creative
comimons

C O M O N S
& X EAlI-HI el Xl 2.0 Gigel=
Ol OtcHe =2 E 2= FR0l 86tH AFSA
o Ol MHE=E= SN, HE, 8E, A, SH & &5 = AsLIC

XS Mok ELICH

MNETEAl Fots BHEHNE HEAIGHHOF SLICH

Higel. M5t= 0 &

o Fot=, 0l MEZ2 THOIZE0ILE B2 H, 0l HAS0 B2 0|8
£ 2ok LIEFLH O OF 8 LICEH
o HEZXNZREH EX2 oItE O 0lelet xAdE=2 HEX EsLIT

AEAH OHE oISt Aele 212 WS0ll 26t g&
71 2f(Legal Code)E OloiotI| &H

olx2 0 Ed=t

Disclaimer =1

ction

Colle


http://creativecommons.org/licenses/by-nc-nd/2.0/kr/legalcode
http://creativecommons.org/licenses/by-nc-nd/2.0/kr/

[UCI]1804: 24011- 200000267111

B
F N
ol
ol
n_Ar o WTL o
=2 ; T s
H I
—~ —
_gmzw o] ToR E ol %O
Kk R
o 5 3
oy - E Nd
5T
o AR X0
N4 ol me
™ & EE R
il X
S A

Moo a@  FXEEAM AuHe SHOUERTIN T RHRORALE Ky TRl 7 K M i B 5 R o



Research on zirconium alloys with low elastic
modulus and low magnetic susceptibility for

improving bone resorption and susceptibility artifacts

201949 29 259

Collection @ chosun



O

B

-
E
A

201849 10€

Collection @ chosun



o8 WA RS AF

2018 12<¢

{*ICollection @ chosun



A

ol T : :
wog o, W
“ i g R K o
m_-ma —_ .ro I._ _JT oE m_x
e D 0 o7 U
Al K 80 =

}

o0 100 100 :
oK < < . . Tl : b

o
W= 0« W

= &) (! K0

. Ol

Jt
Lt
Ct.
ct
|

Collection @ chosun



LIST OF TABLES

Table 1. Characteristics of commercial biomaterials used for medical field - 14

Table 2. Chemical compositions of the alloys used in this study «oeeeeeeeeeeees 17

Table 3. Mechanical properties of the Zircaloy4d—xCu alloys -« 31

Collection @ chosun



Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Fig

Fig.

Fig.

1.

8.

. 9.

2.

10.

LIST OF FIGURES

Implant material requirements in orthopedic and dental applications

The Vacuum arc melting furnace and schematic diagram of melting
system 18

The ingot specimen of Zircaloy4-1Cu alloy casted by arc melting

furnace .................................................................................................................. 18
. The Vlbratlng Sample magnetometer (VSM) .................................................. ‘]9
. Schematic diagram of the VSM for Magnetic susceptibility test and

dimension of VSM Specimen .............................................................................. 19
. The Compress|ve test machlne ........................................................................ 20

. Schematic diagram of compressive tester and zirconium specimen ---- 20

| | lustration of elastic energy in a stress—strain curve - 21
Optical micrographs of Zircaloy4-xCu alloys; (a) Zircaloy4
(b) Zircaloy4d—1%Cu, (c) Zircaloyd—5%Cu, (d) Zircaloy4-10%Cu and
(e) ercaloy4_‘]5%(:U. .............................................................................................. 25

SEM images of Zircaloy4-xCu alloys; (a) Zircaloy4, (b) Zircaloy4—1%Cu,
(c) Zircaloyd-5%Cu, (d) Zircaloy4-10%Cu and (e) Zircaloy4—15%Cu - 26

. Electron probe micro—analyzer image of Zircaloy4-5%Cu alloys; (a)
BSE image, (b) Zr (c) Cu, (d) Sn, (e) Fe and (f) Cr -eeoeeeremsmsenee 27

Collection @ chosun



Fig. 12. X-ray diffraction profiles of as-cast Zircaloy4-xCu alloys, which
ShOWS the dual phases ................................................................................... 28

Fig. 13. Magnetic susceptibility of the as-cast Zircaloy4-xCu alloys and
other reference al ons ................................................................................ 29

Fig. 14. Compressive stress—strain curves of the Zircaloy4-xCu alloys - 30

_iv_

Collection @ chosun



ABSTRACT

Research on Zirconium al loys with low elastic modulus and
low magnetic susceptibility for improving bone resorption
and susceptibility artifacts

Chang-Yong Lee D.D.S., Ms.D.
Advisor : Prof. Ko Yeong-Mu D.D.S., Ph.D.
Department of Dentistry,

Graduate School of Chosun University

The objective of this study is to fabricate Zr-Cu alloys with low elastic
modulus and low magnetic susceptibility for dental biomaterials. Many metals and
alloys, such as gold, stainless steel, Co-Cr alloys, and Ti-based alloys are now
commonplace within the oral implant industry.

Stress shielding results in the reduction in bone density as a result of the
removal of typical stress from the bone by an implant. In general, the bone in a
healthy person will remodel in response to the loads it is placed under.
Therefore, if the loading on a bone decreases, the bone will become less dense
and weaker because there is no stimulus for continued remodeling that is
required to maintain bone mass. Although Ti-based alloys have been widely used
as implant components and devices, its elastic modulus is much higher than that
of natural human bone. Serious damage may be easily caused in the human body
when the modulus of implant materials does not match the natural bone due to the
stress shielding effects. Therefore, in recent, persistent efforts have been
done to obtain low elastic modulus of biological hard tissue materials to
effectively transfer stress to the surrounding bones.

Recently, magnetic resonance imaging (MRI), which is a medical imaging
diagnosis tool used in radiology to investigate the anatomy and function of the

body, has become an important diagnostic technique in orthopedics and brain
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surgery. Dental implants are used in the reconstruction of prosthetic defects in
the oral cavity and in modern surgical methods in traumatology. These appliances
present a concern from the viewpoint of the patient’ s safety and quality of MRI
data.

Metallic implants, such as stainless steel, Co-Cr alloys, and Ti alloys,
become magnetized in the strong magnetic field of the MRI instrument and produce
artifacts (magnetic susceptibility artifacts) on the image. The areas that cause
the artifacts on images are closely related to the magnetic susceptibility. This
susceptibility artifact is caused by metals, such as Ti, Co, and stainless
steels, inside the body. Therefore, metallic implants with a low magnetic
susceptibility are preferable for surgery performed with the assistance of an
MRI. Recently, Zr-based alloys have attracted interest as biomaterials due to
their excellent mechanical properties and low magnetic susceptibility. The
magnetic susceptibility of Zr-Nb was half that of Ti-6Al-4V. In addition, the
magnetic susceptibility of Zr-Mo was reported almost one-third that of
commercially pure Ti and Ti-6Al-4V alloy. However, there are limited reports
concerning metallic biomaterials with low magnetic susceptibility for dental
applications.

The magnetic susceptibility of the Zr-Cu binary alloys was extremely Ilow,
approximately 107; this level is approximately one order less than that of pure
Zr and other commercialized Ti-based metallic biomaterials. The Zr-Cu binary
alloy exhibited moderate compressive strength (1261-1565 MPa), yield stress
(432-595 MPa), favorable elongation (14-34%), high elastic energy (7.2-19.3
MJ/m®) and low elastic modulus (20-28 GPa). Consequently, Zr—Cu binary alloys
have the potential to be used as biomaterials with nullifying magnetic
properties for magnetic resonance imaging diagnosis and a good combination of
mechanical properties indicates them potential biomaterials for biological hard

tissue materials

Keywords : Dental biomaterials, Elastic modulus, Magnetic susceptibility,

Zirconium alloy, Stress shield
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Requirements of Implants

J

Compatibility
# Change in properties
a. Mechanical
b. Physical
c. Chemical
# Degradation leads to
a. Local deleterious changes
b. Harmful systemic effects

# Tissue reactions

Mechanical properties
Ukimate strength
Fatigue strength
Yield stress
Elasticity
Hardness
Ductility
Toughness

Woear resistance

LR BB B B R B A

Creep

LR B A J

*

Manufacturing
Fabrication methods
Cost of product
Quality of raw materials
Capabhility of matenal to get
safe efficient sterilization
Consistency and conformity
to all requirements
Superior techniques to obtain

excellent surface finish

Fig. 1.
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Implant material requirements in orthopedic and dentistry applications.
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B& ElEts g€=2 Y2 BdH=2 =42

MS 0|20l AI2E0] I2AH =Jtotd UCH (Brunette S, 2012; Narayanan

XD QUCH It A0 Nig Crol st Zel2)] BtE8s =20k &Lk (Cook

S, 1982; Hiromoto S, 2005).

AHRZIAZZ2 =5ME 5 JHE U dHdsEC=z AELHUCH, H

ANOZ LM ULH, 2=t JHE 42 2 R4 Ha&d
A 20l AFEE D AT, AdelelAZel =dF2 Fe, Cr, Ni, Mo Ol X3t X
e AXNY E42 JHECH A 01z R EZ2 ASE AHoelAZES AISI 302
&2 Cr(18%)-Ni(8%)2Z 0l Mz= HILUsSZE2C0H JIHAEQl 2E2 240 28

= = E0l oIEZACH (Sutow &S, 1981).
0l = C2 Mo =2 €8=2 4= JHdot AISI 316 &30 8M 2A=2EL=Z

K& Al JFAR0l MEotd, Jt=0l
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Characteristics of commercial biomaterials used for medical field

Table 1.
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=
HU
=
0
It

(1) &8z

2 HRAN A= Zircaloyd-xCu (x = 0, 1, 5, 10, 15 wt.%)2 3& ZTHZ
2= HMZECHAULE. Zircaloyd—xCu &3 HHE SIoHM &S ercaloy4E N
mm 20l 300 mm2 AIMSEEHE =HIot otJl 2ol A
ot H=0l 20IotES 20l 3mm2 M= CHOIOt=2E HEIIE ALESHH I AHIDt
£ =HIGIALCH. Zircaloy42l 3St&fd X2 KSTZE =4
1.4Sn-0.1Cr-0.18Fe2 &4 EZALH. &AL S (99.99 massh) =
Ol 300 mme AIMHEHE =0t Z0IE 3mm=Z JIAHIISBotH Z=HISHALCEH. OL=22

A 2201 &2 otaZol2 (Arc-melting)ES AIE206t0H =H|8t Zircaloyd2t S 4+

Ny

E

(1[4

=

U

0k

%

HU

2
b oo O W
|0 & o (I

I
1]

e
o
A0
=

A252 SAMU SoHZ0 HYSHH MAEGHUCH Lt &= &= &G 2ol
N6 HEO MEE XMelE ot &S HMHels XE#GHRUCEH. Table 22 & AR
HA M=E Zircaloyd—xCu &32 BFS S=XZHO0ICH. Fig. 2= & HAR0UA
AEs B Ot 22 AIEW ol X2l T O0ICH. L8, Fig. 32 =2
ARUA EH FZI8t Zircaloyd—xCu &322 HE 22| AR AIXZ LIEHLHA

Ct.

st29 E®H OIMXZ&EE Zircaloyd—xCull HEE U2 AlgH

S HEJIE AEotd M 3 mmE JIAH JtSot¢ =HlotRTH. 2HA HHE SiC

G2l HOIH #2200 A2 & #20000tXK12] HOMXIE AtEot JIHE XZADIAES

A AlGIRLE. Ol= =0/t HIOIAE 6um, Tpum, 0.3umE OIZot OIMADE &

g= ot zEHCZ ASAHOIIE 080t SiC A0SR 0.05umz 15=2F E3H

H0tE ddold Alg8 = EHlotle s¢ &2dg = e Ad8EHE 2 dFSH
- 15 -
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IO DIMEZ ZES 98 s8N MPAR

S5 45 ml, E4& 45l 2l
=4 10 ml (Dist water 45 ml + Nitric acid 45 ml + Hydrofluoric acid 10 ml)
E 0/E0ot0 30 COIA < 5x2F SAMN AIE MHE It HERA H2E =
HotRUCH. FHIE ANEEHE2 Z&30l8 (Optical microscope, OM; Zeiss: Axio
Vert. Al), =AM&EXS0IZ (Scanning Electron Microscope, SEM; Seron:

AIS2000C)E 0I5t HYM OIMXZAS 2F6HJCH. S =X I st .

skst AMDF QX0 2 20 EUst EH /A 245 o) ot EXEROI A
2M A& (Electron Probe Micro Analyser, EPMA; Shimadazu: 1600)S OlZ206t0
=G CE.

L. 234 24

ANEEe 2838 X Bt

i
5]
_)'I_l

o X
& 3 &EIJ| (XRD, Rigaku: X pert PRO MPD)E OlZ06t0d 300l A 80DHKI
0.02£2 SXIAIZ 1s2 26 AHOZ £FBIGCH. X&HE CukKa (A

A XAz FE MY 40 kv, 8% 30 MMz £&otRULEH

RSAISXEH (Vibrating Sample Magnetometer, VSM; Lakeshore 7300)E Ol
ol XpPolol2=2MHdsS ROIQLH. Fig., 42 2 AU A28 ASAISAHSHS Al

KOl NSEX (vibrator)= AIEHZ L&S M2 MZEZZS 2= SO &=
g XSAIle Exz O Z&I| (function generator), & ZIHD|
(amplifier), MSA S22 FHIN UL = Ms=E MHESZEZI|0 2ol =
ZE F ANskzE 32D AIEE XIEH =HE geoz MSAI2ICH. XIS
HE= AMBO MSXHEW ool = nNFINIMES EXotse EX2Y (pick-up
coi )t OlASH DS =F Jisst o2 HIRHFTE 2-2 =ZJ| (lock-in
amplifier)2 FAE0 UCH. Ol =S AHUA M= K¢ JIMES II= Al
O RESE REIIEHD
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EE 2 = UH ECh. st XIIES MHAZE ol 8AA0| 0|28, CIHA
Mol =XHES A= IIRA DIEIE AI2=E0. Hd= 25 (continuous mode) 2

+10 kOeOl A —10 kOeDtKl KDI&ES BSIAIH JIHA =SHEIF 2O O|MHel Xtstgt
(magnetization)sS JIZSo6tFLH. AIEEHEZ 20l 6 mm, Z 3 mm 22 SMH 3 mm<e
A=2d Jlge BUOo=Z JIEB2 ot Fig. 50 AsSAISXASHHS ZAEZ A

HE LIEFLHALCE.

3

ch. BdH=

i

oo

Zircaloy4—xCull &334 &EItHl ME AIEEHS JIHE S 525, &=
2, Adg 2 B S SEHGH| o 2sSAIEI (

Machine, UTM; Shimadzu: AG-20kNX)E OIE3dt0 2ASAIE

ASAEEHZ = 3 mm x HHl 3 mm x 20 6 mm2 AlEH
ZHISIZCH. FSAE2 20 1 mm/min2 22 A0

? SEHLZRH SE-HEEs 8= HdotRb. Alg =

Universal Testing
AAIGHACHFig. 6).
QLOIHAHE X & ot
E Sot¢ ot=-¢
MEXSE0IES 0l

ot SAIE0 Ot AlE &22 ofF IHE, ot e W= AIgH

1N
SIS IlJ|0 nio
H

of AN XEZ MCH OEH AJEHO| AFXRIOICHFig. 7).

Fig. 82 ME&2 SHAHHNUHXINH CHSt JHeFE=E UEIUWACH., EFEUHEXI= M
2HOZ EtHNHXIS(resilience)2 M2 9P HE X LD 229 =2
CHol M=ol &&= =0 etdolUX2 E2EC. Ol Bd HEE, a5 A%
2 SH-HAEE SHOZEH e 4= QUL
Table 2. Chemical compositions of the alloys used in this study

(wt . %)
Zircaloy4-xCu as 1% 5% 10% 15%
Zircaloy4 100 99 95 90 85
Cu 0 1 5 10 15
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Electrode >
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Furnace body — i Electrode gap
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ol < Solidified ingot
Water our #——
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Water in

Fig. 2. The vacuum arc melting furnace and schematic diagram of melting

system.
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Fig. 3. Ingot specimen of Zircaloy4-1Cu al loy casted by arc melting furnace.
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Fig. 4. The vibrating sample magnetometer (VSM).

Function Audio
Generator Amplifier
Yibrator
Pick-up Coils S| Reference
e ———1 Signal
Hall Pruhe\ \ Cenerator
Electromagnet /,_,-r Sample amm
o5

| R P | — I

T | IO T | 5
; -5
Rotating Table Stepping mm
Motor )
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Fig. 5. Schematic diagram of the VSM for Magnetic susceptibility test and
dimension of VSM specimen(unit: mm).
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Fig. 6. The compressive test machine.
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Fig. 7. Schematic diagram of the compressive tester and zirconium specimen
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e fop 1 Elastic strain
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Fig. 8. Illustration of elastic energy in a stress—strain curve.
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Fig. 9. Optical micrographs of Zircaloyd—xCu alloys; (a) Zircaloy4d (b)
Zircaloy4d—1%Cu, (c) Zircaloyd-5%Cu, (d) Zircaloy4-10%Cu and (e) Zircaloy4—15%Cu.
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Metallurghcal Strength Lab.

Fig. 10. SEM images of Zircaloy4—xCu alloys; (a) Zircaloy4, (b) Zircaloy4—1%Cu,
(c) Zircaloyd-5%Cu, (d) Zircaloy4-10%Cu and (e) Zircaloy4—15%Cu.
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Fig. 11. Electron probe micro-analyzer

(f)

image of Zircaloy4-5%Cu alloys; (a)

BSE image, (b) Zr (c) Cu, (d) Sn, (e) Fe and (f) Cr.
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Fig. 12. X-ray diffraction profiles of as-cast Zircaloy4-xCu alloys, which

shows the dual phases.
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Fig. 14. Compressive stress—strain curves of the Zircaloy4-xCu al loys.
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Table 3. Mechanical properties of Zircaloy4-xCu al loys.

Compressive| Yield Young's Elastic

Specimen strength | strength =longation modulus energy fardness
(MPa) (MPa) ) (GPa) (MJ/m°) ()
Pure Zric 1368 432 34.8 28.7 7.2 214
Zircaloy4-1Cu 1370 561 33 25 7.3 241
Zircaloy4-5Cu 1565 583 25.4 24.6 12.23 258
Zircaloy4-10Cu 1387 595 18.1 241 19.35 261
Zircaloy4-15Cu 1261 511 14.1 20 17.35 313
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