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ABSTRACT

Measurement of Wear Step Height of Excavator Spacer Coated
with Cemented Carbide by PTA Method using Digital
Holographic Interferometry

Hyeong Jong Lim
Advisor : Prof. Kim, Kyeong-Suk, Ph. D.
Dept. of Mechanical System Engineering.

Graduate School of Chosun University.

The spacer is mounted on the end of the arm of the excavator and is located
between the bucket and the arm, and when the bucket is operated, soil is
introduced to prevent damage to the excavator arm. |f there is no spacer, the
soil is pushed through the gap between the arm and the bucket of the excavator,
gnawing the arm, causing wear, and when the wear occurs, the arm must be
replaced. Since the arm of the excavator is so heavy that it can reach several
tons, it is necessary to replace all the lines and grease supply lines installed
in the excavator in order to replace the arm. In order to improve the |ifespan
of the spacer, it is intended to improve the wear resistance and increase the
lifespan by using a cemented carbide coating using the PTA method. The digital
holography system 1is a measurement method that can measure from a few
micrometers to several nanometers in order to convert the height from the phase
difference of light, and can draw results in a relatively quick time compared to
other equipment. As a field where digital holography is applied, there are
various fields of application such as medical, measurement, design, recording,
and preservation. We intend to use a digital holography system to use precision
measurement. We want to measure and report the wear level difference of a
specimen that has been worn by using a wear tester by building a digital
holography system, which is one of the non-destructive tests. In order to
measure the reliability of the digital holography system, comparative
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measurement was performed using another non-destructive(Alpha step and FE-ESEM)
testing equipment.
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o(z) OI, THME &2

(
o(z) OIH, k = HE23t 0l o 2 &=

3

= A& d(x) Ol —m< ¢la) <
2 DA SO HAteZ Qo W K&t AH /A2 Xtol= A (2.19)2 LIEHLHALE.

Agla)=¢la+1)—¢la), Agla)=

Al (2.18)F Al (2.19)E 0183t U 2 RIMXE 4l (2.20)2

—/

AlULp(a)>] = A < ¢la) >+271A < g,(a) >

Al (2.20)2 THAl U S&ERH0 HES AIDIY Al (2.21)2 LIEIYC.

UA[U< ¢la) >]}=UlA <®(a) >]= A< ¢la) >]+2n[A < g,(a) +g,(a)] (2.21)

Al (2.21)0AM g, g
Of A& TS0l EME = UL,

OII

ot LIEtE A0 AIX2 U

(2.22)
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(a) Wrapped phase

(b) Unwrapped phase

Fig. 2-6 Phase Unwrapping

Fig. 2-60i LEILIS SI&0lS JIEHE Sot0 22 BHEzsS Helcte Yoz
&f Arc-tangent =2 HA&HO| T 20 SHSHE I 52 229 g4y L
EFLIAI &I Oldst 2540 cHZE ol HASHS=2 BHEG] 94 Bls FEE
2/ S6tJ| ?Iof Phase Unwarpping tE S HXIA &Ch. Ha=29 EASIH EHLE &
Ol =&otH 214 XN&= O0l0IKIS H=2 X IHE S&0l AGHAH L35 W20 of &
Ol HAS0l UCH. Unwrapped2 A4S & [ AIS0t= Arc-tangent &=Jt JtXI1]
U= SASLEZS HZSH] fIohA SHS HERl S o5 gz HEANA F= BE
OICt. Arc-tangent &&= O0~m 2 FIJIE Soff 2H=0l =0 A& FIIE 027
T HES o6t1), s AMCZ BEs 6tJ] 28t Unwrapped2 Al2 (2.23)0 LIEFL

¢'U nw = ¢'U} Jr Qﬂ-M (2 . 23)

Al (2.23)0IM ¢ 2 Unwrapped phaseOlt, ¢, 2 Wrapped phaseOlt,

unw
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H 3 & &8
H 1 & EAg OXE8 g21d0 AIAE

BHAIE 2270l AIAEE OH0IZ2E 2tEAHE 0186t BHALE MES AHOIME
=HGI| fst AAEIES 2HOIRUCH. & 532mmel MHES JiXl= Nd:YAG Laser Ol A Lt
Q= A2 Pin Holedt Objective LensE OIE5tH O & Spatial FilterE S1tAl
JIA El=0 L0l Objective LensE =otH L0l HAH &I OIZ Pin HoleS SItAl
H dioIde JHRE BEE AMEE UA &I Spatial FilterE S8t dIOIM=
Collimating LensE ArZGHH oIHE StSH =0 0 €2 Iris& AJIE T Eotd
MirrorE S0t Beam Splitter2 S0{JF 2JHQl L2 LIs+OUAILD otLtel &2 PZT
MirrorOll BHAFEI L2 2Ol CCO Jthlt=2 SOHIIAH &30 otlt= Objective Lens HA
CHA20l BHALZIOf Beam SplitterE XILE CCO JtOlctl SOOMH ECh. S JHel L0l et
LI MAE 2tEd2RYHE 2S5t 012 A0S IS 012610 aX2IE otAH &

Ha=2 =Xt tiet 28 22 = UL Fig. 3-12 22 &0 Rd&E AIA8S U

ro
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02
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A
A
ol

ro

Fig. 3—-1 Reflection type digital holography
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H 2 Z dlu

FE-ESEM(Field Emission Scanning Electron Microscope)

1.

AHSE XFE 0] (Scanning Electron Microscope)
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Fig. 3-2 FE-ESEM

Table 1-1 Specifications of FE-ESEM
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Fig. 3-3 Alpha step

Table 1-2 Specifications of Alpha Step

Model

P-16+ (KLA Tencor)

Specifications

Descriptions

Maximum scan length

80mm or 200mm

Lateral resolution

X=25nm, Y=1um

Operating Voltage (V)

220V, 3 phase

Vertical linearity

+0.5% above 2000 A
10 A below 2000 A

Repeat ability

7.5 R o0or 0.1% (1 o),
whichever is greater

Reproducibility

15.0 A or 0.25% (1 o),
whichever is greater

Scan speed

2um/sec to 25mm/sec

Stylus control

Electromagnetic force compensation

Collection @ chosun
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H 3 & AgH™
1. Resolution Target

2 ==20M A=E 1951 USAF Resolution Target2 CIXNE Z2HIl AIAEINA
HIOIEIS A S 2AZotI| ol AF=RE = oid] A8 AMEEoIC. =8 fAXl=s I8
HS 49 QABMS 22| Al Jiel &2 SHAII2H A LI U= 22

1l

Ast 202t dHlw SIF/CEH. Fig. 3-40ll Negative Resolution TargetOld =

=0

i,
=58 =
BN

M=

paLasif

Fig. 3-4 Resolution Target

Table 1-3 Specifications of Negative Resolution Target

Group Number
Blement == T T o [ 1121314567
1 0.250 | 0.500 | 1.00 | 2.00 | 4.00 | 8.00 | 16.00 | 32.0 | 64.0 | 128.0
2 0.280 | 0.561 | 1.12 | 224 | 449 | 898 | 1795 | 36.0 | 71.8 | 144.0
3 0315|0630 | 1.26 | 2.52 | 5.04 | 10.10 | 20.16 | 40.3 | 80.6 | 161.0
4 0.353 | 0.707 | 141 | 283 | 5.66 | 11.30 | 22.62 | 453 | 90.5 | 181.0
5 0.397 | 0.793 | 1.59 | 3.17 | 6.35 | 12.70 | 25.39 | 50.8 | 102.0 | 203.0
6 0.445 | 0.891 | 1.78 | 3.56 | 7.13 | 14.30 | 28.50 | 57.0 | 114.0 | 228.0
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2. 0I2 A&

Phoenix Tribology Ltd.2l Pin on Disk EIM
Fig. 359} Fig. 3-6 OlA E= di2t 20| s|d=E2F =
2 Ao AMY

2 Ot2 AIgo1el TE 672 #IXI0H2 6HA
AZ 5 f

Se 02 AIZJI1E XMl MEGHACH. & 1-400 Of

ofol &2t —4Baor—100Kgf

Fig. 3-5 Pin on disk type wear tester (Design model)
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Fig. 3-6 Pin on disk type abrasion tester (Product)

Table 1-4 Specifications of Pin on disk type abrasion tester

Specifications Descriptions
Speed (RPM) Max. 2,000
Force (kgf) Max. 100

Operating Voltage (V) 220V, 3 phase
_22_
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3. 0I2 AlgH#
ANEEHEZ Fig. 3-70 U2 /Ues &Y 20|, 0I2AIE2 fst AMEEHE2 =0|
NS o30mm2l AJIZ HEGIALH, Pin2 Ot AIEEH HO0| =22z 2
AIN EH OIRE SEE = JATE 20| 30mm, XS s5mmel =& Pind At
Ck.
G
AVAVEGAVAVAVAD!
G
AVAVAQAVAVAVAD
I
= o .
4 30%01 i
830 805

CO2or E3tEN &N &2

Fig. 3-7 Wear test piece and pin (Design drawing)
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Fig. 3-8 Type of abrasion test piece
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A4 & A8 20 2 1)

Ml 1 & Negative Resolution Target

Fig. 4-12 Negative Resolution Target2l =& <XIE LIEFH 210|10, Fig
BHALE CIXIE 2210241 AIAES 0/E0tH Negative Resolution TargetS =& &t
ZU0ICH. 58 AXs 08 HE 49 QAHS 258 =3 oL, (a)= |4 2 0
OIXIOIOY, (b)= M2l OIBIXIOIM, (c)= Unwrapped OIOIXIOIGH, (d) 2IIE =&E&t
OI0IXIOIBY (e),(f)= 2ERHS FA0l He= y= JlE2=2 AN CHS +
CHSt Profile CIOIEOICtH. Resolution Targetll ©Xt =0l= 0.120 umOI{ OIE =&
otA=S myLZIﬂ§9E+%£%Q8[HmE§%ﬁIEﬁPAmLO 134 umO| LIt

O -20H40S O 0I=8 gtel &X =0l= 0.156 um0l WSS € = UAJULH.

—/

-
"I - III—1

3=||| m=3

q E Ill I|||I|i

s= Il

= _ 6
s=m Il =1

Fig. 4-1 Measuring position of Negative Resolution Target
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(c) Unwrapped (d) crop image
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(e) profile for resize image Y +20 (f) profile for resize image Y -20

Fig. 4-2 Result of Negative Resolution Target
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H 2 Z 02 ANIg8 JHE & 58 21

1. OI2 AIE¥® J

=) ZEU AMIEE= AHOAME & s
OHE, J0olAetel DHE SOl ZdotH, @83 HE SH2 2H=01 &8 SS0A A
=Cl= ZES UEHHCH MetA, Olefst HPeE S ZAteH)|
XS0l 108t AOIZ Olat Bt= %

e
H

EHotUCE. X e =2 AYsS SIS ofoF otkH, Ot =
= £EE g0 Ot2 AlgdE 280l AE0i0F ofH, Al2t &0l Jtsot0{0F &tCh
Oladst ZAH0A DIZ2AIE0] MHEJH, &&= Al2E WOl 2= &0 Z8H0l Ot
fXl= st 2FE AMOI22 OtZAIZ0l ES&H AAE0l EXot== O0t2 A
XS EFGIUCEH. 1028 AOI22 BtS HY0| OIF0HE = UTE T2 Al2ts
HAGHAS [H 400rpms JIELZ AZI2 4A12F 102 01422 Z3 = ot00F UM
HO0 &AEct= &0l 100kgfe!l B 0 €22 QlotH 3| ™==It 7rpm E& 2 AGH
T A OIZ2AIE AlIZtS 4AI12F 30222 & FGIRUCEH. 4A12F 302 =2 30rpm2 =2
Asg B PSS = 1085300 AIOIE22 S22 Z2&& 108 At0I2 Ol &0 28t
ZUE 2= == ULk L&, Pin0l OIZ2 AIZE2 OHEZ 2lst A8 &8 25 &0l
LIEHSt2 0 012 XIS fIo D& 1elA(232T)E AMESHH DI2AI" &5 &0t
45CE RAXAotH otRA2H Pin2 Ot2 AMEE 38 SA0A 8mm E& AAXI0 =0l
= 2ot 010 2U=2 Fig. 4-30 LIEHACE.

Buried(SP1) Protruding(SP2) Splicing(SP3)

Fig. 4-3 Wear test piece production
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2. BIAIY EZ20ddI §F 2
OI2 Ao Ot2 XS =EFotJ| fIoi Fig. 4-4% 201 0, 90° , 180" , 270
o Wl ROIAM =2l AIEE0 totd S8= oA H BALE OXE 2241l
©| CCO JtHictel aHatT= 2048 X 2048010 A F)l= 2 HIE SEEIIE2 Ji=2
Omm x MIZ 9mmIt &0 AIAE 20 =S8 2AE =£0[J] ?Iot0 10HiE X8 =&
St 1mm x 1mm Olotel SFEHS 2 = Ol0 AIg#Ee E2 020t & fF=21
Ot20F &R 2 222 BH EF= 2| flol Intensity OI0IXIE 0IEotRA2H &
H 229 =28 82 | ol ZAS +20ZANK XM Z2U=8S SSot Ul

0
_O'y
Uy
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[’
K
HT
Jx
ij
:Q
[w]

O0l= FE-ESEMZt Alpha Stepe & =

Fig. 4-4 Wear test piece measurement position
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Table. 2-1 Measurement results using digital holography (um)

Step Height
Buried (SP1) Protruding (SP2) Splicing (SP3)
=] +20 -20 +20 -20 +20 -20
. . AVG . . AVG . . AVG
Dist Dist Dist Dist Dist Dist
0 261~ | 2.16e~ | 2.3%~ | 542 | 5.28e— | 5.3Be~ | 2.73e | 2.37e— | 2.55e-
7 7 7 7 7 7 7 7 7
90’ 1.84e- | 3.0~ | 2.87e~ | 2.9~ | 4.86e- | 3.91e~ | 2.34e~ | 2.81e~ | 2.58e
7 7 7 7 7 7 7 7 7
180° 2426~ | 253~ | 2.48e— | 3.58e— | 3.01e~ | 3.30e~ | 2.24e~ | 1.71e= | 1.98e-
7 7 7 7 7 7 7 7 7
570° 224 | 2.11e~ | 2.17e~ | 5.66e— | 4.98 | 5.32e~ | 2.07e~ | 3.80e~ | 2.Y%e-
7 7 7 7 7 7 7 7 7
AVG 0.248 0.447 0.251

]

Table. 2-12 BIAIE CXIE 22dIl2 =FE A2 ZUte M E(SP1)

ES(SP3)e gt 0.03um Xt0OIJF LIXIRH S&E(SP2)2 0.199um XH01DF 42 &
= UJUCH 22 =2AHUA AHOIMS Ot &Xt =HE oS W ALEot) €2 A
2 SP1> SP3 > SP2 &2 =2 Ot2 HXiagtol ROotdE 2 &= UJACH. OHSS(SP1) HE
S (SP3)2 =AISH DIR2 HXigts 2 = U/Y20 SP2= 2 X01IF 2 & = U
Ct. Ol0f AHIOIMNE =2 DES oIUS B M (SP1) OolLt HEE(SP3)el &=L
UK, SEE(SP2)2 Z 2 OI2 S0l =0r AFE3HI10 X

4
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Jt. SP1

i

g 21

Fig. 4-5~4~8 20| OHEE(SP1)2l BIAIE =2l AMAES 0|88 AE 2=
(a)= EHO O|0IXIOIM, (b)= <At CH8t OIDIXKIOIM, (c)= =22 = Unwarpping
St OI0IXIOIT, (d)= 22 M2Iol CHSt Ol0IXI0IH, (e),(f)= 2 2HERY 9 FAI0
Cle y=E JI=E02 TIAN st £20 g0l CHSt Profile GIOIEIOIC

(b) Angle
(c) Unwrapped (d) Intensity
(e) 150 Pixel of Y direction +20 (f) 150 Pixel of Y direction —20

Fig. 4-5 SP1 Test piece 0° measurement result
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(c) Unwrapped (d) Intensity
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(e) 150 Pixel of Y direction +20 (f) 150 Pixel of Y direction —20

Fig. 4-6 SP1 Test piece 90° measurement result
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(b) Angle
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(c) Unwrapped (d) Intensity

(e) 170 Pixel of Y direction +20 (f) 170 Pixel of Y direction —20

Fig. 4-7 SP1 Test piece 180° measurement result
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(a) crop (b) Angle
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(c) Unwrapped (d) Intensity
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(e) 140 Pixel of Y direction +20 (f) 140 Pixel of Y direction —20

Fig. 4-8 SP1 Test piece 270° measurement result
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Fig. 4-04-120F 20| SE&(SP2) BIAIE E20240 NASES 0188 A8 23
s 0l0IXOIDY, (c)= =¥

r

gol oloIxiold, (b)) <&l o

Unwarpping®t OIOIXIOICY, (d)= 2ol A2l CHst OIDIXIOIM, (e),(f)= =2 2¢

ZIA CHst +£20 240l CHet profile GIOIEIOICE.
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(d) Intensity
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(c) Unwrapped
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(e) 170 Pixel of Y direction +20 (f) 170 Pixel of Y direction —20
Fig. 4-9 SP2 Test piece 0° measurement result
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(b) Angle

200 400 600 800 1000 1200 1400 1800 1800 2000 200 400 600 800 1000 1200 1400 1600 1800 2000

(c) Unwrapped (d) Intensity
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x10
27 T T X: 51 T T

Y:-2.781e-06

-3.05
-31
-3.15
-32
-325 2 8
0 20 40 X: 56 100 120
¥: -3.237e-06

(e) 200 Pixel of Y direction +20 (f) 200 Pixel of Y direction —20

Fig. 4-10 SP2 Test piece 90° measurement result
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(b) Angle
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(c) Unwrapped (d) Intensity
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X: 66
¥Y:-3.333e-07
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(e) 200 Pixel of Y direction +20 (f) 200 Pixel of Y direction —20

Fig. 4-11 SP2 Test piece 180° measurement result
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(b) Angle
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(c) Unwrapped (d) Intensity
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(e) 200 Pixel of Y direction +20 (f) 200 Pixel of Y direction —20

Fig. 4-12 SP2 Test piece 270° measurement result
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(e) 200 Pixel of Y direction +20 (f) 200 Pixel of Y direction —20

Fig. 4-13 SP3 Test piece 0° measurement result
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(c) Unwrapped

x10%

X:75
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(e) 200 Pixel of Y direction +20

Fig. 4-14 SP3 Test piece 90°
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Fig. 4-15 SP3 Test piece 180° measurement result
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Fig. 4-16 SP3 Test piece 270° measurement result
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3. FE-ESEM =&

Table. 2-2 FE-ESEM result of each test piece (um)
Step Height
SP1 sP2 SP3
0.325 1.583 0.608
Table. 2-2= FE-ESEMZ =X&t 2102 2SS =&E(SP1)Y Hegs(SPy)2
0.283um2| XIO|IJF €= & £ UJSMH SP22t= 1.258ume| XI0|JF &2 & &= UJPCH
Z2 XAHUAS AHOIAMS OI2 & Al AFE6H)| £2 212 MEE(SP1)> E&E
(SP3) > =&8(SP2) =22 OI2 ©Xigts & £ JAJY2O HEE(SP1) HES
(SPR) 2 S&E(SP2)E0 HIWE Y2 oxigts 2 £ UAC. ZUSE2 Fig
4-17~4-1901 LIELHCE.
- 42 -
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Fig. 4-17 FE-ESEM measurement result of SP1 test piece
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Fig. 4-18 FE-ESEM measurement result of SP2 test piece
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Fig. 4-19 FE-ESEM measurement result of SP3 test piece
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4. Alpha Step &

Table. 3 Alpha Step result of each test piece (um)

Step Height
2AE SP1 SP2 SP3

0° 0.325 1.583 0.608

90° 0.96 0.749 0.648

180° 0.334 1.847 0.585

270° 0.519 1.709 0.425

AVG 0.5345 1.472 0.5665
Table. 2-32 Alpha Step2 2 =&Fst Aoz ZWeS SP1U SP3= 0.032mm2e| XHO|
b g2 & £ AU SP22t= 0.9375unl| XH0IJF &2 & £ QU/JPCH. 22 Z2A0
Mol AHOIME Ot2 =&F A3 £2 N2 M E(SP1)> E&E(SP3) > S=
= = AU Nl BEE(SP3)2 ==

=
=
o] -
I
o
%)
o

g Al
g(SP2) =2z Ot2 Hxats &
(SP2)t HIW 3t S g2 HXt
LIEHCE.

2 30

U
o
o
1
30
50
a

=
==
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_49_

Collection @ chosun



=

A5 &2

)

ScHI Al

=
=

CIXE

= BHALE
HOIA OI2 &Xt =3

=

g
o

KIr

00
010

0
I
T
I[d
H
il

11

o)

ol

A

12|

zt
ot0d FE-ESEM2t Alpha Step

=

ol

i
)
Bl
RO
KIr

=2
=

<+
5

ol

o0

, FE-ESEM, Alpha Stepdtel Z It FA

ScHIl AIAE

=
=

BrAtY CIXIE

o

[—

FE-ESEM
ZchIl

=
=

Alpha Step

0.248um,
g

Lt

m CIXI

0.567um 0]

|

E

1.583um,

=2

A A
o
=

[—

Aok

=
—/

o

[—

ZchIl
FE-ESEM

M oxg =
0.535 um0| Us=2 & = U
0.447 um,
Alpha Step

ZchIl

(]
ANAEZ2

(3
0.608um,

o

[—

o

[—

=
=

Alpha Step
W cxg
1.472um 0] L8 & = U
, FE-ESEM

0.325um,

()

ju—
[e=)

A2

2

0l

(sp2) =

0
il
U

(SP3) >

=
I=3

(SP3)al &1t
(SP2)= U

=
=3

} _

XHOI Dt

O DK
=

pS|
A

FAL L
(SP2)t= HI

=4
(=}

Bl il A
==

I.
©MH

b

FAFOHAl LI

gt 0l

teld OHE €Ol Ot

ol
—

20t

Xl

9]

S|
=

Rr

=
S

oD

(SP3)0I M=ol AA O

ggrd

o 20ILt BEE d2o6tH

Ol AMtE

S
=

Al

=

=

= &= & A

cC
I

ScHIl Al

=
=

BrAtS CIXIE
D AUSH Ol-HE Ot=2ot

0J
ol

1y
-
D

20

ok

ol
8%
s}
RO
KIr

o ol

o

Ju
ot

<+

oll

<J
Rl

=M}

FO4 A

[9]

b Zol0l CHA

[¢]

ol dl

=

=

ScHI Al

=
=

BPNR=

FAFE
E AEE = JU2H JIES EHI

H O

=

=]

I.

g
o

gl o Z A2

o

0
£l

0l

_50_

Collection @ chosun



i

i
rl

1. D. Gabor, “A new microscopic principle,” Nature. 1611 pp. 777-778

2. D. Gabor, “Microscopy by reconstructed wavefront,” Proc. Roy. Soc. 197,
454-487(1949)

3. D. Gabor, “Microscopy by reconstructed wavefront ||,” Proc. Phys. Soc. 64,
449-469(1951)

4. E. N. Leith and J. Upatnieks. Reconstructed wavefronts and communication
theory. JOSA, 52:1123.1130, (1962)

5. U. Schnars, W. Juptner, "Digital recording and numerical reconstruction
of holograms", Meas. Sci. Technol. 13, pp. R85-R101 (2002)

6. F. W. GOODMAN, “Introduction to fourier optics”™ , McGRAW-HILL BOOK COMPANY,
(2000)

7. M. A. Kronrod, N,S. Merzlyakov, and L. P. Yaroslavskii, "Reconstruction of a
hologram with a computer", Sov. Phys. Tech. Phys., vol. 17, pp. 444-334
(1972)

8. |. Yamaguchi, T. Zhang, “phase shifting digital holography,” Opt. Lett. 22,
pp. 1268-1270 (1997)

9. J. W. Goodman, R. W. Lawrence, "Digital image formation from electronically
detected holograms", Appl. Phys. Lett, vol. 11, pp. 77-79(1967)

10. M. A. Kronrod, N,S. Merzlyakov, and L. P. Yaroslavskii, "Reconstruction of a
hologram with a computer”, Sov. Phys. Tech. Phys, vol. 17, pp. 444-334
(1972)

11. J. W. Goodman, “Some fundamental properties of speckle” , Journal of the
Optical Society of America, Vol 66, pp. 1145-1150, (1976)

12. UIf Schnars, Werner Jueptner, “Digital holography” , Springer, pp. 18-20
(2003)

13. K. Curtis, L. Dhar, A. Hill, W. Wilson, and M. Ayres, "Holographic Data
Storage: From Theory to Practical Systems," (2010)

_51_

Collection @ chosun



14. M. H. Horman, "An applicationi of wavefront reconstruction to
interferometry", Appl. Opt., Vol. 4, pp. 333-336, (1965)

15. H. Coufal, D. Psaltis, and G. T. Holographic data storage, Springer series
in optical sciences” , Sincerbox, (2000)

16. K. Creath, "Phase-measurement interferometry techniques," Progress in Optics
XXVI, pp. 349-393, (1988)

17. Charette P. G. and Hunter |. W. "Robust phase-unwrapping method for phase
images with high noise content", Appl. Opt, Vol. 35, pp. 3506-3513, (1996)

_52_

Collection @ chosun



	제 1 장 서론 
	제 2 장 이론적 배경 
	제 1 절 디지털 홀로그래피 
	제 2 절 홀로그램의 재생 
	제 3 절 Phase Shifting method 
	제 4 절 Phase Unwrapping 

	제 3 장 실험 
	제 1 절 반사형 디지털 홀로그래피 시스템 
	제 2 절 비교측정 장비 
	제 3 절 시험편 

	제 4 장 실험 결과 및 고찰 
	제 1 절 Negative Resolution Target 
	제 2 절 마모 시험편 제작 및 측정 결과 

	제 5 장 결 론 
	참고 문헌 


<startpage>13
제 1 장 서론  1
제 2 장 이론적 배경  3
 제 1 절 디지털 홀로그래피  3
 제 2 절 홀로그램의 재생  9
 제 3 절 Phase Shifting method  12
 제 4 절 Phase Unwrapping  14
제 3 장 실험  17
 제 1 절 반사형 디지털 홀로그래피 시스템  17
 제 2 절 비교측정 장비  18
 제 3 절 시험편  20
제 4 장 실험 결과 및 고찰  25
 제 1 절 Negative Resolution Target  25
 제 2 절 마모 시험편 제작 및 측정 결과  27
제 5 장 결 론  50
참고 문헌  51
</body>

