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ABSTRACT

Characteristics of Impact and Electron Beam Post-processing for
Multi-layer Deposited Tool Structures Using Metal 3D Printing

Process

Yong Hun Jang
Advisor : Prof. Ahn Dong-Gyu, Ph.D.
Departmant of Mechanical Engineering

Graduated School of Chosun University

Recently, several researches have been investigated the multi-layer hardfacing technology
using a metal three-dimensional (3D) printing process to increase the service life of the hot
forming die. In order to improve the surface roughness, the morphology and the stability of
the hardfaced region, a post process is needed. However, the fatigue life and the hardness
of the hardfaced region is reduced when the machining based post-processing technology is
applied to the hardfaced region. Hence, a new post-processing technology for the metal 3D
printed part is needed to decrease stress relief after post-machining. The objective of this
thesis is to investigate characteristics of impact and electron beam post-processing for the
multi-layer deposited tool structures using a metal 3D printing process.

Charpy impact and repeated drop impact experiments were performed to investigate the
effects of the design of the multi-layer deposited structure on impact characteristics of the
specimen and crack initiation in the specimen. Candidated designs of the multi-layer
hardfaced region were estimated from the results of the Charpy impact experiments. In
addition, proper thickness and assignment of each layer for the multi-layer structure were
obtained from the results of the repeated drop impact experiments. Several remelting
experiments were carried out to examine the influence of process parameters of the electron
beam on characteristics of the remelted region. The emission voltage and the number of

irradiation of the pulsed electron beam were chosen as the process parameters. Through the

- viii -
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experiments, variation of the surface roughness, the hardness, the microstructure, and the
morphology of the remelted region according to the process parameters was investigated.
From the results of the investigation, a proper combination of the process parameters was
estimated.

Finally, the hot forming die was fabricated using the multi-layer hardfacing technology.
In addition, characteristics of the fabricated die were investigated through the observation of
multi-layer formation in the fabricated die and the behavior of the die during the hot

forming experiment.
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(a) Product of metal 3D printer

(b) Morphologies of deposition surface

Fig. 1 Defects of metal 3D Printing
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Table 1 Chemical composition of materials

Co Cr Mo C Ni Fe
Stellite 21 Base 26.0-29.0 4.5-6.0 0.2-0.4 2.0-3.0 -
P 21 - - 0.3 0.2 3.0 93.0
SKD 61 - 5.1-5.3 1.3-14 0.32-0.4 - 90.9
2000 ——SKD 61
1800 - - =Stellite 21
1600 |} = - P21
& 1400 |
[= L
= 1200 | e
A ==
@ 1000 |f
» soo [f
600  ___o-m--mTT7T
400
200
0 M I o 2 2 I M 3
0 0.05 0.1 0.15 0.2
Strain

Fig. 2 Stress-strain curves for different materials

Collection @ chosun



A 2 AAH2 oA &ZF (Direct Energy Deposition)
33 2 03 A3 Al AA 9 AF Pd

A 1A HHY AUA H33H

444 oluA A% FHold 2% D ZdH FAF U &
} [®)

e EHe
#ol A ZF8 D (Laser cladding) B4& 71Hko 2 dlo] HAFA e THOR
o

of BA} Mz =Y #HolAHE FHAS £3HF
3]

N
filo
oz

Z 8§ & (melting pool

5 S 1A B
A & 55 £

'% ‘g' /\]74 1ayer-by-layer = 2(_4' ‘%"C:)']»
= 9@z Azto] HT. CAD = o]L8la] A7 & A= tapgoly ¥ BT AR
A3 3D CAD RR3t $UF 3 A o] Agdct ol @ -

Z
Z

025 mm o|th. o]F AAT BAHF 2L AAE BUS I/E TH
Z ne

Zokel HEF AFL AABT ol AHA AUA HF FAL o] 83
FHos Axsy) YE Il Fritk OFe ARE Aol /158 5 AL
AES 247 ARG 5 dom el EASE 3 A ¥ ol AFT & Yvke
ARE A FARSE A9 Y B FRAOR /%A EWES 43T 5 U

Deposition nozzle

Metal powder

Deposition layer

/
Substrate

Fig. 3 Schematic diagram of DED process
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61 &A1 BEAE Azste] Rl Zled 2AE AFSAT st=EHCALS (HL,
Table 2 Materials of deposition layer
materials
3 Layer 4 Layer (type 1) 4 Layer (type 2)
HL Stellite 21 Stellite 21 Stellite 21
TSCL Stellite 21 (50 wt. %) | Stellite 21 (50 wt. %) | P 21 (50 wt. %) +
+ SKD 61 (50 wt. %) | + P 21 (50 wt. %) SKD 61 (50wt. %)
DDL - P 21 P 21
Substrate SKD 61 SKD 61 SKD 61
Ty Ty
T, T,
T, i
H H H
TS TS
Substrate Substrate \
5 A
w w
4 Layer (Type 1) 4 Layer (Type 2)

Fig. 4 Design of repeated impact specimens
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Table 3 Dimension of drop weight impact experiments specimens

3 Layer 4 Layer (type 1) 4 Layer (type 2)
W 45 45 45
D 25 25 25
Ty (mm) 2 2 2
Tr (mm) 1 1 1
Tp (mm) - 1 1
Ts (mm) 75 74 74
H (mm) 78 78 78

Post
processing

DMT Process Deposition Final product

' W-i
!

{ZICollection @ chosun

Fig. 5 Process of direct energy deposition
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Table 4 Dimension of Charpy impact experiments specimens

e

4 Layer | 4 Layer | 4 Layer | 4 Layer | 4 Layer | 4 Layer
3 Laver DDL DDL DDL DDL DDL DDL
Y I mm 2 mm 3 mm I mm 2 mm 3 mm
(type 1) | (type 1) | (tvpe 1) | (type 2) | (type 2) | (type 2)
\Y 55 55 55 55 55 55 55
D 10 10 10 10 10 10 10
Ty (mm) 2 2 2 2 2 2 2
Tr (mm) 1 1 1 1 1 1 1
Tp (mm) - 1 2 3 1 2 3
Ts (mm) 7 6 S 4 6 5 4
[ ——
I w Io
3 Layer
Ty Ty
| ; =34 el
«| [ — -
4 “
I w 19 I W 19
4 Layer el 4 Layer 2

Fig. 6 Design of specimens for Charpy impact experiments
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Fig. 7 Experimental set-up of repeated impact experiments
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Table 5 Parameter of repeated impact experiments

Type of Shot of Loadcell Impact A G
specimen impact capacity (Ton)| weight (kgy) (mm?) (m/s?)
3 Layer 1,000 5 14.2
4 Layer typel 1,000 5 14.2 1007.3 9.81
4 Layer type2 1,000 5 14.2
A9 Xeray CT FA AAZ1E ol g3te] BAGOmM Y2 A o425 SEM & ©f

gte] w3 BA T
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HHEA Ual FA0] RUbgd] wel SuAY FA}T S F 444 MPa flom o
= A 4 AF FAHAA BIb FA3EY F 21 % 9 FEIATE 5 Ton &
Fol g AEst AU sHFo R 500 39 wHE FAo] Rulete Bk AS Al
2 3 727t & Ao A skFol frAkska shE HEE A9 fle AoE Hol

o]4% (HL) & E&HA Tl ATH 3 F 7 (3 Layer) 9 3F=F N F
(HL), €88 AlojF (TSCL) ¥ £4A%35 (DDL) ©] A&H 4 T 7= (4 Layer) 9

5,000
4,000 |
_.3,000 }
L )
o0
4
L 2000 } —¢ 3 Layer (TSCL)
-B83-4 Layer (Type 1)
0 1 1 L L M 1 L 1 " ]
0 100 200 300 400 500
Shot of impact

Fig. 8 Impact force of repeated impact experiments

_12_

Collection @ chosun



?30 -
o
E o
Q20 —¢3 Layer (TSCL)
5 -8-4 Layer (Type 1)
10 } —©- 4 Layer (Type 2)
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Shot of impact
Fig. 9 Impact Load of repeated impact experiments
AEe ER R AF FARM gAsde shEolt FEAH 2 el WA
Wee & 4 Atk EF AR AR P AN BB WFFH S4o) A ol}
e ¢ & Utk WEY WE 37 #F o] BE 0F A3 F2E /4 AW
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s
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3. 31 T4 AAxAANAMY Usd Ad F AE o5 dIAHA

o] g3t F A WAoo st EA3HATH

5 Z (4 Layer) 2 o] 7ozl Al thste] FH
HHEAHO R 500 3] 54 ANES FI% F HF AAF 2 5
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(a) 3 Layer (b) 4 Layer (Type 1) (c) 4 Layer (Type 2)

Fig. 11 Morphologies of external surface of specimens

_14_

)Collection @ chosun

4 shgol HrlEe WWY Yok $4 A9 F A"l st Fig 10 © B
o



1. BW 27 AAZANAY WEF AW F AW wny Yu
5|

3 & A#o] thste] Fig. 12 3 e mAxE 3 2
5 AR Ao Fol tiste] A3t

3 Z (3 Layer) ¢ 4 = F% (4 Layer) Al Ho Y&} 3=
T3k A Fig. 13 7 Zo] AH oA FFo] #&AHUT Fig. 13 (a) 2 #Zol 3
% T% (3 Layer) Al A5 FANARE Zo|WFOoF 15-1.8 mm FHolA AA
wAgo] mAg FEo] BAEY oW Fig. 13 (b), (c) & #°] 4 & T=X (4 Layer) A
H Type 1 ] A% 1.1-3.2 mm, Type 2 & A% 1.5-23 mm FHNA FFo| #ZEHA
o WHEAZ E4S At i FE5 4 d9S 7HEEt 39 HAE 5T

(a) 3 Layer (b) 4 Layer (Type 1) (c) 4 Layer (Type 2)
Fig. 13 X-ray CT image of specimens
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5. 9W 22 AAzANAL) WEE AY F AW B

gy 7

FrtEl= BHEY Het F4
Fig. 14 ©] HITACHI A}e] FARHAA R Q] TM-1000 FHIE o] &3t 33 AALE
RS

3 AALE F83 AH}+= Fig. 15 9 2ok 3 T 7& (3 Layer) A9 A

2 Fig
15 (a) 9F o] AH dFolA 1.5 mm ZololA] 383 um Zole] vAl Fdo] THHHA
th 4 & X (4 Layer) Al A &4ATF2 X7} Type 2 9] 4% Fig. 15 (c)
o} Zo] A ARoA 1.8 mm ZololA 113 um ZAolo] mA Fdo] WHFHAL. &

RS WA Type 1 9 A% Al AFoA 2.0 mm ZoloA Fig. 15
) AA A wA Fgo] SE=A gkt

oj9} & wt¥ /\1@91 AHRZ Q5 StFo] HUbEE HHE I 5
of Y&2 EAo] 53 tE AZ FTxE YR Fdol HAEA &

(4 Layer) ¢ Type 1 HiX9& ==& + UATH

JhL

&O
rlo

HITACHI

Fig. 14 Experimental set-up of scanning electron microscope
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CHOSUN UNIVERSITY

.l---_-;--------------. :
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(c) 4 Layer (Type 2) specimen

Fig. 15 SEM image of internal micro crack

_18_

¢“ICollection @ chosun



A2 A A2y T4 AY

2 A= BHe St Fig. 16 o 54 Al
Ptk MA@l 8% W= Table 6 7
o] F2oM FAEAT. T4 =2 FAE 50 kg °IH 542 mis o HE2 G35}
PEQom wo|aR RN 7k FF ZAHV|E o]83ld g A=

ARl F7 oA FHEe =

2 m
i
o
o
¥
)

O

Table 6 Parameter of Charpy impact experiments

Test temperature

()

Pendulum head
weight (kgf)

Impact velocity
(m/s)

Impulse resolution

(°)

20

50

5.42

0.036

Fig. 16 Experimental set-up of Charpy impact experiments
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A3} = Fig. 17 3 2t
EdATZol AR 4 T TE (4 Layer) 9 Type 1 XA &4 75 (DDL) 77
o] ¢ 102 J o 7ME & 54 dUA FFES JHAE S S T
zYde EE3UT. 4 5 7= (4 Layer) o EAALTY WA ©E T4 d9A F
T&9 W3= Type 1 ¥iAIZ7F Type 2 iAot &4A4%3 (DDL) o F77F 1 mm ¢
o 14%,2mm?4_m14%:13113mm?4_u1137%t4 e 54 YA F5E
< 7Hoh 3 5 7F (3 Layer) 9 o5 A5 F2E 7= AT 4 T 7= (4 Layer)
o] Type 1 Wix9] &AL F7 AFET 13 % ¥ 54 F58S Moyt 4 =
T2 (4 Layer) & Type 1 Hix|9] &4A7Z (DDL) F717} 2-
o FARE F4 oA FFE AFAE AU
2o 7% 3 7% (3 Layer) AlHET 4
o|Z <ldtd 4 F F=E (4 Layer) oA FAELE AHTAT
Type 2 © AHsA &S & & Aok T3 4 F F=F (4 Layer) ABL E4A
o FAZE SVl wel F 7HA Type BF F4 ] u
o o2 st HZF FAVE FI1E el we A0 FrE W S QG
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Absorhed Impact energy (J)
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Fig. 17 Absorbed impact energy of multi-layer specimens

_20_

Collection @ chosun



3 &3 AREe FAL 37
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AN 4% GolA Aol BAY
1

o = @ EAo] gty ofo gt A= Fig. 18
7 2T Fig. 18 & REAQ} HAFH AAE FARAAAWA S o] &st FF3 AL
2 BAe AR AAVE 2EHm fEHAY E3A4%F (DDL) o FAVE FUtE s
2 go ayer) & Type 2 HlX|o| A &4

Layer) 9] Type 1 ®ixolA £447+% (DDL) F47} 1| mm ¢ AR <F 64 %

29 34 AuA F58E AT

(a) 3 Layer (b) 4 Layer Type 1, (c) 4 Layer Type 1,
DDL 1 mm DDL 2 mm

3.0k v - R - L] Hum

(d) 4 Layer Type 1, (e) 4 Layer Type 2, (f) 4 Layer Type 2, (g) 4 Layer Type 2,
DDL 3 mm DDL 1 mm DDL 2 mm DDL 3 mm

Fig. 18 Fracture characteristics of Charpy impact specimens
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Al 4 & 20 AW S o]&T HS AlE BEYH FA
g 37

A1 A SH2Ru AR S o] 8T AFH AYAE Y
Eotzvt AN E o] &t A&F FH HAPE st Fig. 19 ¢ SODICK A+
PF 32 B 2% Zetznl A0 A& o] &3l AFTH AL&§ AdS TP
Ao AHEE W Table 7 3 2o Feh2eF AR AAHL2 60 mm ©lal
FA74L 20 mm ©|th 1 B FAF AZFE 2 WHEE H 228 AZEARE 10
Zolth. A &8 FA AHEE Fetzul AARe] BE A9t (V) 2 2535 KeV ¢
floln g WMol A A LE (p) & 7-13.5 Jem® ©]L
20-200 3o HHE ALt AN&F FH %

fr o®

o
e
o
ftlo
4
08‘;'4
o
2
i)

Table 7 Parameter of re-melting process

Beam diameter (mm) 60
Effective beam diameter (mm) 20
Plasma gas Argon
Pressure of the argon 0.05
gas inside the chamber (Pa) '
Pulse irradiation time (usec) 2
Interval of repeating pulse (sec) 10
\Y%
25-35
(KeV)
b 7-13.5
(J/em?)
N 20-200
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ZARE ¥ 20 mm ©]Fste 1 B2 ZASAT AR o]l AR AL FA
o] AP ojue] AZFE 10 Zo|t} 7] AHY 1| B2A ZAF 3 20 mm °)%F 1
B2 ZAEE JAHES 1 3] ZARE AHosto HtEx o=z gzl AR S ZAFSHY

AgE &8 dd& sFHHAT
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Re-melting process

Fig. 20 Schematic diagram of Re-melting process
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A2 A Bhzn AAYE o868 A5W ANY AW 4A o
A7

Fepzr} QAW ol G3te] G T4 U

3} EZHPJ A=
a71e 3 A =% FRow AF AN FHhzvt AN FE AFERG 2
TEZ AZE= 495 13389 30 mm x 15 mm x 8§ mm 7|2 AA ST EA)
gre] 2 H2 duA AF: FAFE o] 435t Stellite 21 £AF 2 mm FF3 AlAES
A A8k Stellite 21 A5 AFsk7] A% AHA A AF A E9& 370
W 9] go|A 7} ALEE o Bd F5 £5F 4 gmin, 35 7tAT of220] AEH]
Ak AHF BT FF 7t HlES 14 ol #olA dYe ol HEE 085
m/min °]T}. ojuf TFo HIFFL 0.25 mm ©|H Layer-by-Layer & FE]Z RHEE
A Zste] AZrET A A odUA AF FAHANA Stellite 21 & A T8t AZA AF
o] AZ=HLE 10 H HF AZ7] Ry) &F 107 um o)W FAA HF AF7] Ry 71F &F
16 um AR THL 7HA 2 Yok

ol\

Fig. 21 Design of re-melting process specimen
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(V) S7hstell wet &§HA &2 BEedo] A&FES 2T AUk Fig. 25 &
H

ZFeh&nk A S 100 3] ZAF (N

9‘L
8
filo
2
1o
2
op
ao
=3
2
ol
o
2
ui
o=
i

o] ZNIEFE AgEE EHLS B 23] &g Hes g3 A =W
ol TS #EE F JoH FHAJA FEF o] FU/HFE BEE
ol HAHlo] ZAIH W HAte] FEF 21d Ao|H Fig. 26 9 200 3] ZAb
o] Ag ol2ld FHAA FEF] I

BN AL ol g3le] BW F4e BAW A% FY ¥E AY (V)
25 (N) 7F FAEFE AFFF Fe] FW 2B PaFHAY
WY A FRHoT FERI BYFEL & 5 A

(a) V =25 KeV (b) V = 30 KeV (¢) V = 35 KeV
Fig. 24 Surface morphology of re-melted specimens (N = 20 shot)

(a) V = 25 KeV (b) V = 30 KeV (c) V =35 KeV
Fig. 25 Surface morphology of re-melted specimens (N = 100 shot)
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(a) V = 25 KeV (b) V = 30 KeV (c) V = 35 KeV
Fig. 26 Surface morphology of re-melted specimens (N = 200 shot)

AggH Adel Eve Ferangoz BAL Fdst 49 EHel B U9
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E A (V) ¥ BmHISS Fig. 29 o 2o Fk=vp Az BE M9k (V) o 37
GrE 9 1RV ALgEol 29 Heerh FFEHAT Fig. 30 & FehRv AN S
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Fig. 27 Experimental set-up of 3D surface profile
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100

50

25

0

(a) V = 25 KeV (b) V = 30 KeV (¢) V = 35 KeV
Fig. 29 Surface profile of re-melted specimens (N = 20 shot)

(a) V = 25 KeV (b) V = 30 KeV (¢) V = 35 KeV
Fig. 30 Surface profile of re-melted specimens (N = 100 shot)

(a) V =25 KeV (b) V = 30 KeV () V = 35 KeV
Fig. 31 Surface profile of re-melted specimens (N = 200 shot)
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Fig. 33 Surface roughness measurement set-up of re-melted specimens
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) . L e
0 50 100 150 200
Number of irradiation (N)
Fig. 34 Variation of surface roughness of re-melted specimens
0 A3} Fig 34 3} 2ol AW ¥W ALE AL FAT A 2] A viske] =
W AR @A AT 2 F AU $E At (V) o] FhAEE ¥ ALY
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Fig. 35 Surface roughness of re-melted specimen
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Fig. 36 Surface morphology of initial specimen
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(a) N = 20 shot (b) N = 100 shot (¢) N = 200 shot
Fig. 37 Surface morphology of re-melted specimens (V = 25 KeV)

(a) N = 20 shot (b) N = 100 shot (c) N = 200 shot
Fig. 38 Surface morphology of re-melted specimens (V = 30 KeV)

(a) N = 20 shot (b) N = 100 shot () N = 200 shot
Fig. 39 Surface morphology of re-melted specimens (V = 35 KeV)

Heks}l =oidth. Fig. 38(b) ¢F Fig. 38(c) + 30 KeV WEAY (V) ZEkRu} HAR 9
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DASAT Fig 39 & W& Ag (V) o 35 Kev duje] =W X o|t}. Fig. 39(a) &
A 3 (N) 20 39 W zFoH FUHow & HEHY (v) 2dEC Hst
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#
o} AW B4 RE AWS et FARARENAE ol §3ke] 5000 W EE TBRAR
BHS SR AL GG BAL A5 Ant F oFe sol wERY =
Ag BHsg A8 FY AP0l olTolMA ¥ x7] AW Fig 41 7 LTk

Electron beam center Specimen center

Effective electron beam diameter

Fig. 40 Cutting position of re-melted specimen
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Fig. 41 Section morphology of initial specimen

Zg=ul Az 9] YA A== HFEE FEQ) Gaussian distribution 2] & Ej o]t}
ol AR ] FAlRe AR oA WEE Aolrf LAEtS 8§ EAo] t
2A Aot "2l o1& 43871 flste] Fig. 42 ¢f B AAA Eeh=nt A FAF
ool WEHF (V) 25 KeV 2119 ZARSIF (V) o W& @™ Fig 43 3 2ok A
AR 20 3 2=AF 2AA Y AEE T FAE 477 m B PG FANSH HAR

Top surface

Fig. 42 Measurement point of re-melting area
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(a) N = 20 shot (b) N = 100 shot (¢) N = 200 shot
Fig. 43 Section morphology of re-melted specimen at beam center B position
(V = 25 KeV)

\
ﬂﬁg«w@\ SR '{m S

() N = 20 shot (b) N = 100 shot () N = 200 shot
Fig. 44 Section morphology of re-melted specimen at beam center B position
(V =30 KeV)
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() N = 20 shot (b) N = 100 shot (c) N = 200 shot
Fig. 45 Section morphology of re-melted specimen at beam center B position
(V = 35 KeV)
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Fig. 41 & &A% (V) ©] 35 Kev dwjo] A0 F4F] dHolth. A &§F2
A AR 20 3] A 20049 A&EF F9 F7= 485 m ©]3L 100 3] ZALZ
A (N) A= 523 i, 200 3 FALEA (N) oAM= 538 m S AAch FHo] TAY3
Z71& AYstar FgkRul AAge $E M (V) o] FUHg weE duARET} F
7tete] A8eFo FAE SIS H A Sl (N) 7F S71EE AR SE2
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7 2ok ZE ZASISF (N) BeolA BEHSL (V) o] FEFE ALSTY e
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m25KeV Z30KeV =35KeV Crack initiate zone

Thickness of re-melting layer (um)
W

N (shots)

Fig. 46 Re-melting thickness according to emission voltage (Beam center position B)
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(b) N (c) N = 200 shot
Fig. 47 Section morphology of re-melted specimen at beam center A position
(V = 25 KeV)

(a) N = 20 shot (b) N = 100 shot (c) N = 200 shot
Fig. 48 Section morphology of re-melted specimen at beam center A position
(V = 30 KeV)

G 8&%_%'@ #g i{:

@ ANy
(a) N = 20 shot (b) N = 100 shot (¢) N = 200 shot
Fig. 49 Section morphology of re-melted specimen at beam center A position
(V = 35 KeV)
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FEAA] 94 Gl A wet A FETt st Ao ] FEZlo
7 A 7] W&ot Fig 48 2 HAR FAFE A AA9 30 Kev o HEHA (V)
zZo M9 g AggHolth 20 o A 21 (N) oMY AL&G Fdo FAE
45 m °]l™ 100 8 ZAF ZZAANA 425 mm, 200 3] ZAF =1 (N) oA 459 m 2 B
Aol vt 20 9] o 2AF 34 (N) € uf oF 6.1 %, 100 3] FAF 34 (N) ¢
o oF 1.8 %, 200 3] ZAF 3¢ (N) & ®] oF 50 % *F2 ALET FAE 7HHoH
FEAA] A ol T wet A dErE Fastr] wEelth Fig. 49
= AR AT A fA A9 35 KeV o =AY (V) 24 &R A 8§ o
th 20 39 A 21 (N) XY AE&F 99 FAE 4.69 m ol 100 3] ZAF =
oA 4.8 ym, 200 3] A 27 (N) oA 526 m = B Xl vt 20 39 o =
AR BIE (N) € oo ok 33 %, 100 3o ZAF 3l (N) & =) 9F 8.2 %, 200 39 A}
A7 (N) & o oF 22 % B2 ALEFS FAE 7HHeH FEABY 973 I 7t
7h] el wet ol | A EErt ZHAshr] wiEoltt

6 rm25KeV z30KeV =35KeV Crack initiate zone
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Fig. 50 Re-melting thickness according to emission voltage (Beam center position A)
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(a) N = 20 shot (b) N = 100 shot (¢) N = 200 shot
Fig. 51 Section morphology of re-melted specimen at specimen center B position
(V =25 KeV)

(b) N = 100 shot (c) N = 200 shot
Fig. 52 Section morphology of re-melted specimen at specimen center B position
(V =30 KeV)

(a) N = 20 shot (b) N = 100 shot (c) N = 200 shot
Fig. 53 Section morphology of re-melted specimen at specimen center B position
(V = 35 KeV)
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o] JAFZo|7} Zojx]7] wjiolnt.

Aol =2717F Ek2u A f& ARG 27] il o
NUA L= & AFAFe BlaF] ouAdErt e AHFA
Hlw 2434 Fig. 51 & & A4 (V) 25 KeV 2 A &§
A7 B f1A9] g E Aot HA 20 3] AP 21 (N)
FAE 372 ¢m oW AAH 100 3] FAF 2 (N) oA L&
pm, AAR 200 3] AP 2 (N) oA A&§ 49 FAE 312 m & FAR S
A HAY A AR B d9dM ] 25 Kev 9 HE b (V) ulRg 20 3] =
AP S Wl BTk ©F 22.0 %, 100 3] ZASIAS wWHT 9F 0.8 %, 200 3] ZASIAS
HET oF 103 % W2 Aiolnt. Zghznt AR FAFIGEG oA dxTF @
2 F8A7 9Fgdelr] "o e AFZolE /I WE AL (V) 30 Kev &
ANe&g APE FIHT AEFTAT B AX @dHS Fig. 52 ¢ Zoh HAN 20 3

Z74 (N) oM e Aeg F9 FA«E 437 m oo, AAF 100 3 A =22 (N)
ANl ALF B FAE 401 m, A 200 3 A (N) 24 AL&F B
Ho FAE= 388 m, & FARZ 4 HAG AT FAF B 9N 30 Kev 9

E 25 KeV 7230 KeV 2535 KeV Crack initiate zone

Thickness of re-melting layer (um)
[41]

N (shots)

Fig. 54 Re-melting thickness according to emission voltage (Specimen center position B)
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(a) N = 20 shot (b) N = 100 shot (¢) N = 200 shot

Fig. 55 Section morphology of re-melted specimen at specimen center A position
(V = 25 KeV)

(b) N = 100 shot (¢) N = 200 shot

Fig. 56 Section morphology of re-melted specimen at specimen center A position
(V = 30 KeV)

(a) N = 20 shot (b) N = 100 shot (¢) N = 200 shot
Fig. 57 Section morphology of re-melted specimen at specimen center A position
(V = 35 KeV)

WE A (V) dHED 20 3] ZAEIAS wETE oF 8.8 %, 100 3] EASIAS WX
o oF 74 %, 200 3] FASIHY S wlHET oF 197 % $& Aoty Fig. 53 & WE
A (V) 35 KeV 2 A8&§ AP I AHFAHAF] B A dAFR Axo|t)
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334 ym ©]™ 100 3] A 2= (N) ol A 3.32 um, 200 3] A 2 (N) oA 3.02
oty HAR FAFE A FHoAY BT} 20 3] A 2R ¢F 17.1 %, 100 3
ZAF 245G oF 7.0 %, 200 3] FAF 2ART 9F 12,0 % W& Adolt} Fig. 56 &
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Fig. 58 Re-melting thickness according to emission voltage (Specimen center position A)
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FAAE7IE U B9 AEE A4S Fdstdon
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AZ BAS 93 A4 AlFHSEE Table 8 3 2o U H7]9] Berkovich H2 ©]
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Table 8 Parameter of nano-indentation test

Max. laod Approach distance Approach speed
Indenter .
(mN) (nm) (nm/min)
Berkovich 20 50 5.42

E NN NN RN NN NN NN NENENENENENN NN NEENNEENEERREEENENE
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ke
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Fig. 59 Experimental setup of hardness measurement of remelted specimens

— zlES —

Collection @ chosun



Stz vp AN S o] &3t ALF3 Al TR =
25 KeV W= At (V) 9 A% W3E Fig. 60 3 2o AR A 315 (N) 20 3
NA AggHe HAEE oF 655 Hv o] ZAF 3= (N) 100 3lolA oF 737 HY & =
AE Ao 200 3 A S5 (N) dlA= oF 742 HvE SA AT F= At (V) °]
S/ TFE AR AEe SUIEIAT. AARAAE HESE
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Hv, 200 3] XA} 315 (N) dlAE ¢F 527 Hv & SAHJoH AL&FHA &e H=
F= 9F 453 Hv 2 SR EAJT 30 KeV FE A (V) o A= WH3l= Fig. 61 3 2
o AARIS] A Sl (N) 20 3lolA A&8FY BEE 9F 723 Hv ©]aL AL 3
(N) 100 3ol A ¢F 846 Hv & ZAFHS o™ 200 3 ZAF 34 (N) dlA= 9F 852 Hv
2 SAHAT F=E AY (V) o] FUEFE ALEHY] Are FUetATh AAR
Me ASE} ALSE Alole A=s 20 3 A 34 (N) oA <F 566 Hv, 100 3
ZA} Bl (N) olA= ¢F 574 Hy, 200 3 2AF 315 (N) olA= ¢F 628 Hy & =44
ATH ALFHA Fo ZAFHE oF 456 Hv 2 A HAJH 35 KeV W& Hete A=
H3lE= Fig 62 9F 2ok AAY A 3¢ (N) 20 3lolA A&gF9 A== oF 735
Hv °©]al ZA}F 315 (N) 100 3olA ¢F 915 Hv 2 S HAoH 200 3 A 315 (N)

o+ ¢F 2187 HvE ZSAHEHAG. W& AL (V) ©] S/HEFE ALgHe Axs 5
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Fig. 60 Variation of vickers hardness of re-melted layer (V = 25 KeV)
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Fig. 61 Variation of vickers hardness of re-melted layer (V = 30 KeV)
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Fig. 62 Variation of vickers hardness of re-melted layer (V = 35 KeV)
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Fig. 63 Vickers hardness of re-melted region
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Fig. 64 Vickers hardness of boundary region
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Fig. 65 Vickers hardness of remelted layer
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Fig. 66 Wear of hot-forging die
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WA AF AR HLEE fste] @3 3304 F8 EFFE BASt w74
7 o8 AASA T DED (Direct energy deposition) &4 & o83l HF A HAYsh
= AX B AF7|e} BEE xHxA AAE fste FAYIAHS e HF
HAo) A 1.5 mm LZA (Offset) 3t AAS Fqst4rch A 9
68 I #Zom A3 Ao|F (TSCL) 3} &4AS (DDL) &
£ 1Eske 30° o 4=E VA= FHE FAdo] AT A Fed AHE-E DED 7]
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Fig. 67 Concept of 4 layer structures hot-forging die
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Substrate (SKD 61)
Fig. 68 Sectional view of offset design for 4 layer structures hot-forging die
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Fig. 69 Deposition path of 4 layer structures hot-forging die
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ALE FEE o83 9 48 TAH-S ENOMOTO AL 23 F Zgx w2
Holm AAHZEAE Table 9 ¢ 2oh 58 dEd_%+F 2314 C ol AlF AFA
7= 8360 KN o] RAM &=& 705 mm/sec ©|th AF F4bdd Hak= Fig 71
I 2o 8E 29 (Loading) 3 & <¢F 231 T 2 d<E& 31 Set-up B el A
2AE °F 1200 T 2 7FE3t AF A Fo] o] Foxith

Table 9 Parameter of hot-forging process

Pre-heating temperature (C) 231.4
Load (KN) 8360
RAM speed (mm/sec) 705
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Fig. 71 Process of test for hot-forging mass-production
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Fig. 72 Number of shots for the multi-layer hot-forging die

Fig. 73 Sectional view of the die in 3 layers structures hot-forging die
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