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ABSTRACTS

Effects of Zr Addition on the Microstructural Change and Corrosion
Resistance with Aging Treatment of Ti-6Al1-4V-.Zr

Kim Il Woong
Director : Prof. Ko Yeong Mu, DD.S., MSD., Ph.D

Dept. of Dental Engineering
Graduate School of Chosun University

The use of titanium and its alloy as biomaterial is increasing due to their low
modulus, superior biocompatibility and enhanced corrosion resistance when
compared to conventional stainless steel and cobalt-based alloys. The aim of
this paper is to study the effect of zirconium addition on corrosion resistance
and phase formation in the specimen of the manufactured Ti-6Al-4V-Zr
alloys. We designed the Ti-6Al-4V-«Zr alloys with zirconium contents ranging
from 10 to 30 wt% in steps of 10 wt%. The alloys were arc-melted an
homogenized at 650 C for 12 hr. Heat treatments constituted a higher
temperature solution treatment in the B phase field(1030 C) or in the a+J
phase field(800 C) followed by an aging treatment. The samples for optical
metallography, scanning electron microscopy were prepared using standard
techniques and etched with Kroll’s reagent. X-ray diffraction(XRD) analysis for
specimens were performed using a philips 3121 diffractomenter. Effect of alloy
composition on the corrosion resistance was studied by anodic polarization test.
From the results of anodic polarization behavior in Ti-6Al-4V-xwZr alloys, it
was found that the corrosion resistance was increased with increasing Zr

content.
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Fig. 1. Classification of phase diagrams of Ti binary alloys.
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Table 1. Comparison of physical properties of various alloym.

Pure Ti-alloy Zr Al Al alloy Fe 18-8 Hastello Cu

Property
Ti T6A4V 755-T6 STS y—-C
AISI 304
Melting point 1668 1540 1650 1852 660 1530 1400~ 1305 1083
() 1427
hep<  heptbee  hep< fce fee bee< fce fce fee
Crystal = ge3c <gooT 89T 830C
structure
bec bee bce fce
Density (g/cr¥) 451 442 6.52 2.70 2.80 7.86 8.03 8.92 8.93
Atomic 22 - 40 13 - 26 - - 29
number
Young's 106 113 89 69 71 192 199 204 116
modulus
(GPa)
Poisson’s 0.34 0.30~ 0.33 0.33 033 0.31 0.29 - 0.34
Ratio
0.33
Electric 31 1.1 31 64.0 30.0 180 24 13 100
conductivity

(Cu comparison,%)

Thermal 0041 0018 0040 0487 0294 0145 0.039 0.031 0.923

conductivity

(cal/cnt/S/C/cm)

Coefficient of 8 4x10 8.8x10° 58x10° 23.0x107° 23.1x10°° 12.0x10° 165x10° 11.5x10° 16.8x10°°
linear expansion
(ew/ew"C0~100C)

0.12 0.09 0.09

Specific heat 012 0.13 0.07 0.21 0.23 0.11

(cal/g/C)
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Fig. 2. Allotropic transformation of titanium'”.
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Fig. 3. Schematic phase diagram of Ti alloy a stabilized phascsm).
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Fig. 4. Schematic phase diagram of Ti alloy B stabilized phascs2°).
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H2
P

Acid solution

H H H
Anodic l'e'.action Cathodic reaction
2H+2e —H, M =M +2e

IFig. 8. Corrosion reaction of metal in acid solution.
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Oxygen evolution

Secondary passivity

Noble(+) —»

1, = passive c.d.

Transpassive region

Passive region

L., =critical c.d.

F‘w = primary
vation
potential

1., = corrosion c.d.

corr

I Anodic current
l(fuv.hodxc cu

Active region

Electrode potential versus SCE, V

Active(-)

E_., = corrosion potential

-«

Log current density (c.d) mA/cm?

Fig. 9. Hypothetical anodic and cathodic polarization bchavior
for a material exhibiting passive anodic behavior® .



A 337 AU
A 18 AgE)

B Ao A3 A&+ Cp-Ti(Dentaurum Co., Germany)$®} Ti-6Al-4V
ELI(Supra Alloys Inc., USA)E THEIH 1, AdT FF2A0 23 ANsE
=9 Ti(99.98 wt%), AN99.99 wt%), V(99.90 wt%)1e]lx, Zr(Kurt J. Lesker
company, 99.95% pure, USA)E 159 H(chip)g AF&3F4 ).

A 24 e A=

AA L Ti-6Al-4V-xZr FFE A=y 8t mEEe Ti(99.98 wt%),
Al(99.99 wt%), V(99.90 wt%), 2 Zr(99.99 wt%)S H#Fdte] $FWE(Cuw) st
(hearth)ell ettt 107 torrd JFEYY), AAE 22 7t25 A9
S, oA IEE FASE WPz Ay Jo E47E =R A =3
2 9% 59 Asts Faster] dstd 8 &34 AEE
Tig &3fate AL} AHAFES AA AT 21 F
oq HE2|(W) AT 5§ o &ste WgEE AolZ Q1%
q4 2 BEFIAS g5 A8 AEE A7 A &gt 3R 7 3
o]/¢ WHE3le] 20 go WA olA(fancake) HEZ A|AE AzsAT. Ztzte] AHA
of tfsl 0.3 im ¢Fv|y EHIA] AFESle] EWE polishingx]E 3Fx, 12 A7t
¢ 650 TeollA A3} dAHHE Fdsr] sl WA7]1Z(Model KDF-S70.
DENKEN, JAPAN)E o] &3¢ &gt}

ofj
2]

-3

o
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Al 33 £ A3} 2] (solution treatment) 2 A] & A &) (aging treatment)

Ti-6Al-4V-xZr(10, 20, 30 wt%) AlHS dafA 1030 TolA 40EFA F
quenching® &} 8}3L, 800 CTolA Z+zd 2, 12, 24X 7 A &3 & 4, =¥, TUH
Zlste] A zA e WslE FFFAT A} 2 AJaxePHE Table 2, 3 18
3l Fig. 10°] YER AT

Table 2. Heat treatment conditions of the Ti—6Al-4V alloy.

Solution Treatment Annealing Treatment

Ti-6Al-4v | @ Not treatment ->800 C, 2 hr ->W.C(water cooling)
@ 1030 C, 40 min ->800 C, 12 hr ->F.C(furnace cooling)
-> W.Q(water quenching) | ->800 C, 24 hr ->A.C(air cooling)

Table 3. Heat treatment conditions of the Ti-6Al-4V-../Zr

alloy.
Solution Treatment Annealing Treatment
Ti-6A1-4V
(10, 20, D Not treatment ~>800 C, 2 hr ->W.C(water cooling)
30 wtosZr) | @ 1030 C, 40 min ->800 C, 12 hr —>F.C(furnace cooling)
-> W.Q(water quenching) | ->800 C, 24 hr ->A.C(air cooling)
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- WQ(water quenching)
- FC(furance cooling)

;-(3 _____ ST - AC(air cooling)
=
I
g e aging
£
o FC
AC
4
Time

Fig. 10. Schematic diagram to illustrate the heat treatment
schedules for the Ti-6Al 4V - ..Zr alloy specimens.
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Al 54 A71583F 54

1. 4% A 4 (potentiodynamic test)

e #4 5A4S A7 334 IS 5 AgHo=R

FAANE S P AFE SiC ARtA R 1200 grit7hA] 52 Ankdk F, ALOs
B2 o] &t 1.0 ~ 03 w7tA Avpd § BIAFTE FAsr] 98t 09 %
NaCl dsffe] A 1.66 mV/sece] FAb $x22 FH9 25AHS AAdH2H A
ol Alg"H vl AT E 9o} (Princetion Applied Research. USA)E Ao FH &
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EG&G 1025 FRD
M270 L j ’
Software T :

|

\

EG&G 263A Potentiostat

— Reference Electrode

. Counter
Electrolyte ——» Electrode

Magnetic stirrer b e e B Working Electrode

Hot plate

Fig. 11. Schematic diagram of corrosion apparatus.



A 4d. A9 A% 2 aF
Al 12 TigEe vAzd 24

Fig. 12 AA§ Ti-6Al-4V &9 AT =zd we rAx3S yehd A
ojty. B MEE o]Are] 1030 TellA 40 #1F §A3} A (solution treatment)
F a-BA 279 800 TolA 2 A1+ A71D3s9 quenchingS 333 F 23}
4=

Fig. 12(a)x= &8t A8 ¥ annealingS 3tA] &S HHZ Z7|d= rAg 5
=2 (equiaxed)Z A 2.2 AAEQI, ©] ¥ annealingdt AlH9 zAqAE A7td
o] A Ak F7ker ¥z el wEk Fig. 12(b), (o), (DA A T4z
(net work) & A8ty AFH 277F HA AZE Aoz Ve gubz ez
Ti-6AI-4VEE 2 a, BAel F3&&, del(morphology), 233 wd F wA+
x| Wzte] @} 7)AR Qo] WAgaA Astan®, mazzge A8 =
wet 9 =9 E 9 (Widmanstitten) 22 3 55 (equiaxed)Z 3], 281 ©] F &
o] gz o]FxA (biomodal) 0.2 FE-5

Ag gl B Aol s-Fets RuEY o} o

rr
=
olfl
Sy
o
BN
Y
flo
rO
o
o
H

k)
re
BN
0
Lo
)

T8 AyEL Y.

Fig. 1394+ Ti-6Al-4V&sd Zr(10 wt%)el H7Fd =S 1030 Colx T3
3} A2 F 800 Tl WA w2 X F A vAzxS el
Zojtt. Zrol ¥7hdE S 800 TolA 2, 12, 24X dA 8 F WYz B9
& a-Ti A(phase)¥, ¥ B-Ti Fol EAFH AAHE o|F1 Azt F7tol
et A ez #FEHAT Fig. 13(a), (b), (©) 2 (DA€ Ti a9
HPHY 24& RojFa gled, 8 782 o Ti Aoy, oFg ¥#2 B-Ti

Ao 2 annealingx @ AlZFz} WzhR]o] wel A(phase)d] X Ao]E Holn A

_28_



Fig. 12. Microstructural of as a function of heat treatments
Ti-6A1-4V alloy.

(a) non treatment (b) annealing 2 hr/W.C
(c) annealing 12 hr/F.C  (d) annealing 24 hr/A.C
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etk ofoll whal, Ti FEolAe AFY AT 4T A& AL A= A
o] olyz} st with o2l d<lel g HFstA Waty] WE A AAY
o WA 2xet Azte] WErF FLTF oz Addn. ol AAAAL
boundaryell wel FAAe] AaH7] WFe] ARYA] GelS Haste} B4
MAs7) A8l Ti 2ol Tisk 40 Bi&d Zrs #H7tete 524 AdH S
B A7¥s NEHa g,

AR o2 Zrd FFALE H/M AT FAAFTE AAAA ARAA L F
ALg vie 2% vtz duA 4435. 53], AAARAA S5 WAL
Uel7]l feide FAATAE A di7F ZA[AAN FHAANA Ti FE9
A9 go A FAE e Ao AF TR dFE vAE o] FLost wEkA
Fig. 129 Yebd Ti-6Al-4VEEY mlAZZ 3 Ti-6Al-4VEael Zr(10 wt%)<
H7re F 229 WalE Fig 137 vls) &AM A3, Fig. 139 2% &7]
= =%45247 (equiacxed dendrite)’’e] Aoz MAFHATIL, A3 A7 =
800 T4l annealingdli, quenchingdt Z-$-ol= Fig. 13-bollA @ FA4A 9
Fel2 wAdste] dAY Astz A 7AA = ZA A (crystallinity) & 2E51
A o]& Ald(aging)EQ 800 TolA 2 AtEst @-uxFoz s A
2ol &A o] ezl A7) quenching® d3tez= €4 F2A& ¢ 555
2479 boundary(F AN A 7Fex A FAGAE e F4Y FAGH =3
FAHNAE AR Atsd

ojo wa}, Ti-6Al-4ViHaol Zr(10 wt%)& H7tste Zd we 42 E )
AL AR oA gFe YE7HA(ath) F8 FEZY(colony)E°] 45
Ayl &2 W Az w2t AR HE zdistrt o] Folx Ao w AdEH. Fig.
13(c), (d)&= 800 TeollA 12, 24 A3+ LRk t}g F.Clfurnace cooling), A.C(air
cooling) & Z+7F AAg & 22& #EF Apxlo|r)

to

Hir
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Fig. 13. Microstructural of as a function of heat treatments
Ti-6A1-4V-10 wt% Zr alloy.
(a) non treatment (b) annealing 2 hr/W.C
(c) annealing 12 hr/F.C  (d) annealing 24 hr/A.C
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A & (aging) Mz7to] F7beta Wb el Apold wret YAHgrain)e] ZistE <
& 2AYY A7) FU8Y, boundarys] F7F ZAadtE AEES Holu uh E
& F AAYY Aol & AAHA e AAEC]l WdH A= o] Fig. 13-,
-dol A ®BZo] 274 Yeln, boundary®] 7}7he XelA Fig. 13-bellA AR
M2 A Y] AAHE Aoz HArh ol A& Aol 28 #AE & 5 4
ZtEls £59 Holo wat oA AARAY AF Wk dFE vA= AL
2 Azt ole] uwhel, Ti-6Al-AVEI] Zr(10 wt%)2 Hrle= AR AA
boundary®] 7}7be F-&olA AAIE FAAE Alojsti, AR YAY TAE A
ANAR AA D ¥ Ao Jge e Feg Atgdn. ¢, Ti-6A1-4ViHa
Zr(20 wt%), (30 wt%) "l &= ztzt H7bste dAe =03 Zr 949 qF F7}
of & AAJAA U Az SE Fig. 14. € Fig. 159 Jelgdth Fig. 13
M= Ti-6A1-4VEFl Zr(10 wt%)S H7HE S we nMzaY 33779 A
YA e tda Wt deS & F YU 53, Fig. b)) = §A
g & 800 TelAM 2 Az A& (aging)dli, quenchingS A Al 3 H$ o =A%
5% FAAA(equiaxced dendrite)e] =Z o] A Aoz I FHIo, =
Fig. 14. (@M e wAzAe 4ddol Fig. 1357 FAHE 3% 2o, A
F AIZE] 12, 24 AIZEo 2 FIHINA FC(:Y), ACEE) ol et 2A A &
o] thh FAYA = Aoz FAFHYT wpetA Zre HoF o] SUhgd] wetA
Ti-6A1-4V #=e Zr(10 wt%)< H7FES w(Fig. 132+ 28, Fig. 14 % 15
oA A& Zre) e 20 ¥ 30 wt% F7F NZAFE TigkE Halloy phase)d] %
A 3} (composition change)2 U3 MZL AA {E&Eo] YAHE Aoz 47}
& 4 Ark oo weh, A 2= W Aol FFEHWE AAFYPA ofF wAE
NEgo] AARD, olu 3 1L Zr a4t AT o3 AFJAN ¥E

Hprecipitation phase)S dA3stel #AF rAZAS AN AR R
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Fig. 14. Microstructural of as a function of heat treatments
Ti-6A1-4V-20 wi% Zr alloy.

(a) non treatment (b) annealing 2 hr/W.C
(¢c) annealing 12 hr/F.C (d) annealing 24 hr/A.C
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Fig. 15. Microstructural of as a function of heat treatments
Ti-6A1-4V-30 wt% Zr alloy.

(a) non treatment (b) annealing 2 hr/W.C
(c) annealing 12 hr/F.C (d) annealing 24 hr/A.C
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A 272 v zHe SEM % EDS #4

Fig. 16(a)2 Ti-6Al-4VEE2 B HHEE ojF¢ 1030 TollA 40 &3+ &4

3} A2l (solution treatment) ¥ a-B4 =792 800 TE 24 A7k FA3%
AgARE i, SEMoZ #&AF 37 Abfolth AMEA e oz wAg F5%
ZAol AR AAQAE olFH FFIrt AIHT UFS & 7 vk ol
Fig. 16(b)2] EDS A4 ZAdeA BXo] Aae] AAFHANA & daFEol A%
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Fone, 2A 0 FAE g Rl JYL nAE Ao deiAd o W,
Fig. 2091 - = Zrel A7tel whet e 793 Aug A7) data AHe £
HJwgo 2 EDS 2 EA(line profile)e #ate] Zrdio] EXRE AT
AA G FadiEo] EAgte 3oz AA=H
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Fig. 16. Image and element peaks for the Ti-6A1-4V alloy.
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Fig. 20. Line profiles for the Ti-6Al-4V-Zr(10 wt%) alloy.
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A 34 AARAJYANA HEE9 AT

Fig. 212 Zr& 7t AR NELEY dsd ©E AAAA Abole] He=
AES SEMeg #A#A o Aoty Fig. 212 Ti-6A1-4V g AlgLke
1100 TCelA 24 T4 F FC(=)Ae wAAzzez ZAAYA(grain
boundary)& we} FAE ZEZL(network)HEle] xAe] AdH oz JAzHBT
Q53 Fold FeHE BAFAT o] ¥-E& FulF Fig. 21-b9] ARRlolA <t 22
o] A H FH 7% ol 2 Yargo £XEH de EEZE U T
Qed, ol &qLE Aoldl wet AlExe] #A Fo Ale] AEd Aoz B
t}. Fig. 22, Fig. 2314 Ti-6A1-4V~Zr(20, 30 wt%) S+EAHe] ta] AFZLE
1100 CellA AR QA HNEES A 98] SEMog ##3 Apxlolt), 7]
M= AA YAl (grain boundary)®] F¥olA TP njad Ale] MEEo BAEH
o] giA A3 nLHA KX 717 A EAste ALE RO NELE
o] F7tel wat Al EF LA ng&EE oz Addr. AW A=A d59
A4 FodlA &FH(melting point)®] +$17F V(1890 ), Zr(1852 T), Ti(1670 T)
oli, ZEE MAANAFE Al 660 CollA H=HS 22 o, A& AHA &
o] A FAA v AYFHE AFYAL F Fob HEd Ae=
AlE gt dubdog AAYA &L EGFT AU FHE HRERE ETY
3 A 4 (heterogenous nucleation)®o] ¥l & dojutm, w3 ARYAES uat
Axre] Fito] HA dojyrRzZ HEES AT F3Ho HZEo YAE WA
TAHoR dojd ReE AdHAY T SARGHYATH & F A= Tid a
87 H B 2=AA THEES NEANTE FAT ek ZAYA L vAA
gtof] 711 & gle Aoz FHHAAY. FH, NELEE FAT F AAZ
W 53], X Ao dAE F Ay BHES AEE &Fe HelEd dA
FHol A7t A 13 ecm(F5Y “DEKEMA" A8 7| #)A =2 WYZHA] 33 43 o4
g A9 el A= dEd kA AW o] vl ofF =y Wi o
z A&E9 A% 9% 1A F JddE nax A wad 2HYAY A
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A3t QA 2(grain refining element)® J7FA Zr& A ELES ZFle] we} IHF
oz A At $Ael FLAAE Avlel WL ek AEEe Welg

2xge] JEe AAE Aow duEdh oo mel zre FFo] ¥LFE ED
AELES A5 weh ARYA Ale] AEFo] EAstE Aew AnBL. o
e N2 ER Ad AEE F/sh, A4 E 2 9B F RAE Ao B
e, #9, NEADS AHe] EUe dvkd ¥ AR el vlo|zz

=
AL HE7|2 &% 200 g, 8% AZF 20 22 7 3N FAIN Ay Zro] §FS
74z} 10, 30 wt% F7te FFA A SA A F AlaAd we Az F
S ta Zolzb A vErET F, Ti-6A1-4VAIHE 1030 CT/40 +H4A-W.Q
A gk 495 HE 340 Hv A2 FAHHJo, Ti-6A1-4VETE Zrs 7+ 10,
30 wt% H7hete] Az AlHe AXgkel 2tz 372 Hy, 38 HvE X5 A4 Y
Bt Zre #Fel FUb wet AERE oA B dehe AFE 2ed,
ol Zre HIMFel FTF EFF TidE9 o BY AA Y EAE =) o
d HEE2e A8 dEd 7R} BeHo] AErt FhE Aoz A€
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WD12.8mm 25.0kV x1.0k SO0um

Fig. 22. SEM micrographs of Ti 6A1-4V-10 (wt%)Zr alloy with
age treatment at 1100 T for 24 hr after solution
treated at 1030 T for 40 min.
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Fig. 23. SEM micrographs of Ti-6Al-4V-30 (wt%)Zr alloy with
age treatment at 1100 T for 24 hr after solution
treated at 1030 T for 40 min.
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Fig. 24. Image and line profiles for the Ti-6A1-4V-10 (wt%)Zr
alloy.
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Fig. 25. XRD patterns of the Ti 6Al-4V.
(a) Ti 6A1-4V non treatment
(b) Ti-6Al1-4V -solution treatment
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Table 4. Corrosion potential(Ecorr), corrosion current density(Icor) of
non treated and Ti-6A1-4V alloys in 0.9 % NaCl solution at

3651 C
S/T Annealing Ecorr(mV) Tcorr(pA /i)
None Treatment -620 7.32x10°
Ti-6A1-4V [ 1030 C 40 min| 800 C, 2 h/W.C -670 1.97x10°
/W.Q 800 T, 12 hr/F.C -670 156x10°°
800 C, 24 hr/A.C 730 2.37x10°°

Table 5. Corrosion potential(Ecor), corrosion current density (Icorr) of
non treated and Ti-6Al1-4V-—xxZr(10, 20, 30 wt%) alloys in
09 % NaCl solution at 3651 T.

Ecorr(mV) Icorr(M/Cm’)
Zr(10) | Zr(20) | Zr(30) | Zr(10) | Zr(20) | Zr(30)

S/T Annealing

'_ _ - N s . .
Ti-6Al-4Y one -157 | -480 | -480 |7.74x10|3.26x10°® | 4.67x10°
wZr 1030 C, Treatment
(10,20,30 %) | 40 min |800 C,2 ht/W.C | -500 | -460 | -510 |1.13x107°| 1.53x107°| 1.45x10°°

/W.Q (800 T,12 hr/FC | -570 | -480 | -500 |2.13x107%}3.26x10° | 4.63x10°®
800 T,24 hr/A.C| -600 | -290 | -440 |2.91x10°|1.76x107° | 4.20x107°
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Fig. 28. Potentiodynamic polarization curves of Cp-Ti with non
heat treatment in 0.9 % NaCl solution at 36.5+1 T.
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Fig. 33. Potentiodynamic polarization curves of Ti 6Al 4V Zr(30
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