N

N

Impact of machine stiffnessand heat treatments on crack
propagation instabilities in an Al-Mg-Si alloy
Tom Petit, C. Ritter, Thilo F. Morgeneyer, Jacques Besson

» To cite this version:

Tom Petit, C. Ritter, Thilo F. Morgeneyer, Jacques Besson. Impact of machine stiffnessand heat
treatments on crack propagation instabilities in an Al-Mg-Si alloy. EMMC 16- 16TH EUROPEAN
MECHANICS OF MATERIALS CONFERENCE, Mar 2018, Nantes, France. cea-02339079

HAL Id: cea-02339079
https://cea.hal.science/cea-02339079
Submitted on 13 Dec 2019

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://cea.hal.science/cea-02339079
https://hal.archives-ouvertes.fr

16™ EUROPEAN MECHANICS
OF MATERIALS CONFERENCE

DE LA RECHERCHE A L'INDUSTRIE

Cza IMPACT OF MACHINE STIFFNESS
AND HEAT TREATMENTS ON CRACK

— PROPAGATION INSTABILITIES

IN AN AL-MG-SI ALLOY

T. PETIT

SUPERVISORS : C. RITTER, J. BESSON, T. F. MORGENEYER

PSL* = université

PARIS-SACLAY

UNIVERSITE PARIS CENTRE DES MATERIAUX

www.cea.fr

NANTES | TUESDAY, MARCH 27T 2018



16™ EUROPEAN MECHANICS
OF MATERIALS CONFERENCE

DE LA RECHERCHE A L'INDUSTRIE

CLa

DEFINITION
EXPERIMENTAL INVESTIGATIONS

INSTABILITY CRITERIA

www.cea.fr

NANTES | TUESDAY, MARCH 27T 2018



Impact of machine stiffness and heat treatments on crack propagation instabilities in an Al-M

C2A pEFINITION

==) Fracture toughness tests

=) “Pop-in” = local instability leading to rapid but limited crack propagation associated
with a sudden decrease in load

Load

>

Displacement
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Impact of machine stiffness and heat treatments on crack propagation instabilities in an Al-Mg-Si allo

DEFINITION = | EXPERIMENTAL  =viecraicl proprics

. INSTABILITY
CRITERIA

F Ire mechani
INVESTIGATIONS = vachine stiftness
=) Fracture toughness tests
#ccpop_in” —_

local instability leading to rapid but limited crack
propagation associated with a sudden decrease in load
=) Little studied in the literature. 2 types:

A

o

© T

S s

-'J -~

Displacement "
>
Displacement

Microstructural origin First pop-in type:
Before max load 5 L ot
Typical for brittle fracture Cleavage” instability
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Impact of machine stiffness and heat treatments on crack propagation instabilities in an Al-Mg-Si allo

SEFINITION m | EXPERIMENTAL  =ectmcipoeriss _ [INSTABILITY

racture mechanisms ==y
INVESTIGATIONS = Machine stffuecs CRITERIA
=) Fracture toughness tests

=) “Pop-in” = local instability leading to rapid but limited crack
propagation associated with a sudden decrease in load
=) Little studied in the literature. 2 types:

A
?
G‘)/ g 6
?'g D’ o
ey -]
Paris, Tada, Zahoor, Ernst, 1979
Displacement_' Paris, _Tada, Ern_st, Zahoor, 1979
> Hutchinson, Paris, 1979
- cr- Displacement Zahoor, Paris, 1981
“cleavage” instability P Zahoor, 1982

Mechanical origin Second pop-in tvpe:
After max load Pop yP

Typical for ductile fracture Tearing” mechanism

Interaction between elastic energy and tearing modulus?
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SEFINITION m | EXPERIMENTAL  =ectmcipoeriss _ [INSTABILITY

racture mechanisms ==y
INVESTIGATIONS = Machine stffuecs CRITERIA
=) Fracture toughness tests
# “POp-in” —_

local instability leading to rapid but limited crack
propagation associated with a sudden decrease in load
=) Little studied in the literature. 2 types:

A
?
ARy
ke b,
s 3
Displacement_’
, >
. by - . Displacement
cleavage” instability P

“tearing” mechanism
Aluminium Al-Mg-Si (6061)

Machine stiffness M Crack growth toughness
POP-IN ?

System
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Impact of machine stiffness and heat treatments on crack propagation instabilities in an Al-M

EX P E R | M E N TA |_ =) Mechanical properties

=) Aluminium 6061-T6
=) Age-hardened alloy — 4 aging times (175 °C) to obtain 4 metallurgical states:
Aging time (h)

4

‘8‘12&6

Strength /

45 nm

20 19

INSTABILITY

=) racture mechanisms
‘DEFINITION |NVEST|GAT|ONS :E/Iacltwinestiff}ness = CR'TER'A

60 nm

|
120

Atom Probe Tomography

T
100 80
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Impact of machine stiffness and heat treatments on crack propagation instabilities in an Al-Mg-Si allo

EXPERIMENTAL = Mechanicatproperties | INSTABILITY

- =) Fracture mechanisms
- DEFINITION |NVESTIGAT|ONS -blli/lachinestiﬁ"ness = CRITERIA

=) Tensile tests:

Aging time strongly hardens the aluminum alloy

300
©
o
s
5 200
n
o
»
@
~
= 400 — Experimental data 4 hours ---Voce 4 hours
Experimental data 8 hours ---Voce 8 hours
—Experimental data 12 hours ---Voce 12 hours
Experimental data 16 hours ---Voce 16 hours
0 1 1
0% 10% 20% 30%

True plastic strain (%)
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Impact of machine stiffness and heat treatments on crack propagation instabilities in an Al-M

EXPERIMENTAL = Mechanicatproperties | INSTABILITY

- =) Fracture mechanisms
— DEFINITION |NVESTIGAT|ONS -blli/lachinestiﬁ"ness = CRITERIA

== Fracture toughness tests:

4000 4000
3000 3000 r
2 g
S °
o 2000 F g 2000 F
- | \
/' N
' .
1000 F .4 hours 1000 | tf —+12 hours ‘h-"‘n.,
8h #  |[~16hours R
o nours /f OPop-in
0 1 1 1 0 1 1 1
0,0 0,5 1,0 1,5 2,0 0,0 0,5 1,0 1,5 2,0
Machine displacement (mm) Machine displacement (mm)

=) Pop-in appearance after 12
and 16 hours of aging time
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Impact of machine stiffness and heat treatments on crack propagation instabilities in an Al-M

EXPERIMENTAL = Mechanicatproperties | INSTABILITY

- =) Fracture mechanisms
_ DEFINITION INVESTIGAT'ONS -blli/lachinestiff}ness = CRITERIA

== Fracture toughness tests:

30
aload P o (Umul ‘6‘ .
da %
et *
q mg Sy * \\\ s
h Y -
= » Pop-in
© \\\
* \\s.
Plastic load-line displacement 1{_’: ----- ‘
- .
0 - : . :
4 8 12 16
Aging time (h)
d e 1 )
Crack growth toughness %, also called “tearing modulus
=) |ink between :

Low strain hardening ability

High strength —> low tearing modulus = pop-in
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Impact of machine stiffness and heat treatments on crack propagation instabilities in an Al-M

EXPERIMENTAL = Mechanicatproperties | INSTABILITY

- =) Fracture mechanisms
— DEFINITION |NVESTIGAT|ONS -bili/lacfwinestiffrllwess = CRITERIA

== Fracture mechanisms:
No pop-in (aging: 4 h)

Broken coarse Mg,Si in dimples

' - Nucleation controlled by coarse
‘ precipitates (Mg,Si & IMF)

W- Ductile failure micromechanisms

84 - \Void growth to coalescence by
internal necking (and void-
sheeting) mechanisms

= | No difference in zone with and without pop-in
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Impact of machine stiffness and heat treatments on crack propagation instabilities in an Al-M

uuuuuuuuuuuuuuuuuuuuu

C2A DEFINITION =

EXPERIMENTAL i e
INVESTIGATIONS

== Fracture mechanisms: —_—

Scanning electron microscope
+

EBSD

4.2 mm

A
v

=) No preferential localization of coarse particles: mainly transgranular fracture

=) |ntergranular fracture around the small grains
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Impact of machine stiffness and heat treatments on crack propagation instabilities in an Al-Mg-Si alloy

C2A peFINITION =|EXPERIMENTAL = o TS IABILITY

= INVESTIGATIONS = Machine stiffness = CR ITER IA
== Fracture mechanisms:

Tomography:
_ ===op= Synchrotron laminography (ESRF, Grenoble)

520x1664x260 pum3

Crack tip in purple
Porosity in orange

=) Ductile failure, very rough crack surface
==) Heterogeneous presence of large clusters of porosity at the crack tip

= | No difference in zone with and without pop-in
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‘DEFINITION

EXP ER | M ENTAL = Mechanical properties

‘INSTABILITY
m Fracture mechanisms
| NVEST'GAT'ONS = Machine stiffness CR ITER IA
4000 "" @ 4000 |
3000 TR 3000 |
g o ‘\._\ g
§2000 3 1 ®2000 |
i \ 3
w00 | # [~4hours 1000 | ;’} ~12hours | e
=8 hours i -16 hours -
¥, \OPop-in V4 OPop-in
of . : ' o ¥ - :
0,0 0,5 1,0 1,5 2,0 0.0 0,5 1,0
Machine displacement (mm)

New tests after 8 h

No pop-in in previous tests
Try to create pop-in by

reducing the system stiffness

Machine displacement (mm)

1,5 2,0

Low strain hardening ability

<>

Low tearing modulus

<>

Pop-in

!

Aluminium Al-Mg-Si (6061)

Machlne st|ffness~ Crack growth toughness
POP-IN ?
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Impact of machine stiffness and heat treatments on crack propagation instabilities in an Al-Mg-Si allo

EXPERIMENTAL = Mechanicatproperties | INSTABILITY

= Fracture mechanisms ==
CRITERIA

— DEFINITION INVESTIGATIONS = Machine stiffness

=) Design of an assembly allowing to decrease the stiffness K, ’g

=) Use of belleville washers, to increase the compliance in
compression

K, <
B _ KoKp
— - Km(N) = NK, +K,
Kp <_' . Km(N)Ks(a)
| ) = WY K @)
N Belleville
washers — K.(a)
S

CT-specimen
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Impact of machine stiffness and heat treatments on crack propagation instabilities in an Al-Mg-Si allo

EXPERIMENTAL = Mechanicatproperties | INSTABILITY

‘ =) = Fracture mechanisms
— DEFINITION |NVEST|GAT|ONS -»K/Iac:]inestiffzess = CRITERIA

== 5 tests after 8 hours with 5, 7, 8, 10 and 15 washers

8 hours
2500 F
Machine \ ’
2000 It stiffness 9
3
= 1500 |
©
O
—
1000 r 5 washers a0=17,40mm
=7 washers a0=17,55mm
£/ —+—8 washers a0=17,30mm
500 F s ——10 washers a0=16,90mm
///// —~—15 washers a0=17,40mm
s * Accelerated crack growth
e .
O // 1 1 o POp-":] 1 1 1
0,0 0,5 1,0 1,5 2,0 2.5 3,0

Machine displacement (mm)

Number of washers / == Stiffness \ = Pop-in & amplitude /
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Impact of machine stiffness and heat treatments on crack propagation instabilities in an Al-M

EXPERIMENTAL = Mechanicalproperties | INSTABILITY

Cea ‘DEFINITION-»

= Fracture mechanisms

|NVEST|GAT|ONS =) Machine stiffness = CRITERIA

[ Instability criterion ? ]» ‘Load "approach

L]
L]
u
|
.
.
*

*
*
*
*
&

Plastic load-line displacement u}

U = Uy + Us = Uy, + US + U

oP

p

a 1%
s sp

_|_
K.(N,u?) 0P

= —Kt(N,uf)

Kt k@ Kb

. instability g

S 6ut - O -
Displacement "

oul
LoadP Ymat

da
p
_Kt (N’ Us initiation)

Pop-in

Load P (N)

3000

2000

1000 f

K
‘\ s
21
1 20
E
E
©
119 £
o
c
2
=
Q
£
. 1 18 O
——P(up) with 8 washers
—Tangent to the experimental curve
—Line of slope -Kt(8,up)
—Crack length a
: 17
0 1 2

Plastic load-line displacement uP,(mm)
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Impact of machine stiffness and heat treatments on crack propagation instabilities in an Al-Mg-Si allo

EXPERIMENTAL = Mechanicalproperties | INSTABILITY

‘ Ll = Fracture mechanisms
—_— DEFINITION |NVEST|GAT|ONS -»K/Iac:]inestiffzess = CRITERIA

[ Instability criterion ? ]» ‘Load "approach

instability 5P ouP
S

g Up = Uy + Ug = Uy +ué +ub
+
K.(N,u?) 0P

Load

5ut=0= 6P

Displacement

ou

dP oP
—5 < —K;(N,u) s S(N,uf) = —tk(Nuf) <07
S

Load P o d]mat
da

—K, (N, u? )

'S initiation

]
-
|
.
.
*

_Kt (N, uf arrest) .......

Pop-in

Pop-in
Unstable

Plastic load-line displacement u}
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Impact of machine stiffness and heat treatments on crack propagation instabilities in an Al-M

EXPERIMENTAL = Mechanicalproperties | INSTABILITY

‘ Ll = Fracture mechanisms
—_— DEFINITION |NVEST|GAT|ONS -»K/Iac:]inestiffzess = CRITERIA

[ Instability criterion ? ]» ‘Load "approach

P P
p Py _ p
— < =K. (N, u} S(N,uf) =—=+K(N,uf) <07?
ou Uy
1200 s Q—Fi 7
-5 washers 8 washers ‘D-TUHGELQHS -15 washe_rs

. -7 washers +—Exp. pop-in —EXp. pop-in —Exp. pop-in s .
£ : o
-.E_ 600 g’ 3
= Q
5 R
.‘3 0 L - % *q;
c wll ﬂf &
- A/ TS
n \_/ ______ 1 QI
0 e 2
-600 : : oL S

0,3 1,4 2,503 1,4 2,503 :2%

Plastic load-line Plastic load-line T ®

displacement (mm) displacement (mm) displacement ( splacement (mm)g- "t},‘

Q S

>

=) Excellent agreement between the predictions of the criterion and the tests
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Impact of machine stiffness and heat treatments on crack propagation instabilities in an Al-Mg-Si allo

‘DEFINITI ON = |[EXPERIMENTAL  =vectaica properes

INSTABILITY

racture mechanisms ‘
INVESTIGATIONS = wachinesitmess | CRITERIA
[ Instability criterion ? ]l:[)
m) ‘J-integral’ approach
==) Reasoning developed by Paris et al., 1979
=) General small-scale yielding case
P o) — K(P,a)?
J(P,a) =—F
dJ](P,a) dJ](P,a)
4P a)= ](ap f(P,a)da + ](aa 2\ | instability
; dug(P,a) = 0 -
%(P:a)zTapng(P»a) -
d]mat

Tmat = W < Tapp (P,a)
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Impact of machine stiffness and heat treatments on crack propagation instabilities in an Al-M

EXPERIMENTAL = Mechanicalproperties | INSTABILITY

‘ Ll = Fracture mechanisms
— DEFINITION |NVEST|GAT|ONS -»K/IacLinestiff?}ess = CRITERIA

[ Instability criterion ? ]l:[)
m) ‘J-integral’ approach

==) Reasoning developed by Paris et al., 1979
=) General small-scale yielding case

30 8 hours Data range of material tearing modulus
——5 washers
25 -7 washers "

ﬂ‘ 8 washers - _93
-=10 washers = 0

da o 1
C 5 20 —15 washers Q8
"'-" % O Exp. pop-in initiation o "‘d;
Pop-’n % K X Exp. pop-in arrest a o
—————————— a S|s1° )

ME
'-g—- 10
S £ .

) 5 A O
Q = Q -
S o
T app(P, egy) Q8 Qs
S hi I \ o &

FTAE - lachine stiffness 3

I Tmat = mae < Tapp (B a) ' ' ' ' '
a(] d@ 16,7 17,7 18,7 19,7 20,7 21,7 22,7
Crack length (mm)

mm) Good agreement between the predictions of the criterion and the tests

=) Experimental pop-ins seem to stop too late : some dynamic effects are not considered
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Impact of machine stiffness and heat treatments on crack propagation instabilities in an Al-Mg-Si allo

EXPERIMENTAL = Mechanicalproperties | INSTABILITY

-) = Fracture mechanisms
DEFINITION |NVEST|GAT|ONS -»K/IacLinestiff?}ess = CRITERIA

=) Conclusions:

Pop-ins studied are purely mechanical crack growth instabilities

Result from the interaction of the material behavior (favored by a
decrease of tearing modulus) and imposed loading (favored by a high
compliance of the total system)

System stiffness M Crack growth toughness
POP-IN

2 instability criteria

sload P

Plastic load-line displacement u®,
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: Impact of machine stiffness and heat treatments on crack propagation instabilities in an Al-M

ce ‘DEFINITION _|EXPERIMENTAL  sectanpoperies _ [INSTABILITY

racture mechanisms ‘
|NVEST|GAT|ONS :K/IacLinestiffzess CRITERIA
=) Finite-element simulation
=) Gurson law

=) Arc-Length method (Riks, 1979)

3000

2000 |

Load (N)

775 N/mm

—1 551 N/mm

—2 326 N/mm
3 102 N/mm
77 546 N/mm

Y < Pop-in
k p

Machine displacement (mm)

5 02—4e+02 -Je+02 -Ze+0Z  -1e+0Z i 1e+0z Ze+02 3e+02 4e+0Z
—aE+
$ig22 map:1.00000  time:0.0001 min-1.13845 max2 42321

1000

Se+02

=) lSpring creates numerical pop-inl
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: Impact of machine stiffness and heat treatments on crack propagation instabilities in an Al-M

ce ‘DEFINITION _|EXPERIMENTAL  sectanpoperies _ [INSTABILITY

racture mechanisms ‘
|NVEST|GAT|ONS :K/IacLinestiffzess CRITERIA
=) Finite-element simulation
=) Gurson law

=) Arc-Length method (Riks, 1979)

3000

2000 |

Load (N)

775 N/mm

—1 551 N/mm

—2 326 N/mm
3 102 N/mm
77 546 N/mm

Y < Pop-in
k p

Machine displacement (mm)

5 02—4e+02 -Je+02 -Ze+0Z  -1e+0Z i 1e+0z Ze+02 3e+02 4e+0Z
—aE+
$ig22 map:1.00000  time:0.0001 min-1.13845 max2 42321

1000

Se+02

=) lSpring creates numerical pop-inl
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28
- 4 h
©
o 19 -
s .
- -~
© -~
“F P -~
Cd
S 0l _ Asgh
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16n | 7
l&’ ~ “Pop-in
12 h
1 1 1 1 1
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J-integral (kJ/m?)

J-integral (kJ/m?)

80

80 8 hours
60 | 60 F
,,E _____________
2
40 | 54
g
£
20 - 20
—e—Experimental curves t Begmnmg of stable
——Experimental curves
- Fitted R-curve ---Fittod R—curve crack growth
0 : ‘ : ‘ ‘ 0
00 05 1.0 15 20 25 30 00 05 1.0 15 20 25 30 T, CONStant
Crack extension da (mm) Crack extension da (mm)
-~
8 112 hours 8 116 hours i:.n
3
£
60 | 60 -
E «—____ Extension due
= .
X to blunting
____________________________ = 40
"""" g
E :
=) 20 Crack extension da
——Experimental curves 4 ——Experimental curves
---Fitted R-curve --~Fitted R-curve
O Pop-in © Pop-in
0 ‘ ‘ . . : 0 : ‘ : : :
0,0 0,5 1,0 1.5 2,0 25 3.0 0,0 0,5 1,0 1.5 2,0 25 3.0

Crack extension da (mm) Crack extension da (mm)

decrease in crack initiation toughness JO,2 and crack growth toughness dJ_mat/da
with aging time.
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Impact of machine stiffness and heat treatments on crack propagation instabilities in an Al-Mg-Si allo

o | 8 hours

(@)
o
1

5 washers

7 washers

-8 washers

-+10 washers

-=15 washers

O Pop-in initiation

.« Accelerated crack propagation
Data range without washers

J-integral (kJ/m?)
N
o

N
o
1

0 L 1 L 1 1 1 1 1 1
0,0 0,5 1,0 1,5 2,0 2,5 3,0 3,5 4,0 4,5

Crack extension da (mm)
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60

30

Jo2 (kJIm?)

S
TS
\~~s :
‘\
'S o
\\
o N
i ‘4\‘
* \.;
S
4 8 12 16

Aging time (h)
Crack initiation toughness J,
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Impact of machine stiffness and heat treatments on crack propagation instabilities in an Al-M

4000

6000
——4 hours expe -=-4 hours
—12 hours expe --12 hours .
O Pop-in initiation 4800 r W Exp. pop-in
3000 |- X Pop-in arrest I~
E3600 | 3
— £ o3
< < Q ®
° 2000 r E 2400 g %]
S 5
c
=]
1200
n
1000 | *q,
L S -
0 S 38
Q3
O n
0 - . . -1200 : Qa c©
0 1 2 3 4 0,00 1,75 3,50 =)

CMOD (mm) Plastic load-line displacement (mm)
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dJ/da (MPa)
o o o & 3 & &

1
a

Impact of machine stiffness and heat treatments on crack propagation instabilities in an Al-M

ms=Data range of material tearing modulus mm=Data range of material tearing modulus
| ——Applied tearing modulus | —Applied tearing modulus
O Exp. pop-in initiation
X Exp. pop-in arrest
4 hours — 12 hours
15,2 16,5 17,8 19,1 204 21,7152 16,5 17,8 19,1 204 21

Crack length (mm)

Crack length (mm)
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Pop-in
Unstable*

~ No pop-in

Stable*



—D6 a0=15,85 mm
Initial specimen stiffness
= Last point of each cycle

0,20 0,40 0,60 0,80 1,00 1,20
Extensometer opening CLLOD (mm)

-=—D6 a0=15,85 mm
= 2000 —lg,g
E —16.0
9 1500 | 16,1
16,2
—16,3
1000 B £ 716,4
£ —16,5
500 | 16,6
16,7

/ Initial specimen stiffness
0 1 1 L 1 1 1
1.40 0,00 0,20 0,40 0,60 0,80 1,00 1,20 1,40

Extensometer opening CLLOD (mm)

3500

3000

2500

Load (N)

1000

0.0 0.5 1.0 3.0 35 4.0

1]5 2;0 2‘5
CMOD (mm)
16™ European Mechanics of Materials Conference | March 26-28, 2018 | 32



50

40

w
o

Jo» (kJ/m?)

N
o

10

® J0,2 keycurve
@ dJ/da keycurve

® JO,2 compliance - - Average J0,2
® dJ/da compliance - - Average dJ/da

4

8 12 16
Aging time (h)

16" European Mechanics of Materials Conference

25

20

15 &
o
[4V)
3
X

10 2
=
S

5

0

March 26-28, 2018 | 33



Impact of machine stiffness and heat treatments on crack propagation instabilities in an Al-Mg-Si allo

=) General small-scale yielding case

2
J(P,a) = —K(PL;a)
4 a) =2 (al;’ Dap+ Y (aPC; 4
dP dCs(a)
du;(P,a) =0=—+Cs(a)dP + P da
8](P, ) 0](P, ) Ko o
dJ(P,a) = p ,a)da + a da

d
d_{l(P,a) = Tapp = g(P,a)

]mat

Tmat = —— da <Tapp(P a)=g(P,a)
aeff=a+‘ry

P,a
That = ]dnzlat < Tapp (P, eff) = gé eff)
1- yra, 59(P,Qcsr)
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32+ 17) © ayl
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- No mobile strain bands
- No serration on the stress-strain curve
- No reverse sensitivity to strain rate

!

No PLC effect (contrary to the literature)

g

No link PLC / pop-in
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=) Aluminium 6061-T6

=) Age-hardened alloy — 4 aging times (175 °C) to obtain 4 metallurgical states:
Aging time (h)
418 |12]16

Strength /

125 nm

| | |
400 300 200 100
z

Atom Probe Tomography
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Impact of machine stiffness and heat treatments on crack propagation instabilities in an Al-M

1100 pm

® Crack propagation
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Impact of machine stiffness and heat treatments on crack propagation instabilities in an Al-Mg-Si alloy

+++ Structural hardening (during ageing
--- Clusters of coarse precipitates (during quench)
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Rajout d'un ressort a raideur variable dans la simu 2D :

Sample

effort

Pilotage en longueur d’arc : méthode incrémentale
de Riks o’
Principe : ajouter aux eéquations d’équilibre une
équation imposant la longueur du vecteur
incrémental dans le plan charge/déplacement -> le
chargement appliqué devient une variable
additionnelle du probleme

Noeq-deus

déplacement
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act of machine stiffness and heat treatments on crack propagation instabilities in an Al-M

4000

-4 hours expe
—--12 hours expe
O Pop-in initiation

3000 X Pop-in arrest

’ 1 CMO[f(mm) ’ ’
Nucleation
, A
« Méthode :

- Extraction de la contrainte principal o;
- fo = A(0p)P .

_ 1
- A(o;)) = Apo + o Ao

« Parameétres d’optimisation : 34,0
2% m

- (g, (Tvergaard). Potentiel plastique :¢(%G,,,,5,f)=((;‘”’J +241ﬁvfff[qz—a]—(1+qaf)2 =0
B AnO |

Om
- fact (facteur géométrique permettant de dilater le maillage fin)
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Load (N)

5000

4000

3000

2000 F

1000 F

Zebulon

Eléments quadrangles (8 noeuds) linéaires a intégration sélective
Comparaison 2D déf planes — 3D validée

Différents traitements thermiques :

Aprés optimisation des parametres :

Loi élastoplastiques (Voce) différentes

Lois d’endommagement (Gurson et nucléation par les contraintes) identiques

2D

——4 hours expe

==++4 hours simu

-~ ——12 hours expe ++++12 hours simu

CMOD (mm)

Load (N)

5000

4000

3000 F

2000 F

1000

——4 hours expe
«+++4 hours simu2D
= 4 hours simu3D

CMOD (mm)
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Impact of machine stiffness and heat treatments on crack propagation instabilities in an Al-M

DE LA RECHERCHE A LINDUSTRIE

Cea

3000 3000
b Y
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2000 | 2000 4 \ 3102 N/mm

z Z |3 A\ 77 546 N/mm
] : \ '
g g “\
=} | H \
- | <
~775 N/mm i \
1000 | 1551 N/mm 1000 [3 \
~2 326 N/mm ’ \
3102 N/mm ’ )
77 546 N/mm o
R4 < Pop-in
| u\‘ p .
0 1 1 ) 0 1 1 T s
0 1 2 3 4 0 1 2 3 4
Machine displacement (mm) CMOD (mm)
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