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ABSTRACT

Effects on Corrosion Resistance in Variation of Microstructure by Cooling
Rate and Aging Treatment in Ti-Nb-Zr-Ta Alloy System

Yoo Sang Eun

Director : Prof. Ko Yeong Mu, D.D.S., M.S.D., Ph.D
Dept. of Dental Science

Graduate School of Chosun University

In recent years there has been a significant development of novel implant
alloys based on B-Ti such as Ti-Nb-Zr and Ti-Nb-Zr-Ta alloy systems. Also,
the use of titanium and its alloy as biomaterial is increasing due to its low
modulus, superior biocompatibility and corrosion resistance when compared to
conventional stainless steel and cobalt-based alloys. The purpose of this study
1s to investigate the microstructure variation, phase transformation behavior and
corrosion characteristics of Ti-29Nb-4.3Zr-xTa alloys. Four kinds of alloys
containing Ta concentrations of 5, 10, 15, and 20(wt%) were used to investigate
the microstructure, corrosion resistance and others. The specimens were solution
treatment in the [ phase field of Ti alloy and followed by water
quenching(WQ). Optical microscopy, FE-SEM (Field emission scanning electron
microscope), X-ray diffraction, and a Vickers hardness test were performed to
investigate the microstructure variation and corrosion resistance for each alloy
under different cooling rate and Ta addition conditions. Concentrations corrosion
resistance was studied by anodic polarization test. Fine needle-like traces of
martensite were observed at the prior B grain boundary in the image of Ti

alloys(Ti-29Nb-4.3Zr-xTa).
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Also, d'(hexagonal)martensite and B phase peaks were observed in the XRD
profile; this, a'(hexagonal)martensite and [ duplex phase structures were
revealed. When aged at 780 ‘C/WC, the hardness increased slightly. This was
considered to be related to the [Br., Bz precipitation in the grain boundary. In
addition, the anodic polarization curves of Ti-29Nb-4.3Zr-xTa(x=5, 10, 15)
alloys which were age treated specimen at 780 C/AC move to the left and

upwards. It causes excellent pitting resistance and corrosion resistance.
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=

-

\ \

Temperature

\
\ \
! \
! \
! '
! \
! '
'
\

% of 3 stabilizer

Fig. 2. Schematic phase diagram of B-stabilized Ti alloy26).



A 32 AAde S FF

1. A=

s

AL AL o] of

o] 2] ] of

A Az 2 o

2o

fAEZ 92 FHo

FA 7 7}E

b3l

S

RIS s R e
& ¥4 5 (femoral head)t H| 7% (acetabular cup)Abo] & uiwfE

BH
R

glo o} &

WS- of

o

=

=)

o

EE

s
-

A 1A

2
Hk& A (osseointegration), A3 A|

A A

el

jzel

S7161 A e A, A

E__
HF-3-A) (adverse tissue reaction) 5 o2 FRE X 7]

hya
o

o A

h

A4, HE,

e

ﬂy!
pze]

T
ol

o]

Table 12 <

o
=

3

>
=

=iy 2

A4r

A

© % Ti, Ta, Nb, Zr, Pt

o

N



s A
=

Al, Fe, Mo, Ag, Au, Stainless steels, CoCr alloys

Ti, Zr, Nb, Ta, Pt, Ti alloys

Elements
Co, Ni, Cu, V

2 Wol A8 EJA 316 2H A=A Codw, Ti-6A1-4V &

o

fu A
=

Type of
reaction
vital
capsule
toxic

ot

Table 1. Reactivity of bone fiber—cell to implant
&

A A

A

w@o A v EHc 14

a2 Ti-6Al1-7Nb, Ti-5Al-2.5Fe ©] A &k,

He

G|

< daE gA

il

)
e

o

o
ﬁo

o

juid
o)

—

N
oF

s

]

o2 fE=

fus A
=

TR

ot

X

B!

—_
o

oF

TR

o

o]

Bl

T

NI

=
‘mo
e

il
)
o]

2 NA W EE =

#ae

il o

!

plo

L
L

3], H o A

Ti-Zr-Nb-Ta &= 4l= &4 AF7F o 60GPa A== o T Ao o}

=

jze)

A
wjr
o)
s

Aol e},

Fol e}

H]_Tﬂ_



Table 2. Elastic modulus of materials for artificial

articulation
FElastic modulus
Material
(GPa)
Bone 10 = 30
316L stainless steel 205
Cast Co-Cr-W-Ni 230
Cp-Ti 100
Ti-6Al1-4V 100 ~ 110
Advanced Ti
) 55 7 66
alloy(Ti-Nb-Zr-Ta)
UHMW PE 0.5
PMMA bone cement 273
Zirconia(ZrO-) 200
Alumina(Al203) 350
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Table 3. Chemical components of Ti and Ti alloys for artificial

articulation

e H & N & H 0 Fe

&= R“k““"ﬁa.k__ﬂ_ max | max | max | max | max | A L T
Pure Ti ASTM F67
Grade 1 0.03 | 010 | 0.015 | 0.18 | 0.20 - - bal.
Giade 2 003 | 010 | 0.015 | 0.25 | 0.30 = - bal.
Grade 3 0.05 | 010 | 0.015 | 0.35 | 0.30 - - bal.
Grade 4 0.05 | 0.10 | 0.015 | 0.40 | 0.50 - = bal.
Tﬁi}iﬁ;‘;l%}, 005 | 0.08 | 0012 0.13 | 0.25 |5.5-6.5/3.5-4.5| bal

a) Standard specification for unalloyed titanium for surgical implant applications
b) Standard specification for wrought titanium 6AI-V ELI alloy for surgical implant
applications
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Table 4. Mechanical properties of Titanium alloys for

biomedical applicationssw

Alloy Tensile strength Yield strength ~ Elongation (%)  RA (%) Modulus (GPa)  Type of alloy
(UTS) (Mpa) (ay)

1. Pure Ti grade | 240 170 4 30 102.7

]
2. Pure Ti grade? 345 215 20 30 102.7 o
3. Pure Ti grade 3 450 380 13 30 103.4 ]
4. Pure Ti grade 4 550 485 15 25 104.1 o
5. Ti-6Al-4V ELI (mill An-  860-965 795-875 10-15 25-47  101-110 4+
nealed)
6. Ti-6A1-4V (annealed) 895-930 825-869 6-10 20-25  110-114 o+ fi
7. Ti-6A1-TNb 900-1050 880-950 8.1-15 25-45 114 4+ f
8. Ti-5A1-2.5Fe 1020 895 15 35 1 utfi
9. Ti-5A1-1.5B - 925-1080 820-930 15-17.0 36-45 110 utf
10. Ti-158n-4Nb-2Ta-0.2Pd
(Annealed) 860 790 21 64 89
(Aged) 1109 1020 . 10 39 103
11. Ti-15Zr-4Nb-4Ta-0.2Pd a+f
(Annealed) 715 693 2 67 94
(Aged) 919 806 18 T 99
12. Ti-13Nb-13Zr (aged) 973-1037 836-908 10-16 27-53  79-84 f
13. TMZF (Ti-12Mo-6Zr-2Fe) 1060-1100 100-1060 18-22 64-73  T4-85 I
(annealed)
14. Ti-15Mo (annealed) 874 544 21 82 78 f
15. Tiadyne 1610 (aged) 851 736 10 81 I
16. Ti~15Mo-5Zr-3Al 4
(ST) 852 838 25 48 80
(aged) 1060-1100 1000~ 1060 1§-22 64-73
17. 2ARX (annealed) (Ti- 979-999 945-987 16-18 60 8 i
15Mo-2.8Nb-0.25i)
18. Ti-35.3Nb-5.1Ta~7.1Zr 596.7 M1.1 190 68.0 55.0 I
19. Ti-29Nb-13Ta-4.6Zr 911 864 13.2 80 I
(aged)
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Fig. 5. Micro—corrosion of Fe-C alloys.
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Fig. 6. SEM image of Al-Si alloys on electrochemical

corrosion.
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Fig. 9. The optical microstructures of the normal specimens of
Ti-29Nb-4.3Zr-xTa alloy.
(a) Ta 5 wt% (b) Ta 10 wt%
(c) Ta 15 wt% (d) Ta 20 wt%
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Fig. 10. The optical microstructures of the Ti-29Nb-4.3Zr-xTa
alloy with solution treated at 1000 C for 2 hr.
(a) Ta 5 wt% (b) Ta 10 wt%
(c) Ta 15 wt% (d) Ta 20 wt%
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The optical microstructures of the Ti-29Nb-4.3Zr-xTa
(x=5b, 10, 15 wt%) alloy with cooling condition after
aging treatment at 780 C for 6 hr.
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Fig. 12. The optical microstructures of the Ti-29Nb-4.3Zr-xTa

alloy with air cooling rate after aging treatment
at 780 C for 6 hr.

(a) Ta 5 wt% (b) Ta 10 wt% (c) Ta 15 wt%
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Fig. 13. The optical microstructures of the Ti-29Nb-4.3Zr-xTa

alloy with water quenching rate after aging treatment
at 780 C for 6 hr.

(a) Ta 5 wt% (b) Ta 10 wt% (c) 15 wt%
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Fig 14. XRD patterns with the cooling condition of
Ti-29Nb-4.3Zr-xTa(10 wt%) alloy.
(a) water quenching after aging treatment at 780 C
for 6 hr.
(b) air cooling after aging treatment at 780 C for 6 hr.
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Fig 15. FE-SEM microstructures of the Ti-29Nb-4.3Zr-xTa alloy
with water quenching after aging treatment at 780 C for
6 hr. (a) Ta 5 wt% (b) Ta 10 wt% (c) Ta 15 wt%
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Fig. 16. EDS results for the Ti-29Nb-4.3Zr-xTa(10 wt%) alloy
with water quenching after aging treatment at 780 C

for 6 hr.
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Fig 17. FE-SEM microstructures of the Ti-29Nb-4.3Zr-xTa alloy
with the air cooling after aging treatment at 780 C for
6 hr. (a) Ta 5 wt% (b) Ta 10 wt% (c) Ta 15 wt%
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Fig. 18. EDS results for the Ti-29Nb-4.3Zr-xTa(10 wt%) alloy
with the air cooling after aging treatment at 780 C
for 6 hr.
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Fig. 19. Mapping image showing elemental distributions of Ti, Zr,
Nb with air cooling after aging treatment at 780 C for
6 hr (Ti-29Nb-4.3Zr-xTa(10 wt%)).
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Fig. 20. Mapping image showing elemental distributions of Ti, Zr,

Nb with water quenching after aging treatment at 780 C
for 6 hr(Ti-29Nb-4.3Zr-xTa(10 wt%)).
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Fig. 21. FE-SEM microstructures of precipitation behavior in the
Ti-29Nb-4.6Zr-xTa alloy with air cooling after aging

treatment at 780 C for 6 hr.
a) Ta 5 wt% b) Ta 10 wt% c¢) Ta 15 wt%
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Fig. 22. The variation of the hardness with the cooling rate after
aging treatment of Ti-29Nb-4.3Zr-xTa(x=5, 10, 15, 20
wt%) alloys.
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Fig. 23. XRD patterns with the cooling rate conditions of
Ti-29Nb-4.3Zr-xTa(x=10 wt%) alloy.
(a) oil quenching after aging treatment at 780 C for 6 hr.
(b) water quenching after aging treatment at 780 C
for 6 hr.
(c) air cooling after aging treatment at 780 C for 6 hr.
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wt%
C/R

normal
specimens

Ta-5 wt% Ta-10 wt% Ta-15 wt%

solution
treated

Fig. 24. The optical micrographs of the formed pit in normal
specimens and solution treated specimens after
potentiodynamic test in 0.9 % NaCl solution
at 36.5 + 1 C.
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C/R

Ta-5 wt%

Ta-10 wt%

Ta-15 wt%

water

quenching

air

cooling

Fig. 25. The optical micrographs of the formed pit in water

quenched and air cooled specimens after

potentiodynamic test in 0.9 % NaCl solution

at 36.5 + 1 C.
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Table 6. Corrosion potential(E.orr), corrosion current density(I.or)
of Ti-29Nb-4.3Zr-xTa(x=5, 10, 15wt%) alloys after

electrochemical test in 0.9 % NaCl solution
at 36.5 + 1 C
] ,
Ti-20Nb-4.3Zr-xTa | o€ coolng Econ(mV) Teore A/ cal)
treatment treatment
5 wt% Ta - 517 3.82 X 107
10 wi% Ta 780 T, water - 510 2.50 x 107
6 hr quenching
15 wt% Ta - 430 3.84 x 107

Table 7. Corrosion potential(Ecor), corrosion current density(I.or)
of Ti-29Nb-4.3Zr-xTa(x=5, 10, 15 wt%) alloys after

electrochemical test in 0.9 % NaCl solution
at 36.5 + 1 C
] ,
Ti-29Nb-4.3Zr-xTa | o€ cooling Econ(mV) Teore A/ cal)
treatment treatment
5 wt% Ta - 417 3.40 x 107
780 T, .
10 wt% Ta air cooling - 520 2.20 x 1077
6 hr
15 wt% Ta - 340 3.56 X 107
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Current Density (Ncmz)

Fig. 26. Potentiodynamic polarization curves of
Ti-29Nb-4.3Zr-xTa(w ater quenching) alloy
after potentiodynamic test in 0.9 % NaCl solution
at 36.5 + 1 C.
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Fig. 27. Potentiodynamic polarization curves of
Ti-29Nb-4.3Zr-xTa(air cooling) alloy after
potentiodynamic test in 0.9 % NaCl solution at
36.5 + 1 C.
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