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A Study of Design of Thermal Stress Control
Layer for Stellite 21 Hardfaced Hot Forging Die

Yoon, Joo Hwan

Department of Mechanical Engineering,
Graduate School of Korea Maritime and Ocean University

Abstract

Hardfacing process using metal 3D printing is being studied to
improve the life of the die during the hot forging process. At this
time, thermal fatigue can occur because of thermal expansion
coefficient differences between two materials; substrate and hardfaced
layer and the concept of a thermal stress control layer(TSCL) is
introduced to solve this problem. In this study, we would like to
select position and thickness of hardfaced layer and predict the
proper shape, mixing ratio of Stellite 21 and thickness of TSCL for
harfaced hot forging die via axi-symmetric finite element analysis.
As a result of wear test of hardfaced die based on the results of
wear analysis, it was confirmed that the die life was increased. The
initial shape of TSCL for finite element analysis was selected by

deposited certain region. The thickness of TSCL ranges from 1~2
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The results of each design were analyzed by deviation of
maximum principal stress used to observe the possible separation at
the interface. The proper design was selected as 50% of Stellite 21
mixing ratio and 1 mm thickness, but the thermal stress at the
boundary of interface occurred large value. In order to this problem,
the finite element analysis was performed by changing the shape of
TSCL to deposit as a whole region on the substrate. Based on the
results of deviation of maximum principal stress at the interface, a
proper design was derived. As a result, it was found that the

thickness was 1 mm and the Stellite 21 mixing ratio was 50%.
KEY WORDS: Hot Foring Die 9%t w37%; Hardfacing 3t=30]7%;

[e}
Thermal Stress Control Layer ‘-8%#H#|915; Thermal Stress <Y-5H;

Deviation of Maximum Principal Stress o 8% T=x}
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Nomenclature

K 2 /<9 (penalty constant)

5.5, ¥R % &5} Aog w

T F¥H e ¥ E(surface traction vertor)

k frEs&gol 483t w82 (shearing stress)
m* ulzk < (frictional coefficient)

t At 28 HEFolA HA B HH

U;j A=} &8 ®lA(deviatoric stress tensor)

p . & S (effective stress)

- : T8 W3 E(effective strain)

g'ij : H¥E &% ElA|(strain rate tensor)

n, &9l A #E (unit normal vector)

v, A2t 5389 4 & E(relative velocity)

vy =389 &%(die velocity)

o H3k4 W E(functional variation)

u, : U115 &% (sliding velocity)

h, : i €42 Al<(convection heat transfer coefficient)
Trocr . @-8gA|o]F 2] F 7 (thickness of transition layer)

: Stellite 219 A& ¥](volume ratio of Stellite 21)
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Table 1 Simulation data for wear analysis

Workpiece: Plastic

Object type Die : Rigid
. \ Workpiece : 1200TC
Initial temperature of object Die - 200C
Die speed [mm/s] 400
Die pressing depth [mm] 67
Heat transfern coefficient on bottom ’

die [W/m?C]

Table 2 Interface properties between workpiece and dies

Heat transfer coefficient

Object relationship Friction [W/m2C]
Punch - Workpiece
0.7 11
Die - Workpiece
- 9 -
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Table 3 Material properties of SKD 61

5
=
o
H
g
(¢
W
lo
2
frtl
(i
ox,
R
T

Properties Temperature [C] Value
25 200
Young’s modulus 649 113.8
[GPa] 760 103.6
1150 68.9
100 10.4
Thermal expansion 425 12.2
[10°mm/mmC] 650 13.1
1370 13.86
20 25
Thermal conductivity
g 350 28.4
[W/m"C]
605 28.7
Specific heat [J/kgC] 460
Density [kg/ m’] 7,760
Poisson’s ratio 0.29

Table 4 Chemical composition of SKD 61[16]

Element (wt.%)
Grade
C Si Mn P S Cr Mo \Y%
0.32~ | 0.08~ 4.5~ 0.8~
SKD 61 05 | 003 | 0.03 1~1.5
042 | 12 5.5 1.2
- ’]0 -
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239 A= S 9|3t} 3]

Table 5 Input data for wear analysis

Properties Temperature [C] Value
300 370
Hardness of die [HrC]
500 281.7
300 17.3
Tool wear coefficient [10]
500 26.1
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Fig. 2 Wear map of hot forging die
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Fig. 3 Deformed shape of workpiece
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Fig. 4 Temperature distribution of hot forging die
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Fig. 5 Interface pressure distribution of hot forging die
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Fig. 6 Sliding velocity distribution of hot forging die

Collection @ kmou

_16_



s

= 50] 43

ST

]_

S

73} Stellite 212

[¢]

3 23

=

=
Fig. 7, 82 SKD 61 AEZ FA4E €3t =

3.3.2 U=

o) B my ®r

{3 el
MC PToar o
TR
- ook e
A) Nr_m it %
% e

N N MM

LS T
= Mo X0
my wﬂ N
S oo oa .
O 0 T
o Mmoo
= N up ﬂmo

— & Mo =
—« O =
Ak a oo =
Tox q 0 m.
:
9| . .U =
L E T % =
__o,._ R MM o ..m
BEBY 2
<4 ol o/ ~n 3
__OT Mﬁw ‘_ﬂ_u "

B P
[
W me

o ] =
5o r
B oo woony )
G w, m@ oy
~0 o o0 ! MM
7o = E — e
) ﬁv., o] o)
mm 2 % T o

Fig. 7 Comparison of contour of hot forging die
- 17 -

Collection @ kmou



Hri ‘i Initial HTr:L Wern
pl die die
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Hy;: Height of initial die
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Fig. 8 Comparison of the worn height[3]
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Fig. 9 Design of hot forging die
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Top die
: Pressing
: direction

‘Workpiece

Bottom die

Fig. 10 Axi-symmetric model

Preheating " Forging Dwelling Chilling
process process process process

Fig. 11 Manufacturing process
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Hardfaced layer (Stellite 21)

Thermal stress control layer
(Stellite 21 + SKD 61)

Substrate part (SKD 61)

Fig. 12 Design concept of thermal stress control layer

(@) Trsce=1 mm (b) Trsc=1.5 mm (c) TrscL=2 mm

Fig. 13 Design alternatives of thermal stress transition layer
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Table 6 Design alternatives of TSCL

Case 1 2 3 4 5 6 7 8 9
Trsct 1 1 1 15 15 15 2 2 2
[mm]

) 025 | 05 | 075 | 025 | 05 | 075 | 025 | 05 | 0.75

42 AA 273 9 A8 EAX

421 89 AA=xA

YA F AA =241 H 4 A F
2

Table 7 Initial temperature

Component Temperature [C]
Workpiece 1150
Top die 350
Bottom die 350
- 22 -
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Table 8 Process parameters

Top die speed [mm/s] 400

Top die pressing depth [mm] 67

Heat transfer coefficient on ’
bottom die [W/m?T]

Table 9 Interface properties between workpiece and dies

Object relationship

Friction

Heat transfer coefficient
[W/m?C]

Top die - Workpiece

Bottom die - Workpiece

0.6

11
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422 A8 EAX

drGo] uHHE AY Yol ALEH St=d o] AR} VAR HEH A=
¢l Stellite 213} SKD 619 &4 X+ Table 103} %ﬂr. Zy ZAHlo] e d-8Y
AASY E4XE v A 2ol EFHAY WA Maxwel) DS o] &3}
o A=ERTH ZF 219 d= Stellite 219 F-AH &S 9n) 3},

Ersor = & (1—P) +6,D (22)

p,C (1—®)+p Co®
G ser = — - @3)
p (1= ¢)+p245
krgep Ky + 2k +20(k,— k) on
k, ky + 2k, — &k, — k)

2l (22)9] E}HA S HE, EBAA S, @HEAT Y FolF v E A4EE F
AL, A (239 EFHAL W, TATOR A 242 HrdrdR AR
= AET 7 Utk Table 12= EFWA B A2dwde FI 4 7 24
Hlo] ME F-gHANFT EAAX = UERA Aotk
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Table 10 Material properties of SKD 61 and Stellite 21

SKD 61 Stellite 21
Temperature [C] | Value | Temperature [C]| Value
25 200 25 245
Young’s modulus 649 113.8 649 191.7
[GPa] 760 103.6 760 182.2
1150 68.9 1150 149
Th i 100 10.4 427 14.3
exng;zn 425 122 649 15.1
[10°mm/mmC] 650 13.1 816 15.6
1370 13.86 2000 28
Thermal 20 25 20 17
conductivity 350 28.4 300 18.8
[W/m*C] 605 28.7 600 24.2
Specific heat
o 460 423
[J/kgC]
Density
7,760 8,330
[kg/m”]
Poisson’s ratio 0.29 0.3
Table 11 Chemical composition of Stellite 21[7]
Element (wt.%)
Grade
Co C Cr Mo Ni Mn Si Fe
Stellite 21 | Base | 0.27 28 5 24 1 1.3 3.5
- 25 -
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Table 12 Material properties of TSCL

TSCL TSCL TSCL
mixing ratio mixing ratio mixing ratio
@ - 0.25 @ - 0.5 @ - 0.75
Temp Temp Temp
. Value . Value . Value
[C] [C] [C]
, 25 211.3 25 2225 25 233.8
Young's
modulus 649 133.3 649 152.8 649 172.2
[GPa] 760 | 1233 | 760 | 1431 | 760 | 162.6
Thermal 100 11.05 100 11.7 100 12.4
expansion 425 12.73 425 13.25 425 13.8
6 o
[107mm/mm C] 1 o 13.6 650 141 650 14.6
Thermal 200 25.7 200 22.9 200 20
conductivity 400 26.6 400 24.64 400 22.65
20
[W/m™C] 600 27.64 600 26.53 600 25.38
Specific heat
. 450.2 440.8 431.8
U/kgC]
Density
3 7,903 8,045 8,188
[kg/m’]
Poisson’s ratio 0.29 0.3 0.3
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423 ARG 77 29 FE AA
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At =3
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43 HY F&4 X 54

AA dAd H3 dsEAAFES =& H8 Ho 88 AFE 6
o2 AFRE FHsAT. & AFolAe F B2 A2 & =429 BA
oA BAste @ A= AN T ] ¥ RS
g #AFo] Fashy] wwo Hol F8Y AAE EAsAT. AAHAA Y 4
Vg dA4e Ashr] feiMe Al F&8 @t HastE oo k(9] o]
HHE g o2 stedo)A] FHo} d-gHA T HAAS Interface A, -5H
AAZH 71 A Fe] HAAWE Interface BE 3t 2+ ¥
ZHE Bl skt Fig. 14+ Interface A, BS 914 ¥ ) =
& AAE UER Zeln. Fig 15-172 2 4E AW F58 2224 4 7
AdANA @27t By stE A g & 5 Sl

By
b

Interface A

Interface B

Fig. 14 Selected points for evaluation of results
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Serere - M pancipal (MPa

Stress - Max prncos (MWP3]
I 1a7

174 158

E q -310

(a) Hardfaced die (b) Case 2
Fig. 15 Maximum principal stress distribution when 80% at forging

process

Strers - Watprinceal (M)
142

531 : 45.0

150 A28 : U 5 e 763

(a) Hardfaced die (b) Case 2

Fig. 16 Maximum principal stress distribution at dwelling process

Sarees - M prncsl (MPa) Sewny - M precmal (MPy|
99, 99.5

570

14.4

-33.2

(a) Hardfaced die (b) Case 2

Fig. 17 Maximum principal stress distribution at chilling process
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431 F3 ¥E g +8¥ ax

(1) Interface A

Fig. 18-20¢] S3%& 714 2 Ad) #88 93t 4% 2 399 A% A
Ao Aol EEE Fol Uz FelA dgUAolFe TV} FAEsE

_—

Interface A°Al A= HUl =85 T/l S71ska, Stellite 21 A5 SFH
7t F7ME s Y @t aske AS 4 Aok div], W FRelAE
d-3HAAZY Folge o] Stellite 212 ZAdnlol| wet <8 Axr) &
T3S FAskA

Ao 788 SA7t b A B FARE TGEREA, Case 3WY P20 A
7H8 Hawkel 593 MPag] A3y} AEHAT A FolE JHAWAM =AM
7} ©E Case 1, 29 AHE Case 3% H|=d 2FE Yttt T84 =9]
7F 2 mm<%l Case 7~9% Case 1~39] HlstH <F 6vl] & 38 T A7} 425
A7] Wl FAHZ dARIe = AR H T

Ir

o.?: "‘
2

%e

Deviation of Max. principal stress,

Fig. 18 Maximum principal stress results on the interface A

after forging process
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Deviation of Max. principal stress,

Fig. 19 Maximum principal stress results on the

interface A after dwelling process

Deviation of Max. principal stress,

Fig. 20 Maximum principal stress results on the

interface A after chilling process
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(2) Interface B

AW WE 2 QIR A WA A FEY Txie] Hdigto] dAA"E A
Z+e Fig. 213 Zo] thZ2A st wEkA &2 4P 80% A-IY TR
AN 27 E Uo] A3RE UEHATE Fig. 22, 239 Ed+ ©x FA A
Zb 3o Aol 789 @atE UEhd =30l

Fig. 2225 Interface BolA] A Ho] 38 Wal= d58AAST T4
FHQo] Stellite 21 AE EFH7F /12 8 Ayt F/RRigE A
& 5 Q. g2 HF A A, P3, P42 38 datEs 3 A o= f

o} A#glol Fig. 234 H w$ 2 Ayl =EFHJAN Fig. 228 53 &
E—MM%% Ao g d3Eol gstd S st E8HA TS

o2} JJr%ﬂ’ﬂCasel 4, 7

o] ¢F 23 MPaZ 170 MP34 <9 @2 AAE UEd A3 A olFol gl

FHT oF 600% E-8Ho] FAHE AL g

oo Ho M to

250

A XY L T
200
150

100 -

50 »

Deviation of Max. principal
stress, MPa

0 0.04 0.08 0.12 0.16
Forging process, Sec

Fig. 21 Distribution of deviation of principal stress at

forging process
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250

Deviation of Max. principal stress, MPa

Hardfaced -
die Case 1

Case 2

Fig. 22 Maximum principal stress after results on the interface B

after 80% of forging

Deviation of Max. principal stress, MPa

Fig. 23 Maximum principal stress results on the interface B after

last step of forging
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Fig. 24 Maximum principal stress results on the interface B after

dwelling process
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Deviationof max and mim value, MPa

Fig. 26 Maximum principal stress results deviation on the

interface A

Deviaion of max and mim value, MPa

Case 9

Fig. 27 Maximum principal stress results deviation on the

interface B
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Fig. 28% #Zo] AAW HAE dE&
st E-5HAF F4 2 mmE AL g Table 13

AL axel AvE Fw
3} ol A2 Witk

TTSCL 1.5 mm

TTSCL 1 mm
Flg 28 Design alternatives of thermal stress transition layer

Table 13 Design alternative of TSCL

Case 1 2 3 4 5 6
Trsct 1 1 1 15 15 15
[mm]
) 0.25 0.5 0.75 0.25 0.5 0.75
T4 s A T Wy 9 AA 2L 4283 YA F
A X T3 422742 Table 129 FL3A &
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Fig. 29 Selected points for evaluation of results
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Fig. 30 Maximum principal stress distribution of Case 2 at 80% of

forging process

IRy o -134

Fig. 31 Maximum principal stress distribution of Case 2 at dwelling

process
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Fig. 32 Maximum principal stress distribution of Case 2 at chilling

process
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Fig. 33 Distribution of deviation of principal stress at

forging process
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Deviation of Max. principal stress, MPa

Case b

Fig. 34 Maximum principal stress results on the interface A-2

after 80% of forging

Deviation of Max. principal stress, MPa

Fig. 35 Maximum principal stress results on the interface A-2

after last step of forging
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Deviation of Max. principal stress, MPa

Case 3
Cased

Case 5 et
Case b

Fig. 36 Maximum principal stress results on the interface A-2

after dwelling process

Deviation of Max. principal stress, MPa

Fig. 37 Maximum principal stress results on the interface A-2

after chilling process
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(2) Interface B

Fig. 38, 399 =3+ X 3ANA 2z 739 AW +89
®ZA, Interface A-29] A& }0}711 BAAR WEet )R A F
Pz

g a2 Huigk A AlHo] gE2A TS Y. mekbA AR AF Y 80% Al-H
TE AA 27HAE Yol 2345 UEh I
942 FAH9 Interface BollA TAgH AU 88 dals d58HAAST T4
9} A3:glo] Stellite 21 ZAH7F 27142 1O g ZUlelE Aoz F2ls)
ATt 43 HoA EgHA A} HA XU AAH JHAH= p3Y AH(E F3l
o

d-gHo] Ao7t FES stk P39 AAE Tl Case 1°0] 7HE w2 @At
T ztom oF 38 MPa® FZHA S0l Y =deldd FH Ao
oF 7Hf W2 Ao = Flst
Fig. 40, 41< =3 di7], W¥7}
A7t g2 A FARE B 3 UAARE A G
sle] wro Ao g FelHet dx FAH thEA P4 Stellite 21 FAH 75%
o] AAIRMR Case3, 6 &8 Tzt A= Id3HA NSO e st=do)d I3
AFOZ AREHAUTH A AAEER
%

tlo okl

A% Stellite 21°] Z4Ho] B2 28 @z}
b

B d8HAo)= F74 1 mm, Stellite ZA1] 50%¢] Case 2¥H o] 7b4 AA3H
AACro 7 =Z2HTH

_46_

Collection @ kmou



Deviation of Max. principal stress, MPa

Fig. 38 Maximum principal stress after results on the interface B after

80% of forging

Deviation of Max. principal stress, MPa

Fig. 39 Maximum principal stress results on the interface B after last

step of forging
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Fig. 40 Maximum principal stress results on the interface B after

dwelling process

30

s
Hardfaced
die

Deviation of Max. principal stress, MPa
g

Fig. 41 Maximum principal stress results on the interface B after

chilling process
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Deviation of max and min value, MPa

Fig. 42 Maximum principal stress results deviation on the

interface A-2

Deviation of max and min value, MPa

Case b

Fig. 43 Maximum principal stress results deviation on the

interface B
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