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a : thermal diffusivity

a, : thermal expansion
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n : Efficiency of heat flux
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ABSTRACT

A Study on the influence of deposition and substrate shapes on
residual stress characteristics in the vicinity of the repaired region of

parts for machine tools using a DED process

Kim Dan A
Advisor : Prof. Ahn Dong-Gyu, Ph.D.
Department of Mechanical Engineering

Graduate School of Chosun University

Recently, the need for manufacturing has been emphasized worldwide due to environmental
problems. Machine tool parts that cause irregular damage can extend the life of existing
products with low cost and materials using a laminated manufacturing process. A direct energy
deposition (DED) process, which is one of the additive manufacturing processes, is advantageous
in remanufacturing because a molten-pool be generated of a high energy heat source and a
metal powder or a metal wire can be supplied to form a desired shape. However, in the DED
process, rapid heating and cooling around the deposition region generates rapid heat history,
resulting in residual stress. In this paper is to analyze the influence of deposition and substrate
shapes on residual stress characteristics in the vicinity of the repaired region of parts for
machine tools using a DED process and to select a groove type that can reduce stress
concentration and residual stress. After that, a substrate for repairing machine tool parts is
designed and manufactured in an appropriate groove shape. Three-dimensional thermo-mechanical
analysis according to the groove angle and corner radius was conducted to analyze the residual
stress according to the groove angle and corner radius to predict the residual stress distribution
of each shape. A three-dimensional thermo-mechanical analysis according to the groove angle
and deposition type was performed to predict the residual stress distribution near the repair by
deposition type. Subsequently, two-dimensional finite element analysis model were produced and
thermo-mechanical analysis was conducted to compare the differences with the results of

three-dimensional analysis. In addition, a two-dimensional thermo-mechanical analysis according

- Xii -
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to the base groove depth and groove shape was performed to predict the residual stress
distribution according to the groove depth and groove shape. A two-dimensional analysis model
according to the pore position was generated and thermo-mechanical analysis was performed to
predict the residual stress distribution according to the pore position. Finally, a basic experiment
was conducted by determining the substrate and the deposition material, and a substrate for
repairing machine tool parts was manufactured. The groove shape of the machine tool parts
repair substrate is designed to be an appropriate groove shape derived from two-dimensional and
three-dimensional finite element analysis. After manufacturing the sample, the deposition
characteristics of the machine tool parts repair deposition were investigated through deposition

type, pore, and hardness analysis.

- Xiii -
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Table 1 Classification of additive manufacturing according to the process'*'"

Additive manufacturing L. Type of
Signification .
process material

Liquid photopolymer in a vat is selectively

Vat photopolymerization Polymer

cured by light-activated polymerization.

. ) Polymer/
. Thermal energy selectively fuses region of .
Powder bed fusion Metallic/

a powder bed.

Ceramic
Material is selectively dispensed through
Material extrusion ) Polymer
a nozzle or orifice.
) Polymer/
Sheets of material are bonded to form an )
Sheet lamination ) Metallic/
object. )
Ceramic
Polymer/

A liquid bonding agent is selectively .
Binder jetting Metallic/

deposited to join powder materials.

Ceramic
L Droplets of build material are selectively
Material jetting . Polymer
deposited.
Focused thermal energy is used to fuse
Directed energy deposition materials by melting as they are being Metallic

deposited.
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DMT (Direct metal tooling), DMD (Direct metal deposition), LENS (Laser engineered net
shaping), WAAM (Wire and arc additive manufacturing) S0| {UCH>'**
P2t 22 sHel YHEHL HEN AMAHESZ I Y SZEEBHA 28 20401 =0t

AN UM, HAIE & MEE2 S2d0l SotEl sSAIM 8 &I[H 20k

M=
JIH 220 et HMZE (Remanufacturing) 2 Z A0l SItotl UCH? THMIZZH
E4a 2 HDI AN U=s HES L= 25 s B 2 MIEHGHH =2 M3
e 8522 MHMEGts 2010 MHMZs JIH 222 A =82 ZIHAIIID
HedAXle X2 2LA2 = AN N2 B & SHFLBHN 2 =832 =0, Sol
SEIAC 2 UE 220l AASHO MHZ 208 IA €2 &= JACH?D

Collection @ chosun



2. OI4XI MoiE® & (DED) S &
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Table 2 Classification of DED process according to feeding type’>*®”

Feeding type Powder

Wire

. Laser engineered net shaping
Deposition Process

Electron beam freeform

(g/min)

(LENS) fabrication (EBF)
Layer thickness (Jm) 100 — 380 500 - 1,270
Deposition rate
6.5 up to 330

Laser beam

= — Shielding gas

Nozzle Powder

Substrate —=

(a) Powder feeding type

Laser or electron beam

“— Wire feeder

«—— Substrate

(b) Wire feeding type

Fig. 1 Schematic diagram of DED process
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CHOSUN UNIVERSITY

R=3mm

0=15°

0= 450

(a) ISO view

R=3mm

0=15°

68=30°

0=45

(b) Top view

Fig. 5 Designs of groove angle and radius of comer
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£ T 4 000 Ot 52 22 UHS otJ| 2ol

& = a!
S0 &0l= HE UHHIE 1DHGHH 1.0 mm & JHEOIULH [HtM B= &2
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(@ 6 = 15°

L 1 mm ) 2 mm |

(c) 0 = 45°

Fig. 6 Bead meshes according to groove angle
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Table 3 Characteristic dimensions of the deposition bead (provided by KITECH)

Bead width Hatching distance Bead height Layer thickness
(um) (nm) (um) (um)
1,000 500 135 250

Table 4 Volume of the bead

R =3 mm R =5 mm R = 8 mm R = 10 mm
0 = 15° 37.86 mm’ 36.25 mm’ 33.83 mm’ 32.22 mm’
6 = 30° 36.44 mm’ 3476 mm’ 32.25 mm’ 30.58 mm’
0 = 45° 35.45 mm’ 33.77 mm’ 31.26 mm’ 29.59 mm’
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Boundary condition : Fix

(a) ISO view
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R=3 mm R=5mm R=8 mm R=10 mm

0=15°

0=230°

0 = 45°

(b) Top view

Fig. 8 FE models according to groove angle and radius of corner
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Table 5 Number of nodes and 3D elements of FE models

Nodes 3D Elements
Type of deposition model
(EA) (EA)
R = 3 mm 56,792 53,841
R =5 mm 54,332 51,457
0 = 15°
R = 8 mm 46,828 44,343
R = 10 mm 43,584 41,273
R =3 mm 57,510 54,569
R =5 mm 53,351 50,543
0 = 30°
R = 8 mm 47,185 44,602
R = 10 mm 41,949 39,701
R =3 mm 52,666 49,968
R =5 mm 49,573 46,916
0 = 45°
R = 8 mm 43,734 41,318
R = 10 mm 40,601 38,352
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Ch. 2&E21Z =24 OO0IH &E&
2 o4 dds s JIMRE ¥ HEEF AWM= 22 S45C 2 Inconel 718 OICH
28 ATHO ote X4 E HIEE TAME Sof T=6tU2M Table 6 0t 2 L.
Table 6 Chemical compositions of the substrate and powder'®
Ni Cr Fe C Mn Si Cu Mo Co | Other
Inconel
55 21 Bal. | 0.08 | 035 | 0.35 0.3 33 1 < 5.0
718
S45C | 0.005 | 0.015 | Bal. | 0.444 | 0.757 | 0.247 | 0.01 - - < 0.1
2Me stst 24 E 080t 24 HO0IH & Z23Q! JmatPro V12.0 S S0l
U (Density : p), SEEE (Thermal conductivity : k), HIZ (Specific heat : Cp),
P A= (Young’s modulus : E), FO0tEH| (Poisson’s ratio : v), &S24 & (Yield strength :
oy), 8 HE (Thermal expansion : ) St 22 2&E2&E E & J|H =4 OHOIHE
CE0IRALE S45C o 32 2& Hatol et Hatol= & (Phase) = Aot SIoH
o 8 2E9& =24 UO0IHE T=0tRULk Inconel 718 2 BR0= ©HE &2 JHE
ot OIOIEHE &Z=otbh == =2E2& &€ 2 JIHA =24 OOolH= Fig. 9 &
Fig. 10 1t ZCh
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E Austenite = Austenite
= =
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6.5 2 & d 0.0 . . '
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(a) Density (b) Specific heat
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Martensite

Martensite

0.060 g Ferrite Ferrite
Pearlite Pearlite
o Bainite - Bainite
o 0.040 Austenite g 160 Austenite
g S
= =
£ 0.020 8o |
2
0.000 z & ’ 0 . o
0 500 1,000 1,500 0 500 1,000 1,500
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(c¢) Thermal conductivity (d) Young’s modulus
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g z
0.20 F e 800
0.00 L = £ 0 ’
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(e) Poisson’s ratio () Yield strength
0.030 ¢ Mar?ensite
Ferrite
Pearlite
Bainite
0.020 Austenite
d@
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0.000 ’
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Temperature (°C)

(g) Thermal expansion

Fig. 9 Temperature dependent material properties of S45C
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Fig. 10 Temperature dependent material properties of Inconel 718
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Fig. 12 Temperature dependent material properties of air'®
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Fig. 13 Temperature dependent material properties of argon'®
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{IIAM Nu, Ra & Pr & 22} WA= (Nusselt number), &l 22l (Rayleigh number),
2 [

et E= (Prandtl number) OICt. dlel== & (4) 2 201 HAECE

(4)

OJIM g Ty 1., Lo, v, o & T, = A2 SHIIEE (Gravitational acceleration),
™

2% (Surface temperature), CHJ| 2% (Ambient temperature), S& 2Z 0| (Characteristic

o
length), =&d HZ(kinematic viscosity), £ =&t Hlz= (Thermal diffusivity) X =
ZAHEL RM 2&2 ZAXIOICH UFE dAHSY SH 252 ZAXI= A (5) %

20| Aot 2EsHEez T2 NHUFE H+== Fig. 14 28 Z2Ch

0

T+ T,
Ty=—%—
2

®)

Side
——Upper
] ====Lower
0 » Il » 2 2 ']
0 200 400 600 800 1,000 1,200

Temperature (°C)

Fig. 14 Temperature dependent natural convection coefficient for different surfaces
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Fig. 15 Temperature dependent forced convection coefficient
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Fig. 16 Temperature dependent natural convection coefficient for different surfaces
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CIIA Qoo Qosy L Qoyy = 22 B 5 2M5 & 2 28, ZHUFO
ojgt & =4l A SAMY 2t € =A0I0H ZHUFH st @ =4 L ZA0 28t
g =42 otell A (12) € (13) 2 Sl H ST
qr)lossf (T T) (12)
Qe = €0 (T'=T2) (13)

OIIA € ¥ o = 22 YAIE (Emissivity) & FHE-Z=0 (Stefan-Boltzmann)
A==0ICH GHAOMIAM AFSE S45C L Inconel 718 2 AIEES Fig. 17 1ot Z22H
FHEIE-2X0F AE 567 <10 °(W/m*K?) OICH
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S45C
4 = = =Inconel 718
z
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Fig. 17 Temperature dependent emissivity of S45C and Inconel 718
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(15) 2F 20| LIEtd = UCH
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Fig. 18 Temperature dependent equivalence heat loss coefficient
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Or 23 28
diOld 25= &= 2E (Longitudinal electromagnetic mode) & &= 2 & (Transverse
electromagnetic mode) & LI&ECH &% 25= TEM,, 2& EJIZ0H EXCl m L n 2
220 dIOId 88 Jt2XZ2=E x & 2 y = H=0ICt. O3 TEM, = =10 OUX
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TEMy 2 & SAIN d0OIME =stHe=2 2 Gt ol Fig. 19 2 20l
P2 AICH (Gaussian) &2 2 JtEGHALEH

Z
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1
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Fig. 19 Heat flux model of laser
HIIM 2, 2, m & r, = 22 282 5 20l (Penetration depth), &F X,
otf Btd & AF BHHOICH HMAE =2 RetA HA0M £3= B=2E Mt
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4= HE 420 /XA, BF 20l= HE =02 £4otALL = HE 232
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2 _ 2
Q,y,2) =1 X Qy < exp(— A+ y—oyt)

20
Cxr(z)? (20)
P
Q=7 (21)
0 er(zi—ze)

Ti—Te
r(z)=r + (z—2,) (22)

Tz, 2,
HIIN m, @ o, 9, 2, 6, v, t, C L r(z) & 22 2R 58, HE 29 2

x HE, y ME,

z
diolMe R E

oHE, 35 20, 5&, A2, 28 4+ £ EF 200 OE
0

|Ct.

-

-

A4 C 3

[} BA
SHE (Flat top) S &0 I IFSAICH (Gaussian) & & 0[Ct

Oif ek HotH Fig. 20 2t 20 = HF0A

Table 7 Parameter of heat flux

Te ri 6
Parameter C
(mm) (mm) (mm)
Value 0.500 0.499 Bead height 16
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Section A-A’

Fig. 22 Effective stress distribution in the specimen (6 = 30°, R = 5 mm)
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| | ——

Fig. 23 Effective stress of corner section according to groove angle and radius of corner
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Section A-A’
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Fig. 27 First principal stress of corner section according to groove angle and radius of corner
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Type. 1 Type. 2 Type. 3

o --
o ---

Fig. 30 Bead meshes according to deposition shapes
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AL gAES Tel ol 5 & BlE = 4 & BIE JH0AM 8 JHE M
OIRAULCE Type. 2 HIER2 E2 2 BNA HIE Z2HRI A2 MIAXKN=s &S
DQAGH| Riol 2 & HIE BHREE £2OZ MW 1 fAZz= ZAE &S ol
HEE 2RE Type. 1 I SLSHA 5 S HIE MH=+E 4 S HIE H=0AH & HE
MeloteS HEOIAUCH Type. 3 2 R HIE Z2HRIH BF FHCZ MNAAKNEE
SHGIACH 012 201 8&&E =E Path == JIMR AL 2% 30° 2/ B Type. 1
S8 Type. 3 DtXRl 22t 26 Path, 32 Path ¥ 36 Path OI(H, IS ZAF 2& 45° 2

S Type. 1 S8 Type. 3 Xl 2t2F 21 Path, 25 Path ¥ 28 Path OICt. S8 2F Type

2 HIES MEZ Table 9 28 201 JINE ZA 2% 30° 2 B Type. 1 FH
Type. 3 DHKRl 2+2 69.18 mm’, 83.39 mm’, 90.95 mm® 0|0, JIXHE FAL 2 & 45° 2
d2 Type. 1 2E Type. 3 DXl 22 57.83 mm’, 65.33 mm’, 74.08 mm® O|Ct. o4 0

A AtEE JINE & B8F2 AMe 22 S45C & Inconel 718 OICH 20 &IHSl 3hsf
42 Table 6 I 220, 2=2& € & JIH =4 OOIEH= Fig. 9 & Fig. 10 1t
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Table 8 Number of path depending on the deposition shapes

Type 1 Type 2 Type 3
0 = 30° 26 32 36
0 = 45° 21 25 28

Table 9 Volume of the bead (Deposition shapes)

Type 1 Type 2 Type 3
0 = 30° 69.18 mm’ 83.39 mm’ 90.95 mm?
0 = 45° 57.83 mm’ 65.33 mm’ 74.08 mm’

Boundary condition : Fix

Fig. 31 FE models for thermo-mechanical analysis of deposition shape
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0=230°
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Fig. 32 FE models according to deposition shapes
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Table 10 Number of nodes and 3D elements of FE models of deposition shapes

Nodes 3D Elements
Type of deposition model
(EA) (EA)
Type. 1 47,844 45,100
0 = 30° Type. 2 49,788 47,020
Type. 3 51,084 48,300
Type. 1 43,308 40,780
0 = 45° Type. 2 44,280 41,740
Type. 3 45,414 42,860
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Fig. 33 Application region of the convection on the surface of the substrate for deposition
of bead shapes
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Fig. 34 Temperature dependent natural convection coefficient for different surfaces
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Fig. 35 Temperature dependent forced convection coefficient (Deposition shapes)
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Fig. 36 Temperature dependent equivalence heat loss coefficient (Deposition shapes)
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Fig. 38 Effective stress measurement location according to the deposition shape
Fig. 38 2 A& o0l g ==& =9 =& AXOICL A - A’ HEH2 HS AlH
AN&ES UEIWH B - B ©@H2 #35 =2 N&ES LEHH ¢ - ¢ HHg B3 2
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HI

Z= Fig 39 9 2Ch

Effective stress 0 200 400 600 800 1,000 1,200 1,400
(MPa) | I —
Type. 3

(a) Effective stress distribution of A - A’ section
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Fig. 40 Define the two start points in the A - A’ section
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Fig. 42 Effective stress at each section according to the uni direction of the deposition

shapes
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Fig. 44 First principal stress measurement location according to the deposition shape
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Fig. 45 First principal stress of each section according to the deposition shapes
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Fig. 46 First principal stress at each section according to the uni direction of the

deposition shapes
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Fig. 50 Define the four end points in the C - C’ section of the alternative direction
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Fig. 51 Effective stress at each section according to the alternative direction of the

deposition shapes
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Fig. 54 First principal stress at each section according to the alternative direction of the

deposition shapes
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Fig. 60 2D bead meshes according to groove angle

Table 11 Number of nodes and 2D elements of FE models of deposition shape

. Nodes 2D Elements
Type of deposition model
(EA) (EA)
6 = 30° 689 645
0 = 45° 619 577
22 XA R4 A DU HE (Node) O M4 2 X QA (Element) O
Ji=== Table 11 It ZCh Table 10 2 3 X ofid P H2E L Q4 4= Hluw
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Table 12

Comparison of total simulation time of 3D and 2D FE analysis

3D simulation times (Hours)

2D simulation times (Hours)

0 = 30° 46 0.8
0 = 45° 34 0.6
Table 13 Comparison of memory of 3D and 2D FE analysis

Memory of 3D analysis (MB)

Memory of 2D analysis (MB)

0 = 30° 7,720 117
0 = 45° 5,484 91
Table 12 = 3 XIU& ¥ 2 UF 7etRA oA oA AlZ2t BIWOIGY, Table 13 2
30E # 2 UE Fetes ofd 2 mEel HZE2 Bluwolth ofd A2t &
2= 25 2 I KA HA0AM 3 IR Fetes 20 R 2 S
JHSCH [Metd o8 d, ol AlZE € BIZ22 SEHHA 2UAS M 2 IHE Rets
o0l 3 At =Feta H&20 O Felottis As =g = UAJAL
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D=2 mm D=3 mm D=4 mm

Fig. 67 2D FE models according to depth

6 =30°

0 =45°

Table 14 Number of nodes and 2D elements of FE models of depth

Type of depth model Nodes 2D Elements

(EA) (EA)

D = 2 mm 1,691 1,195

6 = 30° D = 3 mm 2,460 1,680
D = 4 mm 3,420 2,293

D = 2 mm 1,414 1,023

0 = 45° D = 3 mm 1,896 1,325
D = 4 mm 2,611 1,847
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Table 15 Number of path depending on the depth

D =2 mm D =3 mm D = 4 mm
0 = 30° 112 182 268
0 = 45° 77 119 169
Table 16 Number of layer depending on depth
D =2 mm D =3 mm D = 4 mm
Layers 11 15 19
Table 17 Area of the bead (Depth)
Type 1 Type 2 Type 3
6 = 30° 13.62 mm’ 21.79 mm’ 31.74 mm’
6 = 45° 10.06 mm” 15.56 mm’ 22.06 mm’

Fig. 67 It

2L M8 EA 20| 2 mm 26 4 mm DAl 222 112 Path, 182 Path & 268 Path
Ol0d, JINME ZAF 2t& 45° o 2L J|INHE Ea 2

|
77 Path, 119 Path & 169 Path OICt. JIH= ZH4A 200

Table 16 Ut 20| JIMSF 24 20l 2 mm FH 22 11
2

JIME B4 201 E HEQ HMEE Table 17

JIME 24 20l 2 mm FH 4 mm X &

OlH, DI At 2&E 45° 9 32 JINTE &

10.06 mm?, 15.56 mm?, 22.06 mm> O|C}.
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Ct. ZH =4 OI0Ie &2

HES offde FH X2 Fig. 68 U 20| =2l H5 & ol ZE &=R0=
LE0HA 2AEE S JtAQI Ol22 (Ar) A0 2ol ZHMUFAH 28 & £=40I
2dotH =M H otF0l=s NAUFH 2let 2 =40 LHetCh Eef, oMol 28t
=23 2k Site SAU 2et 2 £400 g Ld=Et A5 =0ls ZHMUFIt
2o Hel2Z 2 il NHUF0 2 € &40 st

20 = Natural convection (Upper surface of substrate)
mm

———» Natural convection (Side surface of substrate)
———» Natural convection (Lower surface of substrate)

= Equivalent heat loss

[

Fig. 68 Application region of the convection on the surface of the substrate for deposition

of depth
30

—_

@}

S

E -_-“"-F—-——_—-_ -

3 -

=

= ----Side
———Upper
— =Lower

600 900 1,200
Temperautre (°C)

Fig. 69 Temperature dependent natural convection coefficient for different surfaces (Depth)
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Fig. 70 Temperature dependent forced convection coefficient (Depth)
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Fig. 71 Temperature dependent equivalence heat loss coefficient (Depth)

ANHUF, ZHUE 2 St € &4 Ha== A (1) - (19) € 0180t Hete 25
O|Z HOIHE Ol=otLh AHetel MAUE, ZHUE 2 St € &4 Heres 22
Fig. 69, Fig. 70 & Fig. 71 1t ZCt
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HSE 2 JIMR0 IA LMSIACHIE 2010 AdHEFE zl R 28 24
Xt HIEECZ 2ette AE &ole &= UL
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(a) Effective stress distribution
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Effective stress 0 200 400 600 800 1,000 1,200 1,400
[—

(MPa) | | |

D=3 mm D=4 mm

0=30°

(b) Magnify of bead vicinity
Fig. 72 Effective stress according to depth
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Fig. 73 Maximum effective stress according to depth
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Fig. 75 = "H& & zlll R#5 320 Zcle /AXNNAMY w5 S5 0/=50I0,
HE0| MdE+==E 2= ZA0AM 75 S50 S0l SOHACHE X dL4ols XS
solg = O A5 Al 2HdE 2l Re S8E2 JINRE A 2k 300 2 32
JINME 24 200 2 mm RH 4 mm A 22 1,602 MPa, 1,604 MPa % 1,604 MPa
O, IIME AL 2% 45° 2 22 JIHE E4A 20l 2 mm 2H 4 mm X 22
1,555 MPa, 1,557 MPa % 1,559 MPa OICt. JINMS ZAt 2Z0 OHE =l R& 82
28 X0l= UAKXIEH IJIHE EA A010 OE = Rs 228 42 X0l=
OIOIGHAI LIEFSCH S8t JIMSE 24 2000t Ad0E T RS SOt 2o B0l
22 E= AI2t0l Sototd, WMt € O0l=0l ROt =5 S=0l EX Z2406=
AE =g = UL 28 Otliet JIME BAH 2=t E=S=5 2010t ZAHEO
et BEE0l =520l Sototd =& 3 L&t 2000 GHE Z4 =01 2 XS =0l
s &= UL

(@ 0 = 30° (b) 0 = 45°
Fig. 74 Measurement point of effective stress
2,000 2,000

= 1,500 = 1,500

E A

~ 1,000 3 1,000

= =
© ©
500 500
0 . : 0 . '
9 400 800 0 400 800
Time (s) Time (s)
(a) Depth = 2 mm, 6 = 30° (b) Depth = 2 mm, 6 = 45°
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Fig. 75 Effective stress history according to depth
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1% principal stress  -500 -300 -100 100 300 500 700 900 1,100 1,300 1,500
(MPa) e 1 | | | I —

D=2 mm D=3mm D=4 mm

- . - -
- . - -

(a) First principal stress distribution
1* principal stress - 500 -300 -100 100 300 500 700 900 1,100 1,300 1,500
i

(MPa) B D I | I e

= D=3 mm D=4 mm

(b) Magnify of bead vicinity
Fig. 76 First principal stress according to depth
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Fig. 77 Maximum first principal stress according to depth

@ 0 = 30° (b) 0 = 45°

Fig. 78 Measurement point of first principal stress

Fig. 79 = 88 & zll =350 Zcle AXNUAL == 0l=50ICh. HS0| &
25 2 ZHUAN F=SHO0l =20l SHACHE X ZActe WS &Y =
UULH, JIME E4 20t ZUHEFF HSE SIH0l 2ol HS0 2=EHe
AIZ2t0l Sototdd, olo & € 01201 HOLKNEA 2010t 2010l et =0l
X Zactes AS elg = ULL HS Al 2dE 2 =22 JINR AL 25
30° 2 B2 JIME Z4 20l 2 mm £H 4 mm Al 22 1,663 MPa, 1,673 MPa &

1,673 MPa OIH, JIMS At 2& 45° 2 22 JIH2 24 20| 2 mm £H 4 mm

DRI 282 1,633 MPa, 1,639 MPa 2 1,640 MPa OICt JIHS ZA 2H=0
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=38 22 X0l UJUX L IIHE EA 2010 OE =W =33 242 X0l=
I A 2&0 OHE X020 &AH LIEHSCH E£8h JIMS ZA ZE0F EE25
2010 20 &N Mt BEF0l =30l SItotdl 20 JINHE BAF 2% 30° 2
d2 JIHE AL 25 45° B0 =3 24 =0l O I LESCL Oetd JIH S
A 20l 28 & 2 XA 2 7& 88 £ 20 =42 X010 X 2|
20 588 SHUHM JHE SH UEUE JIHE A 25 300 & D48 A
20l 4 mm Jt JtE £2 LY A2 Atz =L
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= 1,500 = 1,500
= B
g =
- 1,000 < 1,000
© ©
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0 1L J 0 'S ']
0 400 800 0 400 800
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0 L 3 0 i =
400 800 0 400 800
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(c) Depth = 3 mm, 0 = 30° (d) Depth = 3 mm, 0 = 45°
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Fig. 79 First principal stress history according to depth
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Pore : Bead Pore : Substrate
@) 6 = 30°

Pore : Bead Pore : Substrate
(b) 6 = 45°

Fig. 80 FE models according to pore

2. Jl8 AXN E &FSH bl 24

ZOIM, Fig. 81 © (b) = HIERE
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2o X0l= AN LHotX
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Effective stress 0 200 400 600 800 1, 000 1, 200 1,400
(MPa)

0 =30°, Pore : Bead 68 = 30°, Pore : Substrate 0 = 459, Pore : Bead 0 = 45°, Pore : Substrate
(a) Effective stress distribution

Effectivestress (200 400 600 800 1000 1, 200 1,400
(MPa) [ I I

0 = 30°, Pore : Bead 0 = 30°, Pore : Substrate
0 = 45°, Pore : Bead 0 = 45°, Pore : Substrate

(b) Magnify of bead vicinity
Fig. 81 Effective stress according to pore
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E s00 b Pore X (0 = 45°)
R P PR ® Pore (0=30")
100 beseawugs vems s = A Pore (0 =45°)
0 . . ;
Bead Substrate
Pore
Fig. 82 Effective stress for occur of pore
Fig. 82 = JI&E 24 AX0 [OHE K= 2= dHZO0ICH Bz J1301 LMGHA
EUAS AN Re SE= UEUOH, s2201 2 MZs 22 J|30] 2M5sS
NS A 25 30° & 45° £ LIEHHCH D18 28 K2 2 I3 24 AX0 O
72 88 X0l A ZMUSHA HULH Ol HSEO0| HOtEN M2t & 018%
SN HOtM JIMES S5 S0l 2stEAM =l R 24 201 JIHFRIt Otd
BIS2MA ZAGIAI ME2=2 At: €0 0IME Hs =& 2zl Ra S8 24
X2 H2t (Cooling) & &M 2(XJF CH2D] 20 Fig. 83 & 20l H#5 & &U
S5 S30| Zds /AXS & 01" TEotRULt

@) 0 = 30°

ICollection @ chosun

(b) 6 = 45°

Fig. 83 Measurement point of effective stress (Pore)
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Fig. 84 Effective stress history according to pore
Fig. 84 = JINS At 2& & I8 24 AX0l OHE == =82 0I=0ICt #HS
HEUMN X Re 882 JINE ZA 25 30° 0l J1S01 BIER0 LMIAS
22 1,692 MPa £ Jt&E = LIEIGICH £8 2 THUHA HES0| AIEEHM Ra
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L 22 HD ¥ 24
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(a) First principal stress distribution
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(b) Magnify of bead vicinity
Fig. 85 First principal stress according to pore
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H 4 & SHINH BF B+ &g & 21

H1 &2 J= Z23 AEH 83 2 A8 43

1. JId8 &€ &8 M=z 43

JINMSE HE= Fig. 88 1t 20| SHIIH £ = oftLt2l AFZE (Shaft) 2| &THE
A 2 TEE S$45C¢ 2 HAEOIYRCN, E¥5 Mz2s 2E 2 Al ZEg4ds
=017 <o JINRYd 22 Mzel S45¢ 2 SAFSIUACH JNAHZFES SHA 20
S45C = JIHAE HE0| =0t JtSd & EZHE0| R0t LEHCZ & ROl
MEEZE=E 2M = otUOICH JIMR € HE 22l s45C 2| 3tst X482 Table 18 1t
22 XNz 2% IJl= Table 19 2 &L Eol, HE5 222 8 2T (Tab
density) = 4.2 g/em® 0|0, & (Flow ability) & 24.7 s/50g OIC}.

(a) side view of shaft

Fig. 88 Shaft of parts
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Table 18 Chemical compositions of substrate and powder™’

Material (%) | Mo Cr Fe C Si Mn Ni P S (0]

S45C 0.23 | 0.84 | Bal. | 0.42 | 0.25 | 0.78 | 1.86 | 0.009 | 0.005 | < 0.016

Table 19 Particle distribution of substrate and powder™”

D10 D50 D90

53 pm (4.25 %) Bal. 150 pm (2.25 %)

S45C =& Mz BHES S4 NEFS 2o Fig. 89 2 &0 &, 58, 2F, 43 & T
S ANES ZAlGHALH 4
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=
O
>
g
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E
<

e =
g
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o to
N

(O]
w40 Ol

S mm 5 mm

15 mm 15 mm

(a) Single line (b) 5 lines
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S mm

20 mm 20 mm

(c) 2 layers (d) 4 layers

Fig. 89 Specimen design of deposition experiments

H 2 & Jlx Bs & £

HNEs & ¢ 2 58 HE Al ArEE 38 =A40ICH alolA
EZ 018 &2 Hf/le=E 22 400 - 1,000 W & 600 - 1,200 mm/min OICt. HE
AEl 22 22 E=SE2 5 gmin 0|0, 5 B8 = HE] 22 &g SXE
ol ZAtEl Ot22 JtA B=2E2 10 ¢/min OICE &8 HIE =42 H2l (Hatch
distance) = 0.7 mm O|0{ HIE =2t H2l (Scan distance) = 0.3 mm O[C}.
Table 20 Experimental conditions
Feed rate of | Feed rate of Hatch Scan
Laser power | Scan speed N . .
. powder shielding gas distance distance
w) (mm/min) . .
(g/min) (¢/min) (mm) (mm)
400 - 1,000 | 600 — 1,200 5 10 0.7 0.3
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Jl= HMZ AE2 Fig. 90 1t 20l Doosan 2| DVF 8000-AML &H|IE O|E0tAU2H
AES P8 Setup 2 Fig. 91 Ut ZCh AlE2 X 2 =% 222 5 mm HPL
Ol 2= 2% & 5 mm BAE NES HEHUAM MHTALCE

< Powder hopper >

I -

< Main controlsystem>

< Deposition head >
Fig. 90 DED process machine for deposition experiment

Fig. 91 Set-up for the deposition
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Fig. 92 2 (a) & 2 ZX2HE=Z JIx X3 AlHQI & HIE MBS MEStD S
2R E HUHot0 EXel & ¢HE XHE=E LIEtYH 250ICh P = 0N &8s
LIEILHDY, V &= 0l S5 E UEHHCH SHE 248 20 M2} HE22 ANt
=2 ATHYME =06t =& 3 (Diluted region) ¥ Z HEF (Heat affected zone :
HAZ) € Z&tol =g = JRULHL HIE AJl= dIOId =0l StE=E, 01&
ZE0 2485 A LESECH dIoId & 1,000 W 2 22 Ao B 018 &£&

AWM IS (Pore) O ZMGIACH MetMd Ol == 400 - 600 W, OIS =&
600 - 800 mm/min 2| HLANMN MHAHS XHSHIUCEH

P=400 W P=0600W P=800W P=1,000 W

V =600 mm/min
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V =1,000 mm/min |

V =1,200 mm/min

(a) First experiment
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