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FEM Prediction of Microstructure Evolution in Close Die

Hot-Forged Nimonic 80A

Ho-Seung Jeong

Department of Mechanical Engineering, Graduate School,

Korea Maritime University

Abstract

The nickel-based alloy Nimonic 80A possesses strength, and corrosion, creep
and oxidation resistance at high temperature. These products are wused for
aerospace, marine engineering and power generation, etc. Marine diesel engines
can be classified into low speed (70-200rpm) two-cycle engines and middle speed
(200-800rpm) four-cycle engines. The exhaust valves of low speed diesel engines
are usually operated to the environments of high temperature(400-6007T), high
pressure to enhance thermal efficiency and exposed to the corrosion atmosphere by
the exhaust gas. Also, the exhaust valve is subjected to repeated thermal and
mechanical loads.

The microstructure evolution during hot forging process is composed of dynamic
recrystallization during deformation as well as grain growth during dwell time.
The control of hot forging parameters such as strain, strain rate, temperature and
holding time is important because the microstructure change in hot working affects
the mechanical properties.

The dynamic recrystallization has been studied in the temperature range of

950-1250C and strain rate range of 0.05-5/sec using hot compression tests. The



grain growth has been studied in the temperature range of 950-1250C and strain
rates of 0.05, 5/sec, holding times of 5, 10, 100, 600sec using hot compression
tests. Modeling equations are developed to represent the flow curve and
recrystallized grain size, recrystallized volume fraction and grain growth
phenomena by various tests. Parameters of modeling equation are expressed as a
function of the Zener-Hollomon parameter. The modeling equation for grain
growth is expressed as a function of initial grain size and holding time.

Flow curve, dynamic recrystallized grain size and grain growth are expressed by
the following equation.

€ — Qe '

(1) 0 = 0, [1 = exp (= Ce)] ™ = (0, — o) [1 — exp (— k("2 ) )],
p
o,=185.0 (%)0‘17, e, = 0.199 (%)0.0657

(2) Dy, =1.2107€ ~***D, [exp (EQ'T_ )] 036

3) D2:D02+1.4><1017texp(—§T—)

The developed modeling equations were combined with thermo-viscoplastic finite
element modeling to predict the microstructure change evolution during hot forging
process. The predicted grain size in FE simulation is compared with results
obtained in field product. In order to obtain a fine and homogeneous
microstructure and good mechanical properties in forging, the FEM would become
a useful tool in the simulation of the microstructure development.

To obtain the fine grain microstructure in forging, appropriate temperature, strain
and strain rate and rapid cooling are required. The optimal forging temperature
and effective strain range of Nimonic 80A for large exhaust valve are about

1080-1120C and 150-200%.
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nucleate

(a) plastic deformation (b) recrystallization generation

(c) recrystallization growth (d) homogeneous structure

Fig. 1 Schematics of recrystallization structure change(m

(a) Work hardening

(b) Dynamic recovery

Stress

(¢) Dynamic recrystallization

Strain

Fig. 2 Flow stress curves in hot forming
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Fig. 3 Tensile properties of Nimonic 80A extruded bar, heat teated 8h/1080°C air

cooling, 16h/700°C air cooling™
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Fig. 4 Creep properties of Nimonic 80A extruded bar, heat treated 8h/1080C air
cooling, 16h/700°C air cooling™”
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2.2.2 Nimonic 80A%]
(1) Nickel-Chromium A EHl %=
% gheedt 38 vk Aot Ni rich ¢

olth. &d Cr& &z
50-80% W1l A Ni-Cr

(2) Nickel-Titanium 4 Ej %=
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Fig. 5 The nickel-chromium phase diagram(ss)
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Fig. 6 The nickel-titanium phase diagram<53)
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Fig. 7 The nickel-aluminium phase diagram®®

Fig. 8 The nickel-chromium-aluminium-titanium phase diagram at 750C 7
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2.2.3 Nimonic 80A¢] 73}7|+
Nimonic 80A¢] AL += 7}3}7| 4 (strength mechanism)= A L
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o
o

(solid solution)¥]= o] Wil H-> WA L& Eojof sl KAt}
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WakshdS el Cr $&Fe] Ha 156%0)7do] Holok axwk C
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S2E 960-980°C, M;Cyol &8 X3 1095-1150T, M2sCeol &3] &%=
+ 1040-1095Ce]t}l. ®%E Nimonic 80AL] &A1t dAz] &%+ 1080°C o]
th 1080T olate] 2mollA A ATe =& AgZE 7HA3L 1 o]
2roA 2 FYE MY EANAE Feko] BAGT Fig. 112 §A43) 2%
| w2 F YA 2715 dERaL itk 848 eV BS54 A=
BRI A RE ghdel] 42} A7]7F AAE A X Mo =
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Fig. 9 Change in room-temperature yield strength as a function of unit change in
lattice parameter caused by various solid-solution strengthening additions”™”
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Fig. 10 The effect of chromium on the oxidation rate constant(Ko) of nickel-
chromium alloys(sg)
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Fig. 15 Growth curves of + particles in Nimonic 80A solution treated 8 hour

1080°C, air cooling®™”
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Fig. 16 Effect of ageing time and temperature on the hardness of Nimonic 80A
solution treated 8 hour 1150C, water quenching(53)
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3tF, Nimonic 80A°A M.Cs+=
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Fig. 18 Carbide reaction curves for Nimonic 80A after various initial heat

-treatments”” (a) 8h/1080C,

air cooling (b) 8h/1080°C, water quenching
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(infinitesimal deformation)S Yo 7|1 A
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(i) H3 WA 2 (equilibrium equation)
(ii) A& W42 (compatibility equation)
-1
& =5 (vij+vii) (2)
HEA 24 6, =e, =€, =0 3)
(iii) 74 A2 (constitutive equation)
o) = %%e;j (4)
€
- r 2 5 , Jn—
017]}\‘] g = 5(71] UI] , € = geijeij ) Uij ‘1% ‘\5_ ]' %ao]]l], 0'9’]‘ 6‘1% T

g &893 fra HIEE Sxolth

(iv) A Z7(boundary condition)
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Table 1 Chemical composition of Nimonic 80A

Component Cr Ti Al Si Fe Ni
Composition
19.8 2.59 1.57 0.03 2.75 bal
(wt.%)

Table 2 Experiment conditions of hot compression

Strain rate Temperature | Height reduction| Holding time
(1/sec) () (%) (sec)
Dynamic 0.05, 0.5, 950, 1000, 1050, 20. 40 0
recrystallization 1.0, 5.0 1100, 1150, 1250 >
. 950, 1050, 1100, 5, 10, 20,

Grain growth 0.05, 5.0 1150, 1250 50 100, 600

;8 A

E/ Target temperature Compression

g L __

g 3 min holding

=3

5

= Quenching

Heating rate (5 °C/sec)
Time

Fig. 19 Schematic diagram of compression process
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3.2 7744 A3t

a2 ZhEelA Wl HYEE £
Arrhenius®] ¥EH|Z %
P2 RdHT, 12 FeAsS xdsked 7H Ase A Eolt. ol

37HA1 el A AN S ARt AF =3 weps] AdeEa 9

e =Aexp(n'o)exp(— gT_) (exponential law) 27
. — A" n” o 9

e =A"0c" exp( RT ) (power law) (28)
¢ = A[sinh (ao)] nexp(—EQT—) (hyperbolic law) (29)

T SE-HEE BANA SHL Zener-Hollomon "i7|lWHF(Z2)E &3l
29 HEE &5 oFEskty, &3} o A= Zener-Hollomon 327 E
:l,l.

g gk

Z=c¢ exp(Q/RT) (31)

2] (31)& Zener9t Hollomondl| 93] & AAHAR", Q= A7 wys
ote] &3} o Y X|(activation energy, klJ/mol)el™, TE Adl 2%(K), R

71 A’d45~(gas constant, 8.314J/mol K )o]t}.

ArbAQl B9 A (@27), 28)2 a2 WP AL v 2k wt W=



W Wb dskEs A9k Ak ey stoldRe Aldl WHe A 2%
MYl WEE SE WgE nge] ARsA vrhgth adme pAAe
sholH2e Al YHom Adagih AuE T4 sl L Ael ¥

e gE 5 4 27, @3RG &I Z Atel7t ¥ EAsH #Alste AL
= A A

o3 7 Alolo] #AE= Sellars®t Tegart'oll <l&8] #|or¥]al, Zener
-Hollomon d}e}r 4] (313} 73442 2 (29)¢e] #AE o] &ste] o

of Ao AT 4 Qv

7. = ¢ exp (%—) — A[sinh (a0)]" (32)

stold &8 WHAM A a9 nd G ghol ot A, A2

InA + nln [sinh (w0 )] = Ine + %T— (33)

Ine =nln [sinh (ac)] +C (34)

Fig. 21914 Q = 426kJ/mol &3} AUAE T3t

In [sinh (oo )] = ngT +( Ine ;IHA ) (35)
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In [sinh (a0 )] = n&_ + C U= (36)

°

A T3 o, n, QE 24 (32)° YT ZHE Fig. 220 E=A8H L,

HYES 7 83 Ao=24 oA 34 s 4
Z n=4.07 A9 dHeAT}. wekA] stolHEY ARl HFHo=

7 e A B AE 4 (7 gol 2EY 4 gl

€ =8.2x 10" [sinh (0.0050)] * exp (— 426kJ - mol ~*/RT),

(0.05<e<5) (37)

E A9 Nimonic 80A°] 112 W tisle] &%, HIE H%, 549

DA sl ne Alel WAL Agelel AR, B NS 4E
a3,
3
2.
i A (s}
14
T ol _
*g 0+ o !
£ ] o
£ -1 .
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E 5. 1950
_ o 1050
3 A 1100
i v 1150
1 <& 1250
_4 T ¥ T ¥ T v T ¥ T L T i T ¥ T . T ]
-12 08 -04 00 04 08 12 16 20 24

In(sinh(co))

Fig. 20 Stress vs strain rate at various temperature by hyperbolic sine law
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Fig. 21 Sinh(ao) vs temperature at various strain rate

44
{ Temperature("C)
424 o 950
/O 1050
404 & 1100
] v 1150
gl © 1250
ﬁ 4
E 36
34
32
30 —T— T T

T T
0.0 05

In(sinh(co))

Fig. 22 Dependence of sinh(cvg) on Zener-Hollomon parameter
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Fig. 23 The relationship between experimental and predicted high temperature
flow curves of Nimonic 80A in various strain rate and temperatures
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Table 3 Equation of critical or peak strain

when € >0.01/sec

Equation of critical or peak strain Material Reference

€. = 8.03x 10 D27 ~00t 70477 Carbon steel 26
€, = 5/66p

. = Carb teel 7-10
e, = 1.318 X 102D %™ ¢ 16 exp (2026/T) arbon stee
€. = 0.8¢,

, . C-M 3

e, = 6.79 x 10 ‘D370 !
e =8 87 e 1074D ().2z().099
‘ ° Inconel 718 35, 37

Table 4 Equation of grain size or fraction in dynamic recrystallization

€5 = 0.037D?Z %" when T<1038°C

1.9
Xgmn =1 — exp|:— ln2( £ j }
’ €0.5

€95 = 0.029D,Z """ when T = 1038°C

Equation of grain size or fraction in DRX Material Reference
D =10 4 7~ 0.189
e Carbon steel 26
Xgn = 1.0
D, = 38.26 (Z/A ) "
— m Low alloy steel 7-10
Xy — 1 exp[_ o) ] y
EP
Dy, = 0.743D,) e ! C-Mn 4
Dy, = 1.301 x 1037 01243
e \L68
Xgn = 1 —exp| — In2 (605)
Inconel 718 35, 37

- 44 -




Table 5 Equation of grain growth in recrystallization

Equation of grain growth Material Reference

DZ=D2+6.2x10°t"% ex (_—QL)

s st PIRT Carbon steel 26
Q = 105kJ/mol
D?=D?+1.8x 10" t exp (%’L ) Die steel 30
D/’ =D, +5.02 < 10” t ex (_—QL)

s st PIRT C-Mn 3
Q = 914kJ/mol, for T<1273K
D?=D2 +9.8x10" tex (_—QL)

m PURT Inconel 718 35, 37

Q = 437kJ/mol
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Fig. 24 Recrystallized volume fraction curves calculated in accordance with the
model of Nimonic 80A in various temperatures (Initial grain size: 200um,

e=1.0/sec)
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Fig. 25 The relationship between experimental and predicted dynamic recrystallized
grain size of Nimonic 80A
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Fig. 26 The relationship between experimental and predicted grain size after grain
growth during the holding period of Nimonic 80A
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=0.5/sec

(b) ¢
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(d) €=5.0/sec

Photo 1 Microstructures of hot compressed specimen at 1100°C in various strain
rate
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(b) €=0.5/sec
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(c) €=1.0/sec

(d) €=5.0/sec

Photo 2 Microstructures of hot compressed specimen at 1150°C in various strain
rate
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(a) ¢=0.05/sec

\{]
W 4,

(b) €=0.5/sec
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(c) €=1.0/sec

(d) €=5.0/sec

Photo 3 Microstructures of hot compressed specimen at 1250°C in various strain
rate
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(b) holding time: 100sec

Photo 4 Microstructure in growth during the holding period at €=5.0/sec and
1100C
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(b) holding time: 100sec

Photo 5 Microstructure in growth during the holding period at €=5.0/sec and
1150C
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(b) holding time: 100sec

Photo 6 Microstructure in growth during the holding period at ¢=5.0/sec and
1250C
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Fig. 27 Flow chart for microstructure simulation
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D, grain size(Jm)

Level | Value
15 | 32.50
14 | 31.25
13 | 30.00
12 | 28.75
11 | 27.50
10 | 26.25
9 25.00
8 2375
7 22.50
6 21.25
5 20.00
4 18.75
3 17.50
2 16.25
HH 1 | 15.00
e O (YN S NTN AN H T |
1000 50 100 150 200
r(mm)
(a) before remeshing
Dy, grain size(jym)
= 2 =X Level | Value
ST ISR 15 | 32.50
Ty 14 | 31.25
5 13 | 3000
12757, )% 12 | 2875
11 | 27.50
10 | 26.25
- 9 | 2500
8 23795
7 22.50
6 21.25
5 20.00
4 18.75
3 17.50
2 16.25
1 15.00
P I T S R KN I N o s e |
100 150 200
r(mm)

(b) after remeshing

Fig. 28 Distribution of recrystallized grain size before and after remeshing
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Volume fraction

) | Level | Value
250 We | 15 [ 095
14 | 0.89
13 | 0.82
12 | 0.76
= 11 | 0.69
z 9 | 056
= 0.50
7 0.44
6 0.37
4 0.24
3 0.18
2 0.11
| 0.05
BEEn A
1000 50 100 150 200

r(mm)

(a) before remeshing

I Y Volume fraction
L&B l"? “’li?is 3 | Level| Value
: T%;g.-‘fﬁz' 15 ] 095
FEE R 14 | 0.89
R 13 | 0.82
s & 12 | 0.76
42 11| 069
= 1 10 | 0.63
g 9 | 056
1 8 | 050
7 | 044
6 | 037
5 | 031
4 | 024
3 | 018
2 | o1l
1 | 005
YRS R N S| [ T Moo oo ol |
150 200

(b) after remeshing

Fig. 29 Distribution of recrystallized volume fraction before and after remeshing
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2

1
wlo] FAAZAG] Zb2F 50, 60% TN FH AAAL AxE 4Tt

A dlem (D [EF-9e) mAlzz Apdelw wpzkel] s MEgEo] 4
A Hol FAAZAA] Z+2F 10, 18% TAsIRA L w4 AAFH Al g}

b BRE B QGO ARy AFS dFshs AFdeld Avs 4

Table 6 Experiment conditions of hot compression

Experiment | Temperature Height Die velocity Friction Initial
number (C) reduction (%)| (mm/sec) factor grain size (Um)
1 1100 45 6 0.5 60
2 1200 45 10 0.5 250

H "i"—‘l_—hl'—l 'l

z{mm)

Fig. 30 Inspection positions at the section of compressed specimen
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z(mm)

z(mm)

-;J\W& O, Effective strain
6 _L-d]*‘ri 1 IXTH&'—'
135 ® Level | Value
—————— x 15 | 1.0
SECL 7 ! 14 | 0,99
259 ! 13 | 0.93
A lo 12 | 086
4 : 11 | 0.80
E ST 10 | 0.74
o EZS=cissiess == 9 | 068
1/ ! 8 | 062
E == & 7 | 055
5 70 3 6 | 049
x 5 | 043
==== 4 | 037
1E |lr t i 2 3 0.30
3 oL 2 | 024
2 4 1| 018
0 P KN T NI a0
0 1 2 3 4 5 6 7
r(mm)
(a) distribution of effective strain
5 1 5l }._-]\"”H E}HW Temperature( C)
6 _|'| T A |l '1|
== Level | Value
- & 5 A
15 | 11177
5 = 14 [ 11173
13 [ 11170
=5 12 | 1116.6
M===== — . 11 | 11162
S==—S=Sec ) 10 | 11159
5 s EI=iEsEsy i~ g |[11155
0 g |11152
S===. 2 7 | 11148
5 2= iaL 6 |11144
> 5 | 11141
4 11137
1 . 7 8, 311133
E 5 2 | 11130
B o .z 1| 11126
0 ] =2 raaa b=
0 1 2 3 4 5 6 7
r(mm)

(b) distribution of temperature
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& Ii5 LLL/IEI A 1% Volume fraction
6 1l A
l“ - H’; 510 Level| Value
= e 15 | 0.90
S e L 14 | 0.84
D=====s o] 13 | 078
e 1300 12 | 0.72
M====== S 10 11 | 0.66
—_ 5 1 —7 :
g SSlE==zi=etmt — | | o
é 3 -/ S 9 0.54
N *E A H R 8 | 048
= z )3 7 |04
3 —91 6 | 036
2= 1252
— = ~— 5 | 030
= ’_ o >{ 4 024
== 107 \ 3 | 018
5 § 1= 2 0.12
azei S 1 1 | 006
0 -f FENENE [N W ETETCY e lq‘l PERTI O Errwern
0 1 2 3 4 5 7
r(mm)

(c) distribution of dynamically recrystallized volume fraction

E | B ia
) 3 2 !
Sh L‘fw{r’ﬁ’ﬂ"o _ g s Mean grain size(Hm)
[1= 3 Level | Value
—
=3} == 15 | 57.69
513 ; 14 | 5529
13 | 52.90
= 12 | 50.51
=== 11 | 48.12
= E : : 10 | 45.73
g : SEome { 9 | 43.34
N E== S==e 8§ | 4095
13 : I 7 | 3856
] —Ju_,.._____ﬂ( —
5 : =7 6 | 3617
— = 5 | 33.77
= 5 : J“ 4 | 3138
=3 SSSSes 3 | 2899
= : 7 I 2 | 26.60
3 S 6K 1 | 2421
PN N ! \ It P T ] o
%0 1 2 3 4 5 6 7
r(mm)

(d) distribution of mean grain size

Fig. 31 FE simulation results after 46% reduction (1100°C, v=6mm/sec)
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(d) position [d]

.

(f) position

Photo 7 Microstructures of hot compressed specimen in various positions
(1100°C, v=6mm/sec)
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z(mm)

z(mm)

- . 3 Effective strain
6 liJ-ﬂ I [ 8 »
3 5" Level | Value
- & =i 15 | 105
5 2 ! : 14 | 0.99
13 | 093
% 0P 12 | 086
4= —— = 11 | 080
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(a) distribution of effective strain
AT - Temperature(C)
8:----1— | = i Level | Value
- S L, : 15 | 1213.5
5B ' 14 |1213.1
i - : 13 |12127
E ~11 12 | 12123
a2 =12 11 | 12119
e =S 10 | 12115
PESTHSN o |121L1
H==S===="29K ' 8 |12107
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B 1271 6 | 12099
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5 : 2 4 |12091
L — 5 3 | 1208.7
==& . 2 | 12083
1 =) 1 |1207.9
0 N i Rk T B
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(b) distribution of temperature
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z(mm)

(c) distribution of dynamically recrystallized volume fraction

T

=)
[T
=

i

|_=_|.“|

r(mm)

Volume fraction

Level

Value

15
14
13
12
11
10

— kW s L Oy <) 20O

0.90
0.84
0.78
0.72
0.66
0.60
0.54
0.48
0.42
0.36
0.30
0.24
0.18
0.12
0.06

- ~ 11314 3 G
sELS= 147 7 A Mean grain size(lim)
———11) Level | Value
=78 15 | 237.49
SEaE 14 | 224.26
2 13 | 211.03
- 12 | 197.81
M 11 | 18458
CHl= + : 10 | 171.35
E = - 9 | 15813
@ e g8 | 144.90
7 | 13167
) 6 | 11844
B = 5 i 5 | 10522
s S 4 | 919
18 S 3 | 7876
13 NISS 2N 2 | 6554
= 3 , =3
=15 12 3 2 1 52.31
0 -__I'_i'_#%r‘-l Il 1 |9’ 4 l 14 1 | I 1.4 1 1
0 1 2 3 4 5 6 7
r(mm)

(d) distribution of mean grain size

Fig. 32 FE simulation results after 46% reduction (1200C, v=10mm/sec)
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(a) position [a]

(c) position
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(d) position [d]

(f) position

Photo 8 Microstructures of hot compressed specimen in various positions (1200T,
v=10mm/sec)
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Fig. 33 Schematic of 60MC exhaust valve dimension
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Fig. 34 Schematic of 90MC exhaust valve dimension
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4.4.1 AAE 29 24 R F2 24
e w7pBE ey A4 382 e g WA dx d ou AAE W
Bl olE dx 2E7HA ZFgsta A3t ozl o3 MH FAs e §F
dxd 4 2 VA ThES ARA do olFA Alxd AEE oY w2
A el ol Fdo]l SHEY
w7Ee Ed EA A ey = a2 v 2
L. 29 shetdw
2. 20T 500CAA HAx=
3. TALGE
4. 20C<} 500Co A NG E
5. mAlxzA #F 5 {dA A7)
538 mAlzAe dgd @iy AR FAe A7 glojok ek iRk A
717F fdstal qFA gkl RE=sjoF dhtk
Table 83 9= F4 &4 53 FAHS HeEtdY:
Table 8 Chemical composition speciﬁcationm)
Cr Ti Al Fe C Si Ni
NiCr20(TiAl) 20.0 2.5 1.5 max. 3.0 - - bal
Table 9 Quality specification of exhaust valve”"”
Item Specification Item Specification
20C 500C 20C 500C
Yiel?MS;;“gth 700 1000 }:; ir‘;l;zrsss min. 390 | min. 340
Tens?&;;r)ength 800 1200 iriﬁ:ifé) min. 35 J
Elo?(ia)tion min. 15 min. 15 (/f;%lillz/lslilzci) Finer than or equal to No. 4

- 75 -



i
~dl
Hin
el
Hin
o
oo
el

=
o

9

el

=

Table 7¢] Case 19

KeN
-

Table 10-13

il

il

Hin

te etz o2 Ax 34 &

S

of AEe A=

o]
H

el

B

nl

7

X0
o

o
NS

w

bl AAIEe] Aste ww

5]

=
=

| A=z WskE o

9|

g Aladoeldel ¢

o
T
]
il
or

Table 10 Results of chemical composition (wt.%)

Ni

75.2

Si

0.12

0.059

Fe

0.78

Al
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Ti

2.51

Cr

19.5
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Table 11 Results of impact test (J)
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Table 12 Results of vickers hardness test(Hv 100g)

Number In Middle Out Avg. Position
I mm 427 439 440 437
1 8 mm 393 410 405 405 :
1 mm 438 430 445 438 4 ?
? 8 mm 392 411 414 406 >
I mm 424 436 422 427
3 . Jn Miditle Out
8 mm 409 395 403 402 I e
1 mm 425 440 429 431
! 8 mm 399 405 395 400

Table 13 Results of tensile test

Yield Tensile : .
Elongation | Reduction of ..
Item strength strength %) area (%) Position
(MPa) (MPa) ] °
1 903 1261 26.8 36.7
2 878 1245 26.4 36.7
1
3 916 1315 20.6 43.9
at room 2
femperature | 4 907 1300 22.0 427 4
5 966 1350 22.4 40.0 .
3
5
6 934 1338 23.2 424 3
6 | 8
7 841 1218 16.6 32.8 |
at 500C
8 876 1247 17.2 32.8
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4.4.2 w7 B(60MC)S] At sfin] Fdx B Al EH oA
E fAdd 60MColl AHEE & w7 MBS 19ton A 8F W2 3ol
o8 dtx AF = AJE#o|AS Table 14 7o ol&) a3t 714
2o A du|EA 2AE 1080CE 7Fdeta, 7] 9x A7]E 200umE &
Atk 7t F AAE FHEOoR o]FEet A mHe =7t Wgrta A W
z

A de gz Fek AAle] ME )

[
-

ola] el Wzto] ool ¥
o] th7] ZoA Wzo] o]FolAt}. Table 15°Y, 16992 &xdo) Fas o
AGA T2} €85 . Fi

100%°]17 HAsIA L H JAF 2717 g2 F 33umellA JA el ¢
& 41uym(ASTM No. 7)2 W= ATh JA7F T2 FoHt & ol f & B2
o] wol] WAste] AAA dA 2717
oA oR A, FAFo|BE FUFHT Yol duHoR o] i
A7l o Hat 4AF A7V SRS AU
Fig. 379] [A], [c], D], [E*-91&= EHF-9)olt). Fig. 389 (a)-(dD)E HW
Hole= 52 Q2RSS 90%, Bt YA A717F 31um(ASTM No. 7)&E AH&5
At [CF-9= 4 AR 85%, B A& A717F 22um(ASTM No. 8)
2 AFEHAT mebA AEgo]l RS el FiEe 29k W] gl D
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Photo 9% 3] & I7t 3
WM (60MC)e] dl=5 o Py} w3 2995 YeE ST Photo
109] (a)-(De & F-949 mAx2 Abzlelw iz a717F &S & + 2
ok [AIF-$9= 27um(ASTM No. 7), BIF$1:= 25um(ASTM No. 7), [CJ5F-9]+=
21um(ASTM No. 8), DIF91+ 13um(ASTM No. 9), [E[F91+ 19um(ASTM

No. 8)= #&HJ AlEdoeld Aype 2 dAgs & = et
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Table 14 Thermo-mechanical processing and parameters for FE simulation (60MC
valve, drop hammer forging)

Item Value Unit
Workpiece heating in furnace 1080 T
Air cooling after heating 50 sec
Upper die velocity 200-0 mm/sec
First reduction 120 mm
Second reduction 50 mm
Air cooling after forging 120 sec
Friction factor 0.3 -
Initial temperature of die 400 T
Room temperature 20 T
Thermal conductivity of workpiece Reference Table 15 N/secC
Thermal conductivity of die Reference Table 16 N/secC
Heat capacity of workpiece Reference Table 15 N/mm*C
Heat capacity of die Reference Table 16 N/mm’C
Convection coefficient 0.02 N/mmsec C
Lubricant heat transfer coefficient 8.0 N/mmsecC
Emissivity 0.6 -
Table 15 Thermal conductivity and heat capacity of Nimonic 80AY
20C 300C 600C 1000C
Thermal conductivity
(N/secC) 11.2 16.1 20.8 28.4
Heat capacity
o . 4. 4. .
(N/mm’C) 3.7 3 9 5.8
Table 16 Thermal conductivity and heat capacity of AISI-H-26”
20C 200TC 400C 649C
Thermal conductivity
. 24. 24. 24. 24.
(N/sec C) 6 6 3 7
Heat capacity
(N/mm’C) 3.7 3.0 3.7 5.8
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Upper die

Workpiece

= 300 .
= Bottom dlc
200 R . 'I'j,; ‘ AL e

gasit }‘l)&’\' %\?A %{, ~T
f SR LT e O
100 : )%*i\f\i‘tﬂ*. O™
------ - }?i\“ \A’K’ W “’f\( /-‘Z,\I ]
L ‘§H\T\; \$|\|\| i1
0 300
r(rnm)

Fig. 35 Initial mesh shape for the simulation (60MC valve, hammer forging)

Temperature( T)

Level | Value
15 | 10729
14 | 10643
13 | 1055.8
12 | 10472
11 1038.7
10 | 1030.1
9 1021.6
8 1013.0
7 1004.5
6 9959
5 9874
4 978.8
3 970.2
2 961.7
| 953.1

|| AP (I AP DASPI AU e
0 50 100 150 200 250 300 350

r(mm)

(a) distribution of temperature after air cooling for 50sec
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Effective strain

300
Level| Value
15 | 1.32
14 | 1.23
250 13 | 1.14
; 12 | 1.05
11 | 097
) 10 | 0.88
#,4P 9 | 079
N g | 070
7 |06l
6 | 053
1804 5 | 044
4 |035
SEad 3 | 026
HHeH 2 | 018
100 1 | 0.09
renin i AP R TN VN (N Y TN TRAN T (N TN WY ST MY T s s s |
0 50 100 150 200 250

r(mm)

(b) distribution of effective strain after a first forging

Elolo] = — |T14 Temperalure(Tj)
TS Level | Value
15 | 10979
14 |1075.7
0 13 | 10535
12 | 10313
11 | 1009.0
’g“ 10 | 9868
820 o | 9646
N 8 9424
7 920.2
6 897.9
150 5 | 8757
4 853.5
- ] 3 8313
mmesd 2 809.0
100 ‘%‘Lfﬁfp 1 786.8
T s e g o o by e a1y gy a1
0 50 100 150 200 250

r(mm)

(c) distribution of temperature after a first forging
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Volume fraction

Level | Value

15 0.84

14 | 0.79

13 | 0.73

12 | 0.67

11 | 0.62

10 | 0.56

9 0.50

8 0.45

7 0.39

6 0.34

5 0.28

4 0.22

3 0.17

2 0.11

0 1 0.06
i A TN N Y NS S T Y AN N T T N T e s e |
0 50 100 150 200 250

r(mm)

(d) distribution of recrystallized volume fraction after a first forging

Mean grain size(Um)
Level| Value

15 | 188.82

14 | 177.64

13 | 166.46

12 | 155,28

11 14410

10 | 13292

9 121.74

8 110.56

7 99.38

6 88.20

5 77.02

4 65.84

: 3 54.66

1 2 4348

'T;;l'l 1 32.30
T O RO RN WU N NN R RO S NN T N T B T, e s e |
0 50 100 150 200 250

r(mm)

(e) distribution of mean grain size after a first forging
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ss0 EHEE i\ “ﬂg\_ N Effective strain
T T 4 _—\ - Level | Value
A e A 15 | 223
e > 14 | 208
20075 13 | 193
9 3 12 178
PN 1 | 163
E | il
w10 g |1.19
7 | 104
6 |08
5 074
100 4 059
3 | 045
B 2 |030
= 1 | o015
i O RN RTINS (T TN TN NN SN (N NN SN R 2 |
0 50 100 150 200
r(mm)

izaicis T Temperature( C)

ZAE) £ 1"-“: e Level | Value

T2 15 | 11305

14 | 1102.2

€ 13 | 1074.0

12 | 10457

11 | 10174

10 | 989.1

9 960.8

8 9325

7 904.3

6 876.0

5 847.7

4 8194

3 791.1

2 762.8

1 | ] 734.6
100 150 200

r(mm)

(g) distribution of temperature after a second forging
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Volume fraction

Level | Value
15 | 094
14 | 0.88
13 | 0.81
12 | 0.75
11 0.69
10 | 0.63
9 0.56
8 0.50
7 0.44
6 0.38
5 0.31
4 0.25
3 0.19
2 013

A 1| 006

um s O BT N SO TR MR T —

0 50 100 150 200

r(mm)

(h) distribution of recrystallized volume fraction after a second forging

Mean grain size(Um)
Level | Value
15 | 188.29
14 | 16429
13 | 14030
12 | 128.30
11 | 11630
10 | 104.30
9 92.31
8 80.31
7 68.31
6 56.31
5 4432
- 4 37.32
- 3 32.32
i 2 | 2532
SERENEN | 20.32
0TI O O T VA TR YN W NN WY MU WNNRY Y [NNNY TONRAY WY TN W e e 1
0 50 100 150 200

r(mm)

(i) distribution of mean grain size after a second forging
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Temperature( C)
Level | Value

15 |1053.1
14 | 10344
13 | 1015.8
12 997.2
11 978.6
10 960.0
941.4
922.8
904.2
885.6
867.0
848.4
820.8
811.2
792.6

o

Fl— B2 W s Oy~ 00

TN ST RN T [N TR W TN TR NN THNNAY SO N

100 150 200
r(mm)

o B .8.- S ‘33:1 ; = Mean grain size(lJm)
o T Level | Value
T 15 | 188.36
gl 14 | 16437
200 13 | 14038
12 | 12839
11 [11639
n 10 | 104.40
E 9 | 9241
w W0 8 | 8041
7 | 6842
6 | 5642
SRS 5 | 4843
100111 4 | 24
- 3 | 3243
2 | 2543
it 1| 2044
| T Y T T T TN W N TOUNT N WY TN Y TN Y M =N
0 50 100 150 200
r(mm)

(k) distribution of mean grain size after air cooling for 120sec

Fig. 36 FE simulation results of 60MC exhaust valve forging using drop hammer
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250

200

z(mm)

150

100
150 200

0
r(mm)
Fig. 37 Inspection positions at the section of exhaust valve head (60MC)

Photo 9 Photography of 60MC exhaust valve head part (by drop hammer)
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Temperature("C)

Effective strain
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o
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[e7]
1
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o
(o]
1

Stage | Stage 2 Stage3 Stage 4
Multi step forging processing

(a) distribution of effective strain

:

:

g 8

Stage | Stage2 Stage 3 Stage 4
Multi step forging processing

(b) distribution of temperature
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Multi step forging processing

(c) distribution of recrystallized volume fraction

N
N [ ! Position
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Stage | Stage2 Stage 3 Stage 4
Multi step forging processing

(d) distribution of mean grain size
Fig. 38 Simulation result of 60MC valve multi forging processing at various

locations (Stage 1: forging, Stage 2: 3sec holding, Stage 3: forging, Stage
4: 120sec air cooling)
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[CI21m, ASTM No. 8)

(d) position

ASTM No. 9)

(¢) position [B]T13am,

“(19m

ASTM No. 8)

b

(f) position

valve head part

Photo 10 Microstructure of 60MC exhaust
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o2 Fx YZto] o 4t AI7F AA FAEE & F A

Photo 11 ¢ Z# 2o o3 d3F oz & HF JFHo= 7tsd )
71ME(E60MO)] S=R T @AY vz #F F99E =AESATH
Photo 129] (a)-(D& ZF F-919] wAz=2 ARzleln ¢zt A7|7F &S &
T At [A], DTS #F 3 A o] AP Aol Bl 4R A7)
LA ko, [AF-9+= 66um(ASTM No. 4), [bIF-$+E 42um(ASTM
No. 6), [CJ%$1&= 24um(ASTM No. 7), D9l 41ym(ASTM No. 6), [EIF-
= 20um(ASTM No. 8), [FIF9E 25im(ASTM No. 7)Z ##F 3t n|

AzA 53 A9 At & ANFE S+ AUk

Table 17 Thermo-mechanical processing and parameters for FE simulation (60MC
valve, hydraulic press forging)

Item Value Unit
Workpiece heating in furnace 1125 (¢
Air cooling after heating 50 sec
Close die forging by hydraulic press 12 mm/sec
Air cooling after forging 180 sec
Friction factor 0.1 -
Initial temperature of die 450 C
Room temperature 20 (¢
Thermal conductivity of workpiece Reference Table 15 N/secC
Thermal conductivity of die Reference Table 16 N/secC
Heat capacity of workpiece Reference Table 15 N/mm’C
Heat capacity of die Reference Table 16 N/mm’C
Convection coefficient 0.02 N/mmsec C
Lubricant heat transfer coefficient 2.0 N/mmsec C
Emissivity 0.6 -
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1
1
a0

300 = Workpiece

Bottom die
[ R S N
300
r(mmm)
Fig. 39 Initial mesh shape for the simulation (60MC valve, hydraulic press
forging)
400 g Temperature( C)
s Level | Value
=0 Ao 15 | 11144
HHHIGY 14 | 11047
200f KE 13| 1095.0
i e 12 | 1085.2
' 11 |1075.5
10 | 1065.8
9 1056.0
8 1046.3
7 1036.6
6 1026.8
5 1017.1
4 1007.4
3 997.6
2 987.9
1 978.1
50 TV O T 0T A I T T AN T N O W R T O A TR
0 50 100 150 200 250 300 350
r(mm)

(a) distribution of temperature after air cooling for 50sec
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400 ;%* Mean grain size(Um]
I : Level | Value
350 st 15 | 190.63
: 14 |181.25
300 [ 13 | 171.88
12 | 16250
' 11 |153.13
o DO 10 |143.75
g : 9 |13438
N o0k 8 |125.00
7 |115.63
i 6 |106.25
150 = 5 | %88
4 | 8750
R 3 | 71813
100 B 2 | 6875
, 1 59.38
sl 0o b s b b s b by T

50 100 150 200 250 300 350
r(mm)

(b) distribution of initial grain size before forging

Effective strain

200 W Level | Value

15 |238

14 |222

13 |206

_ 12 |1.90

1508 1 |1.74

= 10 {159

E 9 |[143

<1 8 |127

100 ] 7 1.11

6 |095

5 (o079

4 |o063

3 |048

500 2 (032

i 1 |o016
by 1 s 1y T
0 50 100 150 200

r(mm)

(c) distribution of effective strain after forging
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Temperature( TC)

200 /=38 - g S e Level | Value
15 |11385
14 [1121.5
: & 13 | 11045
5 E= A 12 | 10875
; LA 1 [10705
= BRSS9 10 [1053.5
g Sy 9S4 9 |10365
~ - g [1019.5
100 BT 7 |10025
Speseae s/ 6 | 9855
/ 5 | 9686
4 | 916
: 3 | 9346
50F /77 2 | 9176
SZagway 1| %006

yumrd e rui i FHNRN T SN TN NN AT AN SN AN SN N 1

0 50 100 150 200

r(mm)

(d) distribution of temperature after forging

Volume fraction

A b

200 7Sy T 18] 53 Level | Value
=0 = 7 Tas |09
: 14 | 0388
7 o) 13 |081
= v 12 |075
8 - W 11 | 069
= B S 10 |0.63
E X0k 4055 9 |0.56
N B 8§ 050
100k A / 7 0.44
7 6 038
5 031
E 4 |[025
- 3 [oae
50 = 2 013
& 1 |o0.06

TS (NSNS TR TS TR WO SN SO SO T WA W M

0 50 100 150 200

r(mm)

(e) distribution of recrystallized volume fraction after forging
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Mean grain size(}/m)

200 s | S5mmm ] S .13 . 12 Level| Value
=1 215 | 188.53
' 14 | 177.06
0 13 | 165.59
1s0lirs = et 12 | 15412
il z 11 | 14265
= BRR T2 10 |131.18
E Ry aa |\ s 9 | 119.71
N : ey 8 |108.24
100 Yy 7 | 9677
Rrtavsagut 7 6 85.30
X 5 | 7383
2 4 62.36
#;; . 3 50.89
] Sagiit 2 | 3942
fRmsmaENE 1 27.95

i i (VR TR U WO SO [N Y WY Y WO Y NN SO T T |

0 50 100 150 200

r(mm)

() distribution of mean grain size after forging

Temperature( C)

200 ) Level | Value
15 | 1050.7
14 |1037.1
13 | 10234
12 10098
120 E 11 996.1
= 10 982.5
g 9 968.9
i< 8 955.2
100 7 941.6
6 927.9
5 914.3
4 900.6
3 887.0
50 2 873.4
1 859.7

I 1 1

200

(g) distribution of temperature after air cooling for 180sec
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|: Mean grain size(|/m)

Level| Value
15 | 188.56
14 | 177.12
13 | 165.67
12 | 154.23
11 | 142.79
= 10 | 131.35
g 9 119.90
N 8 108.46
7 97.02
6 85.58
5 74.14
4 62.69
3 51:25
pA 39.81
B8 f | 28.37
o s v W VU YUY W VANY NN VRN S WO N N S ke sy
0 50 100 150 200

r(mm)

(h) distribution of mean grain size after air cooling for 180sec

Fig. 40 FE simulation results of 60MC exhaust valve forging using hydraulic
press
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150

Z(mm)

Photo 11 Photography of 60MC exhaust valve head part (by hydraulic press)
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Effective strain

Stage | . Stage 2
Single forging processing

(a) distribution of effective strain

1160 ] B
1120
O 1080
\g 1040 - : N
£ E b
g Position : 4
5] o a i :
= O b i
W04 A . i
1 v d i
9204 o e i ¢
1 4 f i
880 :
Stage | Stage 2
Single forging processing

(b) distribution of temperature
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1.0+

0.8+

0.6 1
Position

Recrystallized volume fraction

a
b
¢
d
e
f

A S B O

Stage 1 Stage 2
Single forging processing

(c) distribution of recrystallized volume fraction

Position

-0 o0 o

B
=
R
oy
g
& g
g
L
= 40
1 £
0
Stage | Stage 2
Single forging processing

(d) distribution of mean grain size

Fig. 42 Simulation result of 60MC valve single forging processing at various
locations (Stage 1: forging, Stage 2: 180sec air cooling)
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(A EN A P
(b) position [b]42/m, ASTM No. 6)
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(e) position [€]20pm, ASTM No. 8)

N
ALY V.

(f) position [£]725m, ASTM No. 7)

Photo 12 Microstructure of 60MC exhaust valve head part (by hydraulic press)
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Table 18 Thermo-mechanical processing and parameters for FE simulation (90MC
valve, hydraulic press forging)

Item Value Unit
Workpiece heating in furnace 1150 T
Air cooling after heating 50 sec
Close die forging by hydraulic press 10 mm/sec
Air cooling after forging 300 sec
Friction factor 0.1 -
Initial temperature of die 450 T
Room temperature 20 (¢
Thermal conductivity of workpiece Reference Table 15 N/secC
Thermal conductivity of die Reference Table 16 N/secC
Heat capacity of workpiece Reference Table 15 N/mm’C
Heat capacity of die Reference Table 16 N/mm’C
Convection coefficient 0.02 N/mm secC
Lubricant heat transfer coefficient 2.0 N/mm secC
Emissivity 0.6 -

- 105 -




i+ Upper die

Workpiece

Bottom die

Fig. 43 Initial finite element shape for the simulation (90MC valve, hydraulic
press forging)

Temperature(C)

Level | Value
15 11429
14 1121.2
13 1099.5
12 11077.7
11 1056.0
10 1034.3

1012.6
990.9
969.2
947.5
925.8
904.1
8823
860.6
838.9

100

o Rl o BTSSRI o SN - BT ]

R

| - 1
0 100 200 300

r(mm)

8

(a) distribution of temperature after air cooling for 50sec
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Mean grain size(m)

Level | Value
15 [ 23813
14 | 22625
13 [ 21438
12 | 202.50
11 | 190.63
10 | 178.75
9 166.88
8 155.00
7 143.13
6 131.25
5 119.38
4 107.50
3 95.63
2 83.75
1 71.88

I TR TR R S -

300 400

Effective strain
Level | Value
30 15 117
14 (1.10
13 | 1.02
250 12 | 094
11 | 0.86
- 10 | 0.78
E 200 9 |071
i< 8 | 063
7 0.55
150 6 047
5 0.40
4 0.32
100 = 3 |024
2 0.16
1 0.08
= PURNE TR0 TN NN TS 0 N WAl G WY TN T T N VIt TS S T 0 W 0 T T Y
0 50 100 150 200 250 300

r(mm)

(c) distribution of effective strain after forging
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Temperature(C)

Level | Value

15 1155.7

14 11278

13 1100.0

12 | 10721

11 | 10442

10 1016.3

9 988.5

8 960.6

7 932.7

6 904.9

5 877.0

4 §49.1

3 821.2

2 793.4

1 765.5
e pa oo b o b s by s s b s s 1
0 50 100 150 200 250 300

r(mm)

(d) distribution of temperature after forging

Volume fraction

Level |Value

15 (094

14 | 0.88

13 | 0.81

12 075

11 [0.69

10 [0.63

9 0.56

8 0.50

7 0.44

6 0.38

5 0.31

4 0.25

3 0.19

2 0.13

1 0.06
b Fpa g g oS, Foo S pd 0 T T
0 50 100 150 200 250 300

r(mm)

(e) distribution of recrystallized volume fraction after forging
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[ Mean grain size(lJm)

Level [Value
15 | 23545
14 | 220.90
13 | 206.36
12 | 191.81
11 [177.26
10 [ 162.71
9 148.16
8 133.62
7 119.07
6 104.52
5 89.97
4 7543
3 60.88
2 46.33
] 1 31.78
A2 s NN PSR TR LS NI B b
50 100 150 200 250 300

r(mm)

(h) distribution of mean grain size after air cooling for 300sec

Fig. 44 FE simulation results of 90MC exhaust valve forging using hydraulic
press
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Fig. 45 Inspection positions at the section of exhaust valve head (90MC)

Photo 13 Photography of 90MC exhaust valve head part (by hydraulic press)

- 111 -



Effective strain

Temperature("C)

B8 8 E 8B

1.2+

=
o
1

o
o]
1

o
[=2]
1

o
-
1

0.2 4

0.0-

Position
O

Stage 1 Stage 2
Single forging processing

(a) distribution of effective strain

i

[
i d
(} a i
O b I C
A ¢ i e
v d :
¢ e i £
a f i

Stage | Stage 2
Single forging processing

(b) distribution of temperature

- 112 -




o o o =
E-3 (02 o] o
1 1 L L

Recrystallized volume fraction
o
o

0.0
Stage | Stage 2

Single forging processing

(c) distribution of recrystallized volume fraction

o e R R E .
240 Y % % | Position
] to N B B 0 a
v < .
riy (o] b
200+ a e !

—_ = o v | A ¢
= 1 R oty v d
=1 & = :

o 160+ v ! O e
N a2+ B M

it~ b % w | a f
g 1204 !

v: [

S i
§ 1 i
P 1 L

40
0
Stage | Stage 2
Single forging processing

(d) distribution of mean grain size

Fig. 46 FE simulation results of 90MC valve single forging processing at various
locations (Stage 1: forging, Stage 2: 300sec air cooling)
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Photo 14 Microstructure of 90MC exhaust valve head part (by hydraulic press)
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valve, hydraulic press forging)

Table 19 Thermo-mechanical processing and parameters for FE simulation (90MC

Item Value Unit
Workpiece heating in furnace 1080 T
Air cooling after heating 50 sec
Close die forging by hydraulic press 10 mm/sec
Air cooling after forging 300 sec
Friction factor 0.1 -
Initial temperature of die 450 C
Room temperature 20 (¢
Thermal conductivity of workpiece Reference Table 15 N/secC
Thermal conductivity of die Reference Table 16 N/secC
Heat capacity of workpiece Reference Table 15 N/mm’C
Heat capacity of die Reference Table 16 N/mm’C
Convection coefficient 0.02 N/mm sec C
Lubricant heat transfer coefficient 0.2 N/mm secC
Emissivity 0.6 -

700t O
GO0
500 |

400 F

z{mm)

Workpiece

300F
. Bottom die
200
100
i | ] e ST =SS RURNEN ANRNENEN |
0 100 200 300 400 500
r(mm)

Fig. 47 Initial finite element shape for the simulation (90MC valve, hydraulic
press forging)

- 118 -



200

z(mm)

100

.A‘.'.'.,','b‘
S
i
iy

3

=7
]

A A
= T e
F i i i e Cl—or

=
e
-7;@"
=
iy
Z5
7

200

1(mm)

Fig. 48 Inspection positions at the section of exhaust valve head (90MC)

Volume fraction

Value
0.94
0.88
0.81
0.75
0.69
0.63
0.56
0.50
0.44
0.38
0.31
0.25
0.19
0.13
0.06

15
14
13
12
11
10

0

i o Y I S P o N -]

(a) distribution of recrystallized volume fraction after forging
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Mean grain size(jJm)
d ..(." Level| Value
N 15 | 5696
14 | 53.92
13 | 50.89
12 | 47.85
11 | 4481
10 | 41.77
9 38.74
35.70
32.66
29.62
26.58
23.55
20.51
17.47
14.43

z(mm)

W o Lh O =]

— hJ

r(mm)

(b) distribution of mean grain size after forging

Mean grain size(lJm)

Level| Value

15 | 56.99

14 | 532.98

12 | 50.98

12 | 47.97

11 | 44.96

_ 10 | 41.96
g 9 | 3895
% 8§ | 3595
7 | 3294

6 | 2993

5 | 2693

4 | 2392

3 | 2091

2 | 1791

1 14.90

LLT] 4 L | { | L 1 i i L i

1
100 200
r(mm)

(c) distribution of mean grain size after air cooling during 300sec

Fig. 49 FE simulation results of 90MC exhaust valve forging using hydraulic
press
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