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The Improvement and Evaluation of Surface Properties
of Direct Laser Melting Deposited Materials by
Ultrasonic Nanocrystal Surface Modification Technology

Kim, Min Seob

Department of Marine Equipment Engineering
Graduate School of Korea Maritime and Ocean University

Abstract

The laser metal deposition(LMD) technology has garnered much attention for
being able to realize complex shapes and producing little waste material, thereby
addressing the limits of existing metal product processing. Direct energy deposition
(DED), a branch of laser melting deposition technology, can realize precise
structures and excellent mechanical properties, and thus, it is used for various
applications such as strengthening the surface of productsthardfacing) or
remodeling and repairing the damaged components. Howerver, surfaces that have
been deposited by DED exhibit poor quality because the deposition bead layer
shape and spatter remain on the surfaces. The surface characteristics affect not
only the appearance of the product but also its mechanical functions and lifetime,
making post-milling processing indispensable for refining the surface after the DED
process. Furthermore, In a metal additive manufacturing process, metal powder is
melted by a high-power laser before solidification; thus, a rapid temperature
change is experienced, which generates tensile residual stress. The tensile residual
stress in the DEDed M4 may reduce the fatigue performance and shorten the
product life. UNSM technology not only improving surface roughness and refining
surface microstructure by applying severe plastic deformation(S’PD) to the material
surface, but also induces the compressive residual stress and improves the
wear-resistance of the materials. Given that UNSM can improve a material’s
surface performance, in this study, UNSM technology is applied to DEDed surfaces
with the aim of improving the DED product’s surface quality.
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It was found to the UNSM technology has a beneficial effect on reducing the
surface roughness and waviness by improving the poor surface of DED products.
Also, it was confirmed that the UNSM technology can induce a compressive
residual stress to the DED product and improve mechanical performance including
wear resistance.

KEY WORDS: Direct energy deposition 217 4= #Z; Ultrasonic nanocrystal
surface  modification ~ZS3 Yx=ZFWH/NZF; Residual stress FHFSH;

Wear-resistance WW"F=4; Surface properties EH 5A4.
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of g5y FFS A% Jleo] TAHAYH. ZIAA W A g](mechanical

= H & (severe plastic deformation)S S EHo &
“topology), HIAHl & R A5 EAS MAste FH A 7I™HoltH22] o4
g Z1AF BE Agle ®de ¥L Ume Uk A wA T Z(nanocrystalline
structure) st AEE AA71H, o] A= Eq. (DI 2ol oAy 43
aaso] Ao gt Yeues Zloer = 4 AnH23]

o=o0,+0,+0, D

A71A, o5 Wl oF ¥ (friction stress), o,= i <l(dislocation)ell ] &k
23}t o5 A3 AA(grain boundary)ol 2|3 3= on gt
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1AA ®H AHgE Ak dY(shot peening, SP), ¥ ZF& Z#(deep cold
rolling, DCR), =<3} Ak 3] (ultrasonic shot peening, USP), #lo]|* 4= 3y
(laser shock peening, LSP) & & wWHEco] ot Fig. 32 thxd<l 7144
W AEYE UEd Aol
A MYGP)e 1&g IALEE WA RS FH FESEY FAA
o |t

HEs AT

A= F-e8 2 7Hg skstrain hardening) &
HoltH24]. 71A1A ZdH AHg 7|E oA 71 HA == on, =27
24 2y 559 75 Ams ®W AEtE oo EZAE A yY(air
blast shot peening, ABSP)o] thZx A o|tt 12y AF 3o F4 ,__/Fg [ER-AB]
tefste] Z442te] AWM E Sl doA= JHEE HUF AREA 4 Ao]A
(almen gage)E AAste MIH AEE SHIATH25]L

sg

9 2= 23 (DCR)E # 1A (burnishing)o]

AolHe 2% Be As Euol =g gaste] 3 & F71%0H26)
mfc. FEIE GEBFIY A7 FAW, PR Ze FARA FED
717

Feisiol fow, 2 AL e A 712
MBS M2AES wel AUE ATHL SAT, Bid gad sl
= oleigel Sol, W LA AAAT AET Fuel G ABAT] 3
o

Fig. 3. Mechanical surface treatments; (a) shot peening, (b) deep cold rolling, (c)
ultrasonic shot peening, (d) laser shock peening, (e) water jet cavitation peening, and
(f) vibro peening[22]
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% &9} AF ¥ Y(ultrasonic shot peening, USP)& 1Futo] Z&ute] 88 o
4314 A 2 (spherica) WS AEARoZR, WS Fo F/E B =

Holl FEAH. USPe 8 34 Waes 253 As5e dzide =27], 1
¥ A& Alzkel SATH28l
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ATH34] =3 UNSMS 34 W5E FL3A AT = A7) wiel,
ABSPo]u LSP, Z18]ar w23k 2o USP 7|HEY o A

A 2 HIAZD F Qo] aRHo= AFo 5W EAS FF AL
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ol21gk UNSMeo| A4 wjiol elolA 54 25 Axd aAlSd st &9
AeglE A&7 A7V BRuEHt Ma 2 UNSM &9 A2 o= direct
metal laser sintering(DMLS)S. 2 A %3+ AlSilOMge] %W ARAZE MAAH LS
™, selective laser melting(SLM) 7|"Ho. 2 ZZF3gF Ni-Tie] 8 AZH7|¢} nfx
EA4E FFAAHY40, 411 Zhang 5 DMLSE THE Tiod AAjol UNSM A &
E st W ARV BRAEE MAst, dATFIES ASAFSHL
2 vty 924 57HA FFAIZHTH42]. 28l Cho 52 €A 3kA &L
WHbulk) AISI H139} direct metal tooling (DMT)Z 2353+ AISI H13ol tjs
UNSM A2 "% 39 A7), 14 4%, v 9 2 AF, vA| 22 Hs
of sl A7-TH43l.

e

Fig. 4. Ultrasonic nanocrystal surface modification(UNSM) device
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Table 1. Consequences of various mechanical surface treatment process on

mechanical properties[35, 38, 39]

. Ultrasonic
) Ultrasonic Laser
Mechanical Shot Deep cold nanocrystal
) ) shot shock
surface peening rolling i ) surface
eenin eenin e
treatment (SP) (DCR) P 8 P & | modification
Static load
) Laser
powder ) Ultrasonic &
source o Static load ) ) plasma )
injection vibration Ultrasonic
shockwave
frequency
Compressive
residual
1 4 2 5 3
stress /
depth
Hardness /
1 3 2 4 5
depth
Nanocrystal
2 3 4 1 5
structure
Surface
2 1 3 5 4
texture
Surface
2 4 3 1 5
roughness

(1; poor ~ b5; excellent)
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13 4754

3Z7tgstA &S DED AEY A= W
AA T, UNSM & 53 1 E34Z ¢
2 AFo = DED AlFe] dotst 1 FHS FAA77] A 2H A W
Hogxn Z71Fgsx] & DED AZ W UNSM 71&L =
ZHol digk UNSMe| 34 =71& 2elste], I &2 =

Hz ZER D!
A5 8 EuRoAe] nlHzy Was A

T3 HolA F

HUE AR, AS Axzd 24 Ao et 23] gtHA A% 53

Ip
2
olj
N,
it
fu
Y
PN
i
iu}
o2
e
b~
2
2
2
ol
c
=z
(@p)]
=
fol
3)

r

DED=E stEwo]dd Wit =3 Zell disj U =z
T2 &= oby Had Wl gk gl $7bEstAl @82 DED AlF
A5 FHo tiste] UNSM A8l & 3 I 8385 Y53 A7 Rasx &
gt wetA B AFoME S84 F9 skl AISI D29l DED ¥ o g 14
S 377 (high speed tool steel) AISI M4E SF=E# o]d g Ao UNSM A&l &

]
gty 12la2 DEDed M4 thdk UNSMel &35 olr~] 98 3IW A=
T AZ7], mAz, 29 IFeY, 230 F A, HrteAg el Wl o
3l =olstin. 53], 4= 5 urteAd a3 tisiA= DEDZ st=d o] /47t
AHIE B oldel dTEd AL 5@ FE AE&Hs AT Al
D2= A3+l F74ete] DED st=do]d 2 1o thgk UNSM &35 &4 s}
ATt

_'IO_
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A 2R 223 yrxdsfd

1 259 Yexd/ld

Z53+ Y 37| & (ultrasonic nanocrystal surface modification, UNSM)2 %
3 JAFAUAE o3t 7Had LA 4 WHANE F me NFo=
g U H FEAA L&A ®Ho| FAA WHE(surface severe plastic
deformation, S’PD)& F2A7]= 7]&o|tH44] Fig. 5 (@)= UNSM &9 7jF
T2 Yehd Aotk FA F(weigh)2 A A 3}3(static load)S =431, 22
@ 7(oscillaton)oll Al EA Fao] 2guE WA g HAZ
ZS 3= EdlAFA(transducen) @t F-2~E(booster) Zx]7F B 2H€l Zlnlol= A
(7= 1700 HV)9] & gl(ball tip)e] F2E dYAHndentenN =2 3t5& AEs
= AHgETh o] W ALEHE stF A7l FA F9 BA shE(static load)
I} 2F9e] AFAUAR Qg F2 stF(dynamic load)e] AdH FoltH32].
UNSM &* = NC/CNC &&7|Alel 2R =7] wjel EHo g 423 7t
°] 7}s sttt

Fig. 5 (b= &4 FHl UNSM 7l&€g #H&se Eses Uehd Zon
UNSM & €3} mdo] FE5t ZHo Zai Wdo] dsty, 45473
7 gEo] W 2 Y RoA S (dislocation)7} BAFTE TElw 2E3h 2
Foll os WrEH oz UNSM £ H3 Ewlo] FEste] &9 Whel A7t 5
2, W 28 24 2AYe vAgEn. ol2 A% JtEAstel o xW
229 A=t P Aok =Y, wEAQd FE o mHde A
mlolag 9 4 7A vEe] o] FEH ®W AL AdE
%, 249 &He UNSM 7|&& A&toan ZFre J254, uneides

_'I'I_
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(a) Mechanical pressure with weights _ =

Weights

Booster Transducer
WC ball (Vibrator)

Ultrasonic Oscillator

(b) Static load 1

Ultrasonic Scanning | i | Amplitude
vibration direction

II
]
'
)
I
1
I
Indenter I : S
Scanning ! Ultrasonic
i
B )
1
1
1
]
1
1
1
]
1
L
]
'
1

direction vibration

Interval

Fig. 5. Schematic diagram of (a) UNSM experimental setup and (b) UNSM process
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UNSMS 2838 uf, A 25E 7}ES 240 7tejAE & 85 F= 259
A AAE AT tFom HojF& FF o5(P,) % 259 AF 9%
2 stE(p,)el Folv, Eq. @3 o] yekd + o o714 2edes A

vtz AFstr] "ol T8t 1ok 22 FHE sddrh
F=P,+P, =P,+P, ssin2rft 2
IdH UNSM 374 Solle P,°l &Alet etz oz J=357] wEol, &

Z stgo] ¥HEA AEHA et O¥EE P, S UNSM 34 WHs=E A
Aote dHoll oj#wol A Li 54513 Wu Sl46]2 ol &AE d<dlst
7] 98l sl uist s AA (P 1Hste AFE FIASAT. B
ATl E UNSM &Aool oA Azl 7t A= a5 Ws=M, P,we il
3l UNSM &35 223}

l

O

UNSM A A A & Hol A FET wo] oy Wi" FE F
(mm®%E Eq. 9+ 2o] ZIHTY. @9 13 3 FE 53 =

3 o mlolaz HEo] AGHET

il
=
Z
(@p]
=
o
M

N=—T 3

A7NA, fe 223 AsTF (H)E, ve UNSM 34 Fo & §9 o]F&Em
(mm/min)E, s= AAFH e FAHAAZE Abol9] 7+Amm), ¢1EH(interva)e 2
gtk o)A olFEEE 259 IFFE UFHG/H UNSM 338 FolA
E & Abolo At "o
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UNSME A ¢
A3t

@

A
d

E:F><N><%~Pst X NX

4

9]

HE oz W=(/mm’)elH, UNSM &AolA & H(bal tip)s 5

)

SIEEE

o] A E(mm) ]t}

L H
T =

(um), d
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22 71 A¥g

2 oAFto] ARERE HlolA & A3 AHiQl DMT(direct metal tooling) MX3
e Insstek wEollAl JHEEt o™, F3AH A= A AA ARl Aol
Fig. 6 (@9 AAI=Eo] doh. AA= 4kW CO, #lolA Alxglo] E3HE o] glo
™, MX-CAM & Edojd] &Jajx EFHE 55 NCAH| ot} 371 &% &
(hopen)e} A, & F5S 9 998 ZE(powder nozzle)® 34 7tA=

TAE dH T A2H

b2 o2 (ANS AMESIATH £ Fw A
A7F ZAE sEdde B A"y FREH Jom, RAl EHORRH 9
mm Boiz =ZoA 27 1.0 mmel #HolA W A BLe FFATh =2A)
FH FFE BZdE 1EFY #olA Wo] A &8 F(melting pooD)<
FATT Ho| HAHI ¢ FH &89 &AE w24 $aHo HF wEE
FAdstal, ol whEStHA st A wo] JAHHETH4TL. DED 349 Fa
374 Wil HEEe golA £9, #olA We A7), #eY F5 &%, oA
o] &7t Qth old ul] WHEES 2L HITH A9 7sEd o
1A A oFF 8t A AZ dolojo F, wo], 4% #W AFY], AE ¥
]
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(a)

Laser beam
Coaxial gas

T
— f—
11%\ IQF
Metal powder
& powder gas
Nozzie

«— Metal powder
Power jet —___

Deposition direction
Deposited layer e
Dilution .

(b) Laser beam

Metal powder Coaxial gas
& powder gas - _,,. g

~

[rm] il Shielding gas

Fig. 6. Schematic diagram of (a) DED process and (b) scanning procedure for

multi-layer deposition
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Fig. 7& DEDZ AHZF AxH Al #W A4S =aHo=Z Yehd Aoy,
Fig. 8& DED A% #H9 EHFE FAAAH U AFE-SEM, MIRA3, TESCAN)3}
339 xH=EE =A7](Contour GT-X, Bruken=z= ##3 mFolth. DED &4
ANxE #olA =& olFdte WIS Wt §5FH HF Edo] IAAT
Zt AF Ef FAFAAE 92 E53 FEH7F et (R, Fig. 7oA 9
crest), 45 E7|g] HFst A YoM = /7] G2 YEhdtHE
Flg. 714 9] trough). Z18]3 o]d g ¥4 DED 34 =1 5 owWd 47
Aol FA T 8dsod st vlF-&=(peak-to-valley) 2 HEE-E =
o} =3k Fig. 894 235 E# wWaks wmel 23 E(spatter)7} A4
Eof] #lol A7t AE O] HAH
34 Tl FdH= doldA ¢

5% Y51l ¢ d<
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7o) gel o &5 24
FAR el 4% sd3 1% g F4E 2EHE 43
FHA O e s el e
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[o]AE ol &3 F&5< 87 F8A tFE TddT

o mlm ofN my Lo
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~ O AL
!
ru{m

g
™
)

s}

L
&,

DED Crest Trough Deposited track
surface

Near-
surface {

Y

Cross-section of the deposited layer

Fig. 7. Schematic illustration of the deposited layer surface
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DED direction

SEM HV: 15.0 KV WD:; 23.29 mm
SEM MAG: 100 x Det; 5E

Deposited track

Fig. 8. SEM image and 3D topographies of the DED deposited surface.
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Azol U HAZ =552 TAHEY, Fig 99 22 Fx=E yedn
[54]. FW FZ(surface texture)e] ©H F4& EH ZE3Y(surface profile)
olg} stH, tefeta EEAHT FUIE zZteth o @H FAAA =L F7
(frequency) &°& #& 37Hwavelength)e] A QA4S FH 7 & 7|(surface
roughness)z} gt} EH %
J=(waviness)Ztal ghtt. %

Yetude vARE S50, s Es 899 75, e EITh

Q)
gt GepA Y, AFe] &, v R nir, 92 Fx, 72 o IS o
A /5} z

=8 Y, olFUAte =, 71419 A

=
ofUA|RE Woj® § XF 9 Ao W BF 98 vt
A

Flaw Nominal surface

'l""l/ _ /

1/
A " Original profile
M A s WY e
— Waviness profile

Roughness profile

Fig. 9. Roughness and waviness in a surface[54]
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o= &kt

ol @ el gk I
¢ i

714 7](arithmetic mean roughness, Ra), 1&]x 4t& H 34 S (arithmetic
mean waviness, Wa)g& F=2 A&3t=dl, Eq. 0)2} Fig. 100148 F4AHC=

RO B THAA ] dolo AUgk(|Z(z)|) BHHTH5T]
Ra. %Z%/0[|Z(a:)|dm )

E3), 3=t 3W AZF7|= AZ7] ¥ (roughness cut-off filter, A\ )t

shgol uhel BREEU, ARG 2 3ge HE A uT He s w9
A47)2 ER@h Fig 11& 2 713 380 wet vehds 29 7437 Ra)

2 AT M %M M9 UNSM 71€24, DED 3% E9E2 748 ¥
FLY FAL AA}TA Ak 53], FPEs} w9 AL w9 FY W
32 BN % AZZH AASEom, UNSM Helel og Ea% (Fig 7

ol 4 2] near-surface)2] A x2 Witz AT

Surface profile

A
v

l

Fig. 10. Arithmetic mean roughness/waviness value
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Ra m

50

25

125

6.3

3.2

0.8

0.4

0.2

0.1

0.05

0.025

0.012

METAL CUTTING
sawing
planing, shaping
drilling
milling
boring, turning
broaching

reaming

ABRASIVE
grinding
barrel finishing
honing
electro-polishing
electrolytic grinding
polishing
lapping
superfinishing

CASTING
sand casting
perm mold casting
investment casting

die casting

FORMING
hot rolling
forging
extruding
cold rolling, drawing

roller burnishing

OTHER
flame cutting
chemical cutting
electron beam cutting
laser cutting
EDM

Ra m

50

.
less frequent -

common

25

125

6.3

3.2

0.8

0.4

0.2

0.1

0.05

0.025

0.012

Fig. 11. Typical surface roughness created using different manufacturing

methods[55]
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221 A3 A=

UNSMo] DED ¥4 x| mlxEs 932 nwslr] 93 7% 23 9 4§
UolE zEQlE] 2 7 AlSI 316LS 223 =A= destqinh. Carpenter Co. el
F3E AISI 316L 2] A2 50 ym ~ 150 wmo]H, Fig. 12914 1 =
&S Fold £ k. 181 EE2A RS EAE A7 gdow AL A
o) AL¥ ASI 316L B3 mAje] HE-S Table 20] A|ASFA T

S-EHH'F 16.0 kY Wk X368 mm
SEM MAG: 300 = Det: BE

Fig. 12. SEM image of AISI 316L powder

Table 2. Chemical compositions of AISI 316L(unit: wt%) (Fe=BAL.)

C Cr Ni Si Mn P S Mo
Substrate | 0.03 16.5 10.0 0.67 1.85 0.05 0.01 2.03
Powder 0.03 17.8 12.8 0.68 1.23 0.01 0.01 2.36

_22_
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2.22 DED 3% =7 9 UNSM =74 43

2 AFANM=E T 39] DED 3 =zxo =2 AlSl 316L 2&8¢-S 27 Fig.
6 (b)) 2o Ty A= Eil,*(smgle deposited track)e] o] AukQl 0 =
H(overlap)st], A& FHO=E XA dzigzag) WHFOE HAZFTS oAt &
d AF9 =ol(single layer height)= <F 0.25 mmo]™, 3k 7§ ¥ 2 Fo] 45
2 winit Ao s ks nppol AEs 9ol wAkstof(weaving) W
A5 AP 1Y 58D o g PR E ffste] ot=2 Tt
2~E (Ar) powder gas®} coaxial gas® &g 3tATh.

Table 4 DEDed 316L A% 3%
A 27 Jehd Aolt}h o] Ad A
2 MAsle], DED A= HWo EA
e F3e FAT. =3, UNSM A %3z D 5
AE zAst7] f1ell, DED 2% W&ol diste] 2 B 2 3 YFoe =
UNSM A& & 3}ttt

)

2

2 FIF o
o

(e}

Z.

[@p)]

=

o

1:014
i
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Table 3. DED processing parameters

Laser ici
Slicing  Qverlap Powder  Laser Powder  Coaxial
beam layer , flow  traverse
Powder . width gas gas
power height rate speed
W) (mm) (mm)  (g/min)  (mm/min) (1/min) C1/min)
AISI 316L 900 0.25 0.5 2.5 850 2.5 6.0

Table 4. UNSM processing parameters to DEDed 316L

Ultrasonic frequency (kHz) 30
Amplitude (um) 30
Ball tip diameter (mm) 2.38
Static load (N) 30
Scanning speed (mm/min) 2,000
Interval (um) 30 /50 /70 / 90
e 5 e
- ; g v iy iV
UNSM direction to . '10'5 HIERT &
DED deposition direction e a it
Perpendicular direction Para.l.lel .;:Iir;cti"on
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23 A9 2

231 A% EH 7x ¥

UNSM #e] %o 31 Ao WaE d&str] 9fs) FANAAT A 3
= 2478 A3, Oga dF 51 94T 248 9EA

=2 7](Mitutoyo, SJ-410)5 AM&3IAT I ==

o] Ex W9 YolA FEIYste AEHER A8 FH 0 O

A& At o= &9 5%% =A% 7, AFH AT X(root mean
square, RMS)#k& AdAste] 1 tiEg e g2 A
Fig. 13 (aD<} Fig. 13 (bD)> UNSM A& Z3 Fo] DED AlHe W T2
=, 2127 Fig. 13 @2)st Fig. 13 (02 UNSM A2 23} Feo DED A%
o

SEMO.2 #3d molth Fig 13 (bD Fig 13 02 %3l DED 4
Fob o2 el 50 m 21o2 UNSM AHlE @ & AT 5 9
Fig. 13 @)ol 4 2 % =0, UNSM A1 dele M2 Edo] Pax nw
w3 DED 34N wA@ 2vjEl 5ol dobsleHs8l e DE
of il UNSMe a@ 4% B9 2aEr}l BE A A
13 (b2)sh 2ol UNSM *Jag mheb v] 43 E(groove)ol 445 k.

ook
(W)
o[)lr
o & o,

A=
&

m m
g

Fig. 13 (O Fig. 13 (a)¢} Fig. 13 (b2) Abole] M E AA’ Wk wa} 239
o =25 (profile)e UERA Zlolth UNSM #e]sh gke DED ZHe 3
Azl AF EREY 2fHER 3 v EfFRAEQ - Fx2Y Ao
Uehdth. UNSM A2 deo sbdss Wa 10124 um, %8 A3~ Ra 1.264
m=z SAZEHJAT. T8 UNSMe A 83 Ho st 31 A7 HA
Wa 2.657 um, A4 Ra 0.174 wm7}A 27t 72243 Zo] Selxgich o 24,
UNSM 9 AHgl& 53t DED A% xHe EARdoz =33 4 &

kA AEE 7 Ase AU
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UNSM
.______*Deposited track direction

" *_DED direction ——1p DED direction ———3p

SEM HV: 150 kY WD 3018 mm | | MIRA3 TESCAN| SEM MV 15.0 &V WOD: 14 89 mm | MIRAI TESCAN|

SEM MAG: 100 & Det 58 500 pam SEM MAG: 100 x
MU

Det: SE 500 pm

(C) — Untreated — UNSM-treated |

0.01]
E
£ 606 s
£
o
3

-0.01-

0.0 ' 05 1.0 ' 15 2.0
Horizontal line (mm)
) it A

Fig. 13. Samples and SEM images of the DEDed surface of (al-a2) untreated,

(b1-b2) UNSM-treated samples, (c) 2D surface profile of the untreated and
UNSM-treated samples
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Fig. 14 (@-(d= UNSM <IE¥E z7o] 30 wmHFE 90 wm7tA F7tel] w&
DED A% #He S vehd Aotk UNSM A gstr] Ao mx ARAH
UNSM %W T2+ UNSM A& T3t o= /fA=ATt. UNSM A g
Tole 7+ e o wet 3" UNSM Az wadoez nlojlmz E
(micro track)e] BHEO]A=H, UNSM & ®lo] &Ale #dx FE5HA SPD
FFE 4 AoHL9L S|, UNSM A& S S8 mHol 44
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N
3 2o wlA EH FZ(micro surface texture)= &A)2] v}
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R A FAA7IE Ho 7|93es Aoz HuHATH
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M Wold A% u}o] 2 gzg B3]t o

Fig. 152 DED®} UNSMZEe] w3F 5 UNSM QIE® =4 & 34 s, 1H
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A7l O ZRolAl= Aol vEUH, M Es o 73.8%, EW A2
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Y
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Sk UNSM Atole] o] me &9 54 wahs 2 o/t UA e 2 &
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Micro track

(a)

Micro dimples

(C) Micro track

-

Micro track

(b) l

.‘,! Fa -.‘.__.
r -_— [ F-‘-J

PR, | |

Micro dimples

(d) Micro track

Fig. 14. 3D surface topography of UNSM-treated surface according to
interval; (@ 30 gm, (b) 50 m, (©) 70 m, (d) 90 rm.
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Fig. 15. Surface waviness and roughness of the DEDed surface after

UNSM. UNSM treatment was applied to the (a) perpendicular, (b) parallel

directions with the DED deposition direction.
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Fig. 16 (@<} Fig. 16 (b2 UNSM *g] #3e DED AHZF ZH A
(near-surface)®] ©vjA|z2S HlwgF AFRe]H, Fig. 16 () UNSM A Sl
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Zlo] §PDol osiA 7hEA A 6117 HE dERFSHE FAHY

o= JFdul62]

A

Equiaxed dendrites\\

\

\ \
‘ -"-.\ Columnardendrites
T / S
R

A

Layer'ban d \".\

(c) UNSM

UNSM [ -« Amplitude of UNSM
direction

DED track height

DED surface Deformed layer

Fig. 16. Optical micrographs of the near-surface microstructure (a) before

and (b) after UNSM, and (c) schematic illustration of the changes in surface

microstructure during the UNSM treatment on the DED surface
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UNSM =79 mE& DEDed 316l FHFS] W3lE dolrux AHF HH
EadolA v & FH9S ¥l EAEnh Fig. 172 DED 23 ek
2 UNSM A2 st Adedel) we tuy vjAlxze] Wals yehd Zlo
. UNSM A A wF dolses 55 dotolES mA 43 dE
olEER FAH Sde< Fig 17 @A &g = dvh. a8a HF E0]
AXZ & F9AAE A5 vl= AAdayer bandE 71Fo 2, HF
ZAAel ol M RE 443 Zul(coarse) T8 WEEC|ES} FAIR w4 TF
dedtolerl FAsA TRAD. Lz Flg 17 ()& 53] UNSM AHzlo] ]
3| A u}

O:-

2 F49 "EZGo|EE SPDo o3 FAEHo| ¢ =ZA AFHG. In F1g
17 (D)olA UNSM <IEj'Ho] 30 m¥d wie] HE Zol(deformed depth)7} <UEH
°] 90 m¥ WEY v Z FFo] yYEldth Fig. 17 (02 DED A3 W3dFd
Fusko s UNSM #2]2 Heie o, AeEe) nfe B vazael s

i

£ U Aotk DED A% Wda FLsA UNSM A g3teiets Fig. 17 (b)
s} frAretAl Ede] el AAHE AL 2 4 Aok E=F, Fig. 17 ()t
FAEHA QIEIHo] ZHSFE(30 w), EAFAL WY Zole o Z AL &

AT

4»
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Crest Trough
(a)

Untreated o

d

Layér band \\\

(b)

Interval
0pm —»

A A

DED direction

Perpendicular direction

Interval
20 um —»

(c)

Interval
30 pm —»|

DED direction

Parallel dirécfion

Interval
0 um —>§

Fig. 17. Optical micrographs showing the microstructures in the near-surface UNSM
treatment according to interval and direction relationship. (a) Before UNSM treatment,
after treated (b) perpendicular and (c) parallel to DED direction. The deformed layer

shown by yellow broken line
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UNSM Z#e] w2 W3y Zo]E Fig. 189} o] Yyt W Zol= 7
AE FHOZRE SPD7L HAYEe w22 o] HEY 7t ZolE F 20
H =245l HH4PpoR 2=E3EY. UNSM e ZHdo] 30 pm, 2832 90
J uwj, DED &% W3k} UNSM A g wgko] w2 Wy Zlo] xlol=
3.61%, 5.18%° &¥3th. 12t DED &3 W
Atole dEde] A-ATF 60.3% THE A
Aej 7o W HF o] ol A3
A4E W14 g Ihei A S5 7 SRR ¥ 42 77MA &4 HEEH
7] Wizeg AGHT63] Fig. 189 AI}E nigte g w3 Zlol= DED9
UNSM #3ke] #AI R Th= UNSM 1B o S o ol ¥e A& st
=

0 _]m,

o= 47.0%%] zelE HAH.

_Or
ek, ol elEEel Fof

110
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= 90
= ]
2 g0
o ]
b =] _
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-
e 60 |
[T} i
Q50
40
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Fig. 18. Depth of deformed microstructure from the surface after UNSM

treatment

_34_

Collection @ kmou



A 37 UNSM ¥ /M 82 &3 B4
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HEHEA 48 44

A 213k DED 316L 25 39| tigk UNSMe| 7§12 &35 &4
Ag 2324, UNSM I8 =3o] DED #5 el 7jdd o3}
© A< & F UM olAH UNSM JEE S HIx3 374 =3l
el 43 1 54 gdsiAl debdtied]l 1222 UNSM 7l<
2

Aot Hell oA 3 TH SA4LS FHs] A HAHE =1L

A o
d
o & of o

o

Z
mlo

= o P, FAZJA B4 S o]&std HA
EE3 Dav1mJJr Figueira:= ‘/Eﬂ =% 7+ AISI D29 o] A2t
7Ve A =74L FHuujd¥(orthogonal array)e & A143}le], Ra 0.8 umXch
2 xH ARVIE Fdsl=d A FSEFTHES] Lawrance &2 A7 EA
A (magneto-rheological elastomer, MRE)E % &% Aut 7}Fo|A, st AlSI
4340 Zol Wi dA dse HAHIEr] fT 2d1S oA AA W (Taguchi
method) 0.2 E23}AtH66]. Mello9t Pai: W E2 ¥ 3 ANOVA(analysis
of variance) #4F 248 53|, Ti-6Al-4V £A41¢ &4 AAE FA3A 7=
A¥k A2Kturning machining) HA3 71E =4S SASPHE7]. =3
Sivaprakasam &< HHSEHEAH O 24 Ti-6Al-4Vel tfdle] mlo]aZ 9fo]of
WA 7bg(micro-WEDM) 3485 &3t dlol ojA, &4 A A-&(material
removal rate, MRR)¥} A+Z(Kerf width), 18] W A&7 o3 o5 Ht
< # 2 3 (multiple response optimization, MRO)Z 43} 3} 3 tH681.

Aoole ABATS Moz g Hddecplearning 7'M e A g3le] A
AR W B ARl BT, 701§ HY N A2 Amo] $ad
AT IE AT ol AeIHS Sy AT DAY BT o2, 44T 8

el BAA sdo] Bbsas] W] e nx

~

]l ko] a1l
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AAA G FolA wh-gEHEAH (response surface methodology, RSM)-S-
Astaa st HA- A =4S 7] g% A 71¥elH, o 7H«l
=7 wWS(independent variable)Eo] ZFHE AL AAE A$o 1 23
45 Fole Aol 7be 0]":]'[72 WS HEAH e ANOVA B4& 53lo =
g WE(R9l, facton)7} £4 WS(WH-$ 7k, response variable)$} oW gk #A 2
< Zta deA e A “%"—3% getstal, HFAom HASE FY HE =
AL e Ao 2 9o7F JuH73] vHEEH EAMoM e vkE g 8%l Alol
o FAE Het= TE 7M. o] FdE Rk EHolgt A, BHE 1
2} 39 E¥(regression model) == 22 3|7 Ry o2 TS, Q19 F7}

nld e 374 2y o= Eq. 09 2ol :AATHT2l

y:f(xPxQ’ T3 “.7$n)+€: a0+2 Z+Z L Zawmzx]—{_e (6)
1=1 1<j

A7IA, yE 8 &, o' 29, 2fE 299 AlF 3quadratic term), zz,E
2o nezkg Fnteraction term)< v @t I q, q;, a; o 3
daolm, ex WS ol exrdelty o] o, whg Frol Wi HFH =S ==
7] AslAe 4 ajlel FEe dAe FE(curvature)®2 YERoF dth 1
Jd=e FE WAZE A H o tER

rr

shA|9E g Qluf x| (factorial design)2 ol=#1d =& AAIE AL =+ 7] o
ol 2a S AAITE FAE & flv Dol A7l F, sAuAHE T3
Me HH 21 =258 9 x4 45 AAste ddd A7 Aok l
A3 FAHS Bty el T4 A€ (central composite design)e] AL

= ATHT72, 751
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SATAAGH L 7129 2"aduxgel] 2 a<le] tlg FX(axial point)}
4l A (central point)s F71s A@AGHolth. FHH FAH] FrHEGA 2
2 37 RS FAHSN] 9% HF TR £ — 2919 U kAl 4w, 23
37 By FAES A% AP FEY Fv HAE K+2k+1 oldolofof gtk —
7V FE3] FrREY O8a F3ES FUlete 8959 #AE FHoE FH
g don, FARE FIGoEN WERHS FHE o, 37 AT HE
S Y F e olFHo] UTHT2]

k=291 2F@elujxHe] AFHE Fig. 19 @AF 4749 &4 1, D, A,-D,
-1, D, -1, -De2 F a%ld tisted Hu, Hix 79 2Fo2 4714 =4
o] TAET. 121 Fig. 19 )&t 2] 2k=49 =HOE (a, 0), (-a, 0), O,
a), 0, -a)7} °12r4, TAHOZE (0,00 Ytk A7IA o= FAHSEYR
B SWFo o) 1+4S ofusiH, Eq. )2 dojztH72, 751,

a= (nF)1/4 @)

AZIA nye AR AREEHE AFRe FE orsid, dE

k=29 wo] 2"auEY A= a=(2*)"'=1.4147} B} E3] Box9}
Hunter= ¥HSEHAAE T4 dlol JodA TN G AA A AFH u
& el FAHA FAE 2] A%, S v EHAEA 9 3] - Ad(rotatable) X
£ 9% AAT o o Aol Fasita AGsATHT6]L

2°auixy APHe] HY FTAME F715E Fig 19 ©OHH A@Ho]
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(a) (b) (c)

0, o) 0, o)
-1, 1) 1,1 -1, 1) anmn
(-a, 0) (at, 0) (-a, 0) (ax, 0)
(0, 0) (0, 0)
(-1, -1) (1, -1) (-1, -1) 1, -1)
0, -a) 0, -a0)

(d)
-
. Factorial point
Axial point
‘ Central point
-

Fig. 19. Diagram of (a) 2" factorial design(k=2), (b) axial and central point

design, the central composite design for (c) k=2 and (d) k=3
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SEHEMHE o] &3y, 4¢3l DED A% #9H-S UNSM
o

VN2 MY = 2 MEANE F e HF =de ZYste Aol 54
o]}, A3 A&t A Ad<S A

<, DED A3 sEHol thste] UNSM 7le<
s

=
o =, EW ALY WshE wsEW BHoRM 7o

F TAA 253 A5k}t 253 IZ(um), 1832 UNSM
= (mm)-& APl AREZ UNSM A9 718 A4 grol7] Wi, F
Hyr AAsts dod A7 AT w2k & AFolA= UNSM 34
FAA B stFEN), A H@m), 2 o]F HE=(mm/min)S 8lo= M
Aot =9, 4AF aASe 22 FH 8% 10N ~ 70 N, e 10 m
~ 90 wm, ©]% £X% 2000 mm/min ~ 3000 mm/min¢] A F S Table 59 2
o] AA3 AT HA 3tFo] 70 N& =3 49, UNSM AHl A S

s A FA F9 F3F7HA] g 22 CNC Al F-5%0]
&7t At olF&ze HA |FE =S UNSM Aule] o=z g
3 <

ke, Moz CNC AHl7E 752 5 e ¥4

ft

Table 5. Variables and levels of the UNSM process.

Levels
Variable Symbol
-o -1 0 1 a
Static load
SL 10 25 40 55 70
(N)
Interval
IN 10 30 50 70 90
(hm)
Scanning speed
) SS 2000 2250 2500 2750 3000
(mm/min)

Ade HdAg UNSM
o A a=(2")* =1.6827} H}.

of

A W

AN

K919l = 3/Qo|mE(k=3) Eq. (D
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Table 514 243 7+ @2l o3 AFzA) Wolol get FARAALY
o 9% AYW mEOZ Table 69} Lol AASAT 4F HRE g AYA

-

2 6709 =3, 2Ea 6712 FAHA F 2072 FARDT. 2AI 2070
o] Ay A= WFststo](randomized) A EH A=, QA E7E] AZE 0| A=
kA S At ABAP S FHE7] Y3 Ao|tHT72, 73] Table 69 Ad &%

2o] we} DEDed 316L 2% ®Wo] UNSME #8atgm, 12 <l Zd 54
H3lE B4t 2d 54 WstE E437] A Axze A 278 53t
A =t 29 AAZZ Adgsigon, SAS 9 FARAAR A AR 34t
A BHxE FA7], 283 JAEFA Z1 22 SAVE ARSI A=)
EH A E 74 Ag 284 Uisty 100 SHsY 1, HdS 4HEs wg
FoZA Agetth. 1ga 2 A F8o| tigk vh3 gEol HAVE He
TR 24L& £&37] 98l Minitab 18 AZE oS o] &35t}
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Table 6. Experimental design of the UNSM process

Static load Interval Scanning speed
Standard Run ] . .
number order Unit Symbol Unit Symbol Unit Symbol

N SL um IN mm/min | SS
1 6 25 -1 30 -1 2250 -1
2 10 55 1 30 -1 2250 -1
3 9 25 -1 70 1 2250 -1
4 13 55 1 70 1 2250 -1
> 20 25 -1 30 -1 2750 1
6 15 55 1 30 -1 2750 1
/ 16 25 -1 70 1 2750 1
8 8 55 1 70 1 2750 1
9 18 10 @ 50 0 2500 0
10 7 70 a 50 0 2500 0
11 3 40 0 10 -7 2500 0
12 19 40 0 90 @ 2500 0
13 11 40 0 50 0 2000 _a
14 12 40 0 50 0 3000 a
15 2 40 0 50 0 2500 0
16 17 40 0 50 0 2500 0
17 14 40 0 50 0 2500 0
18 4 40 0 50 0 2500 0
19 5 40 0 50 0 2500 0
20 ! 40 0 50 0 2500 0

Collection @ kmou
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32 34 24 g ¥9 54 B4
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==

Table 73} Zo] QRA=& &

I YolA FAH- st HA stz 40 N, e 50 wm, °]F

2500 mm/min 24¢ WS 21E 7E
Q.

& =20l gaA 2
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O 4
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kl
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o
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e
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¥
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Areference value) .2 x| &lstH Tl 7]

ol @& DEDed 316Le A3 EH
=

o SPIE, EW AYY] L EAR ARE @%E BASD. J1E 240
et SdEet W ARA7I= Table 69 TAA 6719 HHoE A&,
O ghe A1E 20 ws o Adsgt

Table 7. Values of process parameters investigated.

Reference Values investigated
Parameter
value <o) 0 a
Static load
40 10 40 70
(N)
Interval
50 10 50 90
(im)
Scanning speed
] 2500 2000 2500 3000
(mm/min)
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(a) (b)

SEMNV S0RV. | woizerem [ 1 | c BEM WV IS0V WO HMmm |
SEM MAG: 500 5 Det 58 109 jim SEM MAG: 00 x ek 58

Fig. 20. Surface topographies according to static load; (a) 10 N, (b) 40 N, and (c) 70 N

\ —e— Surface waviness —o— Surface roughness I
1.6
124 Before UNSM |
— Wa 9313 um | 14 g
g 10+ Ra 1.195 um =
e T PO e e -1.2  =h
e 8
o 81 |7.053um . B
Q . 0.790 um =
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S 6 § -0.8 ‘.g
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R 7]
S g\\xﬂi""m 04 &
T 24 2.915 um ® 12 T
? ] L 3
0 : : - 0.0 ~—
10 40 70

Static load (N)

Fig. 21. Effects of static load on waviness and surface roughness of the
DEDed surface after UNSM
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Fig. 22 (@)-(02 A2 st5 Wl wg FTHF 99 rA=x4S SEMe=z
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s wig- A2 AE & g vk AHER oo = A A W3
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(@) Deformed layer (b) Deformed layer

SEM HV: 15.0 kV WD: 14.54 mm | | S SEM HV: 15.0 kV WD: 11.88 mm I MIRAS TESCAN|
SEM MAG: 1.50 kx Det: SE SEM MAG: 1.50 kx Det: SE 50 pm

(c) Deformed layer (d)
150
= 120 116.1
o
=
Q.
Q
=}
=}
Q
=
[
e
Q
a
Nl e = 10N 40N 70N

Static load

Fig. 22. SEM images of the near-surface microstructures after UNSM
treatment according to static load; (@) 10 N, (b) 40 N, () 70 N, and (d) the
plot of the deformed depth at each static load
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SEM MV 1500V WO M mm | Al BEM HV: 15.0 bV WO 18.84 mm R SEM HV: 15.0 WV WO T mm |

BEM MAC: 800 et SE 160 pm SEM MAG: 800 1 Det: 5E wem BEM MAG: 500 x Det: SE 100 ym

Fig. 23. Surface topographies according to interval; (a) 10 m, (b) 50 gm, and
(© 90 fm.
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Fig. 24. Effects of interval on waviness and surface roughness of the DEDed
surface after UNSM
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(@) Deformed layer (b) Deformed layer

SEM HV: 15.0 kV WD: 19.95 mm | MIRA3 TESCAI SEM HV: 15.0 kV WD: 11.88 mm I MIRA3 TESCAN|

SEM MAG: 1.50 kx Det: SE 50 pm SEM MAG: 1.50 kx Det: SE 50 pm
KmMu

(c) Deformed layer (d)
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a e
3 - 18.07 mm | Wi 5 0-
;i?“.ffc‘fiif wu'a:-oss l?r,;“—“‘J = 10 um 50 um 90 um

KMuU

Interval

Fig. 25. SEM images of the near-surface microstructures after UNSM
treatment according to interval; (a) 10 /m, (b) 50 m, (c) 90 m, and (d) plot of
the deformed depth at each interval
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MIRA TESCAN v SEM KV 158 1V W e |

i Ll
SEM MAG: 500 % Dot SE 100 pm SEM MAS: 500 x Dot 58 108 m
My

SEM MV, 180 KV WO 14,48 mm

Fig. 26. Surface topographies according to scanning speed (a) 2000 mm/min,
(b) 2500 mm/min, and (c) 3000 mm/min
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Fig. 27. Effects of scanning speed on surface waviness and roughness of
the DEDed surface after UNSM
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(@) Deformed layer (b) Deformed layer

SEM HV: 15.0 kV WD: 12.71 mm | SEM HV: 15.0 kV WD: 11.38 mm | I MIRAS TESCAN|

SEM MAG: 1,50 kx Det: SE 50 pm SEM MAG: 1.50 kx Det: SE 50 pm

(c) Deformed layer (d) ,
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SEM HV: 16.0 kv WD 12.77 mm 2000 2500 3000
: Det: e : mm/min mm/min mm/min

SEM MAG: 1.50 kx Det: SE

Scanning speed

Fig. 28. SEM images of the near-surface microstructures after UNSM
treatment according to scanning speed; (a) 2000 mm/min, (b) 2500 mm/min,
and (c) 3000 mm/min, and (d) plot of the deformed depth at each scanning

speed
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®H AA7 9§ #e Y
719l Mgt s 9ot
AA sl 40 N, I 50 um, ©]% &% 2000 mm/min ©]™, UNSM #&g] #
Ho} 81.3% 2ol S Table 8olA &g 4 ok 183 BH st5 a9
T mE = 9-E gk Zo|rt P A Uehve ZeE AdHEY
(AWa=max—min=4.901 um). Table 9= &3I4 FH ARZI7} 71 A 7
A=+ UNSM 8912 AZ 3tz 40 N, 252 10 um, ©]% &% 2500 mm/min
olm, UNSM A2 Arth 71.0% RotA&= AL &S 4 Ut} =3+ Table 8

KX
= =
o ®4 At FASA, AH 85 adle] FEo) mE EW ALY W g

Table 8} Table 9= &34 UNSMell 2@k 7+ ®hg gro] 7 WAl yetu=
[€)

242 AT 5 AAAW, P9 EA AW/ WS Ge FA Haz
BHENY AR 20 Al ool Atk HA zAe MRsHW
RE A% HE U W ge 2AS 2% W g A F4, 5
BSEWS Folol Bk o) AY WS S vadtAl BASE ozt 2 8
AT U JFHL Aofsy] oy, WSEARLAL AWFE o] 2
HCHT5, 76]
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Table 8. Average observed waviness for UNSM parameters

Waviness Wa reduction A Wa
Parameter Value ]
(Wa, um) ratio (%) (pm)
Untreated 9.313 - -
10 7.053 24.3
Static load
N) 40 2.915 68.7 4901
70 2.152 76.9
10 1.855 80.1
Interval
50 2.915 68.7 1.222
(um)
90 3.077 67.0
Scanning 2000 1.745 81.3
speed 2500 2.915 68.7 1.505
(mm/min) 3000 3.250 65.1
Table 9. Average observed surface roughness for UNSM parameters
Surface roughness Ra reduction A Ra
Parameter Value )
(Ra, pm) ratio (%) (pm)
Untreated 1.195 - -
10 0.908 24.0
Static load
N) 40 0.446 62.7 0.462
70 0.790 33.9
10 0.346 71.0
Interval
50 0.446 62.7 0.301
(hm)
90 0.647 459
Scanning 2000 0.570 52.3
speed 2500 0.446 62.7 0.124
(mm,/min) 3000 0.508 57.5
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Fig. 29. UNSM treated specimens according to central composite design
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Table 10. Experimental results for waviness(Wa) and surface roughness(Ra)

Static Scanning Waviness Surface
Standard | Run load Interval speed (Wa) roughness
number | order (Ra)
SL IN SS um um
1 6 -1 -1 -1 2.688 0.398
2 10 1 -1 -1 2.462 0.583
3 9 -1 1 -1 4.334 0.527
4 13 1 1 -1 2.566 0.742
5 20 -1 -1 1 3.229 0.406
6 15 1 il 1 2.277 0.501
7 16 -1 1 1 4.369 0.604
8 8 1 1 1 2.863 0.712
9 18 - 0 0 7.053 0.815
10 7 @ 0 0 2.152 0.790
11 3 0 e 0 1.855 0.346
12 19 0 « 0 3.077 0.647
13 11 0 0 e 1.745 0.570
14 12 0 0 « 3.250 0.508
15 2 0 0 0 3.399 0.461
16 17 0 0 0 2.257 0.516
17 14 0 0 0 2.392 0.417
18 4 0 0 0 2.598 0.428
19 5 0 0 0 3.619 0.430
20 1 0 0 0 3.223 0.423
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Table 102 W3 #tS EUIE UNSM 82l digh sd=e} W AR 2
b 39 2@ 2 Eq. 0 28l 24 Eq. (83 Eq. D= +=H Utk

Yo = 2.912 - 0.891 SL + 0.370 IN + 0.240 SS + 0.421 SL*SL - 0.113 IN*IN
- 0.114 SS*SS - 0.262 SL*IN -0.058 SL*SS - 0.003 IN*SS ®)

Yy, = 0.4437 + 0.0345 SL + 0.0813 IN - 0.0094 SS + 0.0881 SL*SL

+ 0.0116 IN*IN + 0.0222 SS*SS + 0.0053 SL*IN - 0.0245 SL*SS

+ 0.0152 IN*SS €))

AZNA, Yy, HEEY WS #m), Yy, W Ad7]9] vk F(m), SL&
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ol

A=  95% AFFESE  F %ﬂ%{r/}. 183k p-valuezt 0.0
(100%—95% =5%)5 o &+ =2 HAse p-valueZ} 0.06R T viohd, HH-&-
ol sl dFHo] =& gloz AEI T

Table 11> UNSM A3 2o g 3% ¥ Fhol thste] ANOVA &4
< T AFoltt. AA =¥ S YEll= Model &¢] p-valueZ} 0.004 < 0.05
olm g, AT HS iy, )l thEk 23 37 2P S Fo3 Ao ATHT)
agal A3 2 ¥(inear)de] p-value 0.001 < 0.05 o]==2, UNSM 821211 A=
3l%(SL), AEIEAN), °]F £%6S) FolA Fo3 o] vty AGd &
o} T3 Xﬂ*(square)ﬁbl p-value @O ZH, F23 AF &do] A AT
+ Ao 23y w3 FR(nteraction)d o] p-valuert 0.05BTh =7 uwfjZo,
Yol thato] ok ﬂil}% o] gl AT AlFA o2 SL X N,
IN XSS, SL x S§S =5 {23 &) fle e H4g &+ Ut

A =gl ik A 2o HZ(lack-offit test)2 3|7 =g o] Hgsich
= AF7HE AW, A8 2o &9 p-valuert 79 FF olsd A¢
37 2yo] BAE SHtEA UEA X3oe 248 WA E0 &, A
4 Ao p-valueZt FolFERG Aok IH EyPo] HAS}A ==HJATL B
9 4 ATHT75) whEbA Table 119 s = whg ko] 37 =Fol it 2
d Ao HAF A3, p-value 0.348Z 0.05RT 222 3|9 EFPo| HA}A =
=H A BT

Table 119] 3% wHE gte] 37 =g tigt ANOVA 4 ZAfoA Z2A
Al 4~(determination coefficient, R-sq)¢} 44 A=A A4~(adjusted determination
coefficient, R-sq (adj)+= 37 =& o8] B == vhg FolAe HES
E&2 Uehd Zojth dRtdo g &3 39 mFPo| ¥k e dvp
HAFJA 7| =A FAE w AF&3lH, R-sq #kol 80% ©14d Atode I 2ol
AAsttya AAS vl AoH78l Table 109 R-sq @3 R-sq (adj) @t Z+z+
85.10%, 71.69%°1H, 37 =& FaAH} HdA o] i 753} Aoz yE
Bt ole 39 BREE EEste el oA ®WEol 2 %]
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Table 11. ANOVA for waviness(Wa)

Degree of | Sum of | Mean
P value
Source freedom | square | square |F value
(Prob>F)
(DF) (Adj SS) (Adj MS)
Model 9 22.5520 | 2.5058 6.35 0.004 significant
Linear 3 15.7446 | 5.2482 13.29 0.001 significant
SL-static load 1 12.6993 | 12.6993 32.16 0.000 significant
IN-interval 1 2.1906 2.1906 5.55 0.040 significant
SS-scanning speed 1 0.8547 0.8547 2.16 0.172
Square 3 6.2315 | 2.0772 5.26 0.020 | significant
SL X SL 1 4.4344 4.4344 11.23 0.007 significant
IN X IN 1 0.3279 | 0.3279 0.83 0.384
SS X SS 1 0.2839 | 0.2839 0.72 0.416
Interaction 3 0.5759 0.1920 0.49 0.699
SL X IN 1 0.5491 0.5491 1.39 0.266
IN X SS 1 0.0267 0.0267 0.07 0.800
SL X SS 1 0.0001 | 0.0001 0.00 0.989
Residual error 10 3.9483 | 0.3948
Lack- of-fit 5 23167 | 04633 | 1.42 | 0355 | "
significant
Pure error 5 1.6315 | 0.3263
Cor total 19 26.5002
S=0.628352 R-sq=85.10% R-sq (adj)=71.69%
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Table 12. ANOVA for surface roughness(Ra)

Degree of | Sum of | Mean
Source freedom | square | square |F value P value
(DF) (Adj SS) | (Adj MS) (Prob>F)
Model 9 0.330360 | 0.036707 10.35 0.001 significant
Linear 3 0.126351 | 0.042117 11.87 0.001 significant
SL-static load 1 0.019090 | 0.019090 5.38 0.043 significant
IN-interval 1 0.105842 | 0.105842 29.83 0.000 significant
SS-scanning speed 1 0.001419 | 0.001419 0.40 0.541
Square 3 0.197140 | 0.065713 18.52 0.000 | significant
SL X SL 1 0.195142 | 0.195142 | 55.00 0.000 | significant
IN X IN 1 0.003358 | 0.003358 0.95 0.354
SS X SS 1 0.012418 | 0.012418 3.50 0.091
Interaction 3 0.006870 | 0.002290 0.65 0.603
SL X IN 1 0.000228 | 0.000228 0.06 0.805
IN X SS 1 0.004802 | 0.004802 1.35 0.272
SL X SS 1 0.001840 | 0.001840 0.52 0.488
Residual error 10 0.035480 | 0.003548
Lack- of-fit 5 0.028431 | 0.005686 | 4.03 | 0.076 Sig;i;’zam
Pure error 5 0.007049 | 0.001410
Cor total 19 0.365840
S=0.0595652 R-5g=90.30% R-sq (adj)=81.57%
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gt BAHS dAA 37 4 (stepwise regression)
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Table 13+ Table 119 &%= whg gt Yy, ol gk ANOVA 4 ZA3}E u}
AAAR o= 37 4% A5 vebd Zlo|th. Table 11914 9
1 wEag 3 AF FIN x N, SS x SS& 2o, 1 3
2 2Hresidual error)e] A-=(degree of freedom, DF)7} Eolzl A
S AT & o a3 A & FoA olF £x SS2 IH 2 79

A adl2 A Z =Y, ol UNSME Z&35h= dloll dojA olf
T WA dAsorstr] wioltt. @A IH EAo=E F£AHE 3
o thgk APgAH Ao HF A= p-value 0.515 > 0.05¢|H, g =3
S kol tiste] AHAsHA =&AL #9S 4+ Atk =3 R-sq @2
81.03%= 4.07% ZastA=tl, GAZ 37 &4 AAAA FolstA ¥ Fo
ezatel x2Z3HE o] AA e Agrt 27 wWEolth 233 R-sq (adj) #kel
4.28% =7tk A& & 7 e, ol dAF I E4E T IA =¥
o] MAHUSTES orgtt wpxeto g g vkg Frol dig &4 319 =g

Z

< Eq. 10)3} Zo] 7+=dt

—_—

= 2.703 - 0.891 SL + 0.370 IN + 0.231 SS + 0.459 SL*SL (10)

VI a

_63_

Collection @ kmou



Table 142 Table 129) ¥9 #AZ7] w8 & Vol tid ANOVA £4 A
g o g FAAAPeR 37 4% A74E Jepd Zelth Table 12914
SHA 4 wo g 3 AF F IN X IN, SS x SS& EH3H o,

2 xHresidual error)e] A}+%(degree of freedom, DF)7} =o}
itk 283 SgEd t@ WA 3 BY Axs} $Y
517 wao] $Asich ol wet 49 37 2y
Aol A4 A3}, p-value 0.091 > 0.052 3| ZPo
tatel AdaA ==ty Boead. 181
R-sq %2 5.60% Z43tder, R-sq (ad) &= %
= (-0.95%), & 37 = it AMsE A
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Yy, = 0.4755 + 0.345 SL + 0.0813 IN - 0.0094 SS+ 0.0821 SL*SL (1D
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Table 13. ANOVA for waviness(Wa) after stepwise regression

Degree of | Sum of | Mean
P value
Source freedom | square | square |F value
(Prob>F)
(DF) (Adj SS) (Adj MS)
Model 4 21.4718 | 5.3680 16.01 0.000 | significant
Linear 3 15.7446 | 5.2482 15.66 0.000 significant
SL-static load 1 12.6993 | 12.6993 37.88 0.000 significant
IN-interval 1 2.1906 2.1906 6.53 0.022 significant
SS-scanning speed 1 0.8547 0.8547 2.55 0.131
Square 1 5.7272 | 5.7272 17.08 0.001 significant
SL X SL 1 5.7272 5.7272 17.08 0.001 significant
Residual error 15 5.0284 | 0.3352
Lack- of-fit 10 3.3969 | 0.3397 | 1.04 | 0515 | "
significant
Pure error 5 1.6315 | 0.3263
Cor total 19 26.5002
S=0.578987 R-5q=81.03% R-sq (adj)=75.97%
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Table 14. ANOVA for surface roughness(Ra) after stepwise regression

Degree of | Sum of | Mean
P value
Source freedom | square | square | F value
(Prob>F)
(DF) (Adj SS) (Adj MS)
Model 4 0.309856 | 0.077464 20.76 0.000 significant
Linear 3 0.126351 | 0.042117 11.28 0.000 significant
SL-static load 1 0.019090 | 0.019090 5.11 0.039 significant
IN-interval 1 0.105842 | 0.105842 28.36 0.000 significant
SS-scanning speed 1 0.001419 | 0.001419 0.38 0.547
Square 1 0.183506 | 0.183506 | 49.17 0.000 | significant
SL X SL 1 0.183506 | 0.183506 49.17 0.000 significant
Residual error 15 0.055984 | 0.003732
Lack- of-fit 10 0.048936 | 0.004894 | 3.47 | 0091 | "
significant
Pure error 5 0.007049 | 0.001410
Cor total 19 0.365840
S=0.0610924 R-sq=84.70% R-sq (adj)=80.62%
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= 2210 mm/min o|akolm, Fig 30. @eIAe] deinct 2 EEE otk of
s Wse] MAE 9ol o)% SEnT AEMe] ¥ Z7] HErow
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Waviness [pm]
(a) Waviness [um] ( Hold value; SS 2500 )

( Hold value; SS 2500 )

Interval [ym]

55

Static load [N]

(b) Waviness [pm]

Waviness [um] ( Hold value; IN 50 )

( Hold value; IN 50 )

Scanning speed [mm/min]

]
3000
2 l y ?;z'b
S R
10 e
40 ""-f-—ai— 2000 &oq é&
load IN] ‘9‘? @é‘ 25 40 55
Static load [N]
. Waviness [pm]
(C) Waviness [pm] ( Hold value; SL 40 )
( Hold value; SL 40) =
. g
©
3 | -
. ‘ TJ 90 E
% 50 £
2000 - a
s B0 000 o 10,@6 0 :
cannmg speed & 2000 2250 2 2750 3000

l"""l'l/rninj Scanning speed [mm/min]

Fig. 30. Surface plot and contour plot of waviness with (a) SL and IN, (b)
SL and SS, (c) SS and IN
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Eq. ADEA Yehvs= A AF7] 68 3o 37 2Fo did W=
(surface plot)¢} 51141 =(contour plot)+= Fig. 313} Zt}. Fig. 31 (@)= A& 3}

3 Qe Walo] BE wW ALs)e] W ¥W AES UEhd Aol of
F 5= TA-ANAL < 2500 mm/mine.2 AT Fig. 31 (a)ol A
A2 =5 e 520 g ¥W Ay 2Z= Ra 04 m ~ 10 mE U}

Ebdtt. Fig. 30 (@9 W= OM] ®H A7 H3 Bx= A4 5ol tistd
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FlA 7 A vEtde e E gldtiRa < 0.4 um). ©]E 3 UNSM
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AA7] 9§ gholl thste] fojakAl &47] wWiEolth wets, W AAT|= olF
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Surface roughness [um]
(a) Surface roughness [tm] ( Hold value; SS 2500 )

( Hold value; SS 2500 )

Interval [pm]

25 40 55

Static load [N]

Surface roughness [pm]
( Hold value; IN 50 )

(b) Surface roughness [um]

( Hold value; IN 50)

Scanning speed [mm/min]

Static load [N]

Surface roughness [pm]
( Hold value; SL 40 )

(C) Surface roughness [im]
( Hold value; SL 40 )

g
06 ‘ —
m©
| s
0.4 ‘ go\ E
03 | 50\\\?
2l s Sl 1 ¢\°
Scan; 3000 &'Q .
NNing speeq A 00 2250 2500 2750 3000

[mmy min] Scanning speed [mm/min]

Fig. 31. Surface plot and contour plot of surface roughness with (a) SL and
IN, (b) SL and SS, (¢) SS and IN
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Fig. 32. Desirability function for simultaneous optimization(target is to

minimize y)
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Eq. (24 y= Wkg 3k (response), 7% E®XA| (target), U= A3 &
(Upper value), r& 7F&x|(weigh)E ojm|gtth. ¥kg e RHE% o) o3|
Al 03 1Abel Y] AR WEET, BEE Tt 1o Tk E ol =
2 ol EEE AL 9t B dFdA e AtE W AR §kE Z
of sl 7}5x r=12 A3, Eq. 10)7} Eq. AD2] A =g sk H =
z21& A5 9 g HHSE AT

Fig. 33 (a)= 3=k =9 AA7]o] dd vkg HZH3 2zE vehd A
otk AHA &= 47.5738 N, ¢1E]® 10 um, o4& &% 2626.26 mm/mine] A%
of ¥ AAZIE FAlo HAZ 2T F Ae HAAHSIE 2o E AAHU
o B HZ ZHo Yty 34T 1.7470 imUE THEE 99.96%)F o S5
o, W AZ7]= 0.3465 mONE TEE 99.83%)= oA|SHAT 18Il o]
3 3 U= 99.90%2 1o AT

N

T8 B A7oA AH-8H UNSM 3AHAA A4S + de BAstE A4
99 5 Nojoh, &, H4 2xdo2 =FH 475738 N djzlo] 45 N £& 50 N
o A s5<S AEsfokt 3 ol &= ZHE UNSM A=A 9 FAEHE=
CNC Z&Hle gt /\‘P‘l/ﬂ(usabﬂity)g srsly] Y8l 2626.26 mm/ming A3}
o] 2600 mm/min2 439 Fig. 33 @dAe HA =1& FAste 19
g = 74%—5193\2@, I ZAF}E Fig. 33 (b} Fig. 33 (©° YeERt
Fig. 33 (b= A& st 45 N, I 10 um, °]F &% 2600 mm/ming of 2]
HA st Ao, T U= 99.39%2 UERETh Figo 33 (O« B3 sts
50 N, 91E1® 10 um, ©]% &% 2600 mm/min® wjeo] 23 Axjo)n, 3 vt
ZLov 97.53%% YEbsth Fig. 33 (D9 HA =9 T w=%7} Fig. 33
©ET A AEHe S 998 & Aok =3, BEgo] HAH o] tigh
T3 UE=RT 051% Yo 22, Fig 33 (0] HZ 21 AAM Aoz 3
sttt wEks DED A5 EL«I WFEet £1 ARVE P 9A AT
T %= UNSM HZH Z=71E& AA sl 45 N, JgE 10 mm, °]F S5 2600
mm/min®. 2 AAsH. 2 HFH el o3 HF E%El g EE
1.8097 mCUNE W% 98.78%), W AZA7]= 0.3297 wm(7) &
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(a)

- SL IN 55
optimal n 700 90.0 3000.0
D:0.9990 cyr  [47.5758] [10,0] [2626.2626]

Predict  Low 10.0 10.0 2000.0
———
Composite \ \
Desirability
D: 0.9990
Ra
Minimum
y = 0.3465
d = 0.99830
Wa
Minimum
y = 1.7470 /
d = 0.99961
L e, i e
.-—""’-—"-

(b)

= SL IN 55 : SL
Optimal 50y 700 90.0 3000.0 optimal yuon 700
D:0.8939 ¢y [45.01 [10.0] [2600.0] D:0.8753 cyr 150.01
Predict  Low 10.0 10.0 2000.0 Predict  Low 10.0
—
Composite \ \ Compaosite
Desirability Desirability
D: 0.9939 D: 0.9753
Ra Ra
Minimum Minimum
y = 0.3297 ¥ =0.3686
d = 1.0000 d = 095116
Wa Wa
Minimum Minimum
y =1.8097 // ¥ =1.6657
d =0.98781 d = 1.0000
SR | TP g . L ;;_’-r:"": 4 s e

Bt

Fig. 33. Response surface method optimizer plot about (a) waviness and

surface roughness. The adjusted optimization results via changing experimental

conditions; (b) static load 45 N, interval 10 um, scannning speed 2600 mm/min

and (c) static load 50 N, interval 10 /m, scanning speed 2600 mm/min
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WS HZAEZ2 B A3 HZ zdd I AS @é% FgstHon, 5
71 DEDed 316L A% 3 #ol| Table 15¢] AA® UNSM HA Aoz w9
AdE A&t H4 ﬁr UNSM =71$ 283 DEDed 316L2] A ¥ Fig.
340 AAEHTY. HA =A0E UNSMS # 83+ DEDed 316L 2% FHe 3}

FEet ®W A9 ak% Tt A 570l AEelA 10Uy SA4E Aas
Bastslon, 54 dyb= Table 149 20 2 = o2 UNSM Az gk A
o] dd=s 17690 im, W AR7]= 03216 mmolth. ©]2k Fig. 2414 2] 1k

< HA sl o3t EJMJE o = ZH1.8097 ym)@ FH 74@7] o= 2H0.3297 m)
I HwstgS o, Z+z 2.30%, 2.52% © WA FEE AL AT 4 YAt
X

2
Z ukg HA3E =8 A% UNSM HA zde andow DED % w4
el
=

Table 169} #Zo] AstAth EF ©A #13A(H A 3
um, ©]% &= 2000 mm/min) 7HE @& A= 1.745 mrt S HASH, o=
HH ARG 1.36% Fe golth 11 BE A #1184 8F 40 N, <
HYE 10 um, ©]% &5 2500 mm/min)elA 7F4 @& =8 AZH7] 0.346 7}
SAHEAJT, HA 21RY 759 % =2 ol F

A7l e BEEEY P @A JUERAT, $EEE
A JEbgor #13& A9 g2 FEREHT WYE Ao
ZzA0ZHN AAEE M GHA FESE dol Ao Aoz 1Y F AT,
B AFdAME s 0 AR-VE FA ¥E F dE ts 6 H A3
(multiple response optimization, MRO)E F33t8 0. &, 457 71 A
TaEE 2034 249 AL M 9 FREE 20S ASEe HE =
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Ae GRS W, OE mEERT T X g ge
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>
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IHeR AT F A=A HVIE AASAY. dukdeg 54 Tt
EHL 7|4 ¥vkmechanical grinding)E #8322, UNSM & = o
Hln o2 AAsTh DED 316Le] A5 TWHE 7 ] An}ste] BT =
A AAZIE SA3 A= Table 169 YetiTh 71A dAnkdk 229 w9
A&7+ 1.1535 mmol™, UNSM & =xdxo 259% =2 #olth. =, D
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< ¢ & k. = DED A3 Wl disiA 714 dAvtE A E&ste Aol
UNSM 9 A& e AFEd o @42 3F=S 782 =+ Aok ol
kol 7F WA o] fr= Z1A Aulel UNSMe| 7hs F/ol o3l dAggt
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Fig. 34. UNSM treated DEDed 316L samples with optimized condition

Table 15. Validation test of optimized results

Static load Interval Scanning speed
Optimized conditions (N) (lm) (mm/min)
40 10 2600
Response value Observed Predicted % Error
Waviness (um) 1.7690 1.8097 2.30
Surface roughness (um) 0.3216 0.3297 2.52
- 78 -
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Table 16. Observed waviness and surface roughness values

with the optimized sample

and comparison

comparison Observed comparison
Observed ) ]
] with the surface with the
Sample waviness o o
(um) optimized roughness optimized
m
. sample (um) sample
Optimized 1.7690 - 0.3216 -
Standard
number #11 ) ]
1.855 4.86% higher 0.346 7.59% higher
(40 N, 10 pm,
2500 mm/min)
Standard
number #13 .
1.745 1.36% lower 0.570 77.2% higher
(40 N, 50 um,
2000 mm/min)
Grinded )
0.3090 82.5% lower 1.1535 259% higher
DEDed 316L

Collection @ kmou
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Al 4 %4 DED 1&=F77o| thek UNSM &3 £4

om, 7o g HAH=UES MU olo DED &Ao w3 e 2 ®H 7
A718k oldg ZAIA Hees & F FHATILA AT HE WYt 23
7+ AISI D29l DED 7|24 st=do]lAs A 83, 4= 4 rtx A5s 97
Hog &9 dAF AErt Bud Hl Itk Baek 5 Wz A FFo| F=
AgEE 9AE3S DR A5V 2L &5 T T AISI MAE 9%F D2 2A)
o stedo]dE AEote, AT FAHAA FASA FHHA &3S A e
DEDE &3 #9 73} %S YE3HATHL, 82]. o7]ol] UNSM 7]&S A8
ste] o 9% 71AA 4EE 4R skt 53], DED 348 54 & &4
AAZEF-ZHo] YAEH e, UNSM A2 S B 78S 1o
o=, A4 FHO AAZFEY 43le} FA WrtRAE st shel

4149 AR 2 49 =3

AlSI D2& 3 WrtRAgdy A4S 7HA L o, AAEE F7] dvwol
W1k Ze 2 F3(cold-press dies)oll ol ARREE Fu FTAACIT. 1T
g4 9 aF FFol

[}
7] WEod AAE 58 9 FFACE AHEsiEE A
(quenching) ¥ ®l3 & (tempering) 52 A& T3 AIJAIAk A&
TH831.

AISI D20l DEDE &8 14%
olty. A=xe9} A U=

%
o8 AgH Qon, 2% 1o

3 }ek A4S YERY] ”ﬂ*‘ﬂl A
28 Fo| FE AR JArH84]l DED FAol AF&3F AISI M4: Carpenter
#ol A7 50 m ~ 150 mmel T8 Bwo|u Fig 35014 SHold 2 9lrh A

of ALl AISI D29} AISI M49] &}8t2 A &-& Table 173 2t
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fe. >
Q . T
L - r
o - .
SEM HV 15.0 kY VW 20,60 mam Vil

SEM MAG: 300 ¥ Dat
View fields 508 pen  Dussimidryl 0807

Fig. 35. SEM image of AISI M4 powder.

Table 17. Chemical compositions of AISI D2 and AISI M4(unit: wt%) (Fe=BAL.)

Metal C Si Mn R S Ni Cr Mo Cu \ W

AISI D2 | 146 026 044 0.26 0001 0.20 11.56 0.83 0.14 0.22 -

AISI M4 | 1.33 033 026 003 0.03 03 425 4838 025 412 588
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# AT M UNSME 5@ DED 274 thd 7148 4% #4948 Baste
ol A, BFHAQ DED 23 EW @4l 3] UNSM &7t Astss 2

< "jAStA gHo] Z1A dvtk FAEE &St FA4 10 mm, Ze] 100
mm X % 50 mm =719 A stA| & AISI D2 9ol AlSI MAE DED ¥% 2
2 2353 F, DED M4 o7} 1 m7t == 7|4 dvistit. 23
Table 182] UNSM &4 W<l we}l & 870¢] UNSM 2" DED 25 AlH&
A#Fskdt. Fig. 36 (a2 1 A< yekd 1o, Fig. 36 (b= 44 DED

AF FHES 74 Avlgk FHeoll UNSMS A 83 Al BHolth ZF AjHe] 7]
AAQ 545 Fotatr] s 2o 10 mm X 3 10 mm X o] 11 mE 2 SH

Al G A opo]o AR (wire cutting)sho] Zr%’é‘}‘ﬁﬁ‘r.

(a)

UNSM-treated layer

DED UNSM
V Process Treatment

AISI D2 Deposition: AISI M4 Deposition: AISI M4
(Un-heat-treated) Substrate: AISI D2 Substrate: AISI D2

(b)

DED sample As grinded UNSM treated

Fig. 36. Experimental process of DED process and UNSM treatment
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Table 19> DEDed M4ol] thgk F+x12 <1 UNSM &4 =& A3k ZAolth
#12> UNSM AHEl& stA &2 UlZ=7 (controDolth. A F 2.38 mme] B8l 7}
Hlo|= & ¥ Zul<s 30 ki, e AL 50 um, 229 JEZEL 3
At AASHE 30 N, o]$<4E 2500 mm/mine 7|02 HA s
£5 5 2889 wl, DEDed M49] §4 ®W3tE ATt 53], A= ¥
R G tigk £42 7E 580 FE AMEEHE A3 D2 A9
DEDZ 3sl=#o] A3t A, 18]a2 UNSM ¥ A3t st=so)ld A& i
o2 &=t, ol= DED st=d o]l &3k 7|A2 54 w3t 3 UNSMej 2
g 7IAA B4 HskE Bl 24S 913 Aolth

Table 18. DED processing parameters of AISI M4

Laser ici
Slicing  Qverlap Powder  Laser Powder  Coaxial
beam layer , flow  traverse
Powder . width gas gas
power height rate speed
W) (mm) (mm)  (g/min)  (mm/min) (1/min) C1/min)
AISI M4 800 0.25 0.5 4.5 850 2.5 8.0

Table 19. UNSM treatment parameters on AISI M4

#1 #2 #3 #4 #5 #6 #7 #8

Static
load none 10 30 50

(N)

Scanning

speed none 2500 3000 2000 2500 3000 2000 2500

(mm/min)
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422 vAz32 B

UNSM #2] A% DEDed M4e] Zol¥ wAzz WH3Es FAsr] 93
XRD(X-Ray Diffractometer)e} 338 3Hw]7d, FE-SEM, 12|31 EBSD(Electron
backscatter diffraction)= AF&3Fth RIGAKU jite] D/MAX 2500VL/PC H]Z
A7z phase)s EAF o, AHE3 X-ray EpZ(target)> Cu Kea (A
=154 Aolx, AAHH 7I&EALH 7EAFE 22 30 kV, 250 mAGTh 0.1 um
ojFel w3} THES L7] dste] A IRl EGIC) AES AntA =
#2000 1 7HA] Z2]d(polishinge AT 1 H, 1 um tho]obEE A 23
Aoz b A5t AEHHE wiEd EAES HESIH DEDed M49] WA
22 #EE AT A AL 5% UolB(HAF 5% + cEE) FAHo =R o] &3t
o 30& ol FAAA AAYE st AAE ASHA AlHe @ Z
old w2 A& 93 3 @rZENikon, ECLIPSE LV150)3 =AM A
& o] &3t 7FEZS 10.0 kol Al &3St
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423 A Z7-85Y 23

UNSM A8 A%, 275838 =47](Micro-360s)S AM-&3te] A|lgH ol T
Aol 2 RsEEs

) h=] s niie gy |
Eo|Ao ZELHL gsa MO Z A=Y THE5]. UNSM A EA A Ado

2 Aol Q7] wWEel, e AFolgte 54 Ao wat FF-eH #
o] thEch W S & AW G0, 90 9 AR FRLHL =

g3tk UNSM A & 22 ¥dFs 007, 49 ¥Fe 090" =
718k STk

kd

424 Z=EXNE

ZAE=HEE AT UNSM 28 3 FHoZHE Zo]d HJrE' EWstE
#&3t7] flslA Akashi jite] HM-1225 AF83ste] sk 0.1 kef, ‘?}?ﬂ‘ A7k
(indentation time)< 10%% AAFPct T8 FHOEZHE Zo] 20 mel AH
EE 2400 um7FA], 20 pm FA o2 =A3{ Y. H-D2% DEDed M4¢ A= =
A z2AY 2o 2H0E, ZANAS 100 mE 3] FHOZHRE 1800 ywm7t
A AL AEE SASAT. & WY WHE ZA st F7S ALbskAd
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4.2.5 23X Al (Scratch test)

UNSMA gl & 9 Y247z NMEd ZHAE 4 5 71473 54E
wstr] 9sl, H-D23 DEDed M4, 18|31 UNSM-DEDed M4e¢l| tisiA ==X
NS At £ 2385 A &dstr] 98 tololes |
(diamond tip)o] H-&=ojgle J&L Tech it 2= 8 X A¥@7] JLST022S Al&
ot Agg 23R g F W G FL 5 10 N, 238X 2ol 2.0
m, 3tE<455E 60 N/min 0= AAsIATh 2 29 Aol 5/ A A] A

Saygom, 2adA AW F FAANENGOR 2adA e g

O

ol

426 WrlEAd AR

H-D23 DEDed M4, 18|31 UNSM-DEDed M4¢°] wmlREAS uH|w3dlr] <3|
AdMB(R&B) jtel 12 FW WA H7F AX|(high temperature abrasion
testen)E AF&3) Fig. 379} #o] £ & tjxI(ball-on-disk type) "}EA|E S Al
yetATh. mtRAP ARER AlES] RS Figo 383 a1, ZF Al o
A& 12.7 mm(0.5 inch)2] B2l Flulo] =(WC) B2 Al&3lod, Ay =4
< Table 209} 2o} w2 AlY AS Z; Ao UimtrAdS Blasty] flaA
o= EAE EF7](energy dispersive spectrometer, EDS)9} FALA A& m] 7
< Arg3te] mtR E(wear track)s #EFSw, OHAUS jfte] AAr A& AH]
(EX-224G)5 AH&3sted Ad A $o A WHsls SAHAY. S AF H
st24 F3 7HeF(wear volume), PR -&(wear rate)S 4t& % HlwsIA rl=

&2 ASTM G99-95a[86]= Farste] AFZstth
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Normal force

Pin
Rotating pin__
" WC ball
Wear track Specimen

Fig. 37. Ball-on-disk equipment for wear test.

UNSM-treated
é ]; )

Substrate: AISI D2 1 li:E'
(a) (b) (c)

T
d=32 Depoq-lmn d=32
: AlS1 M4
1
B C

Substrate: AlSI D2

Fig. 38. Schematic diagrams of wear test specimens; (a) H-D2, (b) DEDed M4,
and (c) UNSM-DEDed M4

Table 20. Wear test conditions

Normal force (N) 100
Rotation speed (rpm) 100
Testing time (sec) 3600
Wear track diameter (mm) 20
Ambient temperature (C) 25
Relative humidity (% R.H.) 55+3
Lubricating condition Dry
- g7 -
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43 43 2%

431 8 AZ7| W3} &4

UNSM A g]3}A] 22 DEDed M4 E® o] UNSMS H-83F 5, 7 W 549
H3ls #EskA T Fig. 39% 714l Avlgk DEDed M4oll UNSM g 3 59
HEHS FAAAARE A W A7 SA7IZ 3T 2Eoln Fig 39 (@el
~1¢] DEDed M4E 714l Avivt 1S vfo] AHJYE x™o] UNSM A Fo&=
Fig. 39 A% =Edo]l vinPA AHEol =AUk gx Fig. 39 ek 7o)
UNSM A 2]%+ DEDed M49] WA UNSM A gl HAZ& uz} A E njo]a=
Ed vlolaz YZo] #FAHUT. =, UNSM FAHzHo= HAAS 50 um
e HATE Eojx USs FUT =+ Utk ol & ARV
FolT ol = ded, UNSM A8 &S DEDed M4 &9
Fig. 39 (aD¢} Fig. 39 @2)x ¥ Yetstth. 128]ar UNSM-DEDed M49] 3%
Fig. 39 (bD<} Fig. 39 (b2)2} #Zo], A csE H=d FHI tio] =
FH(textured surface)= &1 4 AU Fig. 395 HE o2 UNSM A
FHo AdE FH T2 fEo] A HEWo] AEHoEZHN §83 iR A
ol FE FoR o4T £ UtH34l 1E3 iy THY g5 ulo)

g2 92 9 nlo]lmg E™ Zo| x2H + zhall(debris) &
H

doo oo

o [
o H
'

rg
rlo

o
N
m.?‘.l
4 K
%0
au
(o]
N
P
ot

2l =]

-

Zola, I2 Q% F71F<Ql g

ge njmel Fo gl Hrh
[e)

PN
[Sn ")
i,

2

g
rlo
oo mt

R |
>
J8
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(b) UNSM treatment direction
B ———

.
'.\

¢ Micra-track
D1 =49.94 pm Vs

Micro-dimples

SEAE HV: 15.0 k¥ wocthsdmm |0 C BEM HV: 150 4% W 088 mm
SEM MAG: 1,00 D &E BEM MAG: 186 ku D SE

(al)

-0.8 | Ll Mk bl bk | II Ll Il i o
0.00 015025035045

mm

2.0 -d e
0.00 0.150.250.350.45

mm

Fig. 39. Surface shape and 3D surface shape (al-bl) and 2D profiles (a2-b2)
observed by FE-SEM for (a) ground surface of DEDed M4 and (b) surface of
UNSM-DEDed M4
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gzl mekA UNSM A 2
3}= Fig. 419 A& st 3
2500 mm/mingl UNSM Z=7ol| A 7}%

H ®dH FxE
A3 ] 30

o

)
&

7} 7 sl ot Eq. (el <3l

Ql

L=

wel ®

==
5
e ®H

Fig. 403 zomn, %d 7
No &2 %_]XJ%L Lq] o]_/h 4=

AR <

=

ek o,

b A wE 2A0A A1 e ED ALNE JEiTh ok of

F7] o

ol

g 5% 7t Za

ol% &7} 2500 mm/min® AAE we] FH AAY] A A, BH 3F

30 No UNSM zHollA & AA7|9 zho]l 7}
Zol 7pa AL A9, A7 5 10 Nl A 7p3
t}. DEDed M49] ®wWo 30 N oo A7 dxox
Ra 100 nm w©|gte] =W ARA7] F&Ho| 7M5dS
UNSM 3A4=x=1d 5 "3 A d%(Eq. )3t

=0

3T

R

SA vske aElal g3 st

i AAZE YERIR
UNSM A 2l& stAl =9
AT hAEe =
wte}A DED M4e] &9 A

A7) WslE v vlud 21 FolA S GAY ¥y duA 3=
zolA 7 B W AT e vHEllen, ofd 2dEdA Rludd
Aot 22 AS & F AT g HEY oyA 2 M 2 34
ZA904 7 w2 ¥H AFZE YERTH

Fig. 41014 A2} & UNSM AHglatA] &S Ao 0 AA7]E 496.6 nnS
o 183l Z UNSM A 23k Al Ee 1 Ad7E 43 23, UNSM A ¢
3t DEDed M4e] W AZ7|= Hd 130.2 mE FH3}= A & = AT
=73, 75174 < AZA skl 10 NY 4%, =F Ra 100 nm ©o]/¢e] &H A
A7) e YEAT. AZ d50] 30 N, °o]% £%7F 2500 mm/min®l Z=7

(exp. #5)° F¥ AZZ|7} 7 Witk O HE ©lof AF skF 50 N, °o|%

457} 2000 mm/min}l =7 (exp. #7)o] ¥ ZW AV S UEEE ¢

T AN Fig. 403} Fig. 41s FalA diAd o=z AHZ 5] S5, olF

&£57b e UNSM 24 d42 A 59 Zdo] 7lsiAe Hgoux U=r) &

ol EH AAY] ES GolX= AFE FAAT F Utk HEAA, Ay

AE7F =0 siA 3 W AZTIY Fol PR dete As & F

At Fig. 4201447 UNSM Ag F, A5 Hdde v 4
_ 90 -

Collection @ kmou

O



(micro-crack)o] o}t o]= UNSM Al o datd mHol doldd ©@xat
U dw} E(grinding grooves)e] wx A=A Faka A5 7] 2] Ak crushed),
T UNSM A2l 34 HAdA Zde] fyoyAE gtol ulAstA §7|st4

A EH AR Hols BAAIA B AoZ FuHEHT. webi Mgy
HE7b =ugE AR ®2¥d 738 s 1 AR YA #(critical limit)
o ot oE 4 glom, ol oMl aHE HolA ol g AT

A= gtobe 5 gl

Aol T8Il

Static load: 10 N Static load: 10 N
Scanning speed: 2500 mm/min Scanning speed: 3000 mm/min

#5 & 4_'?. #6 = .'.

TR

LT

s
o

e ) i, el
Static load: 30 N Static load: 30 N Static load: 30 N
Scanning speed: 2000 mm/min Scanning speed: 2500 mm/min Scanning speed: 3000 mmimin

#7 et #HB N
" B

a1 I o |
Static load: 50 N Static load: 50 N
Scanning speed: 2000 mm/min Scanning speed: 2500 mm/min

Fig. 40. DEDed M4 surface shapes obtained under various UNSM conditions
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ZF UNSM &4 =1 oA AA 35 30 N, °o]% &= 2500 mm/ming!
d w(exp. #5), DEDed M4e] o] tisl] 71 w2 W A-AVE 7T
Ues ¢ F AUAYTh Fig. 418 T34 UNSM AHEE std =4 A7+
88.31% F4adS & 4 At Gheisari®} Polycarpoudl] ¢JstH, HHF-o] A9}
YU AAVE o' A5 WWrRAS 18T o, A AT &
g Am7H AEe AR ®Ho] AX ARHG WYntRAgo] +
AEAE v JATHI0L ZHA kA B A= &40 AFY] AHE vt
2 A4 3% 30 N, o]% %= 2500 mm/ming] UNSM 3% Z7lo] DEDed M4
o UntrAS 7HE A FE AZ 7 At #dEFe

UNSM-DEDed M4¢] wrt=/gdo] thajx 5ttt

2
L
)
Al
o
f

600

Al
LAY

A%
L)

100 -

Surface roughness (Ra, nm)

Fig. 41. Differences in surface roughness for DEDed M4 samples under
different UNSM conditions
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Static load: 10 N Static load: 10 N
Scanning speed: 2500 mm/min Scanning speed: 3000 mm/min

#5

Static load: 30 N Static load: 50 N
Scanning speed: 2500 mm/min Scanning speed: 2000 mm/min

Fig. 42. Examples of micro-cracks in on UNSM-DEDed M4 surface
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432 Az W3} 84

DEDed M4¢} UNSM-DED M4 ZHFo| FAZH viHzAe AAHFzxe} 4
(phase)oll th3F XRD 3] =(diffractogram)S Fig. 431 Yebfiglch. XRD &4
A3, 2 DEDed M4E o] F& A& @ ~H|Uo] E(austenite, y)& ufZElALo]
E(martensite, ¢’ )YS & T Ak o]l = 2] XRD 3 H(peak)7}
ZE A=, Wang 59 4 A3, 82d(W) 2 BudMo) o] &
g EMOY = A TH10l. MCE Vo o] =om, MC= W 2 Mo &
o] £& g Eo|th. MCe MC &3ELS FE IHE FT4A EAEH
[91], @lo]lA &8 &A B¢ A71<L(re-heating) EHE Qla) IR Lxof o
FAAHATH92]. DEDed M4el] o]4<% 2500 mm/min, A& 3t 30 NI =4
(exp. #5)©. 2 UNSM A g]8 A3}, 2 2~HUo|E Ao] FAsA Eo1EAH. o]
23 AL UNSMoll 28| A exBlUolEe SPPD7F fatsa, A= np=dA}
olEEZ WHEES Y] WEoz FdEth Minoru Umemotos 5<% THo %37 o]
S?PDoll 98l mA3lE = A<l F ntEElAle] E W e (martensitic transformation)
of th3d wHYZF(mechanism)S X3 ul JqcH6l]l 28] <=H(pure
iron)[93], AISI 304[94], AISI 316L[95] & =<3 RrarellA A W 249
nt2ElALOE JH d4S =93 A= Ak

rr

UNSM X8| %, DEDed M4e] XRD # =9 Fo] yojxon, 3] A7
(intensity)7} kel Hl &< Fig. 43S S3 A& 4 Utk ol= UNSMel of&f &
M zZo] wAEHAE B olyzl, $PDE AowA wmlA HEFE(micro
strain)o] @AYt} Az T x(attice structure)7} HE3 7] wjEo|tH96]. Zhang
TS &4 WP o3t w4 WP E] A AAYE U A7 AAYS
2 AAEE Yodolgty B 97l XRD 3H EAE 53] UNSM A&7t
DEDed M4l AR Tz AAH A7 vASAZI= dd #8838 7I€ds

228k

o]

il

tot
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y(111) —— DEDed M4
—— UNSM-DEDed M4

a'{110)

yi220)

a'(211) w311)

MC (200

Intensity (arbitrary unit)
S =

PAJIAR 2l A

W

30 40 50 60 70 80 90
Diffraction angle (20)

Fig. 43. X-ray diffractograms of DEDed M4 before and after UNSM treatment
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Fig. 44 ()& DEDed M4 W wA| 238 FALHALE ]
of #FAT Aolth. & AFA AEE Al DED A il
obgly] W&o, Az £ DEDed M49] #ZRo| sgach. 127 o
°] DEDed M4el tigk =2 4 ZAio|x et DEDed M4e] AHFH =

pZS

o offt
4
e
b
jy
filo
f
o
k
¥
o
[{e)
oo
S
-
o
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D
(@R
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o~
2
X
N
ft
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i
rr
BN
)
flo

oA
o

lo
:?L_"
ofo
s oo
A,
H
A
M
=3
fo 4
o
e

Hol F5340R st mEHAlER W
Z

Zv&w 7t AR 7] wFEo Wzto] AAFHAA %

ol
=
rlr
=
A2
oth .

2 —{E d
2
N
rlr
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o
o
o
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o @ o X

o

%0

0 ol

)

™

)

@

a

=

~

2

ol

iz
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(m
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FolE FEjo] S iHolEE od® mA
= g vp AoH82]
Fig. 44 ()= UNSM 2|3 DEDed M4 =
UNSM 7] %, EwozHE :
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X
N
»
o
)
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%
b
ofy
o
o
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..__..____-l

BEM W 1800 W 8 e | MERAS TESCA EEM b b0 K WD B S -
AN MAG 100 ki Dt S0 14 SEM MAG B0S L Ot 35

+«— Martensites

Fig. 44. Microstructures of DEDed M4 surface (a) before and (b) after UNSM

treatment

Fig. 45= EBSDE Ah&3ted UNSM 2] H%¢ DEDed M49] &&<S e
Wl Aoltlk DEDed M4 W39 &35S Q2 xHUolES AASIHow FLx7}
SAFE7] W Eol[105, 106], 34 FCC Aoz Jeldth DEDed M4 o] 1

>~

Fl

=22 FCCRTh nl2HIAO]E(BCOZE B Be BEXE Yehie AL & &
A, ol S T4 el AVtE EH=E Q3 IFH exH Yo EY} e
2 =Z3t7] wjZo|th. BCCS FCCY At &S vehd
Fig. 45 (02 2 =E SsiA, UNSM 2] Z¢] DEDed M4e| mi=dlAlolE £
o] 71.04%% A& &< 4 Utk Fig. 45 (b)= UNSM A2 g DEDed M4
9 x2lo tigk EBSD ## Adoltt. 12]al Fig. 45 (o4 UNSM =2 %
o] mtERIAo]E] &0 77.14%%=, UNSM A AHth 6.10% S7+e Zo| &
€t} Fig. 439 XRD ¥z Z#=RE &<ld ZA7 DEDed M4o] xHol
UNSM #2] o] %o mf2dlAto]ES] F&o] Fod s & + 3ok g 7
2 UNSM< 53l DEDed M49] @ =z o SPD7} {75 o] wEEAtelE
‘?'1;5117} Al Aoz AddAT

1

o
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Depth
(a) Surface (b) Surface (km)

l5|.1mI '5pm'

B BCC (martensite)
. FCC (austenite + carbides)

(c) EEBCC EEFCC

100 -

75

50 1

Relative fraction (%)

25-
DEDed M4 UNSM-
DEDed M4

Fig. 45. Cross-sectional EBSD observations of DEDed M4 specimen (a) before
and (b) after UNSM treatment. (c) The graph showing the change in relative

phase fraction
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= 5 285
2% DEDed M4%} mlmste] 2t5-$2o] dnh} waks }bxl 2439 F d
2 wEoz Ee AL o
My ouA WEst g 2
g 2439, Fig 462 of
st DEDed M4, 18|31 UNSM
A| g9y 2g7s

&

A N ot
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> ng
© Y
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3 rr
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3

¥ ¢ DEDed M44 bl 7&%%%‘ &
@0, 290 oMo IFEYH WaE FhH o= YEdt. Fig 46& 3l
/H DEDed M4 s Q13378 ®¥E = UNSM Ao o8 4=zt
2~

¢t DEDed M49] #7898 #2 7+
362 MPa, -149 MPa, - 1290 MPa it} 12jal SAZAE @90 " XY W75
g 2k 2tz 414 MPa, -158 MPa, -2011 MPa i t}.

JlNr

Fig. 46914] DEDed M4¢] ¥®ol4] DED &4 o] 943 &x wsz <la
o FAG AARFSHol FAFHJG1] At €9HE == UNSM AHEE
SHFSHoE WHIEW, UNSM A&7l "d3 g o
O 2 ¢=AFLHE Hosts Aoz 308 4 AAT Sanzet Navas:s )
ol#x A& A=x3 <xzd 718(nconel 718)] thate] FF A ](post-heat

£ A8de u, x99 AAIFSH] sliadntr Husg o,
shot peening *| ] s B
2tk 3 & TH1071.

UNSM ] Fof #Ho] Fod 4378 e 54 4% 00" o} =
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Fig. 472 DEDed M4¢] UNSM A2 A%, Al W FFSH SATZ
2 XRD ¥ =9 ¥FEx]Z(full width at half maximum, FWHM)S YEhd Ao

th WX Ze Ao Ir]|e} vlAh Wy E % stFAF el o8] FFS w
=0 23 Y9 =)= Eq. (13)9 Scherrer Ao WX Z 3 24 &
o Axkg 4 9t

o83

-

A

Gfainsize =0.9X% m

13

of W, At A8 X-4 el Ao, Be &
UERITh Eq. (190 o3l wA|Zo] 245 AHYY Ay gastn, ok &
B g BRI A A% ARY ABARD A=
29 & QUHIL &, #AFo| Fo] YerE AYHS Ar7t Fo} 13T

g8 5k ana ¥ 5 ok

Fig. 47 (@)= UNSM A 2]3}#] %-& DEDed M49| 753 =H7z o) u}
M Z-S Yehd Aotk 2345 00 9 090 o ¥ WX Z e 77k 398
T,3917 2 Mgk v ES YEbfal Atk Figo 47 (= UNSM A #
DEDed M4 W9 2788 SAHZ %o ©E ¥xZS Yepd Zo|th 474
T 00" 9 @90 oA ZzF 5327, 521 9 HEX|Zo|] =A<t} Fig 479
AF}E T UNSM A =+ wxZ ®ste 335% F718e & 4 Ath
UNSM-DEDed M4¢] XRD 3|d Z9o] JF7l= <A Fig. 439 XRD #4 ZA}o
M= debd ddelth. 28la Eq. (13)o 2slA UNSM A2 &, A4y =
7] MgE 25.8% A EeS 5T 4 3tk &, UNSM A& %

M4 EH9] AR o] wAte} tEo] 12 <l 7FFAsE AT
At

Kl
)
L
ok
>
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B DEDed M4
B T- DEDed M4
I UNSM-DEDed M4

500 362 414

-2000 -

-2011

Surface residual stress (MPa)

-2500 -

(n) L]

o0 @ 90

Fig. 46. Comparison of changes in surface residual stress; DEDed M4,
tempered DEDed M4, and UNSM treated DEDed M4
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{a) Measuring direction: $0° (b) Measuring direction: §0"

4.4 i 6.0
a2l it 56 ;

it A - A \ . r
4.0 Uﬂi 1 A | 2w § A ! 1 "

W/ W A W LA AT AR VAV
38 § B . VY 4.8 e L

L L
36 VJ ) W 44
360 108.0 180.0 252.0 324.0 35.0 108.0 180.0 252.0 J24.0
e a
Measuring direction: 30" Measuring direction: §90°

4.4 6.0
» b~
A

Wl V%
s Wy g W gl

o+

36 4.4

36.0 108.0 180.0 2520 3240 36.0 108.0 180.0 252.0 3240
i o

Fig. 47. Surface FWHMs for (a) control group measured at ®#0°, #90° and
for (b) UNSM-treated specimen at ®#0° , ®90°
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434 AE W3} B4

Fig. 482 FHOEZHE Zold mE dA g D2(H-D2)¢ DEDed M4, 1
31 UNSM-DEDed M4¢] 74 =®istE Yebd Tegf=zolty, FHOEHE 1.8 mm7}
A 100 um FA o2 HEE SA3AT. DEDed M49] HE -2 ool EX
gjol wt& DEDed M49] &= ®sto] tigk A+ 2398l w3 e B
o 2A D29 AE& ¢F 2526 HVE Yerytorm, H-D2¢ HE& 625.2 HVS
2 dAYE T3t D29 AEE 148% A= FgdE ALs iAo a8l

A glslA] & D20 DED 3O Z sl=do]dg M4 == <F 755.9 HV
o, sHEdoldomn W Fwst 212% AW AL ¢ F Utk ol

# =],
H-D22] Ax=XHt}t ¢F 20.9% =t} DEDed M4¢] o]4<4% 2000 mm/min, 50N<]
AAstE =Ho2 UNSM AHEE st A=s= IAZshA & D2RT 287%
AT, o= H-D2XH. T} 56.6% =T}

UNSM s8x1< 29 3= w, U =7E Zlojo| ©& DED M4 7
=¥3kE Fig. 49 @-03 Zo] Yetlit. 8719 sAdxAe o$&5=(aH
49 (a), 84 stFFig. 49 (b)), L WF oA d=(Fig. 49 ()l wzt &

T3ttt Fig. 499149} Zo], dA-4 o= UNSM A &gt AldE2 UNSM A g
£ SHAl &2 Aol Hls) BEHoRRE zlo] of 480 wm7kA AE7F FEL
th o] UNSM ol ojsf 1 F&o] &4 W= Z2HH 01 ] A 3t A

on 7tFAstEY FE7F F7FThal & 4 QIoH108]. Hall-Petch 2]el <]
nAsE AAYS Ane] AE 3 AEE wAdvH12l T8a Ze] 480 i
o zojdsE UNSM 37} Algbd RE A2 FEs oF 780 HVE H]

SSHAl YERd T

Fig. 49 ()2 UNSM o]l$&% =70 FHO R HE Zlolo] m& DEDed M49]
A= WEE Uehd azelw, o w AHZF dF 30 Ne2 Fdsit. Fig.
49 (@)° 9Jsi A DEDed M4ej U Ag o, ojF&=e] Wite A

o

™,
03 M
=izt gy dFe 7134 dee = T Ao

- 103 -

Collection @ kmou



Fig. 49 (b)= UNSM A3Z 3&tF =18 FHOERE Zold & DEDed M4
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. UNSM- | M4 i . . | Substrate :
 affected .| deposited | : . (un-heat- |
. zone | layer | region treated) |
1000+ 5 ! —a—H-D2
800 . : | —s— DEDed M4
| —a— UNSM-DEDed M4

Hardness (HV)
g

Depth (um)

Fig. 48. Micro-hardness variation with depth for H-D2, DEDed M4, and
UNSM-DEDed M4
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Fig. 49. Measured micro-hardness variation with depth for control and UNSM
parameters; (a) static load: 30 N, (b) scanning speed: 2500 mm/min, (c) variable

strain energy density
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Fig. 502 H-D2, DEDed M4, —1&]31 UNSM-DEDed M4 Al#Hol tgt ==X
ANg Fo &S Yehd =&olth Figs. 50 (@2} (@ )= H-D2, Figs. 50 (b)<+
(b’ )= DEDed M4, 18] Figs. 50 (©)%} (¢’ )= ol AFoA nfrAdso] 7}
A 0 AdEs= AF sF 30 N, o]$ &% 2500 mm/min®! ZZ(exp. #5)
© 2 UNSM A 2]+ DEDed M4¢]t}. Fig. 50 (@-(C)= AHH=Z 23 AlY
gk 7 Al s AR %‘ig A FFo=2 Jepd Aotk Fig. 50 (a)<}
Dol A o] AJHS 7]1A AntZ <Qls] AX FHo| doll= dlol wkst, Fig. 50
(©°] UNSM A2jd Al 7|4 Antgk ™o UNSM A& 7] wZo] &
Ho] FEHo] Q&S & 4 9}k Fig. 50 (@’ )-(c’ )= H-D2, DEDed M4, 1
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el ARzl =23 H JdE £ 7+ 91.41 um, 68.56 pm, 49.99 pm ©]t}. 3
2 A4S vndS wWxY Fig. 50 (@ )<} Fig. 50 (b’ )= vlwslH, DEDed
M49o] =7} H-D2E T Fof &9 Fo] Ates 2S¢ + Ut 18al Fig.
50 (b’ )<} Fig. 50 (¢’ )& v g S w, DEDed M4 A]3H Xt} UNSM-DEDed M4
AR FE Fo] Zopxl AS A 18 o] A FS Fig. 50 (a)-(0)
N = vehd
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Fig. 512 =3 Ad Fo hee Hoz uUehd EFolth
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01 = 68.56 pm

D1 =49.99 ym

[-E 5 n"?"t

Fig. 50. (a-c) 3D groove shapes after scratch test and (a’ -c’ ) groove width
measurement results; (a-a’ ) H-D2, (b-b” ) DEDed M4, (c-c” ) UNSM-DEDed
M4

- 109 -

Collection @ kmou



4
1| H-D2 ——DEDedM4  —— UNSM-DEDed M4 |

Pile-up

Z (um)

0.1 ' 0.0
Lateral (mm)

Fig. 51. Cross-section profile of specimens after scratch test
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(a)

D1 = 872.05 um

SEM KV 1.0 BV W 14 5T mm |
SEM LA 158 5 Ot BE

(b)

SN MV DY L ¥ | MIRAD TESCAN
BEM MAG: 180 5 : L]

(c)

D1 =144.28 um

SEM MV 6.2 kY woc i em |

Sl MAG 180 5 Dt 86

Fig. 52. Photographs of wear tracks after ball-on-disk wear test for (a)
H-D2, (b) DEDed M4, and (c) UNSM-DEDed M4, and (a’ -c’ ) corresponding
FE-SEM images of wear track width
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= ol

Oxide layér

SEM HV: 8.0 &V WO: 18 88 men | | MIRAITESCAM
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Fig. 53. FE-SEM images of worn surface morphologies of (a) H-D2, (b)
DEDed M4, and (c) UNSM-DEDed M4 after test
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Table 21. Chemical composition of worn surface of DEDed M4 (in wt%)

C O W Mo \Y Cr Fe
Area A 1.87 9.73 13.33 8.25 6.67 5.08 55.07
Area B 1.77 16.69 8.83 4.93 3.45 3.34 60.99

Fig. 54 & & t3 vfeAg $ 7k A9 vleg&S Jepd Zlelth Hg.
542 E3&A AISI D20 DED 34O =
68.3% ZrAdte] WntrAe =ZA 719dS ¢ 4 Aok 18la DEDed M4ol
UNSM A& ZE oz nfrgs oF 857% Zaste ¥E 2 4 Atk UNSM
8]E 53| DEDed M4l Z =7} <53k Archard equationel] oJsiA ml=-&
o] ZFAaF Tt A4 4 JuH132]. ®=T, UNSM A & & AA7|7t vo}
A3 A&7} st UNSM A2 dRT vtE&o] 44T Ao E HRlt, 9
Aol Gleiter= 223 2A4AHY Y=Z2AHFZE o|F= As
719 AHo =R o]FZ AFRHT gusty UrfEAo] ¢3itta AEA L
vb QATH133]. 183l UNSM A2 o yetues A59] F7HERE ofvel At
A719] wAlE T SAWMEE BT untRA el 7o TH127] wEkA
DEDed M4 ®E®ol UNSM A2 & 3HA =4, A
7 FolA| 7] wjEol WntRA =3 gET #39d ¢ QU
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Fig. 54. Comparison of wear rates for heat-treated AISI D2, DED M4,
and DED M4 after UNSM treatment
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, s =
th. AA 35 45 N, QEE 10 um, ©]% £% 2600 mm/mino. = EAE o,
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(6) UNSM A2l E3 DEDed M4 m A z2o] Aggo] wA s ®A Aws}
FAAT AH 3F0] AAL 0% £Ert ¥ dS4E, 2 WY Jux U=
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