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NOMENCLATURES

a : Thermal diffusivity

a, : Thermal expansion

e : Emissivity of AISI 1045

n : Efficiency of heat flux

u : Dynamic viscosity

v : Poisson’s ratio

v, . Kinematic viscosity

o : Density

o : Stefan-Boltzmann constant

0y, : 1" principal stress

01, © Maximum 1% principal stress
oy : Yield strength

v : Scan speed

Ar : Application of area

C : Shape coefficient of heat flux
Cp : Specific heat

D : Diameter of nozzle

E : Young’s modulus

¢ : Gravitational acceleration

H : Distance between nozzle and substrate

|

c.; - Average of equivalent forced convection coefficient
%f : Average of forced convection coefficient
: Average of natural convection coefficient

I,
k : Thermal conductivity
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Nu : Nusselt number
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Nu : Average of nusselt number
P : Power of heat flux
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T : Environmental temperature
t : Time
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x : X location of heat flux

v : Y location of heat flux

z @ Z location of heat flux

z, : Top location of heat flux

h

;. : Penetration depth
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ABSTRACT

Investigaion into the effects of geometris of the deposited region
and the substrate on thermo-mechanical characteristics in the
vicinity of the deposited region for a large volume deposition of
AISI 1045 powders on AISI 1045 substrate using a DED process

Yim Sung Hoon
Advisor : Prof. Ahn Dong-Gyu, Ph.D.
Department of Mechanical Engineering

Graduate School of Chosun University

Recently, due to environmental and resource depletion concerns, researchers around the globe
are actively involved in research and development of new methodologies to reduce impact of
industrial activities on environment. The interest in the field of additive manufacturing (AM) is
exponentially increasing due to its repair and remanufacturing capabilities. Repair and
remanufacturing of damaged machine tool parts by AM can lower the operational cost by
extending the life cycle of the metal parts. Directed energy deposition (DED) is a metal AM
process. DED process can deposit metal on straight and inclined surfaces along the arbitrary
trajectory. Hence, DED is suitable for repairing and remanufacturing of irregular shape machine
parts. However, localized rapid temperature changes occur during deposition process due to
high density energy source. The temperature gradients cause residual stress and displacement in
remanufactured parts. The aim of this study is to investigate the effect of shape of deposition
region, shape of the substrate, deposition strategy and pore location on thermo-mechanical
characteristics in the vicinity of repaired region by DED. Finite element analysis (FEA)
according to the substrate shape and shape of deposited region was performed in order to
analyze thermo-mechanical characteristics of repaired metal parts. Various substrate shapes and
deposition region shapes including the angle of inclination of the deposited region, the shape
of the substrate with various space at the edge of deposited region, the shape of deposited

bead with various width and inner radius of substrate were selected to predict residual stress

- XV -
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and displacement in the vicinity of deposited region. Subsequently, FE analysis of deposition
strategy was performed. Proper deposition pattern, interlayer time and interpass time were
selected according to residual stress and displacement results. Occurrence of the pores during
deposition by DED was considered in this study. Analysis models according to pore location
was generated. Thermo-mechanical characteristics depending on pore location were predicted.
Finally, proper parameters such as suitable substrate shape, shape of deposited region and

proper process parameters were proposed.
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Table 1 Classificationof AM processes based on manufacturing materials'>'%'”

Type of AM process Process Principle Material Process
an AM in which a liquid bonding Polymer/ 3DP
Binder jetting agent is selectively deposited to join Metallic/
powder materials. . cJp
Ceramic
an AM in which material is
Material extrusion selectively dispensed through a nozzle Polymer FDM
or orifice
an AM in which droplets of build MIM
Material jetting material are Polymer .
selectively deposited. Polyjet
an AM in which sheets of material Polymer/ LOM
Sheet lamination are bonded Metallic/
to form an object. . VLM
Ceramic
an AM in which liquid SLA
L. photopolymer in a vat is selectively
Vat photopolymerization cured by light-activated Polymer DLP
polymerization.
Polymer/ SLS
. an AM in which thermal energy .
Powder bed fusion selectively fuses regions of a powder bed. Metallic/ DMLS
Ceramic
Directed energy an AM in which focused thermal LENS
. energy is used to fuse materials by Metallic
deposition melting as they are being deposited DMT
XM =2 Ab (Binder jrtting) A2 22 SHEH2 WSOl MAGHDLA ot HEHZ
SXME HBHOZ ZAAA 222 A= 2A0ICH ME S50 20 4
e sah A0 X=rZ22 Z&E0l UK MS2 W40l ottt ©@E01 U
1819
ME &= (Material extrusion : ME) 242 =& (Nozzle) £= 22|IIA (Oriffice)
S 0125101 DHMAES & JAN £X° WEES IY 3 LHAH EH 20| & 5
A MZEoh= LAOICH ME L& Ao EXHQ ZBE2E FDM (Fused Deposition
Modeling) S&0I A2 CHE &0l Blof EHI #5501 &0 HZot & Eel 2
S0 AFZED JCH BE = MEH (Support) E MGt =Xl 2H0l ER0HH
M= AI2H0l @2f Z2l EHO0l WNYX RstChs A0l ACHO
MZ ZAF (Material Jetting) ZAI2 & Fotd =X & 2A 52 M E 0OIME &
=2 EHiE 2AAIZILD [UH HEE 0|26t B3 Al2! F BES +dictes 24
- 3 -
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SHEOI U
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SOl UCH?
( hotopolymer) 2
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o XM
oo=

OHled=2
SRS JIRICHD

DION

e
0

o
o

]

DED) 242 clold & &4 8
BAMH 88X

S|

Directed Energy Deposition :

S AMEoIH 2= JINTFE 8
EANA X 2HAI0|C
D NI VONREL St 2B =It=0l
WAAM (Wire and Arc Additive Manufacturing), EBF

X

| (Molten pool)
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2. OI4XI MoiE & (DED) S&

HIUXI MOE 2 (Directed energy deposition : DED) &2 &XA & I 22 1
Lo HUXIEES AEotH 35 JIMRE E8AHA E2EX (Molten pool) E & &t
== 22 (Metal powder) ¥ 25 & (Metal wire) 2 52 MESZE AME0HH 28

A3 HSote YA0ICh DED &2 2 Mz0l e 29tz 2% & = R

CLOILSS) D3 TH2 0 2 EXNQ ZHS Table 2 9 220 2 BF & HEE
2
=

= Fig. 1 10t ZCh
Table 2 DED process classification according to feeding typem’”’ls’zs)
Feeding type Powder Wire
L Enei Direct Metal Electron beam Wire and
aser Engineer irect Meta ..
Deposition s _ . freeform Arc Additive
Pr ed Net Shaping Deposition fabricati .
ocess abrication M turi
(LENS) (DMD) anulacturing
(EBF) (WAAM)

Wire Feed
Laser or Electron Nozzles
Beam

<+—— Shielding gas Deposition layer
<«— Melt Pool

]

(a) 2D Powder feeding type (b) 2D Wire feeding type

<+— Molten Pool

Nozzle

0= Shielding gas

=== WVletal powder

Moltenjpoollesssny

D eposited!

Substrate —%

(¢) 3D Powder feeding type (d) 3D Wire feeding type
Fig. 1 Schematic diagram of DED process
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Table 3 Deposited areas based on deposition shapes

Table 3 1f 20|

=40t ol S

of deposited shapes and substrate of corner angle

1A
O O ox J2

B

=
2

Type 1 Type 2

Type 3

30° 6.8 mm?> 6.6 mm>

6.4 mm>

45° 6.8 mm?> 6.6 mm>

6.4 mm?
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Type 1 Type 2
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Fig. 6 Mesh structures for each deposition shape
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Table 4

o
i

4 I/min OICH* Fig. 8

zig-zag

=02 0.75 mm 2
& 24 Layer O|04,
ath OICt. Type 2 2

Path j'. Nl

5 Layer O|04, 8t&

Hr ”

ZZ0ICh.

Characteristic data of deposition bead for AISI 1045"

Bead width
(1m)

Hatching distance
(m)

Thickness of each layer
(m)

1,000 750

~ 150

Table 5 Number of nodes, 2D elements, parh and layer of FE models

Nodes
(EAs)

2D Elements

Type of deposited shapes
yp P p (EAs)

Path

Layer
(EAs)

Type 1 748 695

52 24

>
Il

30 ° Type 2 740 691

55 11

Type 3 734 685

55 5

Type 1 746 696

52 24

45 ° Type 2 738 692

55 11

Type 3 732 686

55 5

_’|5_
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Table 6 Process parameters of 2D FE analysis*”

P \Y r 1(z) G F
W) (mm/min) (mm) (mm) (1/min) (I/min)
500 1,000 0.5 =~ 0.5 10 4

Type 1 Type 2 Type 3

Fig. 7 FE models according to dissimilar deposited shapes

Deposition strategy : Zig-Zag

Fig. 8 Deposition strategy of FE analysis (Type 1, 6 = 30 °)
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Table 7 Chemical compositions of AISI 1045

Material

Mo | Cr | Fe | C | Si |[Mn| Ni | P | S | O
(%)

AISI 1045 | 0.23 | 0.84 | Bal. | 0.42 | 0.25 | 0.78 | 1.86 | 0.009 | 0.005 | < 0.016

[l

DED S&= 0IE0t0 H5 MX SES Al AISI 1045 HE2| & (Phase) &
b dedE 2x2E& ZJ/H =24 Ul0leHE Kim 2 g2 2 =4 U0IeH <
= Z=2 0 2 S5l =& & ZE 0ISoIRACH."? & BGS
ddet 2EoE E-JIH =4UO0IHE Z X% (Density ), 2

conductivity : k), HI'Z (Specific heat : Cp), SH = (Young’s modulus : E), F0tSH|

Ir

T

HM&E S (Thermal

s

(Poisson’s ratio : v), &=ZT (Yield strength : o), 2 B1& (Thermal expansion :

a,) 2 2x2& ZI|H =24 OOIH0IH Fig. 9 2 &0l === =4 UOoIH=e U

Z-J1H HAH =et 24 o800 HE= BH A2 Fig. 10 Ut 20 HEotALH
S

MY HAUM HE SES Ol B30 T = 90 JIMRS &8s ot
22 (Ar) JtA0 28 ZH UF2 SA0 2fsh & 401 DAZIN0F a0 S
b @4 2E0| (Equivalent haet loss model) 0] E& EIRUCH IINHE &AHZE M
st 2= JIMR g990le 8% 2= UH HF (Natural convection) JF &4 SHCHD
JtE GtRUCH E£& HE0| 2=2E e IR 858 25 & A& d
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Fig. 11 Temperature dependent material properties of air*’
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0.67Ra"*

_ 9
Nu = 0.68+ T 0.192 P (Ra < 10°) (6)
Nu = 0.54Ra"* (7)
Nu = 0.52Ra"/? (8)

OIIM Nu, Ra & Pr 2 2128 WA= (Nusselt number), 222l (Rayleigh
number), ZL2tE= (Prandtl number) OICt. &) (9)E OIZ0t el A0 HAE

Ct.

g(Ty—T,)L;
Ra = # (9)
Vka]}

oI g Ty, T., L, v, a & T, = 212t SIS (Gravitational
acceleration), =¥ =% (Surface temperature), (HJ)| 2% (Ambient temperature), S&
Z 0| (Characteristic length), S&4& Hl=>(kinematic viscosity), & &b H == (Thermal
diffusivity) & HF JAHS2 SH 2=2 ZALXIO0ILE HF BAHS0H &dotes =
M 25 ZAX= A (10) It 201 HAED 2SHEHL=Z HateE 25 o&E A

& HA= Fig 14 9 2T

T+ T,
T,=—5 (10)
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Qloss t Q]o% C‘?lass r (11)

Ooff 2gt & =4 L SA0 /st & =A0ICH Z2H R 2st & &4 L FAl
Ol ol & &=4a2 Ot & (12) & (13) 2 Solf AKHECH
Qlossf:ﬁf(]jqiToo) (12)
Qe = €0 (T = T2) (13)

Ck.
Qloss,t: f(T T )_I_EO-(]74 ]74) (14)
Qs = D (T, — T)+eo( T2+ T2 )T, + T, )T, T.,) (15)

, heyy B A (17) 2 201 J1HGHE,

AEHOR SIh ¥ 24 HA A2 (18), & YA A2 Al (19) @ 20| EE &

[

O|I

h, =eo(T*+ T2 )T+ T.,) (16)
heys=hp+h, (17)
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heyy=hy+eo( T2+ TN, + T.,) (18)

e

Qloss,t = Ecq,f(]; - Too) (19)
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Fig. 16 Equivalent heat loss coefficient
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Fig. 20 Effect of deposited shape and inclination angle of deposition region on ESR
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Table 8

Residual stress maximum value for during deposition

Type 1 Type 2 Type 3
0 =30° 2,222 MPa 1,927 MPa 1,705 MPa
0 =45° 2,411 MPa 2,059 MPa 1,670 MPa
Table 9 Residual stress maximum value for after elastic recovery and cooling
Type 1 Type 2 Type 3
0 =30° 992 MPa 924 MPa 695 MPa
0 =45° 1,079 MPa 1,091 MPa 890 MPa
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L; =0mm

6=30°

Fig. 29 FE models according to the length of L,

Table 10 Number of nodes and 2D elements of FE models (substrate shapes of L)

Type of substrate shapes INEIEE 2D Elements

(EAs) (EAs)

Li = 0 mm 596 556

=30° L =3 mm 665 624
Li =5 mm 665 624

Li = 0 mm 587 550

O =45° L =3 mm 656 618
Li =5 mm 656 618

Table 10 2 NM&E JIMF EE 20l € 7o 24 ofd 2
=t @42 ofd 24 2 O OICH L, 2 Z20[9F 0 mm 21 & 1
mm, L; 2 20/} 3 mm & < AE2 Z0l= 23 mm, L, 2 Z0
d2 AlE2 Z0l= 25 mm OICH
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==P Natural convection === Boundary condition : Fix
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A i

10 mm
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! !

Fig. 30 Model for thermo-mechanical analysis (6 = 30 °, L; = 0 mm)
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and cooling
E
3
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|
El
Lol
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g
b
[ Max = 2,107 MPa Max — 824 MPa Max = 1,208 MPa
= 20.51 s 87.2s 30,000 s
@ 0 =
Gy, 2,400 2,100 1,800 1,500 1,200 9200 600 300 0 -300
(MPa) i | | [ B
During deposition Initial deposition After deposition After clastic r.e covery
and cooling
g
g
EL. Max = 2,052 MPa Max = 789 MPa Max = 1,004 MPa

17.515s

=3mm

Max = 2,147 MPa

~ 17.51s

E

"

fl Max = 2,193 MPa
-

27.015s

(b) 0 =

87.2s

Max = 883 MPa
87.2s

Max =978 MPa
8725

30,000 s

Max =1,083 MPa
30,0005

Max —1,180 MPa
30,000 s

Fig. 32 1* principal stress distributions according to L; and deposition region inclination

angle
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Fig. 33 Effect of L; length and inclination angle of deposition region on excessively

stressed regions
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Table 11 Maximum residual stress during deposition process according to length of L,

L; = 0 mm

Substrate shapes

L; = 3 mm

L; =5 mm

0 =30°

1,926 MPa

2,084 MPa

2,107 MPa

0 =45°

2,052 MPa

2,147 MPa

2,193 MPa
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Table 12 Residual stress maximum value for after elastic recovery and after cooling
(according to length of L;)

Substrate shapes L; = 0 mm L; = 3 mm L; =5 mm
0 =30° 1,038 MPa 1,178 MPa 1,208 MPa
0 =45° 1,004 MPa 1,083 MPa 1,180 MPa

2500 ¢
30° —e—45°
o~
3] _—
[ 5 =
<2000 }
g
iy
e
1.500 . . . .
0 1 2 3 4 5 6

L; (mm)

Fig. 34 Influence of comer angle of deposited region and L; length on maximum 1%

principal stress
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Fig. 35 Time histories of 1% principal stress distributions at the occurrence location of

the maximum value (according to length of L)
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Maximum displacement and cooling
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=
T
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g
=
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I
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(b) 6 =45°
Fig. 37 Displacement distributions at the time of maximum displacement occurrence and

after cooling process (according to length of L)

Table 13 Maximum and residual displacements value (according to length of L;)

Magnitude (mm)
Max Final
A Point B Point A Point B Point
L; = 0 mm 0.099 0.059 0.054 0.045
30° L =3 mm 0.097 0.067 0.071 0.034
L =5 mm 0.092 0.063 0.068 0.035
L; = 0 mm 0.097 0.057 0.094 0.069
45° Li = 3 mm 0.090 0.066 0.067 0.035
Li =5 mm 0.083 0.068 0.059 0.039
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Fig. 38 Maximum and residual displacements for different deposition region inclination

angles andthe length of L,
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Fig. 40 Schematics of substrate shapes according to L,
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Fig. 41 Substrate shapes according to L, length and deposition region slopes

Table 14 Deposited areas based on L, length

Deposition
I, = 3 mm L, =5 mm I, = 7 mm I, = 9 mm
shapes
0 = 30° 24.9 mm?® 32.6 mm’ 40.4 mm? 48.3 mm?
6 = 45° 19.8 mm? 27.6 mm? 35.4 mm? 43.2 mm?
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length
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Table 15 Number of nodes, 2D

elements and parh of FE models

Nodes 2D Elements Path
Type of deposited shapes
(EAs) (EAs) (EAs)
L, = 3 mm 1,061 1,023 222
L, = 5 mm 1,331 1,290 293
0 =30°
L, = 7 mm 1,597 1,555 359
L, = 9 mm 1,867 1,822 430
I, =3 mm 942 900 176
I, =5 mm 1,204 1,163 247
0 =45°
I, = 7 mm 1,474 1,423 319
L, = 9 mm 1,744 1,690 384

= o9l Qe
Ch Fig 43 B 20| M= g

H4E 9B 3 X AE L

Al DA E UL

ISO View

Deposition strategy : Zig-Zag

Fig. 43 Deposition strategy of FE analysis (6 = 30 °, L, = 3 mm)
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g
g
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Max =2,131 MPa
48.75s

L,
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G, 2100

(MPa)

During deposition

L,=3 mm
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, =

angle

1,800

1,500

32.26 s

482 s
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1,200
|

Max =2,094 MPa
Max = 1,952 MPa
Max = 1,862 MPa

Max =1,788 MPa

900

600 300

Initial deposition

0 -300

After deposition

Max =378 MPa
517.

4s

Max =360 MPa
698.

4s

Max =354 MPa
905.

5s

Max =337 MPa

1080.2 s

() 0 =45°

Fig. 46 1% principal stress distributions according to L, and deposition region inclination

After elastic recovery
and cooling

Max =425 MPa
30,000 s

Max =426 MPa
30,000 s

Max =436 MPa
30,000 s

Max =433 MPa
30,000 s

Table 16 Maximum residual stress vlaue during deposition process (according to L,
length)
L, = 3 mm I, = 5 mm L, = 7 mm L, = 9 mm
0 =30° 2,131 MPa 1,783 MPa 1,757 MPa 1,736 MPa
0 =45° 2,094 MPa 1,952 MPa 1,862 MPa 1,788 MPa
Table 17 Residual stress maximum value for after elastic recovery and cooling
(according to L, length)
L, =3 mm L, =5 mm L, = 7 mm L, =9 mm
0 =30° 388 MPa 392 MPa 397 MPa 410 MPa
0 =45° 425 MPa 426 MPa 436 MPa 433 MPa
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Fig. 47 Effect of L, length and inclination angle of deposition region on excessively

stressed regions

_64_

“Collection @ chosun



=0
I+
=
ol

80
JlJ
0
%0
ol

ar
010

Uk
KJ

i

ol

ii00

g
o

= UAJUCHL JIHF BARZD 204 810l ESR 2

So HERI B

A K|
=

=1 =13
S S

HZ0 M F

= 2
—_ o

2 SAIU DI

&l
=

£ =

o]
00
0

50

ot= ZAHRS JIMRE B =

-/

00

Kr
<+

Il
=

0l0

Uk
KJ

"

ol
B3
9]
i

22 9 mm

T

2

oJ

=L, & Z0/I2F 7 mm

NS ZBAZ0 30 ° OlA

Jiote A=

il

ol

JJ

UL

A
e

ot
=

MOl FEHXNAH B

a2 JINTR2 BAH

2 1.75 mm O]

ol
—

J
K

ok
JI

9]
20
ol

Al
olo

Uk
KJ

Ky

J

tOl XIS

o}

=0
=

A0 0.25-0.5 mm 2 <X

ol
—

Ch. Ly & Z012} 3 mm % 5 mm

SUCH L, 2 Z0/It 7 mm

A O
& A

!

o
=

ol

n

| dd

o

-

<0
60

Ch. IS &

Ne L, 2 Z0l0l [tet

22 L, o Z0I2t 2AHA0l 1.25 mm 2 X0 =
T ool A0l 45 © 2

o 0l

45

L

2
=

F

A

0 g

| 2010l S5 &

3% L, ¢

HO

o

e}
RO

_65_

Collection @ chosun



Ch. Fig. 48 2 Z-J|H SH ol&82= HS= L, 2 =20 U =389

CHat HeloICh L, © Z20[Jt 3 mm OIA 9mm E St € If JIHF A=Y &

H 8lol =t ===2 =Het0] HA40ts A= &€ = UL JIHE SAHZ 30 °

el = L, 2 20|17t 3 mm 2| dis2 X FSEHS 45° 2 L, 2 20|17t 3
=2 0

2,500 30°
= g 450
A
—
< 2,000
g
o
©
1,500 2 ’
1 3 5 7 9 11

L: (mm)
Fig. 48 Influence of cormer angle of deposited region and L, length on maximum 1*

principal stress
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Fig. 49 Influence of cormer angle of deposited region and L, length on maximum 1*

principal stress after elastic recovery
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Table 18 Maximum residual stress during deposition process according to R length

R = 3 mm R =5 mm R = 7 mm R = 10 mm

0 =30° 2,577 MPa 2,623 MPa 2,598 MPa 2,533 MPa

0 =45° 2,576 MPa 2,820 MPa 2,775 MPa 2,674 MPa
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of the maximum value (6 = 30 °)
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Table 19 Number of nodes and elements of 3D and 2D FE models
. L. Nodes Elements
Type of depositon direction
(EAs) (EAs)
UNI direction 31,618 29,574
3D FE models
Zig-Zag direction 31,618 29,574
UNI direction 1,061 1,023
2D FE models
Zig-Zag direction 1,061 1,023
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Fig. 71 1* principal stress distributions for different deposition direction (2D)

Table 20 Residual stress maximum value for during deposition (deposition directions)

Deposition direction 3D FE models 2D FE models
UNI direction 2,376 MPa 2,654 MPa
Zig-Zag direction 2,024 MPa 2,150 MPa

3,000 r wmUnidirection = Zig-Zag direction

\ 18 %

2D

(a) Maximum residual stress comparison acording to deposition strategy
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(b) Comparison of 3D and 2D residual stress results

Fig. 72 Influence of the deposition strategy on the maximum 1% principal stress
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4% 2 AE 7o 24 ofdl Blu ot0 114 Al2t 213 &0l A& = AlZ2H0l
O ¥SS 2 = JA/UCL L8t offd =20l 2=Jt 20 ois oIS 22
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ofs AlZH & OIOIe 2= Udote 2 X |& 24 of40l 3 IHE =& 24
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Table 21 Comparison of total simulation time of 3D and 2D FE analysis

Deposition direction

3D simulation times (Hours)

2D simulation times (Hours)

UNI direction

120

6

Zig-Zag direction

120

Table 22 Comparison of results file memory sizes of 3D and 2D FE analysis

Deposition direction

Memory of 3D analysis (MB)

Memory of 2D analysis (MB)

UNI direction

539,540

1,138

Zig-Zag direction

551,970

1,120
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Table 23 Residual stress maximum value for during deposition and after elastic

recovery and cooling according to interlayer time

Interlayer time

W/O

+5 s

+10 s

+30 s

+60 s

During deposition

1,862 MPa

1,913 MPa

1,923 MPa

1,967 MPa

1,976 MPa

After elastic
recovery and

cooling

436 MPa

439 MPa

452 MPa

455 MPa

718 MPa

2,100

0 5 10 15 20 25 30 35 40 45 S0 55 60 65
Interlayer time (s)

Fig. 77 Influence of the interlayer time on the maximum 1% principal stress value
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Fig. 81 1* principal stress distributions for different interpass time
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Fig. 83 Influence of the interpass time on the maximum 1% principal stress

- 103 -

Collection @ chosun



Fig. 83 = Z-JIH GH HAUAM === 0 &7 S 2 2AX0
3

gt B1310ICt. Interpass time Ol 10l M

b

GIA 522 BHEAl 0.6 %, 5ZUA 722 BEAl 3 % 83 SIIEgS

=2
2 Interlayer time 1t HIWGIH 1-6 % 22 =2 S &

x| = =2 2 o
xE e SEQ &BE=R

Interpass time 2| O

02-32 % 2t8 =2 338 &= KL US

nio

- 104 -

Collection @ chosun

=2 HIE0 et 4 % SIt6



| Al

(@]

| Ol Ad
retoll et A

=
S

OICt. Interpass time Ol

H 4 Ol A

==]

<
0l

S[b =P
2y

2]
=

—

—

Fig. 84
O e =t ===

s
AT

o

Al
0l0
Kk

_J
K
Kl0

0L

o
o0

~
KI0

—_

~J

n

(CtetAl Interpass time Ol

L4 BHCH

!

(=]
=

210

010

=
e

E
x

110

(=

3+
cl

oI

o0

~
Klo

010

010

110 4

ol %

20l

ES

uE

ok

ol
lx
o)

o
Klo
Rl

ol

0
i

S
ol

0l0

Uk
KJ

K0
"

<+
N
o
o0
on
H

n3
ar
010

Kl
®

o]
=
KI0
=l
no
K4

Al
0l0

Uk

.

KJ

—-

o
1
E

KJ

nl

RUCH Fig. 84 OlAl Interpass time O 5, 7 =

=)
=

N

K
I

ng
ar
0lo
Uk

—_

RJ
Kl
i

U
s}
20

-

ol
of
Al

o

J

ok

o}

)

9]

~
KI0

C. Fig. 78

ot Hlwol 2™ Interpass time 2

x| CH
012840l Interlayer time 1t H| 1) &0

e

3

FOd 70-75 %

| Interlayer time 2

=] pm}

O

on
o0
X0
160
omn
AS
ol
HH

1e)
=
16

=2
S

_

~J

3
K
ol

ZHO0 M Interpass time 2| &2

2F
=

Y
u

Time (s)

- 105 -

10,000 15,000 20,000 25,000 30,000

5,000

according to interpass time

Fig. 84 Stress histories at the location of occurrence of maximum 1% principal stress

Collection @ chosun



=D

alll

ol
)

]
K0
Rl

ulJ

[t o

S| X1 o

o

oll
[Ho

A

!

H 4 & Dl

£
IH
0
ur

Al

|01l

A4

A1 & Dl

24 4 ZE £

st

=2 O
= 7T

|0l L+

gl
ull
xr
e}
<

o)

oK

18 ¢

Al

FO4 XI2& K 3 22 JIMSE A2 45 ° 2 L, 2 201 7 mm 2

1o

io)

o

=
1o

(c

| Ol

=
1o

ilo]

Ok

Fig. 85 & Fig. 86 & 220 =

| Xl=

Ok

K0

-
o

= JHF 2K

WXL &

5 HHSOo
T o d T =

b OIA

=

]

=)

025 mm x 0.15 mm Ol J|22 X

22H JIH=

= &

T
W3
Ju
o
=
3

-

gl

al
50

=
&l

R0

1

=3
[a—

=)
2|

gl

P IS BALE

=11
oSS

A IH
o

B

=
e

o L, & 20l 7 mm

IS AR 45 °

FXE 1DASH 0.5 mm, 0.75 mm,

Ju

)

| 22 0.3 mm, 0.45

4otATH JIA

S
o
mm, 0.6 mm, 0.75 mm 2| {XE &F

i

1 mm, 1.25 mm 2| fIXE

AISI 1045 Ol =2

=
[

ME A

HA Ol AFS

i Ol
Table 7 1t = SIC}.

Fig. 9 9 2!Ct.

0

N SU2

DA =24 UoleH=

=]
=

=2EoE

&l
—

0

zs8e

Sk
=l

ol

- 106 -

Collection @ chosun



Lt. A =& CIOIE

HES oo FH A2 Fig. 44 o SLotH e ZEO o4R0=s HSA 2
A= 25 JtAel Ot=22 JhAN 2lst 2 40| ZdotH, SA0 2 € &4
Of &l DAEON St &4 H=+E Aol s & otR0=s A UFO0l
olgt € &40 &detth Lt oflA0 ReEdE 2= 2&E NAUS A== Fig. 45
o L, 2 20l 7 mm & SZ6tCt

Fig. 85 2D FE models structure according to location of pore (6 = 45 °, L, = 7 mm)
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(a) Pore location on the flat surface
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(b) Pore location on the inclined surface

Fig. 86 2D Location of pore position in 2D FE models
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Fig. 87 Excessively stressed regions for location of pore positions
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(b) Pore location on the inclined surface

Fig. 88 Influence of location of pore on the maximum 1* principal stress
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