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Development of Highly Machinable Ti Alloy with Exceptional Tensile Properties
by Er Alloying Element Addition
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Titanium Alloys Department, Advanced Metals Division, Korea Institute of Materials Science, 797, Changwon-daero 51508,
Republic of Korea
School of Materials Science and Engineering, Pusan National University, Busan 46241, Republic of Korea

Abstract: This study demonstrates that the addition of the rare earth element Erbium (Er) significantly
enhances the machinability and tensile properties of titanium (T1i). Pure Ti alloys and Er-added Ti alloys with
0.5-1.1 wt.% Er content were prepared, and their microstructure, machinability, and tensile properties were
compared. Two different types of Er secondary phase particles were identified in the microstructure: pure Er
and Er-oxide. The amounts of these particles increased with higher Er content. The machinability of the Er-
added Ti alloys was significantly improved due to the ability of Er secondary particles to cut machining chips
or absorb heat from localized deformation within the Ti matrix. In addition, Er-added Ti alloys exhibited
higher strength than pure Ti. The strength enhancement was attributed to grain refinement induced by the
Er element. Er secondary phase particles reduced the B grain size during solidification, and they also served
as preferential sites for a nucleation during the B — a phase transformation, resulting in a refined
microstructure. In addition, the Er secondary phase contributed to the strength enhancement through the
well-known precipitation strengthening mechanism. Although ductility decreased with higher Er content due
to the increased amount of Er secondary phase particles, 0.5 wt.% Er-added Ti showed no such degradation;
its ductility was comparable to that of pure Ti. Er-oxidation was expected to reduce oxygen content within
the Ti matrix, enhancing intrinsic Ti ductility; this effect offset the adverse impact on ductility caused by the
Er secondary phase particles. Above 0.5 wt.% Er, the adverse effects caused by the Er secondary phase
particles overwhelmed the beneficial effect caused by the reduction in oxygen content. The present findings
will contribute significantly to the development of highly machinable Ti alloys with superior tensile properties.
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AA 0] A S AT A7t WAl 8t 7]
& AoA SER A& H7EE B8l Ti &4 AAe] A
24 A S el BaE ul lYh [13,14,18,19].
Sadayuki et al[13]5 & 02%% JEF 94 0.1~0.9%
£ Yol Tio] AA7taA] Aa 29 sdEEs oF 144,
cad 5= o 1.897F S7RRE Basiiint. ol 4
= JEF 94 F Ve A7 AAE HUIe 2R Tid
Hapdol A AeS Dl

ey, SEstell mE wAlzZ wd, Hapge] ws)
a3 #E WAYSF digk AAH] B4 7S AT
oA THAIA] egkeh. WS, JEE Tie] 71AIA B4
gk Al B % o]FHAIA] §4SkTH6,10]. & AFellx =
T4 Tioll BEr 0.5 - L1wt% o2 =3} sl v
Az dd, IEA, AA3E ke, volrt &
d AUES EQSit) ol EdE 3 "Mt

AFBAL B FuY 5 = A4S B TF U9
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21 &Xf #H|

ASTM grade 1 &7 Ti &A1 & 79 AR A
silth, Fagk AP 94 T 42 (0) 0.15 wt%,
EH(C) 0.08 wt.%, AA(N) 0.03 wt.%e]th E o)A
£ 7% T S oHENS dEdaE A4
o] YAE AT olfE Azl HHoR FHE
b ofhg} Tiol] A§=7} Yol &S AUl e
A o]z FEIE Alofstr |7t Bolsthr] wjite|tt.

Z 09 ME TE Er 2405, 0.8, 1.1wt%)S A
AR GE 1), A" 24 2A Tish Er & 4
S35 sth f3le ¥ o= A8 (Vacuum Arc
Remelting; VAR)S AME3Ilom, A#He x4 Hd=E
=o]7] S8l 39 o) vHE &sftint. AARAE R AA

gelE A9 2Ao] & ANFE FEAY Zejxv} ¥

Table 1. Experimentally measured contents of Er and O elements of
pure Ti and Er-added Ti samples. The actual chemical compositions
match well with those designed in this work.

Pure Ti 0.5Er-Ti 0.8Er-Ti 1.1Er-Ti
Er(wt.%) 0 0.48 0.79 1.03
O(wt.%) 0.08 0.065 0.09 0.086

34 7] (Inductively Coupled Plasma Optical Emission
Spectrometer; ICP-OES) 412 33l ZRISIATGE 1).
ClEo], Tiol 83 IYF 99l 09 T MsE gl
3171 $18l Y4w247](ONH Elemental Analyzer) #4<
FsiAh A A, €88 o Ti &R0 Er e
O o] frARES ERISIITHE 1). 39 st 9
sl 0.5, 0.8, 1.1wt.% Er o] A7te Tig 2zt
0.5Er-Ti, 0.8Er-Ti, 1.1Er-TiZ ¥7]3t},

2.2 0/M=%

Az wgg gelstr] flal Fe dr7(Optical
Microscope; OM, OLYMPUS GX53) 2 FAPAA&A0A
(Scanning Electron Microscope; SEM, jeol jsm-6610
ME B 24e BRHRGT. PR 389
(Electron Backscatter Diffraction; EBSD)S.Z % WA %3]
& BEsgom, o2 sl AAWAEFAAAA A
(Field Emission Scanning Electron Microscope; FE-
SEM, SU6600 Analytical VP FE-SEM) #4153}t
EBSD H|o|E]i= TSL &2 ESJo}E o]-g-3te] 3433t
OM % SEM A& 7|AH Avks +33 & vjola=
NF(96% & + 2% =rt & + 2% it So)E ol
| z315ich. EBSD AlHE 5% HAaat 84 + 95% w
A& &I 30 °C, 25 VOIA 203 FF M
I &l Al=xsiit
Er o]xPge] EAS AAs] 48] flef dAF g &
% #(Atom Probe Tomography; APT, CAMECA
LEAP 5000 XS) #4<& FdstAct H& o4
(Focused Ion Beam; FIB, Thermofisher Helios 5 UX)

MEFS 53l APT A|ES Evlskalch

T

d

23 EBME HIAH 29 Eot

A3 H7Rs] flal AR R A (HITAP-HT300)2
AMgE =dEe SRt =gy APE 98 10 © x
30 mm 7|2 AJES 7RSIt AR EUE 21
“FHE olF £= - 100 mm/sec’, “F o1 AP - 25mm’,

=gy A F - 1500 pm’, ‘=2 A - 40mm’, ‘=



g8 £% - 1.2 mm/sec’e|th. H7e] 4SSl A
w294 Z4ste] WEEAS ERIsIn. =Y Al
T gk o] dolg FAste] drHdS s

Nk o] 7IAXEARS Hrtelr] S8l A ES
Yttt ASTM E8 49 &7 AlH@FA: 2.5 mm,
strain gauge: 10 mm)yS QAP ©]-8-3131 9™, Instron
5982 100kN “&RIE ARS8l Z=2llA 0.001/s X2 A%
AFS Tt
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3.1 0|M =%

a9 12 Er-Ti @3 OM % SEMS=
Zget mARE B4 Agoltt. Er-Ti §a9] wAzAd
Er o]xpdo] A=l o™ (28 la), 2 o]
njA|gk o]xpdo] FESITE (L¥ 1b). Xk o|xMde] A
% o-lath A} prior p AAH AAl T2 FAH]
AT WHHO| wAIgE o] x| - o-lath Al FE ¥
d=o] At T I dAe] o] TS o)A
o] #& MRS HAT (2 lo). FEHoR Fye #

ARESE

(a)Ti-0.5Er
$ros £ particle wyt
“Br ;);rtide;\égi_d,:"
R i
(b)Ti-0.8Ex
(¢Ti-1.1Er

Fig. 1. Microstructure of Er-added Ti samples with varying Er
content: (a) 0.5 wt.% Er; (b) 0.8 wt.% Er; (c) 1.1 wt.% Er. Left —
OM, right — SEM. Er secondary particles with two different sizes
are observed, and their densities increase as Er content increases.
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A Fot
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Fig. 2. (a) Microstructure highlighting Er secondary phase. (b) Area
fraction of Er secondary phase particles and (c) their number as a
function of Er content.

Ero

Fig. 3. APT results of a representative Er-added Ti sample
(0.8 wt.%): (a) microstructure at which the APT samples were
taken by FIB; (b) APT 3D atomic map. Here, the fine and coarse Er
particles are identified to be pure Er and Er-oxide, respectively.
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(b)Ti-0.5Er

B \\\

Fig. 4. EBSD microstructure of (a) pure Ti and (b — d) Er-added Ti samples. The a colony size clearly decreases as Er content increases.
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o] APT AHEA ZAsfo|t}. =Uigh o]xde] 7% Er-
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AT AHsE FAY A AR w2 2R I
Hole dE vs] £ o, 23 Er-oxide o2 Ti 3
wol &8l § Sarg u §87dElel 77k 1600°C 2
oA FAENS Ao FAHHAL. vAIg o|xPde] -
o-lath 772} prior g A8H ZAlo B U= A&
HOkE wl, ddo] pACRE FALEIL oF o o] &
3] FAE Al AR FEsA AEE Zo=E o ddn

a9 4= & Tidk ErTi @59 EBSD wAz4] 2
Folt}, FaAlE IubEQl Ti F2RANA APz
Elv= ZUgE a colony PIAIZAE Holth HAd «
colony 24 Y Z7|= 1309 umo|th (28 4a). HHHol Er
= %S 4% a colony AAHS wAsE A oH,
Er &Fo] S715te wet vMlst AEs Eokxith Er &
Zol 0.5wt% oA 1.1 wt%= S7F2 ®, a colony 2
AY =71 1013 umollAl 518 umE 2428tk (28
4b-d). Er-Ti &5 o3 FIAIHA 2571 WiHzd
w900 °C ZAHNAM g — o AHEZ} BAELL, olu) 7]
PE Er o]zl o GHEY] A Alo]ER #-g-st
o] AAHTE Aol AujAR] FHEE FXFS A
Z o) o2 U3l o colony AFH A7|7F #AAgh

(a)pure Ti

(b)Ti-1.1Er

Fig. 5. Microstructure showing effect of Er content on prior f grain
size: (a) pure Ti sample; (b) 1.1 wt.% Er-added Ti sample. The
prior 8 grain size was smaller in 1.1 wt.% Er-added Ti sample than
in pure Ti sample.
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Fig. 6. Variation in prior S grain size as a function of Er content.
Here, each value represents the average, calculated from two
different micrographs, including ~30 f§ grans, and the error bars
indicate the standard deviation.
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Fig. 7. Variation in Q-factors with Er content. The Q-factor value
increases with increasing Er content.
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Fig. 8. Pictures showing the drilling machine used in this study and
Ti chips produced during the drilling test: (a) pure Ti sample, (b)
Er-added Ti sample(1.1 wt.%). The cutting chips of the Er-added Ti
sample do not stick to the cutting tool while those of the pure Ti
sample do (yellow circle).
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Fig. 9. Effect of Er addition on machinability: (a) images showing
drilling chips of pure Ti and Er-added samples. (b) chip length.
Chip length decreases considerably upon Er addition, showing
improved machinability.
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Fig. 10. Tensile properties of Er-added Ti samples and their variation with Er content: (a) yield strength, (b) tensile strength, (c) elongation
and (d) strength x elongation. Here, YS, UTS, and EI indicate yield strength, tensile strength, and fracture elongation, respectively. For
comparison, the results of the pure Ti sample are also presented at which Er content is zero.
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