.33 030 0.11 - -

B 0.98 146 1.89 1.26 026 009 - -

C 0.83 1.57 198 1.02 024 - 1.54 -

D 0.78 149 195 097 024 - 1.60 099

V4

bainite

Total elongation / %

70
60

50
40
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0

LOW TEMPERATURE |
BAINITE

" MARTENSITIC

0

06 08 1 12 14 16

Yield strength / GPa

C. GARCIA-MATEOQ, F. G. CABALLERO and H. K. D. H. BHADESHIA. IS1J International, Vol. 43 (2003), No. 8, pp. 1238—12414



Phase composition and grain size refinement

Refinement
Steel type Parameters Phases
Single phase - Grain size o = ferrite
(Mild steel) - Grain shape
(a)
- Grain sizes ‘
Two phase - Volume fractions @ = ferrite :
(Dual phase steel) - Local chemical o’ = martensite (e)
composition
- Grain sizes _
Multi phase - Volume fractions &= ferrite

- Local chemical o = bainite
composition Yr = retained austenite
- Phase stability

(TRIP steel)

Local chemical composition & Phase stability !

Bleck, W. and K. Phiu-On, Effects of Microalloying in Multi Phase Steels for Car Body Manufacture. Microstructure and Texture in Steels,
2009: p. 145-163.

Suwas, S., A. Bhowmik, and S. Biswas, Ultra-fine Grain Materials by Severe Plastic Deformation: Application to Steels. Microstructure and
Texture in Steels, 2009: p. 325-344.



Viewpoint: Routine for achievement of finer microstructure by
combination of phase transformation and deformation in steels
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Figure 2. Three typical microstructures obtained by phase transfor- '\\_ J
mation in steels. (a) Ferrite structure. (b) Pearlite structure. (c)
Martensite structure. repetition

Figure 1. Three different sequences combining phase transformation
and plastic deformation for the fabrication of nanostructured metals.
(1) Plastic deformation of the mother phase prior to phase transfor-
mations. (i) Plastic deformation after phase transformation. (iii)
Repetition of plastic deformation and phase transformation.

N. Tsuji and T. Maki, Scripta Materialia 60 (2009) 1044-1049



Processing along with Alloying Effects for Fe-C Steels

‘4_ Heating, soaking—pl < Cooling >
Si, Al, P, Nb

Si, A, P,V

Ferrite C, Mn, Cr, Mo, B

>

C, Mn, Cr, Nb

Temperature

Microstructure of *Composition
Metastable Multi-scale Multi-phase *Processing

Bleck, W. and K. Phiu-On, Effects of Microalloying in Multi Phase Steels for Car Body Manufacture. Microstructure and Texture in Steels, 2009: p. 145-163.

Suwas, S., A. Bhowmik, and S. Biswas, Ultra-fine Grain Materials by Severe Plastic Deformation: Application to Steels. Microstructure and Texture in Steels, 2009: p. 325-
344,
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Quenching: Fraction of Martensite
Partioning: Carbon diffuse into residual austenite

Lath martensite
—+retained austenite in
thin film

C-5i-Mn 15000MPa-%

.......
.....
....
.....
.....

=
»

Temperature

=

QPT

Microalloying + tempering =
strengthening by precipitatoin

> 15000MPa-%

Tempering: for precipitation
Speer&Edmonds, 2003, QP
T. Y. Hsu, 2007, QPT

19

T.Y. Hsu (Xu Zuyao), Materials Science Forum (2007)



1) Composition of steels feasible for QPT Treatment

L Although high carbon content is
500 + Temper Embrittlement beneficial for strengthening,
| (Intergranular Fracture) embrittlement is along with it,

. therefore, low carbon (<0.5wt%) is
| Tempered Martensite Embrittlement

_ necessary.
 (Ductile/Cleavage/intergranular) Krauss revealed that >0.5% of carbon

content in carbon and low alloyed
steels would lead quench and temper

Ia
L]
(o)

Tempering Temperature (C)
[ ]
=
o

i LTT Martensite Quench Embrittlement embrittlement resulted from
100 (Ductile Fracture) | (Intergranular Fracture) cementite formation
: As-Quenched: Martensite
0 R T (G. Krauss. Metall. Trans., 2001, 32B:
205-221.
0 0.2 0.4 0.6 0.8 1 1.2 )

Carbon Content (Mass Pct)

Designed chemical compositions:
as <0.5C, 1.5Si(or Al), 1.5Mn with(or without) 0.2Mo and 0.02Nb(mass%).

fine lath martensite; dispersed complex or €(n) carbide precipitated in martensite and
retained austenite with certain carbon content, and considerable thickness as well as fine
grain size of original austenite. 20



First try for a TRIP with high Si by J Speer et al

Steel C Mn Si P Al % v, before isothermal transformation at lower
Low Si 0.15 1.5 0.3 0.005 003 | hase lower-carbon austenite. Microstructures
High Si 0.15 1.5 1.6 0.005 0.03 | Figure 5. At 300°C the microstructure is lath

Al 0.15 1.5 0.1 0.005 1.9 ‘he holding time increased, the lath features in
P 0.15 1.5 0.3 0.1 0.03 | (b) and (c), presumably a result of an etching

IC3PULISE W UG ICLUPCIILE,. LUGIE 13 UU U4 WOILNAauUein ar this temperatu:[e, in contrast to the behavior
discussed above for the intercritically annealed condition. While retained austenite is usually not expected in
0.15 wt.% C martensite, a small amount was detected by x-ray diffraction, possibly indicating some carbon
partitioning between the martensite and austenite prior to final cooling to room temperature.

J.G. Speer, D.K. Matlock, B.C. De Cooman, and J.G. Schroth:

Acta Mater., 2003, vol. 51, pp. 2611-22.

158 44" MWSP Conference Proceedings, Vol. XL, 2002

96200 Weight %
C 0.56-0.64
Mn 0.75-1.00
P 0.035 (max)
S 0.04 (max)
Si 1.80-2.20
1700 MPa @ 8 % for QT at 425C

Fig. 6-—Light optical micrograph ol Q&P microstructure in AISI
9260 steel quenched to 463 K (190 °C) and partitioned at 673 K
(400 °C).'3"’ Nital etch; retained austenite appears white.

F.L.H. Gerdemann, J.G. Speer, and D.K. Matlock: Proc. Materials Science and Technology 2004, TMS/AIST, 2 1
Warrendale, PA, 2004, pp. 439-49.



Emmanuel De Moor,

TABLE 1. Activation energies in kilojoule per mole associated
with the observed exothermic DSC peaks.

Peak 1 Peak 2
Q&P 350 °C 10 s 92 172
WO 170

TABLE II. Reported activation energies in kilojoule per mole
for tempering stages, bainite formation, and element diffusion.

E

i kIlfmaol) Ref.

Tempering stages C clustering 67491 L3
149 7

g/ 7 formation L02-135 7

[11-118 7

127 ]

Ve decomposition 174 4

202 ]

Cementite formation 233 19

227 14

Bainite formation 45 21
49 22

43 23

Diftusion in bee Fe Fe pipe diffusion 152 20
C 54 13

Heat flow (mW/mag)

4) Evidence for carbon partitioning

0.20C-1.63Mn-1.63Si

0.06

associated with austenite
decomposition

0.05

0.04 -

0.03 -

0.02

0.01 5

— T T T T T T T T T 7
350 400 450 500 550 600

/&“':'emperature (°C)

associated with carbon

partitioning

DSC heat flow as a function of temperature
etal. PHYSICAL REVIEW B 82, 104210 2010  obtained after heating the CMnSi Q&P steel



Case 2) Quenching Tempering VS Quenching Partitioning

. 0.41C-1.27Si-1.30Mn-1.01Ni-0.56Cr martensite  austenite

RS 8 O
—— QT-425-600s g =
1800- QP190-350-30s
16004 —— QP190-425-30s E <1%
) 1400- : 2
S 12001
E 1000
800! .
z PT2:
= 600 Q ' 0 ;
4001 Precise control of =
200- : 5
O T T T T T T T T T T 1 .-
0 2 4 6 8 10 12 14 16 18 20 22 multi-scale 3 |°
ZIIN 0 w .
REAZ % structure - 5
B
10.0 . O W
)
8.0
7 <1%
. A A" N
6.7%
B f\_ J\ QP-190-350 3OSA
18.7%
e — 1 A A I\ hilsraabe
40 50 60 70 80 90 100
2-Theta(®

Y. H. Rong, et al, Acta Mater Sinica 2011



3) Epsilon precipitating during one-step QPT

|
Table 1 Chemical compositions of the steel in this study (wt.%)

Steel C S1 Mn Ni Cr M, (C)

Austenization

0.41 1.27 1.30 1.01 0.56 277

QT=180" C

t
2800 50
2600 [ (a) 1
[ {45
2400 |
2200 " '\U;I'i‘l~.\ 1%
2000 f-------f " \@_ 35
1800 | 17~
© ] YS 430 >°
G 1600 s 17 7
S 1400 F Y~ / \I\z 425 @
S I —— 17 =
g 1200 - — ., 1»&g
& 1000 { %
800 I = 1 N
600 | A A A A v SO, ] 10 a
400 r VRA s ; 5 1/nm
200 r — ——————— —— * ——— '
O 0 Typical TEM observations of Q&P steel
Timels quenched and partitioned at 180°Cfor 30 s

H. Y. Li, X. W. Lu, W. J. Li, X. J. Jin, "Microstructure and Mechanical Properties of an Ultrahigh Strength 40SiMnNCr Steel during One-step
Quenching and Partitioning Process", Metall and Mater Trans A, 41 (2010) 1284-1300.



QPT treatment for a medium carbon steel

2800 50
2600 [ (@) 5
2400 |
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S 1400 [ i\5/ \i\ {25 W
= —
2 10| T, luz
g s 120 %
21000 | c
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O M 1 1 1 0
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AN
Transition carbide precipitation in the midrib of plate
Time martensite during quenching and partitioning at 180°C for 180s

-

(c) 2 5
D.V. Edmonds, K. He, F.C. Rizzo, B.C. De Cooman, D.K. Matlock, and J.G. Speer:
Mater. Sci. Eng. A, 2006, vols. A438-440, pp. 25-34.



4) Low bainite transformation during QPT treatment

* 0.41C-1.27Si-1.30Mn-1.01Ni-0.56Cr

Interior maintained at low level of carbon enable the bainite
transformation during partitioning and tempering

T T 50
a0l (@) ) o (i 1
A (B Cdv \ ' : ' J a0
: 041% 2000 |- — | urs !
0.41%-0,6% \“4'-—"'—4-_._,_ ] 3
0.6%~1.2% d‘: 1600 : : dan ;5
- % ol — e Cvs /,/—*""'* 1= @
5 | = {m &
% BOD - : El : W__F--ixh 415 g
1 < 10
- 400 |- i RA i
| Carbon Profile 7 ~_ ¥ i - - /’_',f"' : : 1s
1 " " 2 " ! M | ! " " 2 METEET |
/@ 4.12 (a) 300°C BeiritA2 d A4 R A RAET HRE A FFEE; 0) TRTALLRAKS" A" 100 000
KARTY i b “BALKR” 878, () “Builik” 4449 FESEM MK Partitioning Time/s
F. L. H Gerdemann, J. Speer, G,, D. K. Matlock, in: MS&T2004 Conference Proceedings, New Orleans, 2004, pp. 439-43 2

H.Y. Li, X.W. Lu, X.C Wu, Y.A. Min, X.J. Jin. Mater Sci Eng A (2010




Strengthening by Precipitation

TRIP 600 Fe-0.2C-1.5Mn-1.5Si-0.05Nb-0.13Mo
Fe-0.2C-1.53Si-1.46Mn QT=220 C and PT=400 C (Ms=370 C)
1500MPa & 15%

1700 directly water quench samplas
1800 -
1600 S
1400 | ’
q 13004 | [ T one step/T =250°Ci12s _
= 1200 | ' —- 1'®
- . 1750 o Total slangation 1
E 11':':'-_ |II|III =0 .' f“ UEimate tensile sirengdh
£ 1:][:|:|-|. . . — N Je
@ good| L —— 1 twostepT,=250°C.TP=480"Ci12s g "0l A — 5
(o] - = T— NEPE;
£ 800 : B e | T 5
@ Too4l. e | T T— £ llr i1
1l = v 1125
& o0 - TRIPstesls £ | X 3
- steals £ 1 =
IE EEEI—_ ) o~ ﬁ :g
400 | & 1550 fII ~10
300 2 = g/ L 1
200 w0/ ™ [ T
100 - f
a 7 L e L S e S S B B A R S e
! | ! | ! 1 ' 1 v 1 v | ! 1 Q 20 40 &0 80 100 120 140 160 180 200
o 5 10 15 20 25 30 a5 partitioning-tempering time sencond
Engineering Stain, % -

N Zhong, thesis, SJTU, 2009 27



0.4QPT

0200 ' 460 ' 6(')0 ' 8(30 I :
TS (MPad

1t 2hd ‘ 3l‘d

Martensite and austenite in nano scale AHSS AHSS AHSS

<15000MPa-% 50000MPa-%

Nano precipitates 20000MPa-%
Low alloying elements
Low cost of processing

1200 1400

Fe-0.2C-1.5Mn-1.5Si-0.05Nb-0.13Mo
> 1500MPa & 15%

S . .
N Meee—~ W gN100nm §

ai s

X. D. Wang, et al, J. Mater. Res 24 (2009) 261-267.



p
Film-like
\retained austenite

(Lath
martensitic
_matrix

Secondary
martensite

X. D. Wang, et al, Materials Science and
Engineering A 529 (2011) 35— 40

Multiphase Multiscale Metstable microstructure

Island-like / bulky
retained austenite

submicron-scale lath
martensite or bainite
matrix within which
uniformly distributed
fine carbides with
average size of several
nanometers plus
submicron-scale island-
like metastable RA or
polygonal ferrite and
film-like RA with film
width of dozens of
nanometers.



Discussion

Third Generation AHSS property band

Tensile specimen geometry is well known to influence
the measured value of total ductility.

50 J T T T T T T T T T T .-"lrl'll

Elongation, %

T T T T T T T T
800 1000 1200 1400 1800 1800 2000 2400
Tensile Strength, MPa

Enhanced DP

[ Ultrafine DP
Modified TRIP

@ Matsumura

O Micro-alloyed TRIP

O TRIP Type Bainite

+ TRIP-DUAL

O Interrupted Quench
Bainite

<> Bhadeshia-Edmonds

< Mithkinen-Edmonds

< Caballero et al.

» Garcia-Mateo et al.
CQuenching & Partitioning

A Jun-Fonstein

A Streicher et al.

A De Moor et al.

A De Moor, Kwak, Lee er al.

M Lietal

A Wang et al- ind. trial
Rapid Heating and Cooling
77 flash process
Lower Mn TWIP/TRIP

' Frommeyver et al.
© Dastur-Leslie
# Merwin

E. De Moor, P.J. Gibbs, J.G. Speer, D.K. Matlock, and J.G. Schroth: AIST Trans., 2010, vol. 7 (3), pp. 133-44.
J.G. Speer, D.K. Matlock, et al, METALLURGICAL AND MATERIALS TRANSACTIONS A, September 2011
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>

Temperature

Combination with Hot Stamping

1500 MPa
6 % elongation

I nsi [
= =QQPT . _._

Control of microstructure through carbon partitioning!

32



Chemical compositions (wt. %) of both steels

Grain size : 9 ASTM
Austenitisation : 889.26 C

Time (s)

steel steel C Mn Si Ti B Al P S Ms Mf Ae3
B 22MnB5 0.22 158 0.81 0.022 0.0024 - 0.0064 0.0014 378°C 265°C 800°TC
d CCT b CCT
900 900
800 800
700 @ renite(0.1%) 700 @ rerite(0.1%)
) WPearite(0.1%) | & W peariite(0.1%)
o oo MEeainite(0.1%) o 500 M eainite(0.1%)
= ®Fearlite(as.9%) | 2 ® Pearlite(39.9%)
2 500 Meainite@3.9%) | & .0 M Eainite(39.9%)
g —100.0 Cfs £ —100.0 Cfs
[= =
—10.0Cis —10.0Cfs
400 S—— 499 1.0Cls
0.1 Cis 0.1Cis
300 300
s 10 1000 100000 iy oy 1000 100000
Time (s)
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22SIMn2TiB steel with Ms=378°C and Mf=265°C

900°C/5min

S

50% /1.0s™!

+10°C
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Preliminary results: Mechanical properties for specimens
by combination of hot stamping and QPT

24000 +
22000 - o
; 0°C
20000 280°C H SQPT
£ S 18000
= s
é %00 _ A—Hot stamping 8 16000
i 1 B—Hot stamping+ quenching and partitioning—PT280°C o ]
600 5 14000~
C—Hot stamping+ quenching and partitioning—PT300°C T
400 4 12000 20C
D—Hot stamping+ quenching and partitioning—PT320C 1 - 5 v ¥ H S
200 10000 S
0 N N [N B RN S RN Sl RN ! [N Z N L LN P N SN R RN R 8000 - r r - v : v : v .
o 1 2 3 4 5 6 7 8 9 10 II 12 13 14 10 20 30 40 50 60
Strain/% Partitinnine tima/e
Table 1. The mechanical properties and amount of retained austenite after quenching at different temperatures.
Cuenchmg temperature Partitioning tme Volume fraction of Ultimate tensile Yield strength Elongation
(*C) 5) retained austerte (%) strength | MPa) gy 2) (MPa) (%a)
ET 1632 +4 w50 =3
280 10 5005 1601 =5 T20+3
300 10 101 =0 1576+ 5 th6 = 3
320 10 I156=+1 1522 £ 5 tbs £+ 3
20 1731 1569 = 5 Bil £ 3
30 18.5+1 1510 £ 5 B35+ 3
) lot =1 1562 £5 b8 £+ 3

H. P. Liu and X. J. Jin* et al, Scripta Mater 64 (2011) 749-752.




Finer Microstructure
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Optical image TEM for martensite Austenite in BF |- =4

Schematic representation of microstructure Austenite in DF

Austenitizing After quenching After partitioning After Q&P

Undeformed
austenite

Deformed

10pum




After QPT, 1800 MPa @ 14%kEl, original

Tensile strength of 1600MPa and elongation of 5-6% after laser welding.
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Fracture toughness measurement

Three point bend SE(B)
Arc-shaped bend A(B)
Compact tensile C(T)
DENT test

 Ductile tearing resistance measured by the essential work of fracture (w,)
* Critical crack Tip Opening Displacement (5,)
 Fracture toughness at cracking initiation(J,.)

« Linear-Elastic Plane-Strain Fracture Toughness KIC

ASTM E399-09, A. (2009). "Standard Test Method for Linear-Elastic Plane-Strain Fracture Toughness KIC of Metallic Materials.”
ASTM E1290-08, A. (2008). "Standard Test Method for Crack-Tip Opening Displacement (CTOD) Fracture Toughness Measurement."



Transformation Induced Plasticity (TRIP) steel sheet with thicknessabout 1.4mm
DENT specimens for tensile test
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Jacques, P, Q. Furnémont, et al. (2001). "On the role of martensitic transformation on damage and cracking resistance in TRIP-
assisted multiphase steels." Acta Materialia 49(1): 139-152.

Knockaert, R., |. Doghri, et al. (1996). Experimental and numerical investigation of fracture in double-edge notched steel plates.
International journal of fracture. 81: 383-399.



C, CTOD
Blunting just
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Knockaert, R., I. Doghri, et al. (1996). Experimental and numerical investigation of fracture in double-edge notched steel plates.

International journal of fracture. 81: 383-399.




Q&P Properties

P70 3053 |7 e
YS EL w, Jic 5,

MPa %

PT-time

UTS
°C-s MPa KJ.m?2 KJ.m™2

pm

260-60 | 148537 1021.92 7.8  329+31 136+56 327+15
280-60 | 1339.82 892 9.2 317427 182441 38248
300-60 | 1220.05 858.5  11.54 424+31 268+39 552411
320-60 | 1296.58 920.48  13.2 _
340-60 | 1314.79 901.03 1252 J o
360-60 | 1239.72 875.48  12.34 /é \ '
380-60 | 1208.6 903.27  10.09 ; /+/ Y

T T T T T T T
260 280 300 320 340 360 380

Quenching Temperature (°C)
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Fractography

Hole expansion

i
Charles, Y., et al., Modelling the competion between interface ebonding and rtce facur sg a pIicstin ddn
cohesive zone. Engineering Fracture Mechanics, 2010. 77(4): p. 705-718.
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— Microstructure and properties

— Competing Process and Kinetics Models
e Carbide formation and suppression
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Application Concerns
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Unsolved Issues

. Quantitative modeling for work hardening of

multi-phase steels correlated with TRIP effect

. Strategy of designing/selecting process with

proper alloying for automobile

. Kinetics of competing processes



1. Quantitative modeling for work
hardening of multi-phase steels

* TRIP-assisted: how quantitatively to evaluate cooperative

effect of multi-phase
 Work hardening: how to optimize plastic deformation

and transformation in order to beat necking

* Length scale / multi-scale

— Precipitation VS effective grain or sub-grain size

— Toughness VS strength
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TRIP effect for multi-phase system

e 15% * 0.15 = 2.25% directly from TRIP effect

* In addition to plastic deformation and TRIP effect, cooperative
interaction between different phases may take effect !

e Partition of stress and strains

S
—_—
/ k5
“3 In a tensile test the effect of constraint due to the grips is to
cause the sample to rotate [e.g. Ref. 5)] making v|lu so that
7 the net strain along the tensile axis 1s given by
(ZP Z) I —|v|/|u|=0.15

Fig. 1. An invariant—plane strain with a shear s and dilatation &.
The coordinates z, represent an orthonormal set in which
zy 15 normal to the invariant-plane and z; is parallel to the
shear direction. (£ P Z) 1s the deformation matrix describ-
ing the strain.

H. K. D. H. BHADESHIA
ISI) International, Vol. 42 (2002), No. 9, pp. 1059-1060 49



Work hardening

* Plastic deformation / pile-up of dislocations
 Harder martensite induced by deformation

* Optimize the stability to beat the necking where
unstable plastic deformation takes place
— Especially in the late stage during deformation

— Md30, temperature where half of austenite has been
transformed to austenite under 30% true deformation
strain

— Designing by composition, effective phase size,
location, morphology, so on of retained austenite
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Fig. 3. Martensitic volume fraction mechanically transformed under various stab
ity conditions of retained austenite corresponding to Table 2.

Modified rule of mixture with damage model
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Optimizing the stability of retained austenite
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Fig. 9. A design application of TRIP-aided multiphase steel.

Heung Nam Hana,*, Chang-Seok Ohb, Gyosung Kimc, Ohjoon Kwonc
Materials Science and Engineering A 499 (2009) 462-468
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Acta metadf. Vol. 31, No. 12, pp. 2037-2042, 1983 DO01.6160/83 53
Printed in Gireat Britain Pergamon

EFFECT OF RETAINED AUSTENITE ON THE
YIELDING AND DEFORMATION BEHAVIOR OF A
DUAIL PHASE STEEL

ANIL K. SACHDEV
Metallurgy Department, General Motors Research Laboratories, Warren, MI 45090-9053, U.S.A.

03 T | | | i
Table 1. Chemical analysis and average 1ensile properties of [ w2z
the dual-phase steel used in this study _ LI £ .
e Chomical analysis wt7) € T
N 0007 £ 302 N -
| n = -~ . LY _.'
Mn 1.44 & a h".?“
Si 0.50 T w B
v 0.061 o A
£ n::e
Tensile propertiex £ 5 o ' -
Yield strength 367 MPa g B
Ultimate tensile strength 639 MPa .-
Uniform elongation 23% B
Total elongation 32}, (0 mm gage)
i ] ] i 1
0 o1 02 03

True Stromn (4]

Fig. 3. Incremental strain hardening exponent (n,) vs true

strain for the various testing temperatures. The solid circles

indicate the uniform elongation measured at the maximum
tensile load.
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Alternative mechanisms of plasticity/toughness
due to retained austenite beside to TRIP

* Blocking crack propagation, BCP

Webster D. Increasing the toughness of the martensitic stainless steel AFC77 by control of retained austenite
content, ausforming and strain aging. Transactions of the ASM, 1968, 61(4):816-828.

* Dislocation absorption by retained austenite, DARA

Zhang K, Zhang M H, Guo Z H, et al. A new effect of retained austenite on ductility enhancement in
high-strength quenching-partitioning-tempering-martensitic steel. Materials Science and
Engineering A, 2011, 528: 8486- 8491.

Table 4.1 Microstructure parameters of martensite and retamed austenite in tensile samples at different

strain stages after the Q-P-T treatment

: &3 P £ £, Vas
Strain Ex ;:;L} P Pz (<10 ) {i 1‘;}_3} Pa P 104w @6
0% 252+006 T729x025 T23x021 | 7.26=023 | 2.25=029 13.66£089 B32=0.71 1099080 132
1% 236006 701023 6242018 |6.63=021 | 2.533=025 1646+132 2083x144 1865138 113
3% 224007 582023 6.13£023 | 598=023 | 3.07=037 2729£288 26.65£269 2697279 8.2
5% 2195009 586026 5555024 (5712025 | 3422044 3731320 3056£343 33942332 55
%% 2292008 6462025 600027 6232026 371=045 3986421 4219450 4103436 42

‘how quantitatively to evaluate cooperative effect of multi-phase



2. Strategy of designing/selecting process with proper
alloying for automobile (AHSS)

e DP A* Heating, soaklng_pl < Cooling >
Si, Al, P, Nb

Si, A, P,V

Ferrite C, Mn, Cr, Mo, B

>

C, Mn, Cr, Nb

Temperature

*Cost

*Formability

*Weldability _

*Susceptability to HIE Time
Microstructure of *Composition
Metastable Multi-scale Multi-phase *Processing

Bleck, W. and K. Phiu-On, Effects of Microalloying in Multi Phase Steels for Car Body Manufacture. Microstructure and Texture in Steels, 2009: p. 145-163.

Suwas, S., A. Bhowmik, and S. Biswas, Ultra-fine Grain Materials by Severe Plastic Deformation: Application to Steels. Microstructure and Texture in Steels, 2009: p. 325-
344,



Development in Multi Phase Steels for Car Body Manufacture

=~J

A

Process development -

Material design -

TWIP Steels

CP steels

PM steels

SULC steels

TRIP steels
IF steels (R, > 350 MPa)

BH steels (Re > 180...300 MPa)

| DP steels

P-alloyed steels (Re > 220...300 MPa)

microalloyed steels (Rg > 260...420 MPa

W\/\/\/\/\/\/\/\/U

Isotropic steels (R > 250 MPa)

post-rolled steels

1975 1980 1985 1990 1995 2000 2005 2010

Bleck, W. and K. Phiu-On, Effects of Microalloying in Multi Phase Steels for Car Body Manufacture. Microstructure and Texture in Steels,
2009: p. 145-163.

Suwas, S., A. Bhowmik, and S. Biswas, Ultra-fine Grain Materials by Severe Plastic Deformation: Application to Steels. Microstructure and
Texture in Steels, 2009: p. 325-344.
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3. Kinetics of competing processes

 Decomposition of austenite
— Precipitation

— Bainite reaction

* Thermodynamically // Kinetically

A few processes concurrently take place at medium temperature
for lean composition such as partitioning, precipitationand
bainitic reaction et al.

58



2) Carbon partitioning from martensite to austenite

By comparison the calculated
durations between the formation

C% & t>1>0 t4>13>0
el t=t, of lath martensite and carbon
' partitioning owing to the different
b=y solubility of carbon in martensite
and austenite, with carbon
M y concentration profile as shown in
Figure 1, Hsu and Li in 1983
- t=0 r=0 showed that the carbon partition
ar; may keep pace with, or slightly lag
0.22 o= behind, the formation of lath
x martensite. The time required for
l e 12 ¥ equalization of enriched austenite
is at least one order of magnitude
Figure 1 Sketch of carbon concentration slower than the formation of lath
profile in martensite and retained austenite for martensite.
quenched 0.27%C steel
1979, Thomas et. al Hsu and Li in 1983
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3) Kinetics for an athermal martensitic
transformation

Koistinen and Marburger; Magee: kinetics equation for an athermal martensitic
transformation

f=1-exp[-a(M-T)] (1)

where 0=1.10x102 for carbon content 0.37 to 1.10mass%.

AG is a function of not only temperature but also the carbon content in austenite and the
Magee’s equation, or the Koistinen and Marbarger equation should be modified.

f=1-exp[f(c,-c,)-AM-T,)] (2)

where , ¢, and c, represent the carbon contents in austenite before and after quenching.

[49] Hsu TY(Xu Zuyao), Lu W, Wang Y (1995) Influence of rare earch on martensitic transformation in a low
carbon steel. Iron and Steel 30(4):52-58(in Chinese).

[50] Hsu TY(Xu Zuyao)(eds)(1999) Martensitic Transformation and Martensite(2nd Ed). Science Press,
Beijing, pp563, 1999 60



Modified Koistinen-Marburger Equation

100
ap f -9~ Measured Austenite content KOiStinen'Marburger equation
80 1 - ==[oisti -
'_c' Koistinen-Marburger b — 0011
0\_ 70 = =Koistinen-Marburger-Modified (Wildau)
2 601 Vai= A xexp|—b(Ms— Tq)]
'g 50 -
g - - o
o 10 Koistinen-Marburger modified by
£ - Wildau [3]
o | b=0.011
. | Wy =0.663
420 320 220 120 20
Temperature [°C] Vy=Axexpl—h(Ms—Tq)"]
Fig. 11—Experimentally determined martensite transformation

kinetic as well as modeled kinetic by the Koistinen-Marburger equa-
tion and by a modification of this equation.

1 D.P. Koistinen and R.E. Marburger: Acta Metall., 1959, vol. 7, pp. 59-60.

2 S.-H. Kanga and Y.-T. Imb: J. Mater. Proc. Tech., 2007, vol. 183, pp. 241-44.

3 M. Wildau: Ph.D. Dissertation, Technical University of Aachen, Aachen, Germany, 1986.
4 ). Epp, T. Hirsch, and C. Curfs, Metall Mater Transact A 2012, vol. 43, pp. 2210-2217.
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showing phase fractions, austenite carbon concentration, and lattice strains 557

T.D. Bigg, D.K. Matlock, J.G. Speer, and D.V. Edmonds: Solid

State Phenom., 2011, vols. 172-174, pp. 827-32.

(a)

(b)

(c)

(d)
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Evidence from Internal friction

0.39C-1.56Si-2Mn-9.84Ni 730°C *30min+ water queching
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Conclusions

Ultimate tensile strength of >2000MPa and total elongation of
>10%, Microstructure in QPT steels generally contains ~5%
retained austenite, with considerable thickness trapped between
fine lath martensite embedded with dispersed complex carbides
or n(0) carbide

Preliminary results show that combination of QP with hot
deformation can improve the mechanical properties of AHSS.
Enhanced mechanical properties and the total elongation of the
steel increases from 6.6% to 14.8% compared with that of hot
stamped and quenched steel.

A few unresolved issues such as the multi-phase modeling of TRIP-
assisted mechanical properties, designing strategy of AHSS
targeting for automobiles and kinetics of competing processes.
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