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Abstract

Study of the Zirconium-based alloys on low elastic

modulus and susceptibility for dental materials

By Geon-Jae Hwang
Advisor: Prof. Chung—Seok Kim, Ph. D.
Dept. of Advanced Materials Engineering, Graduate

Graduate School of Chosun University

Today, metallic materials have good bio—mechanical properties and suitability for
general sterilization processes in the bio—materials industry, and they have a great
influence on the field of bio—materials because they have superior mechanical
properties compared to other materials. Research on these bio—materials has
received great interest worldwide, and various implant bio—materials such as bone,
tooth substituting metals, ceramics and polymer materials have been studied. In
particular, metallic bio—materials should be carefully selected taking into
consideration the composition of bio-materials that can avoid or minimize adverse
effects through research into biological behavior. Representative metal bio—materials
include pure Ti, Ti-61-4V, stainless steel, and Co-Cr alloys. However, despite
considerable clinical successes, various factors, such as stress shielding, image
distortion during MRI diagnosis, cytotoxicity, fatigue fracture and corrosion, have
undesirable effects on actual performance. Therefore, zirconium based bio—material
has attracted great interest to solve the above problems.

The purpose of this study is to investigate the potential use of zirconium-based

alloys as bio—materials to neutralize magnetic properties for magnetic resonance

_ix_
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imaging and to prevent the stress shielding effect caused by the difference in
elastic modulus between implant materials and natural bone. The Zircaloy4-xCu
alloys, Zr-xCu and Zr-xSi binary alloys, were prepared using the arc-melting
process with Zircaloy4, pure zirconium strips and oxygen-free copper, silicon
respectively. Zircaloy4d-xCu and Zr-xCu binary alloys has two dominant phases
consisting of a-Zr and Zr-Cu intermetallic phase. and Zr-xSi binary alloys has two
dominant phases consisting of a-Zr and Zr:Si intermetallic phase. The magnetic
susceptibility of the zirconium-based alloys was extremely low, approximately 107
this level is approximately one order less than that of pure Zr and other
commercialized metallic bio—materials. The elastic modulus of the Zirconium-based
alloys were generally low value of 16-33GPa; that is similar to the value of natural
bone. As a result it is possible to overcome the stress shielding effect and nullify
the image distortion of MRI imaging. Consequently, Zirconium-based alloys have
the potential to be used as bio—materials with low magnetic susceptibility and

excellent mechanical properties.
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Requirements of Implants

5

Compatibility Mechanical properties Manufacturing
# Change in properties # Ultimate strength # Fabrication methods
a. Mechanical # Fatigue strength # Cost of product
b. Physical % Yield stress # Quality of raw materials
c. Chemical # Elasticity # Capability of matenal to get
# Degradation leads to # Hardness safe efficient sterilization
a. Local deleterious changes + Ductility # Consistency and conformity
b. Harmful systemic effects # Toughness to all requirements
# Tissue reactions # Wear resistance # Superior technigues to obtain
# Creep excellent surface finish
Figure. 1-2. Implant material requirements in orthopedic and dentistry
applications|[11]
-8 -
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Table. 1-3. Physical properties of dental metallic implant materials

il Ultimate tensile Yield strength Elastic modulus I\{Iafg.netic .
strength (MPa) (MPa) (GPa) susceptibility (cm”g )
CP-Ti 650 480-590 105 3.0x 10°°
Ti-6A1-4V 900-1020 750-950 105-130 3.5x 10°°
Cr-Co alloy 700-1840 500-1660 210-245 7.7 x 10°°
SUS316L 540-940 400-750 190-200 3.5 x 107°
Human bone 130 104-121 15-30 ~9.05 x 10°°
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Table. 2-1. Characteristics of commercial bio—materials used for medical use
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4. N E2FF7] &+ (Zirconium-based alloys)
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Fig. 2-1. Natural human tooth and Dental implant structure
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A Zr-Mo-Ti gh=eol Ao wel FARE =59 @A s ztevs

F9, Zhou, F. Y., et al.2][20] AFolAE= Zr-25X(X = Nb, Sn) &
o] A8AA AT Ti-6Al-4V 125452 @A AF 53 71414 &
dAS zt= 235 a5AAARA dal Bk
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Fig. 2-4. Difference between normal bone and osteoporosis bone matrix
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Fig. 2-5. Bone homeostasis is maintained by bone remodeling
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Fig. 2-6. Schematic summary demonstrating of the stress shielding effects
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o] Fastth welaA MRI o] ®stge] wel e 5 2 2w A Zsh&o]
S S AEFGE A9 AR fxel A HEA 7= Aol vhe A sk we #4g)
= 7HAH, AA ol A Al FEAY SA4S zte A=zaw AAANRTE A
A& W 9ok Kondo et al. o A7el wEW Zr-Nb &°] Ti-6Al-4V = ETH
Ak o]sle] Ast&S zheEth HMa §9om[22], Suyalatu et al. o A ol A=
Zr-Mo $w°l & Ti, Ti-6Al-4V §wRt 183459 & Adtes 2evs Ae

Hol FAT[56]
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Fig. 2-8. The magnetic susceptibility variation according to each magnetic field
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(a) Zirconium dioxide implant (b) Titanium implant

(c), (d) MRI image is distorted by a dental implant

Fig. 2-9. MRI Image of Zirconium dioxide and Titanium: (a) Zirconium dioxide
Implants are cleary depictable in slice view in MRI, (b) While titanium implant
appear distorted due to strong susceptibility artifact, (c) and (d) MRI image

distortion appeared cause by dental implants

_27_

Collection @ chosun



AlAFgIFAX

B Ao = Zircaloyd-xCu (x = 0, 1, 5, 10, 15 in mass%), Zr-xCu (x= 0 to 10)
g3 Zr-xSix = 0 to 10) o +H S Ze dde FES A
Zircaloy4d-xCu @& & Zircaloyd®t F4F4 & (99.99 mass%)<= Zr-xCu®t Zr-xSi =
2 o7 AZ2FF (999 mass%)d 27 FAEAE F, A (99.99 mass%)E o] &35k,
t F22 #9171 Arcmelting Z2AH 25 AE3to] A2k 69 AR A &
S 53 A3t AYE JAYsA . Table 31904 Azxd 3o FH9 gstxA

< YERHIT

I

=
L

N

=

Table. 3-1. Chemical compositions of the alloys used in this study

(wt%)
Zircaloy4-xCu as 1% 5% 10% 15%
Zirrcaloy4 100 99 95 90 85
Cu 0 1 5 10 15
(wt%)
Zr—-xCu as 1% 2% 3% 4% 5% 6% 7% 8% 9% 10%
7Zr 100 99 98 97 96 95 94 93 92 91 90
Cu 0 1 2 3 4 5 6 7 8 9 10
(wt%)
Zr—Si as 1% 2% 3% 4% 5% 6% 7% 8% 9% 10%
7r 100 99 98 97 96 95 94 93 92 91 90
Si 0 1 2 3 4 5 6 7 8 9 10
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Figure. 3-1. Ingot test specimen of the zirconium manufactured by arc melting

furnace in this study
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Figure. 3-2. Magnetic susceptibility test for specimen and schematic diagram
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Figure. 3-4. Schematic diagram of Compressive tester
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(a) - (b)

©) | (@

(e)

Figure. 4-1. Optical micrographs of Zircaloy4-xCu alloys; (a) Zircaloy4d (b)
Zircaloy4-1%Cu, (c) Zircaloy4-5%Cu, (d) Zircaloy4-10%Cu and (e) Zircaloy4-15%Cu
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Figure. 4-2. SEM images of Zircaloy4-xCu alloys; (a) Zircaloy4, (b) Zircaloy4-1%Cu,
(c) Zircaloy4-5%Cu, (d) Zircaloy4-10%Cu and (e) Zircaloy4-1526Cu
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Figure. 4-3. Electron probe micro—analyzer image of Zircaloy4-5%Cu alloys; (a)

BSE image, (b) Zr (c¢) Cu, (d) Sn, (e) Fe and (f) Cr
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Figure. 4-4. X-ray diffraction profiles of as—cast Zircaloy4-xCu alloys, which shows

the dual phases
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Figure. 4-5. Magnetic susceptibility of the as—cast Zircaloy4-xCu alloys and other

reference alloys
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Table. 4-1. Mechanical propreties of Zircaloy4-xCu alloys

Compressive Yield Elongation Elastic Elastic
Specimen strength strength g modulus energy
o
(MPa) (MPa) (%) (GPa) (MJ/mf)
Pure Zric 1368 432 34.8 17.2 54
Zircaloy4-1Cu 1339 581 33 23 7.3
Zircaloy4-5Cu 1179 583 25.4 24.6 6.9
Zircaloy4-10Cu 1147 535 18.1 24.1 5.9
Zircaloy4-15Cu 1088 511 14.1 179 7.3
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Figure. 4-6. Compressive stress-strain curves of the Zircaloy4-xCu alloys
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Figure. 4-7. Optical micrographs of Zr-xCu binary alloy; (a) As—cast Zr, (b) Zr-1Cu,
(¢) Zr-4Cu, (d) Zr-7Cu and (e) Zr-10Cu
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Figure. 4-8. SEM images of Zr-xCu binary alloy; (a) As-cast Zr, (b) Zr-1Cu, (c)
Zr-4Cu, (d) Zr-7Cu and (e) Zr-10Cu
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Figure. 4-9. Electron probe micro-analyzer image of Zr-xCu binary alloys; (a)

Zr-1Cu
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Figure. 4-10. Electron probe micro—analyzer image of Zr-xCu binary alloys; (a)

Zr-"1Cu
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Figure. 4-11. X-ray diffraction profiles of as—cast Zr-xCu binary alloys, which shows

the dual phases
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Table. 4-2. Mechanical propreties of Zr-xCu binary alloys

Zr-x%Cu 1Cu | 2Cu | 3Cu | 4Cu | BCu | 6Cu | 7Cu | 8Cu | 9Cu | 10Cu

Compressive
strength (MPa) 1402 | 1351 | 1475 | 1411 | 1389 | 1441 | 1291 | 1201 | 1336 | 1314

Yield strength

(MPa) 527 | 514 | 518 | 552 | 563 | 528 | 526 | 516 | 520 | 517

Elongation (%) | 429 | 325 | 403 | 329 | 309 | 287 | 164 | 223 | 256 | 19.3

Elastic modulus

20 199 | 193 | 205 | 20.2 | 195 | 20.0 | 20.3 | 205 | 199
(GPa)

Elastic energy

(MJ/m3) 694 | 664 | 695 | 743 | 7.8 | 715 | 692 | 6.56 | 6.60 | 6.76

Hardness (HV) | 199 | 239 | 235 | 233 | 244 | 238 | 242 | 248 | 251 | 247

1%
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3%
4%
5%
6%
7%
8%
9%
—10%

Compressive strength (MPa)
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Figure. 4-13. Compressive Cuve stress—strain Curves of the Zr-xCu binary alloys
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Figure. 4-14. Optical micrographs of Zr-xSi binary alloy; (a) As—cast Zr, (b) Zr-1Si, (c)
7r-4Si, (d) Zr-7Si and (e) Zr-10Si
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Figure. 4-15. SEM images of Zr-xSi binary alloy; (a) As-cast Zr, (b) Zr-1Si, (c)
7r-4Si, (d) Zr-7Si and (e) Zr-10Si
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Figure. 4-16. Electron probe micro—analyzer image of Zr-1%Si binary alloys; (a)
BSE (b) Zr and (c) Si
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Figure. 4-17. Electron probe micro—analyzer image of Zr-4%Si binary alloys; (a)
BSE, (b) Zr and (b) Si
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Figure. 4-18. X-ray diffraction profiles of as—cast Zr-xSi binary alloys, which shows
the dual phases
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Figure. 4-19. Magnetic susceptibility of the as—cast Zr-xSi binary alloys and other

reference alloys
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Table 4-3. Mechanical propreties of Zr-xSi binary alloys

Zr-x%Si 1Si | 2Si | 3Si | 4Si | 5Si | 6Si | 7Si | 8Si | 9Si | 10Si
Compressive | 1o | 1105 | 1186 | 1281 | 1286 | 1367 | 1427 | 1382 | 1458 | 1623
strength (MPa)
Ylel‘(ilvfgglgth 673 | 735 | 752 | 966 | 974 | 1090 | 1277 | 1124 | 1295 | 1514
Elongation (%) | 272 | 183 | 135 | 93 | 67 | 62 | 55 | 62 | 60 | 60
Elastic modulus| o5 | o | 974 | 979 | 293 | 2096 | 323 | 298 | 312 | 331

(GPa)

Elastic energy
M) 102 | 103 | 103 | 178 | 162 | 201 | 252 | 21.2 | 269 | 346
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Figure. 4-20. Compressive stress—strain Sirves of the Zr-xSi binary alloys
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