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ABSTRACT

Study on Zr-xCu/Zr—xSi Alloys with Low Elastic Modulus
for Improving Stress Shield Effect

Seung-Won Ku 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-xCu and Zr-xSi alloys with low

elastic modulus for improving bone resorption in dental biomaterials.

Metallic biomaterials are widely used for orthopaedic and dental applications
due to their superior characteristics of mechanical properties and
biocompatibility in order to prevent an allergic reaction to the metals. Metal
alloys have played a predominant role as structural biomaterials in
reconstructive surgery, orthopaedics, and non-osseous tissues. Most of all, the
dental alloys for dental applications require a high corrosion resistance

because the pH and temperature vary widely in the oral environment.

Many metals and alloys, such as stainless steel, Co-Cr alloys, and Ti-based
alloys are commonly used. Among these dental alloys, pure Ti and Ti-6A1-4V alloy
have become the most popular metals used for the endosseous parts implants, bone
plates, and artificial joints because they have excellent corrosion resistance

and high biocompatibility with natural bone.

Stress shield effect 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
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as implant components and devices, its elastic modulus (110 GPa) is much higher
than that of natural human bone (10-30 GPa). 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 biological hard tissue materials
with low elastic modulus to transfer stress to the surrounding bones
effectively.

The Zr-xCu binary alloy exhibited moderate compressive strength (1291-1411
MPa), vyield stress (517-552 MPa), favorable elongation (16.4-42.9%), elastic
energy (6.76-7.43 MJ/m’) and low elastic modulus (18.5-23.1 GPa). The Zr—xSi
binary alloy exhibited high compressive strength (1105-1623 MPa), yield stress
(673-1514 MPa), favorable elongation (6-27.2%), high elastic energy (10.2-34.6
MJ/m®) and low elastic modulus (22.3-33.1 GPa).

Consequent |y, Zr—xCu and Zr—xSi binary alloys have the potential to be used as
biomaterials with nullifying stress shielding effects for biological hard tissue
materials

Keywords : Biomaterials, Elastic modulus, Zr-xCu binary alloys, Zr-xSi binary

alloys, Metallic materials, Stress shield
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5
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Zr-xCu®t Zr-xSi Ol &H &332 AMEHES UEIHCH. 22Ol ARXN 2aiA Zrol
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CIRA2H, Zr-rich HIZE &2 =ATHE LiEUHE 222 LM QUCH et
N 2 d70Mde =854 HIZE 32 442 L6t o, =0 15wt. %2
28 ZHE A= LEo 32 MEGSHACEH. Ol o2 8 FE2EAHE Zr-xCu
ot Zr—xSi 32 HE 29| AR AHXE Fig. 30 LIEHHRACEH.

Collection @ chosun



itHel HOIH #2200 ASEl #20000tK12l AOIXIE AMSoH0! JIHA =0t &Y
= &AISIRCH. Ol 2=20IL HOIAE 6um, Tum, 0.3umE O|E5+0 DIAI A0t
AAS ot HBHo=z XNSHOIIE 016t SiC A0t 0.06um=z 1522t &
HHOLE MBS0 AIEEHE ZFHIctes S0 ZME > s A4BHE L U834
o Hs2 zASotRALt

HH DIMZR 22 e sstA fE2 S8 45 mnl, 24 45 m 2l 2
A 10 ml (Dist water 45 ml + Nitric acid 45 ml + Hydrofluoric acid 10 ml)E

Houg AE FAES SIIM HoRA H2E %

0t

+
tOd 30COIA 2F 5x2t 0

0|33
otHLCH., =H|=E Algd 2Zsts0|A  (Optical microscope, OM; Zeiss: Axio

Vert. A1, Oberkochen, Germany), FTAEX&0lZ  (Scanning Electron
Microscope, SEM; Seron: AIS2000C, Seoul, Korea)E 0|26t EH OIMXEZEES
ZHESIGCH, S&Est =X X0 st Crerst 2ra ) /X0 2 20 dYs ©

o
/g T
o A4 2AHAS o) st HEXNERDIASMAIE  (Electron Probe Micro
=
o

Analyser, EPMA; Shimadazu: 1600,Tokyo, Japan)S 0|06t 2ZolLCH.

=& =32 Fig. 20 LIEtH BEAEE 201 10 Al HE UWol 2
T2 st M0 et =2 ZHAC XXS0| 4= 0l ZEAMER2
Mz O 22&, sstd E42 LIEHWEZ 0l Z30 Uist Rx=2401 2=+
HOICH., HAAHE ANg®Eo ZFY IEZ2AZ2 fAdl X-d S EI|(X-ray
diffractionb, XRD; Rigaku: X' pert PRO MPD, Texas, USA)E OI&3dt0f 30" OlA
80° MKl AZHZtA 0.02° 2 FAAIZE 1s2 20 AMOZ £MGIAUCH, XH2 CuK

a(A=1.54060 A) Et2 ZHo=z §8 M 40 kV, ] 30 mA=Z HHOIACH. Al
SEi e 2% ESHIUEE2 OMEX2FE AISES MEY =

Ch.

CH EHSHS =3

Zr—xCult Zr-xSiol 2 EHIOW TOE AEEHO JIHAE EM0 A=2E, A
qdE =2 hine, UTM;

tNEg Y2 I8 S5 =HFHoH)| Fol 2PsAIEIl (Universal Testing Mac
Shimadzu: AG-20kNX, Kyoto, Japan)S 0|25t LEAES AAGIHL. AFEAE
T2 =Z 3mm x HHl 3 mm x 20| 6 mme AIEHEHE 20I0HE HZEotH =Hlol

_4_

Collection @ chosun



Ul

20l

oOlA 1 mm/min2 2=

ol

M=
XS

SJUNE,

10l Fig. 6

PN
[y

FEt AIE2] AL

=

X0
my

X

b

=
[a—

SEJVIIEPN

& B0 XIO

H X

0

=
[=)

Q=2
-T- =

il
SEJVIIEPN

=il

(o)a]

H
160

2

80

tH THZ= Ot

F2J|l& o

(Resilience)ct

=]

BRIz =0t Olddst

FHE= =0

Rr

IH
Rr

0l
KK

11
iy
A0

I

Ar

Collection @ chosun



Drive motor

Drive screw
Ei(-)
i ®
Vacuum -=—
| :.— Crucible
Electrode =S
I- +— Water guide
Furnace body Electrode gap
= Ingot poal
< Solidified ingot
Water out 4—_I-
_l +|
Water in

Fig. 1. Vacuum arc melting furnace and schematic diagram of melting system.
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Fig. 4. Universal testing machine to calculate compressive strength.

=6mm

Fig. 5. Schematic diagram of compressive tester and zirconium specimen.
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Fig. 6. Stress—strain flow curve of typical soft metals showing elastic

energy.
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Fig. 7. Optical micrographs of Zr-xCu binary alloys; (a) As—cast Zr, (b) Zr—1Cu,
(c) Zr=4Cu, (d) Zr-7Cu, and (e) Zr-10Cu.
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Fig. 8. SEM images of Zr—xCu binary alloys; (a) As-cast Zr, (b) Zr-1Cu, (c)
Zr-4Cu, (d) Zr-7Cu, and (e) Zr-10Cu.
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Fig. 9. Electron probe micro—analyzer image of Zr-xCu binary alloys; (a)
Zr=1Cu, (b) Zr, and (c) Cu
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Fig. 10. Electron probe micro—analyzer image of Zr-xCu binary alloys; (a)
Zr=7Cu, (b) Zr, and (c) Cu.

_17_

Collection @ chosun



1400

1200 -

1000

Qaon

800

Intersity (arh.)

600 -| §
o

400

Qoo

200

o: a-Zr

Intersity (arb))

=00
me

u
30 40

g
60

2500

2000 -

1500

Intersity (arb.)

1000

500

©: a-Zr
o:Zr,Cu

Intersity (arb.)

0 (109

=000
L,
0 ey

10000

8000 -

6000 -

Intersity (arb.)

4000

2000 -

Zr-10Cu
o: a-Zr
o:Zr,Cu
s g
g 85
_jl jjﬂ\
7

Fig. 11. X-ray diffraction profiles of as-cast Zr—xCu binary alloys,

show the dual
Zr=7Cu, and (e) Zr-10Cu.

Collection @ chosun

60

_']8_

3000

2500

2000 -

1500

1000

o : a-Zr
o:Zr,Cu

5004 & g B 8
s 4 S o
: 7 A
o
o T T T
30 40 50 60
20
10000
0000
g o: a-Zr
8000 S o:Zr,Cu
7000 4
6000 o
5000 4
4000 - N
g g
30004 & g |
2000 - @ g g )
s S [ °
10004 |Ig & JT g = j\ g
= s 5 o
0+ T T T
30 40 50 60

phases; (a) Pure Zr,

(b) Zr-1Cu,

(c) Zr—4Cu,

which



Fig. 12. Optical micrographs of Zr-xSi binary alloys; (a) As-cast Zr, (b) Zr-1Si,
(c) Zr-4Si, (d) Zr=7Si, and (e) Zr-10Si.
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Fig. 13. SEM images of Zr—xSi binary alloys; (a) As-cast Zr, (b) Zr—1Si, (c)
Zr=4Si, (d) Zr-7Si, and (e) Zr-10Si.
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Fig. 14. Electron probe micro—analyzer image of Zr-1Si binary alloy; (a)
BSE, (b) Zr, and (c) Si.
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Fig. 15. Electron probe micro—analyzer image of Zr-4Si binary alloy; (a)
BSE, (b) Zr and (c) Si.
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Fig. 17. Compressive Curves stress-strain Curves of the Zr-xCu binary
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Table 1. Mechanical properties of Zr-xCu binary alloys

Zr—x%Cu 1Cu 4Cu 7Cu 10Cu
Compressive
1402 1411 1291 1314
strength (MPa)
Yield strength
527 552 526 517
(MPa)
Elongation (%) 42 .9 32.9 16.4 19.3
Elastic modulus
20 20.5 20.0 19.9
(GPa)
Elastic energy
2 6.94 7.43 6.92 6.76
(MJ/m°)
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Fig. 18. SEM images of Zr-xCu binary alloy; (a) Zr—1Cu, (c) Zr-4Cu, (d) Zr-7Cu
and (e) Zr-10Cu.
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Fig. 19. Compressive stress—strain curves of the Zr—xSi binary alloys.
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Table 2. Mechanical properties of Zr-xSi binary alloys

Zr—x%Si 1Si 4Si 7Si 10Si

Compressive strength

1105 1281 1427 1623
(MPa)

Yield strength (MPa) 673 966 1277 1514
Elongation (%) 27.2 9.3 5.5 6.0
Elastic modulus

22.3 27.9 32.3 33.1
(GPa)
Elastic energy
. 10.2 17.8 25.2 34.6
(MJ/m°)
_30_
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Fig. 20. SEM images of Zr-xSi binary alloy; (a) Zr—1Si, (c) Zr-4Si, (d) Zr-7Si
and (e) Zr—10Si.
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