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ABSTRACTS

The Effect of Cooling Rate and Tempering aging on the Microstructure and
Corrosion Resistance in Ti-Zr-xNb Alloy System

Park Myung Jin

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

Graduate School of Chosun University

The purpose of this study is to investigate the microstructure variation, phase
transformation behavior and corrosion characteristics of Ti—-13Zr-xNb alloys.
Five kinds of alloys containing niobium concentrations of 4, 6, 8, 10, and 12
(wt.%) were used.

The specimens were solution heat treated in the B phase field of Ti alloy and
followed by water quenching(W.Q). Optical microscopy, 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 niobium addition conditions.
Corrosion characteristics of its alloy on the 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-13Zr-xNb).

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/W.C, the hardness increased slightly. This was
considered to be related to the Bap, Bzr precipitation in the grain boundary. In

addition, the anodic polarization curves of Ti-13Zr—-xNb(x=4, 6, 8) alloys which
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were age treated specimen at 780 C/W.C move to the left and upwards. It

caused excellent pitting resistance and corrosion resistance.
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Table 1. Comparison of physical properties

. 14
of various alloy ™.

)

Ti-alloy
Property Pure Ti Zr Al alloy Al
Ti-6Al-4V
Melting point
o 1668 1540 1650 852 660
()
hep< hept+bee< hep<
Crystal structure fce fce
883 T bee 900 T 893 T bee
Density (g/cn’) 451 4.42 6.52 2.70 2.80
Young's modulus
106 113 89 69 71
(GPa)
Electric conductivity 3.1 11 3.1 64.0 30.0
(Cu comparison,%)
Coefficient of linear
expansion 84x10° 8.8x10°° 5.8x10°° 23.0x10°° 23.1x10°
(ew/en/'C, 0~100 C)
Specific heat
pecitic fica 0.12 0.13 0.07 0.21 0.23
(cal/g/C)
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% of a stabilizer

Fig. 2. Schematic phase diagram of Ti alloy a-stabilized phasesm.



1

Temperature

1
1
1
]
1
]
1
1

1
1
]
\
1
1
1

% of 3 stabilizer

Fig. 3. Schematic phase diagram of Ti alloy B-stabilized phases™.
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4. Ti®] Mn, AIAl &=

Table 2. The character and application of Ti—-Mn, Ti—-Al system
alloy.

Type property / use

Tiol] Mn¥ TiMn % TiMn: 3= A

Ept)
o 1
a4 —7‘ 280-400 CollA Al =7 3}
A4 65~9.0 %Mn g
Mn &5 @ JdFAE 106 kg/mr,

AXNE 14 %

f%} 70“3 100 kg/mr
e 4 %Mn, 4 %Al % A xE EAo]

Ti-Mn system

-
X ofp

o Al°] Ti¢9 a9 st ax g
o a—f WHE7 Al 7ol wet =
o 12 %Al %= : HlFo] A
I WAREd
A 7FEAd o] Uil
Ti-Al system o Ti-5 %Al-25 %Sn &+
— &4 70-90 kg/mn
— 600 C7HA1 9] 7F2HH 22 AL
o« Ti-6 %Al-4 %V FF
— 420 CT7hA 9] 11 A x Aol &
— 7F2HR g, e AL

é

;z i

oxé
1

o Ti-13 %V-11 %Cr-3 %Al &+
— fr_g]ﬁ X{z‘sko] o5
- 7t3A, 834
the others — e o A=7s)
o Ti-5 %Cr -2 %V A
e Ti-5 %¥Mn-1 %W 74
o Ti-5 %Cr -2 %Mo A

_1
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A 34 dEUE 9 AAASE Ti 7

1. AAAEY MQ

A oZ 4 Ti Ti-6Al-V 183 Ti-6Al1-4V ELISo] tX A2 AZ=HE
A2 FHASA AN, HF oA &5 Tiol Zr, Nb, Ta, Mo 5& #
7hek Ti ol F/E olFa e AAolth. ®3 Ti-6Al1-7Nb, Ti-5Al1-2.5Fe%

2o o+l FdFEo MEFHo HELH dow Ti-155n-4Nb-2Ta-0.2Pb2o}

=
o
N
7

AN
—
gl
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el
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AAAZFAE o] 78 Almoloof ghrt. Ao AHe A JAFAE, ¢ E, vt
A, 2T 5 7IAA Aol FEdfol atn, AA e A FH7ldA dd
FAE S5 WAAS ZEFolof Y. &, AAFAHoZHE v o]
AAAZFAE o] 48t AA Ao Y¥ JFgFS nx AAdA AREE do] 7l

ofck stul Bz Bk AAEA delA FEF FES L Hustolok Bt

- 14 -



Table 4014 = AAE Aze] dHEA 7IA4 AEdS Herdd e, Fig. 5914 =

AAANFREE TigdFe w4 A5 (elasticity modulus)ES ®] 3 A o]t}
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Table 3. Titanium alloys for biomedical application524).

No composition phase

1 pure titanium(ASTM F67) grade 1, 2, 3 and 4

Ti-6Al1-4V ELI )
2 a + B type
(wrought: ASTM F136 and forged: ASTM F620)

3 Ti-6Al1-4V (casting: F1108) a + B type
4 Ti-6A1-7Nb(ASTM F1295) a + B type (Switzerland)
5 Ti-5A1-2.5Fe(ISO/DIS5832-10) B rich a + B type (Germany)
6 Ti-5A1-3Mo-4Zr a + B type (Japan)
7 Ti-15Sn-4Nb-2Ta-0.2Pd a + B type (Japan)
8 Ti-15Zr-4Nb-2Ta-0.2Pd a + B type (Japan)
9 Ti-13Nb-137r near B type (USA),

low modulus
10 Ti-12Mo-6Zr-2Fe B type (USA), low modulus
11 Ti-15Mo B type (USA), low modulus
12 Ti-16Nb-10Hf B type (USA), low modulus
13 Ti-15Mo-5Zr-3Al B type (Japan), low modulus
14 Ti-15Mo—-3Nh B type (USA), low modulus
15 Ti-35.3Nb-5.1Ta-7.1Zr B type (USA), low modulus
16 Ti-29Nb-13Ta-4.6Zr B type (Japan), low modulus
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Table 4. Mechanical properties of titanium alloys for

biomedical applicati0n524).

Alloy Tensile strength Yield strength Elongation (%6) RA (%) Modulus (GPa) Type of alloy
(UTS) (Mpa) (a,)
1. Pure Ti grade 1 240 170 24 30 102.7 o
2. Pure Ti grade2 345 275 20 30 102.7 o
3. Pure Ti grade 3 450 380 18 30 103.4 o
4. Pure Ti grade 4 550 485 15 25 104.1 o
5. Ti-6A1-4V ELI (mill An- 860-965 795-875 10-15 25-417 101-110 o+
nealed)
6. Ti-6Al-4V (annealed) 895-930 825-869 6-10 20-25 110-114 o+ ff
7. Ti-6Al-TNb 900-1050 880-950 8.1-15 25-45 114 o+ f
8. Ti-5Al-2.5Fe 1020 895 15 35 112 o+ fi
9. Ti-5A1-1.5B 925-1080 820-930 15-17.0 36-45 110 o+ f
10. Ti-15Sn-4Nb-2Ta-0.2Pd
(Annealed) 860 790 21 64 89
(Aged) 1109 1020 10 39 103
11. Ti-15Zr—4Nb-4Ta-0.2Pd o+t f
(Annealed) 715 693 28 67 94
(Aged) 919 806 18 72 99
12. Ti-13Nb-13Zr (aged) 973-1037 836-908 10-16 27-53 79-84 B
13. TMZF (Ti-12Mo-6Zr-2F¢) 1060-1100 1001060 18-22 64-73 74-85 p
(annealed)
14. Ti-15Mo (annecaled) 874 544 21 82 78 B
15. Tiadyne 1610 (aged) 851 736 10 81 B
16. Ti-15Mo-5Zr-3Al ' B
(ST) 852 838 25 48 80
(aged) 1060-1100 1000-1060 18-22 64-73
17. 2IRX (annealed) (Ti— 979-999 945-987 16-18 60 33 I
15Mo-2.8Nb-0.25i)
18. Ti-35.3Nb-5.1Ta-7.1Zr 596.7 547.1 19.0 68.0 55.0 g
19. Ti-29Nb-13Ta-4.6Zr 911 864 13.2 80 i
(aged)
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Fig. 5. Comparison of modulus of elasticity of biomedical

titanium alloy524).
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Fig. 7. Phase diagram of Ti—-Zr binary alloys.
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Fig. 8. Electrochemical mechanism in corrosion reaction of
metal.
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Oxygen evolution
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Fig. 10. Hypothetical anodic and cathodic polarization behavior

. .. . . . 29
for a material exhibiting passive anodic behavior ).

_29_



2 o AFo] A3 AlgE I+ EQ Daido steelol A Az

ro

Ti(99.98 wt%),
Nb(99.99 wt%), Zr(99.90 wt%)= A&ttt FHI & A Eas =5 FA8H7] 93l
AEzo A &alst7] Aol AggEHe FHAHo] e & | BEeess 322 2 =
=3 AFR7A 308 < T8 AAT F 2ol QoA TR AXRAIA A

s,

ofo

A 24 Ti s Ax

|

tlo

B A9o] AFg3 FFAZRE Ti-13Zr-xNbA 5 FF9 FFL Azxsgen AH
ol FaFzxA T ZrEFe USAY Tigts(near B type)ollAd 13 wt.% Fo] H A<l 7]
AH 42 2 AR E & F doE A wet 13 w2 ugsdnh. Nb
ZF2 Ti-13Zr-xNb(x=4, 6, 8, 10, 12 wt.%)Z ¥33sto] Zro] H7td Tiol 3 94

2 A% BEAE gE RES PA] Aste] ABL A0 Agsste

ol
o
(@)}
ot
o,
o
=
e
ol
o,
w &
[\
')
0Q
lo,
e,
E
=
ay
=)
(@)
o
=3
e
o
=
fu
>,
o
)
PN
ol
o,
3
-,
o,
)
o

_30_



A 348 & A 3A g (solution treatment) L A & A 8 (aging treatment)

st AAE AlHo| 3 A3 L AFA WS Table 49 Fig. 110 YeR

Table 5. Heat treatment conditions of Ti—-13Zr-xNb alloys.

. solution . .
specimens Aging treatment cooling rate
treatment
) water quenching
Ti-13Zr-xNb alloys . . . .
1020 C/1 hr 780 C/6 hr oil quenching
(x=4, 6, 8, 10, 12 wt.%) ) .
air cooling
-WQ(water quenching)
-0Q(0il quenching)
_________ ST -A C(air cooling)

Temperature(t)

Time

Fig. 11. Schematic diagram to illustrate the heating schedule for

the Ti-13Zr-xNb alloy specimens.
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Fig. 12. Schematic diagram of corrosion apparatus.
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Fig. 13. The optical microstructures of the normal specimens of
Ti-13Zr-xNb alloy.
(a) Nb 4 wt. % (b) Nb 6 wt.%
(c) Nb 8 wt.% (d) Nb 10 wt.%
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Fig. 14. The optical microstructures of the Ti-13Zr-xNb alloy
with solution treated at 1020 C for 1 hr.

(a) Nb 4 wt.% (b) Nb 6 wt% (c) Nb 8 wt. %
(d) Nb 10 wt.% (e) Nb 12 wt. %
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C/R

water

quenching

oil
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air

cooling

Fig. 15. The optical microstructures of the Ti—-13Zr-xNb
(x=4, 6, 8 wt.%) alloy with cooling rate after aging
treatment at 780 C for 6 hr.
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Fig. 16. The optical microstructures of the Ti—-13Zr-xNb
(x=10, 12 wt. %) alloy with cooling rate after

aging treatment at 780 C for 6 hr.
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Fig. 17. The optical microstructures of the Ti-13Zr-xNb
(x=12 wt. %) alloy with increase of aging time at 780 C.
(a) 8 hr (b) 10 hr (c) 12 hr.
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Fig. 18. XRD patterns with the cooling rate conditions of
Ti-13Zr-xNb(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. 19. FE-SEM microstructures of the Ti—-13Zr-xNb alloy with
water quenching after aging treatment at 780 C for 6 hr.
(a) Nb 4 wt. % (b) Nb 6 wt.%
(c) Nb 8 wt.% (d) Nb 10 wt. %
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Fig. 20. EDS result for the Ti-13Zr-xZr(x=10 wt. %)
alloy with water quenching after aging treatment
at 780 C for 6 hr.
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Fig 21. FE-SEM microstructures of the Ti—-13Zr-xNb alloy with
the air cooling after aging treatment at 780 C for 6 hr.
(a) Nb 6 wt. % (b) Nb 8 wt.% (c) Nb 10 wt. %
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Fig. 22. EDS result for the Ti-13Zr-xNb(x=10 wt. %)
alloy with the air cooling after aging treatment at 780 T
for 6 hr.

_48_



Zirconium Lat Niobium Lai

Fig. 23. Mapping image showing elemental distributions of Ti, Zr,
Nb with air cooling after aging treatment at 780 C for
6 hr(Ti-13Zr-10 wt.%Nb).
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Zirconium Lal Niobium Lal

Fig. 24. Mapping image showing elemental distributions of Ti, Zr,
Nb with water quenching after aging treatment at 780 C
for 6 hr(Ti-13Zr-10 wt.%Nb).
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Titanium Kal

Zirconium Lal Nicbium Lal

Fig. 25. Mapping image showing elemental distributions of Ti, Zr,
Nb with oil quenching after aging treatment at 780 C for
6 hr(Ti-13Zr-10 wt.%Nb).
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Fig. 26. The variation of the hardness with the cooling rate after
aging treatment of Ti-13Zr-xNb(x=4, 6, 8, 10, 12

wt.%) alloys.
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Fig 27. XRD patterns with the cooling rate conditions of
Ti-13Zr-xNb(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.%
Nb-6 wt. % Nb-8 wt. % Nb-12 wt. %
C/R
normal
specimens
solution
treated

Fig. 28. The optical micrographs of the formed pit in normal
specimens and solution treated specimens after
potentiodynamic test in 0.9 % NaCl solution at 36.5t1 C.
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wt.%
Nb-6 wt. % Nb-8 wt. % Nb-12 wt. %
C/R
water
quenching
air
cooling

Fig. 29. The optical micrographs of the formed pit in water
quenched and air cooled specimens after
potentiodynamic test in 0.9 % NaCl solution at 36.5t1 TC.
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Table 6. Corrosion potential( Ecorr), corrosion current density(Icor)
of Ti-13Zr-xNb(x=4, 6, 8 wt. %) alloys after
electrochemical test in 0.9 % NaCl solution at 36.5+ 1C

coolin
aging treatment & alloy Ecorr(mV) Leorr(1A/cnd)
treatment
Ti-13Zr-4Nb - 430 2.62 x 1077
water quenching Ti-13Zr-6Nb - 430 2.47 x 1077
Ti-13Zr-8Nb | - 290 2.86 x 107
780 T, 6 hr —
Ti-13Zr-4Nb - 310 2.31 x 107'
air cooling Ti-13Zr-6Nb - 530 253 x 1077
Ti-13Zr-8Nb - 230 1.45 x 1077
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Fig. 30. Potentiodynamic polarization curves of Ti-13Zr-x Nb(w ater
quenching) alloy after potentiodynamic test in 0.9 % NaCl
solution at 36.5+1 TC.
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Fig. 31. Potentiodynamic polarization curves of Ti-13Zr-xNb(air

cooling) alloy after potentiodynamic test in 0.9 % NaCl
solution at 36.5+1 TC.
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Fig. 32. Potentiodynamic polarization curves of Cp-Ti(air cooling)
alloy after potentiodynamic test in 0.9 % NaCl solution at
36.5+1 TC.
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