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Effect of Aging Time and Temperature on Microstructure and Mechanical
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Abstract: The aim of this study is to optimize the microstructure and mechanical properties of Ti-39Nb-6Zr
(TNZ40) for bio-implant applications. TNZ40 was designed to have a low elastic modulus (~40 GPa) and
good biocompatibility. However, the alloy shows relatively low strength compared to other titanium alloys
for bio-implant. In the present study, we tried to obtain the proper combination of elastic modulus and
strength by tailoring the direct aging conditions after severe plastic deformation. The mechanical
properties are closely linked to characteristics including the distribution and volume fraction of

precipitates.
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Fig. 1. Schematic partial phase diagram of beta titanium

alloys[23]: B and s refer to the critical minimum amounts of 8
stabilizer for metastable and stable (3 alloys, respectively.
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%% 99.9% Ti, 99.95% Nb, 99.8% Zr YA E A}-g-5}o]
g olZA&sf(vacuum arc  remelting) RO F
Ti-39Nb-6Zr (wt%)2] AL ZH= 2174 120 mme] Y E
(ingot) & A|x3H3ch o] T 9 AAFHS AA AF
16.1 mmo| FAS A2} o H, Yt 29 0] % (swaging)S
ol AFA ez 27 8.5 mme] FAE FHISHATE AlH
g 2)E 98l A7) & (electric furnace, ELED F48020-80)=
oj g3t om A & sttt Alao] o7k TNZ40 9
=9 @ 22 WsE By fls mAdurEt AlEe
H,0(100 ml)+HNO5(5 ml)+HF(3 ml) £ 0 & o 33} &
8} ) 7 (optical microscope, OLYMPUS GX51)0. 2 23
Fom, st HEe s XA IE EA4Xeray
diffraction, RigakuD/MAX2500/PC)S AA|a}c). wlA| A
=5
FEI Tecnai F20 G 0]-€3}o] sl on, 7|42 E4

2 F9lsl7] $J3 ¥HsA1E 7] (universal testing machine,

E A 24 u] 7 (transmission electron microscope,

INSTRON 4206)& 0]-&-5}0] Q1A &S A A5}t
3. Zat A nF
3% 12 HE} Bholeks o] B = 23] YR

ot Mo ol ot o, otp, %?l@(metastable) B, 2174
(stable) B 5O & 751, 2 TNZ40 T2 7 -F-oll= ot
A1 ()T (2)0] ulet AlAFEE oF 10%2] Mo JaF2 7HA| 2
2 Fot4 HjEl g (metastable B alloy) FH(Mo G

10~25% 1 9))o] <3t
[MoJeq=[Mo]+0.2[ Ta]+0.28[Nb]+0.44[W]+0.67[V]+1.6[Ct]

+1.25[Ni]+1.7[Mn]+1.7[Co]+2.9[Fe]-1.0[Al]
ey

[24]

[Al]e=[A1]+0.17[Zr]+0.33[Sn]+10[O]+10[C]+20[N]

it A ol A & 4= Qs vkl o] 91 HlE e
-

AL oo’ 9F 2 ul = HlA}o] E (martensite) HE| = LlElL}
A gom ARE Tl o ado]l AHE 4 S-S ol

3 4= 9ltk o] A9, o] AE Hel Al AN EE i Do
& 9 B ue} Jg7Eel BAAGT) 2

oz ws} 1 ). thab Qb o A aAe) L U
zAFo=HN 7)4H B4 A o)zt 7Hs it} [26-29]
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Fig. 2. Optical microscope images of TNZ40 samples: (a)
as-swaged and isothermally held at (b) 450 C, (c) 500 C, (d) 550
C, and (e) 600 C for 4 hours.
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Fig. 3. X-ray diffraction patterns obtained from TNZ40 samples:
(a) as-swaged and isothermally held at (b) 450, (c) 500, (d) 550,
and (e) 600 C for 4 hours(e: p and @: o).
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Fig. 4. X-ray diffraction patterns obtained from TNZ40 samples:
(a) as-swaged and isothermally held at (b) 380, (c) 400, (d) 430,
and (e) 450 C for 4 hours (e: B, @: 0, and V: ).

S0l arto] Qi AAE AL T 4 ek A 600
CollA dA 2]t 490l a 7 A (peak)7} LrebEA] ehgtet.
ol2|gt AMZFH B-transus7} 550~600 T Afo]o 4] FA =
£ AS Y5 9loH, ol EdiE & YAgct [30-32]. o
2902 @-solvusE FolH7| 3l as-swaged ER|E 380,
400, 430, 450 ol A Zk7} 4A17H AR 2l g % X-A 3 9
B2 Fol AWSHE TASHATHIY 4). TNZAO T} 24
o] S-AFSE Ti-35Nb-7Zr-5Ta(TNZT) g9 7% o-solvus7}
oF 400 C LA olA FAEE= Ao defxgler [33], &
a9 Aol o &} HSgt 2ol A w-solvus7t B/ H=
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Table 1. Comparison of the tensile mechanical properties of
as-swaged TNZ40 sample and the samples directly aged at 380,
400, and 430 C for 4 hours: yield stress oy, ultimate tensile
strength Gmax, and Young’s modulus Z.

Isothermal aging
MP max (MP. E (GP
condition oy (MPa) Oumax (MPa) (GPa)
As-swaged 880+2 890 + 1 68 +2
380 C 1220 + 8 1297+ 1 89 +3
400 C 1125+9 1205+ 12 77 +3
430 C 1003 + 16 1100 + 4 68 +3
1400
— @
1200 A —
— (c)
& 1000 - — @
=3
£ 800
&
B 600
o \
% 400
'_
200
0 T T T T T T T T
0 2 4 6 8 10 12 14 16 18

Elongation (%)

Fig. 5. Tensile engineering stress-strain curves of TNZ40
samples: (a) as swaged and directly aged at (b) 380, (c) 400, and
(d) 430 C for 4 hours.
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Fig. 6. (a) A selected area electron diffraction pattern of [113] 4
zone axis obtained from as-swaged TNZ40; (b) a dark field
transmission electron microscope (TEM) image taken from the

(0111), reflection, showing fine w precipitates in the B matrix.
3, XA AFo] ofelg A 4&EE0] A E ol
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Fig. 7. (a) A selected area electron diffraction pattern of [113] 4

zone axis obtained from the TNZ40 sample isothermally held at
400 C for 4 hours. (b) A dark field TEM image taken from the

(0111)(D and (0111), reflections, showing ellipsoidal o particles
and fine a laths in the f matrix.

ol A gt At oF A d sfd S yeRd Zlo]
k. o] A 211y F@H ] 1/33 2/3 AHNAH o ¥A27},
12 Aol A= o T 27} B E o o= X-Al 21 £4
ATH(1Y 4©)ekE AAFTh 1Y Ty (01112} (011
1), ]8RS FAlol 2Z38}= FAloPdS vehd A ld|, o=
Al nm =37] 9] gkA(lath) B} Q] aAta) EF E (ellipsoidal) Ef
4o ool Hla A tUdsHA EEsh= A2 UERTh £
3] ool A o3 st AAE AS BEE 5 e
tl, oli= ool ool Bt AP/ Abo| E(site) = 218517
miiZolth [34]. o] 2RH AlaZE Aol wE A
7 3 2 H3E o—a HE O 7|5k 2l g4l
ATk A g7HA o] AakE Fel i, 7

2 o A o] Eeof vlEdte Ade g 5 e
o’Fe] AL 71AA B & S vXth=
Utk E F7FR] Fu| 2R AP A A7) 43
|= S/ A7 as-swaged el 2} HlS23E =5(
o2 Sl EX|vt FE7F=(9F 1003 MPa) B 147
MPa)+ as-swaged AEj R T} oF 100~200 MPa =T}
th AR A A 0/d9] #2-0] as-swaged B 9]
of Blsl E&ol= EFstal A F7HE0] Hlssith=
AL o/dol ool vls g Aol n A= dFol 27| ui
A ALz A

iy
SRS

f

u\l
N
1
=)
e
o
o N [
I "

2

U=
do Ay ok AN xS ol

s R
o Mo

=

S

¥

=
19
o)
o2e]
£
o
N

i

fr o =

Ir
=
S

L

> ¢

J

O:
¢ oo

4.2 £

o H
A2 g Sl A% AE B 2o mhE JFEA ek AT
_]

H btk TNZ40 §H39] 79 Mo FaFo] oF 10%3] 29H4

g -0l 5ol

3

AN
ok
of»

RS

EgtF o 2 BREn, p-transus= 550~600 C Akolofl A, ©
400~430 CAfololal FAHHE Felatart
as-swaged TNZ40 5212 H-$ B 71X Weoll = nm 2719 o
HEEEo| thg A Ao, 380 T A& A] 4]
nm 3719 oio] 4&E= AL Felstlct. shx|uk 400 C
A A Al o/Foll Al ad o 2 o] HE|7} 7 A SHA Er, 430
C o)ife] 2mo A= o/do] A AEE I aife] H-&o]
7Fehe A& Eelskleh. ARAIE At 380 C, 4417 A&

A] ok 1300 MPa 9] 7H4 2 QAZ =S ety gle

-solvus+

i)

Al E oF 89 GPa® WA £ ghe HoAFn
RHH, 430 C, 4AJ7F A Aol o/ tiAl aido] A EE R
A 2 as-swaged AJE|9} 55 = oF 68 GPas

UEH QA== as-swaged AFE
w= 2SIkt 400 T, 4412F A]
TR s e R 380 T} 430 C Ato]o] 71414 &4 Uehy
th o/t ot B Aot A STkl d3F

o
=
AT AT Sk

o L
> 1
2 o
r
)

o 5
g e
o ofy

O & Holuh, AJF A ZFE ¥ 1

2 o/ Bgo F JFS v Ao Atrdr). mhebA

2 =S A= Ao F8T FAo= NEXEE

-solvus o|3to| A A3t o] &S 77|, A%

FERTE @2 SBAFE A Aol FHojatd Alae

T o-solvus oo Al AAste] o] &S T7HI7I=

Aol vttt o 4EE2] £ FY5¢= FAISHHA
Aol w2 A7 =L}

A o HEEES o A
[e3]
=

WO HAAS 2

o

B AT ARARIEAA) AU A 4R 5
AL (No. 10037915) A] & o} e 5] g0, o]o]] ZHALE
Yy

REFERENCES

—_

. D. lijima, T. Yoneyama, H. Doi, H. Hamanaka and N.
Kurosaki, Biomaterials 24,1519 (2003).

. F. H. Froes, JOM-J. Min. Met. Mat. S. 50,15 (1998).

. C. M. Agrawal, JOM-J. Min. Met. Mat. S. 50, 31
(1998).

4. Y.T. Lee and Y. T. Hyun, J. Kor. Inst. Met. & Mater.

30, 862 (1992).
5. K. Hajizadeh and B. Eghbali, Met. Mater. Int. 20, 343
(2014).

W N



6.

7.

8.

9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

k< A =38 A Al54d Al123 (20169 129)

T. K. Lee, M. Nakai, M. Niinomi, C. H. Park and C. S.
Lee, Met. Mater. Int. 21,202 (2015).

B. K. Branemark, Osseointegration, www.branemark.se.
(2010).

J. D. Shim and H. K. Seok, Biomater. Res. 15, 176
(2011).

Y. Okazaki, S. Rao, S. Asao, T. Tateishi, S. Katuda and Y.
Furuki, J. Jpn. 1. Met. 60, 890 (1996).

E. H. Greener, J. B. Moser, J. Opp, K. Szurgot and B. C.
Marker, Dent. Mater. 5, 45(1986).

D. R. Sumner and J. O. Galante, Clin. Orthop. Relat. R.
274,202 (1992).

E. J. Chel, M. Spector and W. C. Haye, Clin. Orthop.
Relat. R. 10,405 (1992).

P. J. Prendergast and D. Taylor, J. Biomed. Eng. 12,379
(1990).

B. V. Rietbergen, R. Huiskes, H. Weinans, D. R. Sumner,
T. M. Turner and J. O. Galante, J. Biomech. 26, 369
(1993).

R. Huiskes, H. Weinans and B. V. Rietbergen, Clin.
Orthop. Relat. R. 274,124 (1992).

A. R. Dujovne, J. D. Bobyn, J. J. Krygier, J. E. Miller and
C. E. Brooks J. Arthroplasty 8,7 (1993).

T. P. Vail, R. R. Glisson, T. D. Koukoubis and F. Guilak,
Biomechanics 31, 619 (1998).

T. H. Mallory, A. V. Lombardi, J. R. Leith, H. Fujita, J. F.
Hartman, S. G Capps, C. A. Kefauver, J. B. Adams and G.
Christian, J. Arthroplasty 16,49 (2001).

M. Niionomi, Sci. Technol. Adv. Mat. 4,445 (2003).

D. Kuroda, M. Niinomi, M. Morinaga, Y. Kato and T.
Yashiro, Mater. Sci. Eng. A 243,244 (1998).

M. Niionomi, Mater. Sci. Eng. A 243,231 (1998).

22

23

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

930

Korea Patent 10-0971649-0000, “Beta-Based Titanium
Alloy with Low Flastic Modulus™ (2010).

P. Wilson, Recent Developments in the Study of
Recrystallization: Chapter4 Texturing Tendency in f
-Type Ti-Alloys, InTech, Croatia (2013).

P. J. Bania, Proc. A Symposium on Beta Titanium
Alloys (eds. D. Eylon, R. R. Boyer, and D. A. Koss), pp.3,
Minerals, Metals & Materials Society, Warrendale, Pa.
(1993).

H. W. Rosenberg, The Science, Technology and Application
of Titanium, pp.851, Pergamon Press, Oxford, UK
(1970).

C. Leyens and M. Peters, Titanium and Titanium Alloys:
Fundamentals and Applications, WILEY-VCH, Weinheim
(2003).

R. R. Boyer, Mater. Sci. Eng. 213,103 (1996).

S. Ankem and C. A. Greene, Mater. Sci. Eng. 263, 127
(1999).

G. Lutjering and J. C. Williams, Titanium, 2nd ed.,
pp-16, Springer-Verlag, Berlin, Germany (2007).

Phys. Met. Metallogr.(USSR), 23, 28 (1967).

T. Doi, H. Ishida and T. Umezawa, Study of Nb-Zr-Ti
Phase Diagram (Studies of Hard Superconductor, II),
Nippon Kinzoku Gakkaishi 30, 139 (1966).

K. C. Hari Kumar, P. Wollants and L. Delaey, J. Alloys
Compd. 206, 121 (1994).

S. Nag, (Influence of Beta Instabilities of the Early
Stages of Nucleation and Growth of Alpha in Beta
Titanium  Alloys), Ph.D. Thesis, The Ohio State
University (2008).

A. Rabinkin, M. Talianker and O. Botstein, Acta Metall.
Mater. 29, 691 (1981).




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


