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S on microstructure and mechanical properties.
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of individual phases as a
| cycles on tension test sub-size

echanical properties (yield strength, tensile
on and harness).

)n and quantification of micro-constituent volume
5 by the SEM/EBSD technique.

crostructure and mechanical properties for additional cooling
rates (1 and 100 °C/s).
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Dimensions, mm

Standard Specimens Subsize Specimen
Mominal Width Plate-Type Sheet-Type &
40 mm 12.5 mm mm

G— Gage length (Mote 1 and Mote 2) 200.0 = 0.2 50.0 = 0.1 250 = 0.1
Wi— Width (Mote 3 and Note 4) 400 = 20 125 =02 6.0 = 0.1
T— Thickness (Mote 5) thickness of material
R— Radius of fillet, min (Note 8) 25 125 [i]
L— Crverall length, (Note 2, Mote 7 and Mote 8) 450 200 100
A— Length of reduced section, min 225 57 32
B— Length of grip section, (Mote 8) T8 50 30
&— Width of grip section, approximate (Mote 4 and Mote B) 50 20 10

gular Tension Test Specimens

ubsize specimens used in this research work were 0.25 the
nen.

, Standard test methods for tension testing of metallic materials, 2011, ASTM International, West Conshohocken, PA,

- 10.1520 000& 0008 IV]- AWW.ASTMLOIS ()
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Tor
Jnd bars.
rent countries.

Type USA Great Britain
Specimen ASTM | Before 196 Current

Shett L, / /A, 4.5 4.0 5.65 11.3

Germany

Round L,/D, 4.0 3.54 5.0 10.0

L, =12.5
A=15x3=45

o Lo/+[Ay=5.8

Critical geometrical factor for
the designed subsize specimens.

cal Metallurgy 3rd Edition, George E. Dieter.
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DP1000 as received
Calibrated curve 1

= ] j Calibrated e 2
XTotal - Xspeamen + Xmachme alibrated curv

Xspecimen = X7otal — Xmachine

F

X L=
machine m

True stress, MPa

Where m is the slope of the graph F- AL,,,4chine

. c ALspecimen
. elongation= ————

o

0.1
True Strain

True stress-true strain curves resulting from tension
test for DP1000 steel in as received condition.

allurgy 3rd Edition, George E. Dieter.
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of tension tests on
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Phase transformatio
on cooling
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Phase tfansformation
on heating AN

Thermal cycle

| ——Thermal cycle
Dilatometric curve

Dilatometric curve
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Simulation on tension test sub-size specimen
in width and
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« — Experimental data

» — Sum of all peaks
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Cycle A

COMPOSITION (Y1%)
Fe: 9704439
C.0179
S 0.333
Mn 1,79
P:0.024
S:0.00191
Cu; 0076
Ni: 0.05
Ti: 0.026
@remite(01%) Mo: 0.015
M rearlite(0.1%) cr. 0"27.
Mesinite(0.1%) V. 0.0037

Nb: 0.03
@ Pearlite(99.9%) TRANSITIONS: (C)

M Eainite(39.9%) Pearlite: 704.7
—1000Crs Bainite: 570.0
~=10.0Cts Ferrite: 8047
1.0Cfis Mantensite
01 Cls Start: 382.0
50%: 348.2
90%: 2696

600

—
O
S
[
—
=
©
|~
Q
Q
1=
Q
-t

100000
Time (s)

Grain size : 8.5 microns
Austenitisation : 800.0 C (Ferrite 5.17 Austenite 94 76 VW% )
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Properties

S
o

'
o
-

S o o
o (¥4} 1)

Linear expansion (%)

0 100 200 300 400 500
Temperature (C)

600

700

800

Grain size: 8.5 microns

COMPOSITION (Wt%)
Fe:97.04379
C:0179
Si:0.333
Mn:1.79
P:0.024
S:0.00191

Cu: 0.076

Ni: 0.05

Ti: 0.026

Mo: 0.015
Cr.0.427

V. 0.0037

Nb: 0.03

N: 6.0E-4

Cooling profile:

At T(C)=800.0
cool at 15.0({Cis)

At T(C)=460.0

hold 39.0 s

then cool at 20.0{CJs)
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COMPOSITION (Wt%)
Fe:97.04379
C:0.179
94.76 % Austenite . o
P:0.024
5:0.00191
0. Cu: 0.076
Bainite N 0.05
Ti: 0.026
Mo: 0.015
Cr. 0.427
V- 0.0037
Nb: 0.03
N: 6.0E-4
Cooling profile:
AtT(C)=800.0
cool at 15.0(C/s)
AtT(C)=460.0
$ hold 39.0 s
then cool at 20.0(Cis)

Properties

R
[=]
>
7]
@
7]
©
£
o

Ferrite

+ . B AUSTENITE
: 2 ) FERRITE

Pearlite o BAINITE

0
0 100 200 300 400 500 600 700 800 @ PEARUITE
Temperature (C)

Grain size: 8.5 microns
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1 — Dilatometric curve
Dilatometric curves resulting 80 |
from Cycle A for a standard :51 ,
flat specimen of 5 mm in Z’a 60 |
width and 10 mm in length, 40
machined from the as cold- Il
rolled condition steels. 20 |
0]
-20

0 100 200 300 400 500 600 700 800 900
Temperature, °C
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« — Experimental data
» — Sum of all peaks
Martensite
-+— Bainite
+ — Ferrite
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Cycle A

YS (MPa) UTS EL HR15-N |
(MPa) (%)

"649¥353" 9623+321 126+115 [ |

80 -

Cycle A Test-1
Cycle A Test-2

& —u—Cycle A

= [ =

4 5] X=72.25HR15-N=24HR
o

(73 ? l—l—l‘\_. '__’__,u—-

g A -

— 70 -

65

L} . 1

01 02 0.3
True Strain 60

0123 4586 7 8 9 1011 12
Indentation
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der thermal
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1 and 100 °C/s

900
800 100 800 °C T
700 80 - S 1700
16000 ‘ Q 16009
1 600 ¢ : 60. - 600 4
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la00 ® 404 {400 S
X | @
. o 1 ) Q.
40 - ____Thermal cycle o ) 300 % 20 1 4300 g
—— Dilatometric curve . 4200F : —Thermal cycle {1200F
] 0 - : :
. 1100 | —— Dilatometric curve 1100
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1 and 100 °C/s

Properties

007

-0.2

Linear expansion (%)

100

200

300 400 500

Temperature (C)

600

700

800

Grain size: 8.5 microns

COMPOSITION (Wt%)
Fe:97.04379
C:0179

Si: 0.333

Mn: 1.79
P:0.024
S:0.00191

Cu: 0.076

Ni: 0.05
Ti:0.026

Mo: 0.015
Cr.0.427

V. 0.0037

Nb: 0.03

N: 6.0E-4

Coaoling profile:

AtT(C)=800.0
cool at 1.0(Cis)

AtT(C)=460.0
hold 39.0 s
then cool at 20.0({Cis)

Cycle A

Properties

Linear expansion (%)

=
o

.
o
peed

'
o
(]

.
<
w

'
o
=

f
=
2]

061

-0.871

-0.9
0

100

200

300 400 500

Temperature (C)

600

700 800

entro de Investigacion y de

Grain size: 8.5 microns

studios Avanzados Unidad

Saltillo.

COMPOSITION (Wit%)
Fe:87.04379
C:0179
Si:0.333
Mn:1.79
P:0.024
5:0.00191
Cu: 0.076
Ni: 0.05
Ti: 0.026
Mo: 0.015
Cr.0.427
V. 0.0037
Nh: 0.03
N: 6.0E-4
Cooling profile:
At T{C)=800.0
cool at 100.0{CIs)
At T{C)=460.0
hold 38.0 s
then cool at 20.0{C/s)




cooling rate at 1 and 100 °C/s

8007 ,lo/s 1/

N

.\‘

Temperature (C)
8

7003 o mmsmmen 39

0010,

200 .
01 10 1000

Time (s)

Grain size : 8.5 microns
Austenitisation : 800.0 C (Ferrite 5.17 Austenite 9476 W% )

@ remte(0.1%)
M Pearlite(0 1%)
M eainite(0.1%)
@ Pearlite(99.9%)
M Bainite(39.9%)
—100.0 Cfs
—10.0 Cls
—1.0Cfls

01Cls

cycle A

CCT

0.1°C/s

800y oy 10°C/s  1°C/s.

7004

Temperature (C)
8

460°C /¢
a00M
IS

E C o

3001M i G
39S
200 .
0.1 10 1000
Time (s)

100000

Grain size : 8.5 microns
Austenitisation : 800.0 C (Ferrite 5.17 Austenite 9476 W% )

varying the

@ remte(0.1%)
M Pearlite(0 1%)
M eainite(0.1%)
@ Pearlite(99.9%)
M Bainite(39.9%)
—100.0 Cfs
—10.0 Cls
—1.0Cfs

01Cls

COMPOSITION (W1%)

Fe: 9704439

c.0179

510333

Mn: 1,79

P: 0024

S:0.00191

Cu: 0.076

Ni: 0.05

Ti. 0.026

Mo: 0.015

Cr. 0427

V. 0.0037

Nb: 0.03

TRANSITIONS: (C)

Pearlite: 704.7

Bainite; 570.0

Ferrite: 8047

Mantensite:
Start; 382.0
50%:. 3482
90%: 2696
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Cycle A

Properties
1007 94.76 % Austen
90t 5.17 % Ferrite
80+
701
£ o] —Pearlit
g 1 s '
|
g 501 L
w r .
8 ol ==Ferrite I'|
o L
30t
201 4 }
1071 hlﬂ :::‘:‘51‘. .
l]Cl 1l§IU 260 360 460 560 ‘ 660 760 800

COMPOSITION {(Wi%)
Fe:87.04379
C:0178

R Si:0.333
It€yn: 1 70

P:0.024
5:0.00191

Cu: 0.076

Ni: 0.05

Ti: 0.026

Mo: 0.015

Cr. 0.427

V. 0.0037

Nb: 0.03

MR NE-A

Cooling profile:

AtT(C)=800.0
cool at 1.0{Cis)

At T{C)=460.0
hold 38.0 s
then cool at 20.0(Cfs)

M AUSTENITE

) FERRITE
BAINITE

@ PEARUITE

Temperature (C)

Grain size: 8.5 microns

Properties

varying the cooling rate at 1 and 100 °C/s

COMPOSITION (Wt%)
Fe:97.04379
C:0179

100

90

80

70

50

Phases vol%

30

20

60T

401

Bainite

Ferrite

94.76 % Aust
. o Ferrit

100 200 300 400 500
Temperature (C)

600 700 800

i: 0.333
eNKe 79
P:0.024
e 5:0.00191
Cu: 0.076
Ni: 0.05
Ti: 0.026
Mo: 0.015
Cr. 0.427
V. 0.0037
Nb: 0.03
[ =
Cooling profile:
AtT{C)=800.0
cool at 100.0(Cis)
AtT(C)=460.0
hold 38.0 s
then cool at 20.0{CJs)

B AUSTENITE

O FERRITE
BAINITE

@ PEARUITE

Grain size: 8.5 microns
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Cycle A wvarying the cooling rate at 1°C/s
Nital 2%

YS (MPa)

SR, S

oo e CroSS section e

Aages ' 2 2N i 772 + 8.48
L&om

e By P ot s e Cycle A (1°C/s) Test-1
e TR, Pl Cycle A (1°C/s) Test-2

True Stress, MPa

0.1
True Strain
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Cycle A varying the cooling rate at 100°C/s
Nital 2%

970 +£9.19 11.2+£7.07 74.33+0.81

—— Cycle A (100°C/s) Test-1
Cycle A (100°C/s) Test-2

©
o
=
7]
n
)
=
0
)
)
—
—

0.1 0.2
True Strain
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TEMPERATURE, °C
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Indentation
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Cycle B Test-1
—— Cycle B Test-2
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1 and 100 °C/s

Properties Properties
007 007
-0.1 -0.1
-0.2 -0.2
£ £
~.0.3 ~.0.3
s s
2 .04 2 .04
8 8
% -0.5 % -0.5
E E
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100 200 300 400 500 600 700 800 300 400 500 600 700 800
Temperature (C) Temperature (C)

Grain size: 8.5 microns

Centro de Investigacion y de Estudios Avanzados

Grain size: 8.5 microns

Unidad

Saltillo.

COMPOSITION {Wi%)
Fe:97.04379
C:0179

Si: 0.333

Mn:1.79

P:0.024
5:0.00191

Cu: 0.076

Ni: 0.05

Ti: 0.026

Mo: 0.015
Cr.0.427

V. 0.0037

Nh: 0.03

N: 6.0E-4
cooling pronie:
At T{C)=800.0

cool at 100.0(Cis)
At T{C)=460.0
hold10.0 s

then cool at 20.0{CJs]




cooling rate at 1 and 100 °C/s

8007

700

Temperature (C)
3
Qo

30040

200 +——+++ ce
0.1 10

1000 100000

Time (s)

Grain size : 8.5 microns
Austenitisation : 800.0 C (Ferrite 5.17 Austenite 94 76 Y% )

@ remte.1%)
M Pearlite(0. 1%)
M Bsinite(0.1%)
@ Pearlite(99.9%)
M Eainite(99 9%)
—1000Cis
—10.0Cis
—1.0Cls

01Cls

CCT

cycle B

8007

Temperature (C)
3
(—}

700

. 10:C/s  1°C/s_

0.1°C/s

460°C____ /& | LT
4004M \
T
! ‘C’o
1o
300 *Mf : ?
10s |
200 +—+—+ —
01 10
Time (s)

100000

Grain size : 8.5 microns

Austenitisation : 800.0 C (Ferrite 5.17 Austenite 94 76 W% )

varying the

@ remte.1%)
M Pearlite(0. 1%)
M Bsinite(0.1%)
@ Pearlite(99.9%)
M Eainite(99 9%)
—1000Ciss
—10.0Cis
—1.0Cls

01Cls

COMPOSITION (W1%)

Fe: 9704439

C:0179

S1:0.333

Mn 1,79

P:0024

S:0.00191

Cu: 0.076

Ni: 0.05

Tii 0.026

Mo: 0.015

Cr.0.427

V. 0.0037

Nb: 0.03

TRANSITIONS: (C)

Pearlite: 704.7

Bainite; 570.0

Ferrite: 804.7

Martensite:
Start; 382.0
50%:. 348.2
90%: 2696
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Cycle B

varying the cooling rate

1 and 100 °C/s

Properties Properties
1007 94.76 % Austenite 1007 94.76 % Austenitg
- 5.17 % Ferri 50| .Bainite "_-Em-
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Grain size: 8.5 microns
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Grain size: 8.5 microns

COMPOSITION {Wt%)
Fe:87.04379
C:0179

Si:0.333

Mn:1.79

P:0.024
5:0.00191

Cu: 0.076

Ni: 0.05

Ti: 0.026

Mo: 0.015
Cr.0.427
V. 0.0037

Nh: 0.03

N: 6.0E-4
Cooling profile:
AtT{C)=800.0

cool at 100.0{CIs)
At T{C)=460.0
hold10.0 s
then cool at 20.0{C/s)

B AUSTENITE

O FERRITE
BAINITE

@ PEARLITE




Cycle B at a cooling rate at 1°C/s
Nital 2%

773+7.77 14.7 £2.12 69 +1.73

SR Cycle B (1°C/s) Test-1

e T e ey Cycle B (1°C/s) Test-2
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Cycle B varying the cooling rate at 100°C/s
Nital 2%

1078 +9.89 10.5+3 73.2+0.44

K '.,' * AT SIS AT ""l—"'"«- ¥ 24T

,‘I%,S‘ﬁgq’ 900 : " Cycle B (100°C/s) Test-1
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o
o

True Stress, MPa

0.1 0.2
True Strain

Centro de Investigacion y de Estudios Avanzados Unidad Saltillo.




YS (MPa) UTS (MPa) EL (%)
550-730 > 980 >8

% Phases Mechanical properties
Thermal

cycle JMatPro EBSD (NT:a) (“%':‘) (E/L)
(1]

19.61% martensite,
45.10% bainite,
35.29% ferrite

78% bainite,
22% ferrite

649+ 962+ 126+

e 353 321  1.15

35.19% martensite,
38.89% bainite,
25.93% ferrite

88% bainite,
12%ferrite

686+ 1099+ 16.0 %

el 636 777 09

Cycle B 50% bainite,
with 38% martensite, -
overaing 12% ferrite

668+ 1011+ 114+
4.9 4.93 0.65

&

>[s, Met Trans.

o 1 | | | T R | | T © §
m"'“'c | sole v agn y
w730 . |
A740 e B )
¢ 760 40 0‘)00. " ]
o780 -
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YS (MPa) UTS (MPa) EL (%)
550-730 > 980 > 8

Mechanical properties

Cooling rate
(°C/s) YS (MPa) UTS (MPa) EL (%)

Thermal cycle

478 + 8.48 772 +£8.48 13.8+0.25
710 £ 7.07 970+9.19 11.2+0.15
517 +2.12 773+7.77 14.7 £0.07

721+3 1078 £+9.89 10.5+0.25
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ows to predict the
DP1000 steel. However,

agation to austenite during

he required mechanical properties.

] een 10 and 100 °C/s produce multiphase

fructures consisting of ferrite, bainite and martensite.

jever, there is a limit for the mechanical properties that
ay be achieved.

With the present results the first stage of this research project

is concluded.
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