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o BACKGROUND/ISSUE
cea

9%Cr TEMPERED MARTENSITIC STEELS

WM Considered:

~ nuclear fusion reactors: Need good mechanical properties :
- tokamak blankets. g prop :

- SFR (Generation V) : creep resistance at 550 - 650°C
- steam generator and secondary piping.
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BACKGROUND/ISSUE

Ce_a 9%Cr TEMPERED MARTENSITIC STEELS

WM Considered:

—> nuclear fusion reactors: : .
_tokamak blankets. Need good mechanical properties:

- SFR (Generation V) : creep resistance at 550 - 650°C
- steam generator and secondary piping.

Limited creep strength compare to austenitic stainless steels

Creep at 550°C and 650°C

—. 260 316 [RCC-MRX]
T 220 A
191 = <, Ty T91 . } 550°C
« standard » @ 140
thermal 5 100y 316 Need of increasing
treatment S 80 V| x0.01 strength
2 e v
2 601 TOITT |
< | T ... I]»GSWC
. | e, .
10¢ 3x10* 105 2x10°

Time to fracture (h) | PAGE 3/28



Ce_a COMPLEX MICROSTRUCTURE OF GRADE 91 STEEL

B Simplified chemistry (wt %): Fe-9Cr-1Mo-0,1C-(NNbV)
B Austenitized at 1050°C, 30 min, air cooled, tempered at 780°C, 1h, air cooled.

B Tempered martensite: multiscale microstructure
MX = (Nb,V)(C,N)
prior austenite grain (D) minority (<10%),
intragranular
iIncoherent (no-shearable)

majority (> 90%), )
at interfaces

Lath (Wians)
Sub-grain

Microstructural parameters relevant to creep strength:

D, Wy ocksr Wiaths: Precipitates, dislocation density PAGE 4/28




Ce_a THERMOMECHANICAL TREATMENT

To vary microstructural parameters as independently as possible:
thermomechanical treatment based on « ausforming »

Tempt:.-\rature Austenitizing (A) [Hollner et al., 2010]
1200°C
. 1150°C
1050°C}- 30 min 1050°C
ﬁ; Tempering (T)
780°C ¥ 789.%
_ o 75 -]
Warm-rolling (R) f — 1700°C
600°C
500°C
£=0, 25, 50%
> Time

: thermomechanical
« as-received »

treatment

| PAGE 5/28



C2A OUTLINE

More than 30 treated conditions

y

4 states
Part 1
Ttempering Taustenitizing Warm-rolling \
1 J
Time to fracture
Minimal creep rate
v
\ Microstructure j
Part 2

[ Creep fracture mode ]
| PAGE 6/28




Temperature
ustenitizing
1050°§ " 30 min
F
Agf=-m=
Tempering
780°C o

Time

Fine prior austenite grain size

| PAGE 7/28




« as received »: A1050-T780

Temperature "ﬁ &

_W‘Austenitizing

1050°g |- Aot
78002 777777777 e
_Ms

Fine prior austenite grain size

Whiocks = 3-2 pm (*) (*) SEM-EBSD,
W s ~ 400 NM (**) (**) TEM on thin foils.

| PAGE 8/28




Cea “AS RECEIVED”: A1050-T780

Temperature
Austenitizing
1050°C " T30 min
.
Agf=-m=
Tempering
780°C o
__Ms ; : ;:,' [ R .‘J‘
Wil 200 um
o 4

Fine prior austenite grain size

Wblocks =3.2 MM (*) (*) SEM_EBSD’
W s ~ 400 NM (**) (**) TEM on thin foils.

(***) neutron diffraction (FWMH martensite peaks).
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C@@ “AS RECEIVED”: A1050-T780

v ¥
A i

Temperature

« as received »: A1050-T780

Austenitizing
1050°C I T30 min
A ,,,,,,,
° Tempering

780°C o

b

Fine prior austenite grain size

Wblocks =3.2 MM (*) (*) SEM_EBSD’
W ihs ~ 400 nm (**) (**) TEM on thin foils.

g e Sy
éé.v{&

s

s ~'}"

p=(0.62 £ 0.05)x10* m=2 (***) | (***) neutron diffraction (FWMH martensite peaks).

Dy = 32 nm, f, = 0.10%4_ ;

ﬁ MX. M Coarse M,;C, precipitates at the different interfaces
’f ,.t; and few intragranular MX precipitates
LT | PAGE 10/28




C@Q “AS RECEIVED”: A1050-T780

B Creep conditions: 140 MPa at 650°C (high stress and short lifetime)
40 29

« as received »: A1050-T780

Lui= 15
Sl f
oo}

T . A ——r
.‘g : 40 ) Q. S
8’25 | gss : '8', .
2 5 30
©20 il =
— D25
© -
S 15 | ==
ER (S :
%-’10 | Em_ €nin = 9.6x107 s-1

(o)}
c | S .|
o 1 5
SR | | | . .

I 0 5 10 15 20
0l Time (h)
23 h 500 1000 1500 2000 2500 3000 3500

Time (h) | PAGE 11128



Co2 COMPARISON “AR” VS A1050-T700

— N TEMPERING TEMPERATURE FROM 780°C TO 700°C

|
A1050-T780 : '
|
Temperature | Temeerature I
: I
o |....... AuStenitizing ! o |- Austenitizing | . o
1050 EF:: m 11050 % | Same Taustenitizing : 1050°C
° Tempering | ° | |OW€I’ Ttem i
780°C o T i pering
1h | 700 C em:):,:rmg I
|
e Ms I _.Ms 1
I |
|
Time!______________ﬂme_l
B Creep conditions: 140 MPa at 650°C
40
« as received »: A1050-T780
;\?35
c .
630 €min = 9.6x107 51
= : D\ x1/ 65
025 €min = 1.5x108 s-1
c
2
< 20 A1050-T700
©
£ 15 {l| x20
©
=
510
G
- 5
I
n I T Ll T T T
23h 463 h 1000 1500 2000 2500 3000 3500 | PAGE 12/28

Time (h)



Co2 COMPARISON “AR” VS A1050-T700
— N TEMPERING TEMPERATURE FROM 780°C TO 700°C

A1050-T780 | " CTEEIIIETE 650°C, 140 MPa
Temperature Temperature | gss 1
Same Taustenitizing: 1050°C I %30- . 'f?‘:ﬁlsb[@
o | Austenitiz |OW€I’ T I gizs 1 TR
1050°C [ I3 in tempering I S|
. - -
Tempering £ 15
780°C ° \ Temperin 3
1h 700°C g :)f] g : .;;;)m ]
__WMs o Ms I S s
1
I n23h 46I3h 1000 1500 2000 2500 3000 3500
Time Time I Time (b}
I
I
I
I
e =1 Higher dislocation density
= (0.62 + 0.05)x1014 m-2 4.7 + 0.5)x10%4 m-2
P=( ) L S S —— _) _____ a, (less recovery)

+

Dyx = 32 nm, f, = 0.10%

oo Higher f, and finer D of
& intragranular precipitates

| PAGE 13/28
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C22) COMPARISON A1050-T700 VS A1200-T700

2 AUSTENITIZING TEMPERATURE FROM 1050°C TO 1200;

40

Temperature
A

_A__._____Agstenitizi ng

Tempering

Time

« as received »: A1050-T780

w
(&)

w
o

N
a

—
(&)

—
o

a

n 4

S
c
2
vt
©
o
c
o
@ 20
©
£
©
S
=
(o))
c
o
|

€in = 9.6x107 51

Dl x0.1

€in = 1.5x108 -1
A1050-T700
X5
|
I‘ T T T T
23 h 463 h 1000 1500 2500 3000

Time (h)

3500

Same Tiempering: 700°C
higher Taustenitizing
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CQa COMPARISON A1050-T700 VS A1200-T700
~—~ A AUSTENITIZING TEMPERATURE FROM 1050°C TO 120Q:

-—— -=-=
I A1050-T700 v [WEEEIEELTEIN  650°C, 140 MPa

I
| Temperature | Temperature gss
A A
1 Austenitizi S Eim = 9.6x107 571
ustenitizing ® . .
] min = 1.5x108 s
Austenitizing | 2% ‘ e DI x0.1
105009 o
Agl--e- I Agl-er E
= 15
700°C Tempering | Tempering 'g1 | x5 |
V] 1h | i 510 1
c
5 o Q
. — 5
Same Tiempering: 700°C J
o 0 .
h | g h er Taustenitizing 23h 463 h 1000 1500 2500 3000 3500
!

Timg (h)
¥ | Time . Time
R e A S GRS [ | TS O TN
Ll ' D it
: .

.~ Dynizgo=120 pm
L B P e Higher prior y grain size
' ‘ (dissolution of small precipitates)

4

Whiocks = 4.3 UM Higher martensite block size

| PAGE 15/28




C22) COMPARISON A1050-T700 VS A1200-T700

= = o =

| Temperature
A
o Austenitizing
-
Ag

700°C

Temperature
A
| Austenitizing

Al
Agf----

Tempering

Tempering

[

1h |

Same Tiempering: 700°C
higher T,

ustenitizing
!

— A AUSTENITIZING TEMPERATURE FROM 1050°C TO 1200Q;

A1050-T700 [N

40 ]7
as received »: A1050-T780 o
_ 650°C, 140 MPa
g 35 4
: .
8% £ = 9.6x107 571
= .
25 | €min = 1.5x108 51
g DI x0.1
D 20 A1050-T700
g
= 15
°
3 | x5 |
'6,10 1
s
- 57
I
n "
23h 463 h 1000 1500 2500 3000 3500

Tiq(h)

Higher prior y grain size
(dissolution of small precipitates)

4

Higher martensite block size

4

Higher f, of intragranular
precipitates
(more microalloying elements
available for precipitation)




COMPARISON A1200-T700 VS A1200-R25%-T700

APPLYING WARM-ROLLING IN METASTABLE y

1 1
1 1
1 1
Temeerature : Temperature :
I 1 I
........ Austenitizing I Austenitizing 1
1 O |t 1
R :1200 . i Same T, ceniiying. 1200°C
Ar H A - austenitizing-
. 1 . °
Tempering 1 700°C Tempering : Same Ttempering' 700 C
e/ Ausforming ! + warm-rolling step
Ms 500°C 5
1 P B {17\ 1
ljwithout defdrmation) 1
1 1
: 1
Time |1 Ji'"":

40
« as received »: A1050-T780

= 35
c .
©30 £ =9.6x107 51
it
o5 €. =1.5x108 s
c
2 % A1050-T700 : ; <05
= Emin = 7-0x10-10 s~
£ 15
'g A1200-R25%-T700
it
2,10 x1.5 I
9 s

0 T T T T -

23h 463 h 1000 1500 2500 300 3277 h )0 | PAGE 17/28

Time (h)



COMPARISON A1200-T700 VS A1200-R25%-T700
APPLYING WARM-ROLLING IN METASTABLE y

x0.5

== ] i -—- _
: A1200-R25%-T700 L 650°C, 140 MPa
Temeerature 1 — : 535-
... Austenitizir Same Taustenitizing: 1200°C : %Z: Emi?:x:g:s:
1 g’ 1 Emin = 1.9X s
ol Same Ttemperi_ng. 700°C | B L ronone
: + warm-rolling step _ i £ ﬂ
S— 1 7000 / \ Tempering 13
1 7oo°c / Aus\orming : -"5:',,10- El
ms| | 500°CI /e 1S |
lwithout defdrmfation) : ; 1
: 1 23h 463 h 1000 1500 2500 300 3277 h )0
1 . Time (h)
Time | >Time |
I I
I I
I I
I I
I I
I I
I I
I I
I I
I S S —— i :
1 1 . .
Wigins ~ 400 NM L Wians=2500m _§ Finer lath width
i i
I I
I I +
1 1
| i
1
| o o o  —————————— - | ngher dlSlocatlon denSIty
= (4.7 £05)x10% m2 i p=(6.2+0.5)x10“mz2 |i| . > .
p=( ) iL__p___(___:___)_ _________ i1 | (inheritance from warm-rolling)
i i
I I
I I
I I
I I
I I
: ! | PAGE 18/28
I I
1



C2A OUTLINE

More than 30 treated conditions

y

4 states
Part 1
/ Ttempering Taustenitizing Warm-rolling \
1 J
Time to fracture
Minimal creep rate
v
k Microstructure /
Part 2

Creep fracture mode J
| PAGE 19/28




CREEP FRACTURE MODE

A1050-T/80 650°C,

140 MPa

A1200-
R25%-T700
J/
0 T L

0 500 1000 1500 2000 2500 3000 3500
Time (h)

N
o

w
[@)]

w
o

N
a

A1050-T700

-
a

—_
o

[@)]

Longitudinal elongation (%)
N

Very short tertiary creep stage,
low reduction of area at failure,
Ductile + intergranular
fracture.

Significant tertiary creep stage,
high reduction of area at failure,
Ductile fracture. | PAGE 20028




C@Q CREEP FRACTURE MODE

Ductile + intergranular creep fracture mode observed for:
A1200-R(0-25%)-T(700-750°C) states (650°C, 140 MPa)

B Confirmation by EBSD observations: damage at prior austenite grain
boundaries,
cross section observation _
microcrack
WA N

loading direction

<> EBSD map

il

| PAGE 21/28



Ce_a CREEP FRACTURE MODE

Ductile + intergranular creep fracture mode observed for:
A1200-R(0-25%)-T(700-750°C) states (650°C, 140 MPa)

1. Related to a slow deformation mechanism typical of long-term creep of this steel
(low strain rate and stress exponent, intergranular damage)?
2. Related to metallurgical ageing during the creep test?

10° Loss in Monkman-Grant

constant

A1050-T780

650°C

108

Minimum Creep Rate (s)

—_—
Q
ia]

ductile + intergranular damage [IRPIR-PLE AR

20 200 2,000
Time to fracture (h) low strain rate ~ 9.108s1 ?

10-10




Ce_a CREEP FRACTURE MODE

Ductile + intergranular creep fracture mode observed for:
A1200-R(0-25%)-T(700-750°C) states (650°C, 140 MPa)

1. Related to a slow deformation mechanism typical of long-term creep of this steel
(low strain rate and stress exponent, intergranular damage)?
2. Related to metallurgical ageing during the creep test?

105 ]
slow tensile test

A1050-T780

650°C

108

Minimum Creep Rate (s)

—_—
Q
ia]

ductile + intergranular damage [IRPIR-PLE AR

20 200 2,000
Time to fracture (h) low strain rate ~ 9.108s1 ?

10-10




C@@ CREEP FRACTURE MODE

1. Rel

(lo
2. Rel allurgical ageing during the creep test:
- |G fracture mode also evidenced
by a slow tensile test (10° s1).

600 -

reep of this steel

A1200-R25%-T700 650°C

500 A

N
o
o

Conventional stress (MPa)

0 2 4 6 8 10 12 14 16 18
Conventional strain (%)

Due to some specific martensitic microstructures
(high Dy, effects of impurities and/or high precipitates density at prior-y grain
boundaries, critical intragranular hardening...) ???



Ce_a SUMMARY AND PENDING ISSUES (1/2)

4 states (3 thermal + 1 thermomechanical treatments)

B Effects of T T

austenitizing?

tempering: Warm-rolling step on microstructural parameters
and on creep flow:

Significant effects on t. and €

7 Taustenitizing N Ttemperin prior austenite grain (D)
D, 7 =
”
Wblocks % -
ks)
— MX
P - % 1
1:v intra % 7
dislocations (p) Lath (Wiatns)
\
1st order parameters moderate effect

— Further work: Modelling | PAGE 25/28



Ce_a SUMMARY AND PENDING ISSUES (2/2)

B Effects of microstructural parameters on creep fracture:

Ductile + intergranular fracture mode : A1200-R(0-25%)-T(700-750°C)
(140 MPa, 170 MPa at 650°C)

Our assumptions :

1. Related to a slow deformation mechanism typical of long-term creep of this steel
(low strain rate and stress exponent, intergranular damage)?
2. Related to metallurgical ageing during the creep test?

Slow tensile test (10° s1) > FALSE !

Due to some specific martensitic microstructures ???

— Further work:

Due to inclusions or coarse carbides ? Study “cleaner” or with low level C+N 9%Cr
steels,

Due to intragranular hardening ? Reinforce prior y austenite boundaries
by « original TT ».

| PAGE 26/28
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DE LA RECHERCHE A LINDUSTRIE
T—

SUMMURY - PART 1

B Effects of T, senitizing: Ttempering' Warm-rolling step on microstructural parameters
and on creep flow:

40
835
c .
030 £ = 9.6x107 s T
et

. X
325 €,in = 1.5x108 s
g x0.1
© 20 . x0.5
= €min = 7.0x1010 -
£ 15 | x20
S %
= >
o1 x1.5
5
-
23h  463h 1000 1500 2500 300 3277 h
Time (h)

Ap 2 f,intra

1st order parameters | PAGE 28/28



AUSTENITIZING STEP

@nperature \
N

— Taust = 1150-1250°C
Austenitizing 180 Pr—r— == '
= 180 : ’
Hd I 7 1
_______________________________________________________ - AF bo 140 L , 3
.................................................... - AS : 120 . ! ) I
Tempering S 100 I / .
. Q £ * / |
Ausforming ® 3 80 i e
€~ 60 4 |
__________________________ e X - Ms =
(witholit deformation) = 40 ,‘
Martensite L
= 20 = B == —-— | '
é’ 0 e e e e e e
»Time 1030 1080 1130 1180 1230
thermomechanical Austenitizing temperature (°C)
treated e [Brachet, 1991] ® Piozin

Austenitizing temperature (°C)

1050 “as received” condition
1150
1200

to dissolve MX precipitates




C@@ AUSTENITE GRAIN SIZE

Experimental procedure to measure prior austenite grain size :

From Danon et al., Materials Science and Engineering, vol. A 348, p. 122-132, 2003.

. g
v at 1283-1408 K, 30 min \ \}%
. b 'Ss

Ve =150 Kis

Trans!, y-»x al 323 or 948 K e e 2
N A
Ve = 10 Kis \ & s R,

W= 0,1=
100 Kis

After an austenitizing of 1h at 1030°C [Brachet, 1991]

100 1000 10000 1000&) 1000000




Cea INFLUENCE OF ENVIRONNEMENT

A1200-R500,25%-T700

3
N
S s AIR SOUS-VIDE
c (essai interrompu)
o
@. d
c
o
D15
CU |
=
©
- I
=
(@)
S

I &

3 U

I:I L r r r r r r

[ Sl 100 1500] S Sl L0 AR STRIRIN!
Time (h)
Same minimal creep rate:
Air=1.10° s1, Vaccum = 9.1010 51,
But t, higher for vaccum ! CEA | 10 AVRIL 2012 | PAGE 31



INFLUENCE OF ENVIRONNEMENT
A1200-R500,25%-T700 (vaccum)

Cross section observations

- i directionde | b) . %o direction de
i sollicitation 7oy sollicitation -
@. E I- i

\ . i

Joints de
grains

0 AVRIL 2012 | PAGE 32




DE LA RECHERCHE A LINDUSTRIE
—

MICROSTRUCTURE AFTER CREEP TESTS

&
&

b
=
L

L LL

I-after - I-before (nm)

200

| (0

(|

|
[
1 F
it
3
F 3
A
1 F
0 2000 4000 G000
Time (h)

# A 1050-RTO0
A1lSD-RTE0

&4 10603720
A1150-R700

A VS0 R 2ot Rk

AT 10U B0 205 ]

BAT1S0-LEQD 25%- RTE0

i A

A AT200-R TS0

A A I00-RTE]

i A SO0 S0 20 N O] 5L

A AT I00-LE00 25%{LT-R700 5L
AT B St L TR S
A1200-L500,25%-R750
AT 200-LE0N, 25 %-R A

i 38 OO B0, 20 Y- FEA]

A1 200-LE00, 50%. BP0 5L

AT 20BN, S R T4

& A1 200-LE00,50%-R T8



DE LA RECHERCHE A LINDUSTRIE
—

# A 10530-RT00
A10S0-RTED

#A1060.3780
A1130-R700

AT VS0-LEULL 0%

T e 0 e b

BATIS0-LE00,25%

ik AT O T

A AT200-RT50

A ZO00-RTED

RN e N e

A 200500, 25%
AT OO B 20 e

A1200-L500,25%
AT 200-LBO0, Z5%
i SO0 B0 2
&A1 00 LE00, 50%
A 2U0HUEUN, X%
# A1 200-Le00,50%

gl
LR
R

R Sl
LT-R700 5L
L TR S
RT3

R

-

R SL

m ol

RTEd

MICROSTRUCTURE AFTER CREEP TESTS

GO0
. [ ]
&00
- u
= [ ]
o 400
E .
(0D
o]
] ,
. m &
Ia 300 . a
= Y
—l m
200
& &
ik
100 4 A &
1TE-10 1 E-04 1.E-{H 1.E-0F 1. E-UOR 1. E-(F

b)

Minimal creep rate (s1)



MICROSTRUCTURE AFTER CREEP TESTS

® o @ A1200-R600,25%-T700
Creep test :
® o o 140 MPa, 650°C
t. = 6523 h
H
® o
non sollicité vieillithermiquementa  vieillithermiquement a
650°C pendant 6523 650°C pendant 6523
heures heures + sollicité en
fluage a 140 MPa
. M. X avec M=(B0%Cr, 15%Fe, 10%Mo, 5%V} et X=(C,N) Change In Chemlcal CompOSItlon

MX avec M=(50%V, 30%Nb, 20%Cr)
. MX avec M=(80%V, 20%Cr)
B MX avec M=(80%Nb, 15%V, 5%Cr)

of MX precipitates

No creep tested

Creep tested head Creep tested gauge

Dyi2acs (NM)

123 + 58

130 + 48 147 + 535

Dyx (M)

18+ 7

16 + 4 20+ 4




Area at failure (%)

Low Z High Z
100 € > Le
| |
a0 | L S Smi
[ 7] . o |%‘.. r
80 RRAR I AL
E-‘ I =]
LA
L m' L
B0 £ ' !
|
| |
50 T i
| |
40 i -
| il
0 i 1
| |
= |
20 4
= B - |
10 —L i I
£ | Lath
0 - IRl | Eaﬂgve(ﬁ‘l

1.E-11 1.E-10 1.E-09 1.E-08 1.E-07 1.E-06 1.E-05

Minimum creep rate (s1)

hs)

aths

& A1050-R7FO0
ALUGU-K 20
& A1050-RTED
A 10E0-Le00, 25%-RT00
A1050-Le00, 25%-F 750
HALDH)-LE00, 25%-R7E0
HALDS0-LE00, 50%:-R700
A L0 LB, Dl P20
FALDS0-LE00,50%:-RTED
LA1150-RT00
WALT50-LE00, 25%-RE50
W A1 150-Le00, 25%-RT00
W A1150-LE00,25%-R78E0
&A1 200-RT00
A1200-R750
& A1 200-R720
kA AL, 2550 ) B
& A1 200-L500, 25%-RT00 5T
A 1 200- LS00, 25%{ L T)-F 00 5L
+A1200-L500, 25%{LT}-R 700 57
A1 200-1500,25%-R750
] 200 LELKD, 25%-H FIX)
A A2 LD, 25%-H FED
# 41 200 Le00, S0kE-R 700 5
£ A1 2O LUK, SUe-R A0 5]
A A 1200 Ledh, Sle-H 50
0] 200 LK, S00s-R FED

®m onnées 62570 [Gaffard, 2004)

CEA| 10 AVRIL 2012 | PAGE 36



Ce_a COMPLEX MICROSTRUCTURE OF GRADE 91 STEEL

B Simplified chemistry (wt %): Fe-9Cr-1Mo-0,1C-(NNbV)
B Austenitized at 1050°C, 30 min, air cooled, tempered at 780°C, 1h, air cooled.

B Tempered martensite: multiscale microstructure
MX = (Nb,V)(C,N)
prior austenite grain (D) minority (<10%),
intragranular
iIncoherent (no-shearable)

lislocations (p) Lath (Wiains)
Sub-grain

Microstructural parameters relevant to creep strength:

D, Wy ocksr Wiaths: Precipitates, dislocation density | PAGE 37727




