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Why to determine the microstructure?

Motivation:

- most realistic modeling of the forming processes i n the Simulation
(Material flow, Strain hardening, etc.)

- prove of reaching a certain specified grain struct ure (average grain size,
max permitted grain size , etc.)

- provide the necessary grain structure information for subsequent
further treatment (heat treatment or others)

- derivation of product properties

- information to support further experimental invest igations (i.e. orientation of
flow lines for ultra sonic testing)

- efc.
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The most simple Model: “Pause Time = Recrystallization*

Basic approach:

- sufficiently high temperatures and a least energy brought in by forming
result in recrystallization in the part (dynamic, s tatic)

- the recrystallization reduces the deformation that is already in the part

- the local temperature and strain are always suffic  ient to enable
recrystallization

- the pause time (transport of the part) is always s  ufficient to allow for
complete recrystallization

- complete recrystatization is identical with comple te reset of any deformation that
is already in the part

- dynamic recrystallization during the forming will have no effect to the
material properties nor to the material flow

> End of forming = Pause time = Complete recrysta llization

(c) Dr. Michael Twickler, Dr. Gerhard H. Arfmann - 15th International Forging Conference 06./07.10.2011
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The most simple Model: “Pause Time = Recrystallization*

Example: Bearing Shell, 2-Step Forming at 1150

eesy-2-form V4.52x(2D-axial-symm.) LIZ NR. ORIG36 07.03.2011 21:19

INFO1:

INFO2:
INKR. 0 ( 250) POS. WERKZ. 1: 102.00
2011_bearing-1atie.fin

1. Forming

~ j>

°C

eesy-2-form V4.52x(2D-axial-symm.) LIZ NR. ORIG36 07.03.2011 21:19
INFO1: INFO2:
INKR. 250 ( 250) POS. WERKZ. 1: 62.00
2011_bearing-1atie.fin

INFO1: INFO2:
INKR. 600 ( 600) POS. WERKZ. 1:
2011_bearing-1a21e.fin

eesy-2-form V4.52x(2D-axial-symm.) LIZ NR. ORIG36 07.03.2011 21:24

10.37

2. Forming
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The most simple Model: “Pause Time = Recrystallization*

Example: Bearing Shell, 2-Step Forming at 1150 °C

eesy-2-form V4.52x(2D-axial-symm.) LIZ.NR. ORIG36 07.03.2011 21:25 eesy-2-form V4.52x(2D-axial-symm.) LIZ.NR. ORIG36 07.03.2011 21:38
INFO1: INFO2: INFO1: INFO2:
INKR. 600 ( 600) POS. WERKZ. 1: 10.37 . INKR. 250 ( 250) POS. WERKZ. 1: 62.00
2011_bearing-1a21e.fin 1. FO“ I “ng 2011_bearing-1al1e.fin
110 EPS-V | EPS-V
100 =) 100 =)
ol 3.0000 ol 0.8000
27273 0.7364
= 99 24545 O 06727
£ 704 2.1818 £ 70-| 0.6091
£ 1.9091 g o 0.5455
I3 I3
2 1.6364 £ 0.4818
= 1.3636 £ 504 0.4182
o o
5 1.0909 5 40 0.3545
2 0.8182 2 0.2909
= 0.5455 | op-axial-symm.) LIZ.NR. ORIG36 07.03.2011 21:25 02373
0.2727 @2 0.1636
0.0000 iz ¢ ( 6o0) POS. WERKZ. 1: 63.50 0.1000
MIN/MAX 2011_bearing-1a21e.fin MIN/MAX
10 3.2825 EPS-V 0.8321
-104 i
! | | ; - - - 01897 (- ! | ; - - - : : 01277
-80 -60 -40 -20 0 20 40 60 80 b0 -40 -20 0 20 40 60 80
X-Koordinate in mm 0.8000 X-Koordinate in mm
0.7364
= 9 06727
£ 70 0.6091
[ =
£ o 0.5455
£ 0.4818
§ 50+ 0.4182
- § a0 Complete
2. Forming S aol L
- 02273 Recrystallization
204 0.1636
10 0.1000
0 MIN/MAX
0.0000
-104 I
T T T T T 0.0000
-80 -60 -40 -20 0 20 40 60 80
X-Koordinate in mm

(c) Dr. Michael Twickler, Dr. Gerhard H. Arfmann - 15th International Forging Conference 06./07.10.2011 5
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The most simple Model: “Pause Time = Recrystallization*

Results:

- in a multi step forming process each step starts w ith completely recrystallized

material behavior (there is no forming history)

==> the resulting strain values often show a realis tic picture of the
real material situation

==> a basic interpretation of the actual deformatio  n regarding the limit of
formability can be performed

==> the calculated forming and tool loads are not influence by an accumulation
of strain from previous operations

- Information about the state of recrystallization o f the material: not available

- evaluable information about grain size or grain si ze distribution: not available
- information about grain growth:  not available

- further microstructure relevant results: not available

- influence on the used material model: none, Yield stress — strain curve remains
unchanged

(c) Dr. Michael Twickler, Dr. Gerhard H. Arfmann - 15th International Forging Conference 06./07.10.2011
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The most simple Model: “Pause Time = Recrystallization*

Model idea (1):
- a model of the dynamic recrystallization can be fo  rmulated like
Dyynrek. =f (Do, €, O/, T, etc.) => dyn. recryst. grain size

dynamisch < Faynre. = f (several process parameters) => dyn. recryst. f  raction

. Relevance: during respectively directly after the f ~ orming

- a model of the static recrystallization can be for  mulated like

r
Dgiatrek. =f (Do, € T, t, €tc.) => stat. recryst. grain size

statisch <
Featek = f (Several process parameters) => stat. recryst.  fraction

\ Relevance: during pause time between respectively h  old time after
previous deformation

(c) Dr. Michael Twickler, Dr. Gerhard H. Arfmann - 15th International Forging Conference 06./07.10.2011
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The most simple Model: “Pause Time = Recrystallization*

Model idea (2):

- a model for grain growth can be formulated like

ADxx.rek. = f(Dxx.rek’ T’ t’ etc.) Wlth XX, — stat. or dyn.

=> growth of the xx. recrystallized grain
Wachstum
Relevance: for ADg, . : after the end of the dynamic recrystallization

for ADg ok - @fter complete static recrystallization of the le  ftover
\ grainstructure

- it is possible to find reasonable rules to allow a  t a certain step of time
to merge the separate grain fractions like

DO-neu :f(DO1 Ddyn.rek. , Dstat.rek. , ADdyn.rek. ’ ADstat.rek. ’ den.rek. , I:stat.rek.)

Mischung => new average of the initial grain size

(c) Dr. Michael Twickler, Dr. Gerhard H. Arfmann - 15th International Forging Conference 06./07.10.2011 8
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The typical Model: “Dynamic/Static with grain growth*

Model idea (3):

- the reduction of the amount of strain in the part IS equivalent to the sum of
the recrystallized fractions (considered locally) | ike

o .
8v-neu = f(sv’ den.rek.’ I:stat.rek.) => new reduced strain

Strain Softening < Relevance: after completion of the dynamic recrysta  llization and
during the static recrystallization

- the complex interaction between the several mechan  ism of microstructure change
can be formulated and coded. Normally thereisno s  trict sequence how the various
models interact during a process. Knowledge is need ed about:

- interaction and dependencies of the various models

- Start/Stop-conditions for the models

> Dynamic/Static Model for Forming and Hold Times

(c) Dr. Michael Twickler, Dr. Gerhard H. Arfmann - 15th International Forging Conference 06./07.10.2011
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The typical Model: “Dynamic/Static with grain growth*

Example: Turbine disc made from Inconel 718, ones tep forming at 1020 °C

eesy-2-form V4.53M(2D-axial-symm.) LIZ.NR. ORIG36 06.03.2011 16:45 eesy-2-form V4.53M(2D-axial-symm.) LIZ.NR. ORIG36 06.03.2011 16:47
INFO1: INFO2: INFO1: INFO2:
INKR. 0 ( 480) POS. WERKZ. 1: 117.54 INKR. 0 ( 480) POS. WERKZ. 1: 117.54
chi2_tm_new _1at1efin chi2_tm_new_1atiefin
TEMP
120+
Transport (e
100 1020.0
1017.3
10145
£
g 809 1011.8
= 10091
£ 60+ 1006.4
E 1003.6
5 0 1000.9
< i 998.2
995.5
eesy-2-form V4.53M(2D-axial-symm.) LIZ.NR. ORIG36 06.03.2011 16:45 992.7
INFO1: INFO2: 990.0
INKR. 480 ( 480) POS. WERKZ. 1: 95.00
g chi2_tm_new_1at1e.fin MIN/MAX
[EPT———— SR
..... ~ Heating
e - T T T T T T T 981.2
M= : = J 60 -40 -20 0 20 40 60 80
) ] / X-Koordinate in mm
i ]
{ W |||||
| B
|||||
|||||
~ J $555
so27
B e Formin
..... g
0

(c) Dr. Michael Twickler, Dr. Gerhard H. Arfmann - 15th International Forging Conference 06./07.10.2011 10
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The typical model: “Dynamic/Static incl. Grain Growth*

Example: Turbine disc made from Inconel 718, ones tep forming at 1020 °C
- results after 5% press movement

Equivalent Strain [-] Recrystallization [-]
eesy-2-form V4.53M(2D-axial-symm.) LIZ.NR. ORIG36 06.03.2011 17:41 eesy-2-form V4.53M(2D-axial-symm.) Liz.Nr. ORIG36 06.03.2011 17:43
INFO1: INFO2: INFO1: INFO2:
INKR. 20 ( 480) POS. WERKZ. 1: 116.50 INKR. 20 ( 480) POS. WERKZ. 1: 116.50
chi2_tm_new _1al1e.fin chi2_tm_new _1at11e.fin
EPS-V Rek. Zust.
120 (- ) 120 R (-)
0.1156 0.9720
100+ 01054 100+ 0.8860
c 0.0952 c 0.8000
£ 804 0.0850 £ 804 0.7140
IS 0.0748 £ 0.6280
@ o
- 0.0646 - 0.5420
© 60+ © 60
£ 0.0544 = 0.4560
T e
5 0.0442 s 0.3700
o o
« 40 0.0340 v 407 0.2840
> 0.0238 > 0.1980
204 0.0136 20 0.1120
0.0034 0.0260
0 MIN/MAX 09 MIN/MAX
0.1191 1.0000
0.0000 ) T T T 0.0000
-2 0 20 40 60 80 -80 -60 -40 -20 0 (o] 40 60 80
X-KoRrdinate in mm X-Koordinate i mm

Certain amount of strain > Dynamic recrystallization (local)

(c) Dr. Michael Twickler, Dr. Gerhard H. Arfmann - 15th International Forging Conference 06./07.10.2011 11
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The typical model: “Dynamic/Static incl. Grain Growth*

Example: Turbine disc made from Inconel 718, ones tep forming at 1020 °C
- results after 25% press movement

Equivalent Strain [-] Recrystallization [-]
eesy-2-form V4.53M(2D-axial-symm.) LIZ.NR. ORIG36 06.03.2011 17:41 eesy-2-form V4.53M(2D-axial-symm.) Liz.Nr. ORIG36 06.03.2011 17:43
INFO1: INFO2: INFO1: INFO2:
INKR. 110 ( 480) POS. WERKZ. 1: 111.94 INKR. 110 ( 480) POS. WERKZ. 1: 111.94
chi2_tm_new _1al1e.fin chi2_tm_new _1al1e.fin
EPS-V Rek. Zust.
120 (- ) 120 R ()
aaed 0.2953 aaed 0.9720
0.2693 0.8860
c 0.2433 c 0.8000
£ 804 0.2173 € 80 0.7140
£ 0.1913 = 0.6280
- 50 0.1653 5 50 0.5420
-é 0.1393 g 0.4560
§ aad 0.1133 § aad 0.3700
N 0.0873 N 0.2840
N 0.0613 - 0.1980
204 0.0353 204 0.1120
0.0093 0.0260
0+ 0]
MIN/MA X MIN/MAX
0.3040 I / 1.0000
T T T T T T T 0.0006 T T T T T T T T 0.0000
-80  -60 -40 - 20 40 60 80 -80 -60 -40 -20 0 40 60 80
X-K\wdin te in mm X-Koordi/ate/nm

\ v t 17
Certain amount of strain Dynamic recrystallization (local)

(c) Dr. Michael Twickler, Dr. Gerhard H. Arfmann - 15th International Forging Conference 06./07.10.2011 12
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The typical model: “Dynamic/Static incl. Grain Growth*

Example: Turbine disc made from Inconel 718, ones tep forming at 1020 °C
- results after 40% press movement

Equivalent Strain [-] Recrystallization [-]
eesy-2-form V4.53M(2D-axial-symm.) LIZ.NR. ORIG36 06.03.2011 17:41 eesy-2-form V4.53M(2D-axial-symm.) Liz.Nr. ORIG36 06.03.2011 17:43
INFO1: INFO2: INFO1: INFO2:
INKR. 180 ( 480) POS. WERKZ. 1: 108.52 INKR. 180 ( 480) POS. WERKZ. 1: 108.52
chi2_tm_new _1at11e.fin chi2_tm_new _1al1e.fin
EPS-V Rek. Zust.
120 120
- R ()
1004 0.5270 1004 0.9720
04810 0.8860
c 0.4350 c 0.8000
= 999 0.3890 g 80 0.7140
IS 0.3430 £ 0.6280
£ 60 0.2970 - 60+ 0.5420
= 0.2510 £ 0.4560
el o
5 0.2050 5 0.3700
g 40+ 2 40+
< 0.1590 < 0.2840
> 0.1130 > 0.1980
204 0.0670 205 0.1120
0.0210 0.0260
0 0
MIN/MA X MIN/MAX
\ \ \ 0.5452 I / / 1.0000
T T T T T T T T 0.0029 T T T T T T T T 0.0000
-80 -60 -40 -X0 0 20 40 60 80 -80 -60 -40 -20 0 0 40 60 80
X-Kdordjnatg in mm X-Koordinate ii mm

W E 17/
Certain amount of strain Dynamic recrystallization (local)

(c) Dr. Michael Twickler, Dr. Gerhard H. Arfmann - 15th International Forging Conference 06./07.10.2011 13
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The typical model: “Dynamic/Static incl. Grain Growth*

Example: Turbine disc made from Inconel 718, ones tep forming at 1020 °C
- results after 40% press movement

Recrystallized Fraction [%)] Grain Size [ASTM]
eesy-2-form V4.53M(2D-axial-symm.) Liz.Nr. ORIG36 06.03.2011 22:17 eesy-2-form V4.53M(2D-axial-symm.) Liz.Nr. ORIG36 06.03.2011 17:36
INFO1: INFO2: INFO1: INFO2:
INKR. 180 ( 480) POS. WERKZ. 1: 108.52 INKR. 180 ( 480) POS. WERKZ. 1: 108.52
chi2_tm_new _1at11e.fin chi2_tm_new _1al1e.fin
F min Korngr.
120 120
(% ) D (ASTM)
100 100.0000 1004 8.0000
90.9091 7.6364
c 81.8182 c 7.2727
g 804 72.7273 g 80 6.9091
c 7 c
= 63.6364 = 6.5455
,,, @
£ 60 54.5455 - 60 6.1818
= 45,4545 £ 5.8182
el o
5 36.3636 5 5.4545
o 40+ o 404
< 27.2727 < 5.0909
> 18.1818 > 4.7273
204 9.0909 205 4.3636
0.0000 4.0000
0 o7
B MIN/MA X MIN/MAX
\ 93.5376 8.2514

T T T T T T T T 0.0000 T T T T T T T T 3.8075
-80 -60 -40 -20 0 20 40 60 80 -80 -60 -40 -20 0 20 40 60 80
X-Koor ate in mm X-Koghrdinate in mm

\ ;l:
High recrystallized fraction Fine (dyn. rec/rystallized) grain

(c) Dr. Michael Twickler, Dr. Gerhard H. Arfmann - 15th International Forging Conference 06./07.10.2011 14
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The typical mode

Example: Turbine disc made from Inconel 718, one s

- results after 40% press movement

Material Flow [mm/sec]

eesy-2-form V4.53M(2D-axial-symm.) LIZ.NR. ORIG36 06.03.2011 17:41
INFO1: INFO2:
INKR. 180 ( 480) POS. WERKZ. 1: 108.52
chi2_tm_new _1at11e.fin
Geschw.
120
(mml/s )
1004 — 0.1595E+01
~—— 0.1450E+01
c 0.1305E+01
80
£ 0.1160E+01
£ ~——0.1015E+01
£ 60 0.8702E+00
._g 0.7252E+00
5 —0.5801E+00
8 40 _—
X — 0.4351E+00
> — 0.2901E+00
204 — 0.1450E+00
— 0.0000E+00
0,
MIN/MA X
\ 0.1667E+01
T T T T T T T 0.0000E+00
-80 -60 -40 -2 0 20 40 60 80
X-Koor{inate in mm

. “Dynamic/Static incl. Grain Growth”

tep forming at 1020 °C

Duration of Static Recrystallization [min]

N

,Dead" zone, - actually no forming

Y -Koordinate in mm

eesy-2-form V4.53M(2D-axial-symm.) Liz.Nr. ORIG36 06.03.2011 17:43
INFO1: INFO2:
INKR. 180 ( 480) POS. WERKZ. 1: 108.52
chi2_tm_new _1al1e.fin
t stat.Rek.
120 i
tst (min.)
1004 0.1111
0.1013
0.0915
e 0.0817
0.0719
60 0.0621
0.0523
ag< 0.0425
0.0327
0.0229
205 0.0131
0.0033
0,

MIN/MAX
/ 0.1145
T T T T 0.0000

-80 -60 -40 -20
X-Koor

f T T T
0 20 40 60 80
dipate in mm

/

stat. recrystallization after forming

(c) Dr. Michael Twickler, Dr. Gerhard H. Arfmann - 15th International Forging Conference 06./07.10.2011
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The typical model: “Dynamic/Static incl. Grain Growth*

Results:
- resulting strain represents the actual deformation and
hardening situation (locale distribution)
==> realistic calculation and evaluation of several variables like
material stress, deformability, forming loads, tool loads

- state of recrystallization: available, split in dynamic and static fraction

- grain size and grain size distribution : available, as global value and in
it s dynamic and static fractions as well

- Indication of grain growth :  available, quantitative value

- further microstructure spec. results : available, i.e. recrystallization time,
recrystallization stop, timing of growth, etc.

- all grain characteristics as local distribution in the part: available

- sustainable effects on the material model used : non, yield stress-strain curve
remains unchanged

(c) Dr. Michael Twickler, Dr. Gerhard H. Arfmann - 15th International Forging Conference 06./07.10.2011
Porto Alegre, Brazil
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The complex model: “Dislocation Based Model*

Model idea (1):
- strain € as not path independent value is no longer used as state value
for the constitutive law to describe the mechanical behavior
l.e.
o =f(O€/dt, T, €) is no longer valid
- as new state value the dislocation density P is introduced like

o =f(o€/dt, T, p)

- for the dislocation density an evolution equation to describe it “s development
during the forming operation can be given as

3p/dt = (3p/dt) " + (3p/dt)”

with ( 6p/6t)+: Processes that generate dislocations
and with ( 8p/dt) " : Processes that reduce dislocations

(c) Dr. Michael Twickler, Dr. Gerhard H. Arfmann - 15th International Forging Conference 06./07.10.2011
Porto Alegre, Brazil
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The complex model: “Dislocation Based Model*

Model idea (2):
- Processes that change the dislocation density

a) dislocation generation
Op/dt =M * Be/dt/ (b*L ) mit Lg=1f(P)

b) dislocation reduction by spontaneous annihilatio n
op/dt =c,* M * depontan “ OE/BL/ D * P

c) dislocation reduction by thermally activated cli mbing
Op/dt=cCy* (Vifdgipo) * P mit v =f(a) und d g, =f(0,0)

- the yield stress can be calculated as depending of the dislocation density like

Owm = M * (Teff + Tpass)
with T =a*b* G * pt2,
with T4 = kg * T/ V * asinh (arg)
and with arg = ( oy/dt) / (P,,*b* A*v) * exp(Q/kg * T)

(c) Dr. Michael Twickler, Dr. Gerhard H. Arfmann - 15th International Forging Conference 06./07.10.2011 18
Porto Alegre, Brazil
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The complex model: “Dislocation Based Model* #)

Model idea (3):

- the additional changes of the microstructure can b e described adequate
equations for

a) dynamic recrystallization,

Xdyn.rek =f(Rdyn.rek ’ Ndyn.rek)

b) static recovery and static/metadynamic recrystal lization,

Xstat.rek =f(Rstat.rek ’ Nstat.rek)

c) precipitation during hold time and
Fo =f(R,, Np)

d) grain growth after complete recrystallization

Rgr =f(Rdyn.rek ’ 6Rdyn.rek /6t)

> Dislocation Based Material and Grain model

*) Modelling along F. Roters, MPIE Dusseldorf und L. Mosecker, U. Prahl, W. Bleck, IEHK RWTH Aachen

(c) Dr. Michael Twickler, Dr. Gerhard H. Arfmann - 15th International Forging Conference 06./07.10.2011
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The complex model: “Dislocation Based Model*

Example: Wheel Hub, 4-step forming at T ., =1100°C, initial grain size: 54,8 pum

4.27w(2D-axial-symm.) LIZ.NR. ORIG36 07.03.2011 17.26 eesy-2-form V4.27w(2D-axial-symm.) LIZ.NR. ORIG36 07.03.2011 17.26

abe Setzen INFO2 Tstart=1100°C, phip lim INFO1 Radnabe FlieBpressen INFO2 Tstart=1100°C, phip lim

INKR. 320 ( 320  POS. WERKZ. 1: -11.30
radnabe-tm1100-var-1v31e.fin

Upsl_etting [l: |_4:>

Extrusion

eesy-2-form V4.27w (2D -axial-symm.) LIZ.NR. ORIG36 07.03.2011 17.23
INFO1: Radnabe F-Stufe INFO2: Tstart=1100°C, phip lim.
INKR. 15 ( 15 POS. WERKZ. 1: -75.45
radnabe-tm1100-var-1v72e.fin

eesy-2-form V4.27w(2D-axial-symm.) LIZ.NR. ORIG36 07.03.2011 17.25
INFO1: Radnabe V-Stufe INFO2: Tstart=1100°C, phip lim.
INKR. 2 ( 2 POS. WERKZ. 1: -65.31
radnabe-tm1100-var-1v52e.fin

Preparation

Finishing

]

(c) Dr. Michael Twickler, Dr. Gerhard H. Arfmann - 15th International Forging Conference 06./07.10.2011 20
Porto Alegre, Brazil



CPM Gesellschatft fir Computeranwendung, A ‘
Prozel3- und Materialtechnik N .

The complex model: “Dislocation Based Model*

Example: Wheel Hub, 4-step forming at T ., =1100°C, initial grain size: 54,8 pum

Recrystallized Fraction [-] Grain Size [ um]
eesy-2-form V4.27w(2D-axial-symm.) Liz.Nr. ORIG36 07.03.2011 17.40 eesy-2-form V4.27w(2D-axial-symm.) Liz.Nr. ORIG36 07.03.2011 17.40
INFO1: Radnabe Setzen INFO2: Tstart=1100°C, phip lim. INFO1: Radnabe Setzen INFO2: Tstart=1100°C, phip lim.
INKR. 400 ( 400) POS. WERKZ. 1: 90.00 INKR. 400 ( 400) POS. WERKZ. 1: 90.00
radnabe-tm1100-var-1vite.fin radnabe-tm1100-var-1vitie.fin
100 i Xdxn 100 D mean
90 - 90 - BENEO00 (mue-m)
50 03394 30| 54.0700
0.3094 52.0700
c 9 0.2794 = 50.0700
£ 60 0.2494 £ 60 48.0700
= 02194 = 46.0700
£ 50 0.1894 % 50 44.0700
c
= and 0.1594 £ and 42.0700
5 0.1294 5 40.0700
< 30 0.0994 c 304 38.0700
> 0.0694 > 36.0700
iy 0.0394 a0 34.0700
104 0.0094 104 i 32.0700
0 MIN/MA X 0-| MIN/MA X
] 0.3490 : 54.8000
10 T 0.0000 -10 T T T T T T T 31.3554
-60 - =2 0 20 60 -60 -40 -20 0 20 40 60
XfKoordinate in mm X-Koordinate ih mm
Not yet recrystallized area rain size = Initial gr  ain size
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The complex mod

Example: Wheel Hub, 4-step forming at T

el: “Dislocation Based Model*

start

Dislocation Density [1/m 2]

=1100°C, initial grain size: 54,8 um

eesy-2-form V4.27w(2D-axial-symm.) LIZ.NR. ORIG36 07.03.2011 17.45
INFO1 Radnabe Setzen INFO2:  Tstart=1100°C, phip lim
radnabe-tm 1100-var-1v11efin

ELEMENT *** KOORDINATEN 0.66 55.26

8.0E+1 Rho

Dislocation Density [1/m 2]

eesy-2-form V4.27w(2D-axial-symm.) Liz.Nr. ORIG36 07.03.2011 17.40
INFO1: Radnabe Setzen INFO2: Tstart=1100°C, phip lim.
INKR. 400 ( 400) POS. WERKZ. 1: 90.00
radnabe-tm1100-var-1vite.fin
100 : Rho
90 ‘ ' (1/m**2)
30 OE+14
.7560E+14
c 9 7T160E+14
£ 60 .6760E+14
£ 6360E+14
£ 50+ 5960E+14
=
= 40 .5560E+14
5 .5160E+14
o
X 30+ 4760E+14
l
> .4360E+1
204
10
0+ ‘ ‘ MIN /M
t 0.8
1
10 t 0.7418E+14
-60 -40 -20 0 20 40 60
X-Koordinate in mm

V
/ 2.0E+1

Dislocation evolution (over time)

7.0E+1

1 (mer2)

6.0E+1

5.0E+1

4.0E+1

_—

1.0E+13-

7

3 Yig¢ld Stress [MPa]

17
S
< axial-sym Z.NR. ORIG36 07.03.2011 17.45
2 4 & 8 10 12 14 16 18 20 22 24 NFO2: Tstart=1100°C, phip lim.
/ REREHIEYES M G adnabe-tm 1100-var-1v11e.fin
ELEMENT *** . KOORDINATEN: 0.66 55.26
110 T Kf
L / (MPA )
100 / \
90 /‘
80 /
70 /
60
50 /
40 /
30
il /
/
10 y 4
2 4 6 10 12 14 16 18 20 22 24
WERKZEUGWEG IN mm

v/

Yield stress (over time)
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The complex model: “Dislocation Based Model*

Example: Wheel Hub, 4-step forming at T ., =1100°C, initial grain size: 54,8 pum

eesy-2-form V4.27w(2D-axial-symm ) Liz.Nr. ORIG36 07.03.2011 17.56 . . . 2
INFO1 Radnabe F-Stufe INFO2 Tstart=1100°C, phip lim
INKR 15 ( 15) POS. WERKZ. 1: -75.45 DISlocatlon DenSIty [1/m ]
radnabe-tm1100-var-1v72e.fin
Rho - -
N Grain Size [ pm]
1581E+15
ey 0.1523E+15
£ PP eesy-2-form V4.27w(2D-axial-symm.) Liz.Nr. ORIG36 07.03.2011 17.56
= <X K=Y INFO1: Radnabe F-Stufe INFO2: Tstart=1100°C, phip lim.
= 0.1281E+15
£ -so- 1233E+15 INKR. 15 ( 15) POS. WERKZ. 1: -75.45
E 50 mi.}i radnabe-tm1100-var-1v72e.fin
> 1059E+15
1001E+15 . . Dmean
«o=sl  Recrystallized Fraction [-] N
120 M sesents 09
0.9273e+14p-axial-symm.)  Liz.Nr. ORIG36 07.03.2011 17.56 14.6900
-80 60 40 -20 o0 J20 40 60 80 fe INFO2: Tstart=1100°C, phip lim
X Koord /"mm 15 ( 15)  POS. WERKZ. 1: -75.45 -20 130600
radnabe-tm1100-var-1v72e.fin IS 12.2900
HED £ 11.0900
N - £ -40- 9.6900
1.0000 % 8.6900
- 0.9091 o
£ 0.8182 = -60 7.4900
£ 07273 5 6.2900
£ =y 0.6364 °
= 05455 % -80 SO0
S -60- 0.4545 > 3.8900
z BB 2.6900
> 02727 B B
= % 0.1818 e 1.4900
0.0909
-1007 0.0000 MIN/MAX
MIN/MAX "2 14883
-120 . . . . . ] T T T T 1.1921
‘ ‘ ‘ ' ' ' ' ' 06422 -80 -60 -40  -20 0 20 40 6 80
80 -60 -40 -20 0 20 40 60 _ _
X-Koordinate in mm X-Koordinate in mm

N N
High dislocation density > Highly recrystallized fraction Fine grain
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The complex model: “Dislocation Based Model*

Results:

- a material model that describes the dependency of microstructure, yield stress
and deformation

- yield stress: calculated based on the dislocation density and further
grain structure parameters as a value independentf  rom a measured curve

- state of recrystallization: available, slit in dynamic und static fraction

- grain size and grain size distribution:  available as a general value and in
its dynamic and static fractions as well

- Indication of grain growth:  available, quantitative value

- further microstructure spec. results: available: i.e. amount and size of precipitations

- sustainable effects on the material model used: YE€S, the yield stress — strain curve
will be determined at any time and location out of the dislocation density

(c) Dr. Michael Twickler, Dr. Gerhard H. Arfmann - 15th International Forging Conference 06./07.10.2011
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