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NOMENCLATURES

e : Emissivity

n : Efficiency of heat flux

v, . kinematic viscosity

o, : Stefan-Boltzmann constant

o : Temperature dependent density

@ : Temperature dependent thermal expansion
Ar : Application area

C : Shape coefficient of heat flux

Cp : Temperature dependent specific heat
D : Diameter of nozzle

E : Temperature dependent elastic modulus
g : Gravitational acceleration

H : Distance between nozzle and substrate

S|

: Average forced convection coefficient

forced

N

: Average natural convection coefficient

natural

I, s : Average equivalent forced convection coefficient

k : Temperature dependent thermal conductivity
L, : Characteristic length

N, : Average nusselt number

P : Power of heat flux

Py : Prandtl number

Q : Total heat loss rate
Qf(;rced : Heat loss rate induced by the forced convection

Q;ad : Heat loss rate induced by the radiation
@, : Maximum power intensity of heat flux

Re : Reynolds number
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T, : Surface temperature

S

7 : Environmental temperature
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¢t : Time

v : Scan speed of heat flux
x : X position of heat flux
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ABSTRACT

A Study on Residual stress Characteristics Dependent on
the Deposition Strategy in a Large Volume Deposition of
Inconel 718 Using a DED Process

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

Graduate School of Chosun University

Directed Energy Deposition (DED) processes selectively dissolve and solidify the material
using a high density energy source to produce a desired product. In the DED processes a
sudden variation of the thermal history, including rapid heating and cooling in taken place
in the vicinity of the deposited region. the sudden variation of the thermal stress causes an
excessive residual stress in the vicinity of the deposition region. The residual stress
provokes undesired deformation and premature cracking of the fabricated part. The residual
stress increased when the deposition volume augmented. In order to overcome these
problems, it is necessary to analyze residual stress characteristics during the deposition of
material using DED process. The goal of this thesis is to investigate on the effects of the
deposition strategy on residual stress characteristics in a large volume deposition of Inconel
718 using a DED process. Various candidate deposition strategies were selected through the
investigation of previous research works. In order to select appropriate deposition strategies,
repeated thermo-mechanical analyses were performed for thin-layer depositions. Using the
results of thermo-mechanical analyses for thin-layer depositions, two appropriate deposition
strategies and two comparative deposition strategies for a large volume deposition were
obtained. In addition, an optimum deposition strategies for a large volume deposition was
estimated from the comparison of residual stress distributions for different deposition
strategies. Large volume deposition experiments were carried out to obtain thermal histories

during the deposition using the DED process. In order to obtain a proper

_Xi_
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thermo-mechanical analysis model, thermal histories of thermo-mechanical analyses were
compared to those of experiments. Finally, the influence of preheating temperature on
residual stress distributions was examined to obtain a proper preheating temperature of the

substrate.

- xii -

Collection @ chosun



A1 7 A

A1d a7 iE 2 #d a7

A AAEE, 2047 FU AFE G QY F AR WLz AR A E 7}

=
g A3 AAdEgor Adz wes givh? olgh #2 AP BHe Vs
Al O

o
>~
>,
)
rlr
o
N
@)
(e
=}
5
o
S
e 2
=
=
LY
~
)
T,
1o,
R
~
2
N
>,
e
=2
it

dlol O EYe] @4 Aol 3D TAYL u]F ARG HTA = <
Zol g

EAIC R B Y R
3D ZHEL ARkA o R tFEolA ¢zl WA oy, g4 HA YA AF A
% (Additive manufacturing : AM) ¥ o]t} AHZF A FAo|F CAD (Computer-
Q.

Aided Design) @ CAM (Computer Aided Manufacturing)=- 0]
A

B HolHEHH st e AFS thFst Wi A5 Ws F3l 3xd e AFE
S AFshs WO AS Ax ¥4 AF vty ¥4 AF T4 (Forming
process) ©lH 7]E2] AEE A e EHES F3 dAES Ax 2 Y B

Collection @ chosun



Al Am AA 7FE F (Cutting process) Hi= TEA ARE THZE %o}
(Layer-by-layer deposition) A% AAstE 34 2ok 45 Ax

wek 716d S0 Ad e Az $3 vl HE WAt Zol 84 Az 2 )

= = o} & A4
719 Ax F diA 2 AT Ax 3T el wet Avr AgH I ek
O%o] Az ot ofue} tpefsh Ao Hofsle] AT L Frete] AAl A Al
oA o] Fope Al AFANEES Ebs| & Fojnh

A5 Ax 4L v]=r9 Charles W. Hull o] 7H3t Hxo] A5 Ax 34A 34
3574 (Stereolithography : SLA) %8 F4S AZow oWl 7)1 9k thekst A=
o AAel oAM= AT 3 WA W AT AR wet vekd 38 =0 Y
2 g3 HAEWD oyt AT Ax L v AEAIEHS] (American society

for testing materials : ASTM)° A & A Al A ARl wet Gyt W,
A g WA, AR B4 8, B4 A ], 22 A= s 8, J3A A
HA, dA Aoy AT WAoR F 7 /AR ERHET, 4 A5 TAE AR 45
v 9 AF 7bs AEE Table 1 7 o'oY
Table 1 Classification of additive manufacturing according to working principle”'®'”
AM Process Definition Type .Of Related technologies
material
an AM in which a liquid bonding | Polymer/ .
] Qv . . h : 3D Printing (3DP),
Binder jetting agent is selectively deposited to | Metallic/ Powder bead and inkjet head (PBIH)
join powder materials. Ceramic
Laser Metal Deposition (LMD),
an AM in which focused thermal Laser Engineered Net Shaping (LENS),
Directed energy | energy is used to fuse materials Metallic Direct Metal Deposition (DMD),
deposition by melting as they are being Wire and Arc Additive Manufacturing
deposited. (WAAM),

Electron Beam Freeform Fabrication (EBF)

an AM in which material is
Material extrusion| seclectively dispensed through a | Polymer
nozzle or orifice

Fused Deposition Modelling (FDM),
Fused Filament Fabrication (FFF)

an AM in which droplets of build Polyjet,
Material jetting material are Polymer Multi-Jet Modeling (MIM),
selectively deposited. Projet
Powder bed an AM in which thermal energy | Polymer/ Selective Laser Sintering (SLS),
fusion selectively fuses regions Metallic/ Selective laser melting (SLM),
of a powder bed. Ceramic Electron Beam Melting (EBM)
an AM in which sheets of Polymer/ Laminated Object Manufacture (LOM),
Sheet lamination material are bonded Metallic/ Selective Deposition Lamination (SDL),
to form an object. Ceramic Ultrasonic Consolidation (UC)
an AM in which liquid
Vat photo- photopolymer in a vat is Polvmer Stereolithography apparatus (SLA),
polymerization selectively cured by y Digital Light Processing (DLP)
light-activated polymerization.
- 2 -
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E ‘% (Vat Photopolymerization) 212 77F4] AF A%z ¥4 F 7P cdid 42

%
H]-go] A, 7]7]
2 As#E oEFH A fAAY S GRS R FREE SL
(Stereolithography : SL) &% 3 TIX|" ¥x3¥ (Digital light process : DLP) &7d°] 3l
q.18)19)

A5 4= (Material Extrusion : ME) %22 ZetAE HWE (filament) ¢F 22 &
7t =4S FEAOR e & mEE Sote] 2@l A=A @ 24
At AFALS FAstE THIE? & AT Ax T vlE o A
A go] JhsstH AlAE AdH] FFFo] Fhdstal A s dde] ok &3 29
(Fused Deposition Modeling : FDM) & 73d°] A5 4&F 3o &3t}

bk A3 (Sheet lamination : SL) 42> A5 & g IFJHE 7Faste] & &
HAAE ol gsto] &5 A 297t ATt Fdolth AsE d=dl7 W S=
253k FDM 383+ o=/ v JHE b5 AAE st Hol A 537] it
T SE7b wEvhs o] gk

A= A (Material jetting : MJ) W22 4A B8] FA3 FAE &S F5H
Y Slol EEA7IL AAREZE o] fato] AAA A A AFs B
st FAolth AF S5 wEn TS Fdo] Erh= Aol SIAIRE, AH] 45
H-& 2 A 5o v]go] artola AErt FA4 ool W Wel 48] ofHohe ©A

o

| St} B3 34A] A" (Photopolymer jetting : Polyjet) 383} ThF AW (Multi Jet
Modeling : MIM) &7do] A7 AL Tl ot} 2

A2 A #AF (Binder Jetting : BJ) WAl 23 9o 1127
Aol Ao HAAE gRH o7 HAAA B A5E Y= o A
= AP AFmFe Yk FHoIH AT s A Al HFAAE AFESH] wE

of Al 7*E7} o2 WAel wlsl =4 obr] wiiEel W RS Slel A2 )

o= gl o Xo”é% Az Foll @M (overhangs)?t AT Z e st A
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FAE BT o Qv Zlojth ojef 2 Alor Qi F Wt g WA
= ] Fas Axsted g% 7)Eonh ) ik
Horz= A2 =% dolA A4 (Direct Metal Laser Sintering : DMLS), A1}
do] A A~ (Selective Laser Sntering : SLS), AW &3l (Electron Beam Melting :
EBM), #l°o]# 74 (Laser Cusing) &7d°] lt}2®
oA #|o18 %5 (Directed Energy Deposition) ¥4l o] Ay Axila} 2 31
1% duAdos S5 T B AAl (Wire) FEHIZ 7Ha® ARE &3 @ -S4
A ASss A& A Yo stk AuA Aod A5 WA A5 FH
of we} FTHF7F y¥ ™, LENS (Laser Engineered Net Shaping), DMD (Direct Metal
Deposition), WAAM (Wire and Arc Additive Manufacturing), EBF (Electron Beam freeform

Fabrication) & 73 ©] 9]t} 2930)
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2. YA A& AZ (Directed Energy Deposition : DED) &%

o YA A8 25 (Directed Energy Deposition : DED) &3> =% 235 A

(Metal Additive Manufacturing) »73 < 3o FFo|th #olA (Laser)

(Electron Beam)& ©o|U A 02 Alg-3lo] 7] A 5 (Substrate)s 2§47 283F (Molten
Pool)= AASH & SHEY (Powder) B =55 AA (Wire) FEHIQ A5E A57
22 a2 EsAA ASH (IAF B 44 A9 5 o AT A
MEHoR Susel AES ARaE TAoIT UA AoY 43 THS TR
A=ol e uwgbA Table 20045 75, Feeding Type 'H 3749 /¥ %

Fig. 1 3} Y

Table 2 Classification of DED processes

L2 R

Feeding
Powder Wire
Type
Wire and Arc Electron Beam
Laser Direct Metal
Deposition Additive freeform
Engineered Net Deposition
Process . Manufacturing Fabrication
Shaping (LENS) (DMD)
(WAAM) (EBF)
z Direction of depesttion z Direction of depesition
-]

l > LLaseror: l > X

-

Electronibeam Powder
\ . Delivery
\WirerEeed
. @y@m “ Powder
Heat source Stream
“\\ ‘ [?@ .’ .. g ﬂ@”d]mmg ﬂl
@@ﬂt @ \v‘,f" [M]@ﬂﬁ] IJT?)[l @@ﬂ& @o. . [M]@I“[m P@@)
[Part metdion [Part modon
_ ﬂ
Subsiraie SUbSTrae
(a) Wire feeding type (b) Powder feeding type

Fig 1. Conceptual diagram of DED process
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w o
e
ol
v

Table 8 Experimental condition for multi-layers deposition (Deposition areas = 10 mm x 10 mm

and number of layers =

17 layer and Alternative direction type 2, 5)

No. 10-2-1 | 10-2-2 | 10-2-3 | 10-2-4 | 10-5-1 | 10-5-2 | 10-5-3 | 10-54
Deposition
Area 10 x 10|10 x 10|10 x 10|10 x 10|10 x 10|10 x 10[10 x 10|10 x 10
(mm)
Deposition
Type 2 | Type 2 | Type 2 | Type 2 | Type 5 | Type S | Type S | Type 5
Strategy
- 40 -

Collection @ chosun



2
o -

(a)) 10-2-1 (b) 10-2-2 (c) 10-2-3 (d) 10-2-4
Fig. 28 Results of deposition strategy type 2

s
Wy

(@) 10-5-1 (b) 10-5-2 (©) 10-5-3 () 10-5-4
Fig. 29 Results of deposition strategy type 5
U5 A5 AlAAZ 3= Figo 28 2 29 9 Ak F 8 7HA] AY EE
1A ol o] AB7A k3 A Fo] kg E T Zq%’?‘ﬂ & EFEo] FSRTH
o

o7} Al e, ol dit= oF EF-wel e dxgo] WPy
5 "tk
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1. A& A5 AlE AA
A2 A5 Al A= A} AA A Al AT Fol E WA W] mE &
sty S8l & 7 7 A% "As AAslnh 22 S
20 mm x 20 mm x 31 Layer, 30 mm x 30 mm x 15 Layer ©]th. ZZ} 3,054 mm® %

3271 mm® o] AAE 7HAH, AL 7*7@ A A A=

o v} Z|ARS AV]& olde v AgeA ALgs A sdgd 270 50
mm x 50 mm x 30 mm = AAHUTY. A3 Ay H £33t O ASHAH Y s}

=

=

A ZNAR o] el fIAeE

2ogo] EXS

AR lodd-numbered layer —> Start: O
AltType 5 5N’t é‘“ Even-numbered layer ==> End: O

F4
x/g\x Deposition region ,,XA\:R

; P . .
// \\\ .

(@ 20 mm X 20 mm X 31 Layer (b) 30 mm x 30 mm x 15 Layer

Fig. 30 Design of specimen for large-volume deposition

QA A5 A AF AR AT D ds A5 Fed A D ASAY Aol
wel A A A5 HZE Alternative direction type 5 & A&t 247 =4+ 59
BEe} A o AEI7F wAb Hw AZFo] X
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Table 9 2}
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Table 9 Experimental condition for large-volume deposition (Deposition areas = 20 mm x 20 mm,
30 mm x 30 mm and muber of layars = 31 layer, 15 layer and Altemative direction type 2, 5)

Deposition
Area 20 x 20120 x 20120 x 20|20 x 20130 x 30130 x 30[30 x 30|30 x 30
(mm)
Deposition
Type 5 | Type 5| Type 5 | Type 5| Type S | Type 5 | Type 5 | Type 5
Strategy

(a) 20-5-1 (b) 20-5-2 (c) 20-5-3 (d) 20-5-4
Fig. 31 Results of large-volume deposition (20 mm X 20 mm)

(a) 30-5-1 (b) .30-5-2 (c) 30-5-3 (d) 30-5-4
Fig. 32 Results of large-volume deposition (30 mm X 30 mm)
ol-gate] tAlA AT Al AlH A= Fig. 31 B 32 9} P 2

=
[e)

9 7)Ao Folo] A7)A @%m Alzto] fnEYr). AZR
&

=

F € FRT Fol7b A dEhu, olgfst A o EFEel e A
o] XaY7] wEo R Alm Hr}
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. vt 1 hall B & v o~ “

LENS 3742 ©o]&3st v 2 A4 25 A A Yetds 4 olgs 43}
71 918l E oy AHAde sy Aol AMEE AHlE= Fig.o 33 ¥ ZTh Data
loggeri= GRAPHTEC A}F¢] midi LOGGER GL240 = A}F&3F31t}t. Thermocouple =
OMEGAAFS] -200TC ~ 750C W99 2% Z7Ho] 7}53t J-Type Thermocouple & AF&
stol A8e Attt A3 Setup W A¥ A8l AL S Fig 34 9 2o}

ol

P aasasaannnnnesnnneeses. .

1+~ Temperature Sensors
/ 1~ Handheld Meters
eeeeeee
i~ Digital Panel Meters and
Controller

s whaScee i utof s o Prociet 1
www. omega.com

e-mail: info@omega.com  COPYRIGHT 159 ONEGA ENGIEEAG, NG, ALL FGHTS RESEFVED.

(a) Data logger (b) Thermocouple

Fig. 33 Data logger and thermocouple

Substrate
”

® : Thermocouple

(a) Experiment Set up (b) Temperature measurements

Fig. 34 Experiment set up of temperature measurements using thermocouple
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Fig. 36 Measured thermal histories for alternative deposition stratege (Alt type 2, Areas =

10 mm X 10 mm and number of layers = 17 layer)

Fig. 36 & A% 7= Alternative-direction type 2 & ©]&3}o] # TS 33 10 mm
x 10 mm x 17 Layer 2@ & o8 & Ayo|tt 4 o]y ZHA3 &% jlo]
00°C oSl A} et RRE wdlo]l 43 GAL Wolt ARe] Ag A3
7bet Adfoltt, F A ZF Ak 1983 xolw mpx|ut Fo] o] Point 1, 2 Y 3 ©]

195 9% £8 Aol

A5 Ao Erpr] Wi Point 1, 2 W 3 o] mpxEt A o =
2 "\ 7 S AE @ o8-S B Point 1 ¥ Point 8 oA 3 F o] A o]
e fAelA o 1 28] AIRE F9F 543 4 ool W yEehdth YA 54
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Fig. 37 Measured thermal histories for altermative deposition stratege (Alt type S5, Areas
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Fig. 38 Measured thermal histories for alternative deposition stratege (Alt type 5, Areas =

20 mm x 20 mm and number of layers = 31 layer)

Fig. 38 < A% 7= Alternative-direction type 5 & ©]&35}o] A5 g3t
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Fig. 39 Measured thermal histories for alternative deposition stratege (Alt type 2, Areas

30 mm x 30 mm and number of layers = 15 layer)

Fig. 39 & A% 7= Alternative-direction type 5 & ©]&3}o] A 5S 33 30 mm
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(b) Finite element model of 30 mm x 30 mm x 15 Layer deposited model

Fig. 40 Finite element model of large volume deposited model
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Table 10 Compositions of FE model for different deposited models

Type of deposited . Layer Path Nodes Elements
Deposition strategy
model (EA) (EA) (EA) (EA)
20 mm X 20 mm X Alternative
31 1,209 71,509 201,844
7.635 mm direction type 5
30 mm x 30 mm X Alternative
15 885 88,206 178,868
3.635 mm direction type 5
- 53 -

Collection @ chosun



A28 A Al e R

Lovhs A3 wa obdd gl ool o)ul i #4

o]Zde] MaABE 10 mm x 10 mm x 17 Layer 5 RH9 H3 i Aol AA
A oy =4 vuE 98l Fig 41 3 o] 4 olgE& ST A} FUT X
AT T4 71 6 mm (M2 E F 8 A2 Node oA & oS =&sth 3
Q4 N AHRE F3 ==% Alternative-direction type 2 % 5 A5 HZ & o]g 3}
A SHS T3l =9 A olg& Fig 42 2 43 9F o] vlusith

Fig. 41 Estimated locations of thermal histories (Deposition areas

number of layers

7}. Alternative direction type 2 4l 8- v} %

10 mm X 10 mm and

17 layer and Altemative direction type 2, 5)

Alt Type 2 &LI B—E-}o Odd-numbered layer —>» Even-numbered layer ==> Start: O End: O

__ 400 400
3 3
g 300 9300
= =
2 200 & 200
) ]
g 100 £100
2 o — Experiments — Analysis 2 0 — Experiments — Analysis
0 50 100 150 200 250 0 50 100 150 200 250
Time (sec) Time (sec)
(a) Point 1 (b) Point 2
- 54 -

Collection @ chosun



__400 __ 400
3 o
L g
o 300 o 300
- -
® 200 ® 200
@ @
£ 100 g 100
2 0 — Experiments — Analysis 2 o . — Experiments — Analysis
0 50 100 150 200 250 0 50 100 150 200 250
Time (sec) Time (sec)
(¢) Point 3 (d) Point 4
_400 _. 400
7 3
< <
o 300 o 300
= -
® 200 '§ 200
2 g
£ 100 £ 100
e 0 — Experiments — Analysis e 0 = Experiments -~ Analysis
0 50 100 150 200 250 0 50 100 150 200 250
Time (sec) Time (sec)
(e) Point 5 (f) Point 6
—~ ~400
; g
o ® 300
= 2
I © 200
[ "]
o
E' £ 100
] — Experiments — Analysis e o . — Experiments — Analysis
0 50 100 150 200 250 0 50 100 150 200 250
Time (sec) Time (sec)
(2) Point 7 (h) Point 8

Fig. 43 Comparison of thermal history for experimental and those of FE analyses
(Deposition areas = 10 mm % 10 mm and number of layers = 17 layer and

Alternative direction type 2)
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Fig. 43 Comparison of thermal history for experimental and those of FE analyses
(Deposition areas = 10 mm X 10 mm and number of layers = 17 layer and

Alternative direction type 5)
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Fig. 45 Comparison of thermal history for experimental and those of FE analyses
(Deposition areas = 20 mm X 20 mm and number of layers = 31 layer and

Alternative direction type 5)
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Fig. 46 Comparison of thermal history for experimental and those of FE analyses
(Deposition areas = 30 mm X 30 mm and number of layers = 15 layer and

Alternative direction type 5)
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Fig. 47 Distribution of residual stresses (Deposition areas = 20 mm x 20 mm and

number of layers = 31 layer and Alternative direction type 5)
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Fig. 49 Distribution of residual stresses (Deposition areas = 30 mm x 30 mm and

number of layers = 15 layer and Alternative direction type 5)
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Fig. 52 (Deposition areas = 10 mm X 10 mm and number of layers = 17 layer and
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Fig. 53 Distributions of 1st Principal stress (Deposition areas = 10 mm % 10 mm and

number of layers = 17 layer and Altermative direction type 2)
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Fig. 54 Distributions of 1st Principal stress (Deposition areas = 10 mm X 10 mm and
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Fig. 55 Distributions of vertical displacements (Deposition areas = 20 mm x 20 mm

and number of layers = 31 layer and Alternative direction type 5)
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Fig. 56 Distributions of vertical displacements (Deposition areas = 30 mm x 30 mm
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