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ABSTRACT

Thermal oxidation tends to improve the surface performance of titanium
and its alloys by thickening the native passive oxide layer. In the present
paper, investigation of thermal oxidation in a muffle furnace under air
atmospherefor commercialy puretitanium TA2 was carried out to determine
the optimum thermal oxidation parameters by evaluating the wear and
corrosion resistance. Characterization of modified surfacelayerswas made
by SEM examinations, X-ray diffraction analysis and surface hardness
measurements. The results showed that the rutile TiO, layer was formed on
the surface, and the thickness of the TiO, layer and the surface hardness
increased with the treating temperature. Evaluation of wear and corrosion
resistanceindicated that the optimum thermal oxidation condition was 700°C
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INTRODUCTION

Titanium and itsalloyshave beenwidely used in
aerogpace, marine, chemica and bio-medica industries
because of their high strength-to-weight ratio,
biocompeatibility and excellent corroson resistancedue
to astable, protective, strongly adherent oxidelayer on
the surface’®l. However, they have poor tribological
propertiesand exhibit poor corrosionresistancein some
environments, which restrict itswide application*. It
was reported that many surface treatments couldim-
provetheir wear and corrosion resistance by thicken-
ing and toughening the passive surface oxidelayer on
thesurface, whichindudesanodizing, oxygen diffusion®
C. Boettcher, Deep case hardening of titanium aloys
with oxygen, Surf Eng (2000) (2), pp. 148-152. Full

Text viaCrossRef | View Recordin Scopus Cited By
in Scopus(12), ionimplantation and thermal oxidation®
9

Among al theseresearch methods, thermal oxida
tionisthesimplest and most cost-effective technique,
but selecting the appropriate parametersisvery cru-
cial, sincethe oxidelayer produced at too high tem-
peratures (above 800 °C) results in debonding and
spdling duetothelargelatticemismatch and thelarge
differencein coefficient of thermal expans on between
oxideand Titanium basemetal, on theother hand, those
produced at too |ow temperatures (bel ow 550 °C) are
not thick enough to significantly improvethetribologi-
cd propertiesand corrosion resistance’?. Thus, aneed
arisestofind suitablethermd oxidation parametersthat
can produce adherent and thick enough layer of tita-
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nium oxide, preferably with rutilestructure.

TA2isthemost popular Titanium metal in many
kindsof applications, improvingits combined perfor-
mances by using asmple and cost-effectivetechnique
can further enlargeitswide application. Though there
exist someliteratures about thermal oxidation of Tita
nium anditsalloys, the optimum condition for improv-
ing the combined performancesof TA2 did not report
yet_[l(}lz]_

Therefore, theaim of the present study isfocused
on producing adherent and thick enough oxidelayer on
TA2 surface, which can providetheoptimum combined
performances. For thispurpose, therma oxidationwas
carried at different temperaturesfor the sametiming of
3.5 hoursinamufflefurnaceunder air amosphere, the
modified surfacewas characterized, and wear and cor-
rosion behavior was eval uated.

EXPERIMENTAL

Thematerial usedfor theinvestigationwasTA2
(Grade-2 CP-Ti) (chemica compositioninwt. %: N:
0.01; C: 0.03; H: 0.01; Fe: 0.20; O: 0.18 and Ti: Bal-
ance), received intheform of hot forged bar of 90-mm
diameter. The specimens with dimension of
10mmx10mmx5mm were cut from the bar, prepared
by grinding with 400-grit SIC paper and then ultrasoni-
caly cleaned in deionized water and acetonefor 5min-
utes, respectively, dried prior to thermal oxidation us-
ing astream of cold compressed air. Thermal oxidation
was carried out in the range of 500U~850°C at the
sameduration of 3.5 hoursinaconventiona mufflefur-
naceunder air atmaosphere, followed by furnace cool -
ing.

Phase constituents of the sampleswereanayzed
by Dmax 2500X-ray diffractometer, using Cu-
K radiation, and the morphol ogy of the surface was
investigated by SEM (JSM6360LA). The
microhardness was measured at the surface using a
HV S-5Z microhardnesstester under four different in-
dentation | oads, ranging from 300gf to 5000gf, applied
for 15s. Each hardness val uewas determined by aver-
aging a least 5 measurements.

Corrosion behavior wasinvestigated using immer-
siontest by exposing the samplesto HCl solutionwith
aconcentration of 36~38%. During the corrosion tet,
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the temperature of the solution was hold at 36.5°C.
The results of the corrosion test were evaluated by
measuring thewei ght loss of the samplesevery 2 hours,
with an accuracy of 0.1mg, and the sampleswere ul-
trasonically cleaned in dei onized water and acetone,
and then dried before measuring theweight.

The configuration of pin-on-wheel, indry diding
conditions, was used to eval uate thewear resistance,
conducted onaMMW-1A Wear Test Machine under
ambient condition (20+2°C and 50%RH). Inthewear
test, 45 steel (nomina compositioninwt.%, C: 0.45;
Si: 0.30; Mn: 0.65; Cr<0.25; Ni< 0.30 and Fe: Bal-
ance) in hardened and tempered conditionwith 4.8mm
diameter was used asthe counterpart pin, rotating at a
speed of 30rpm on the surface of the tested samples
with 35mm diameter and 5mm thickness. The coupling
load was 15N, sliding timewas 180min. During the
test, thefriction coefficient was continuoudy recorded.

RESULTSAND DISCUSSION

Surfacemor phology

Figure 1 presentsthe surface morphology of TA2
samplesas-received and thermally oxidized at various
temperatures. It can be seen that the surfaceis kept
almost smooth with very little oxide onthe surface at
500° C as shown in Figure 1 (b); it becomes much
rougher after oxidizing at 650° C, dueto theoxidelay
isformed onthe surfaceasshowninFigure1(c). Tita:
nium oxide crystal with finegrain size can beclearly
seeninFigure1(d) and (e). However thegrain size of
Titanium oxidecrystdl isgetting much coarser in Figure
1 (f). It can be concluded that 700° C may bethe opti-
mum temperaturefor TA2 to conduct TO treatment,
which canform evenly distributed Titanium oxidecrys-
tal withfinegransze.

XRD analysis

XRD patternsof as-received and thermally oxidized
samples are shown in Figure 2. The samples as-re-
ceived and thermally oxidized at 500° C are entirely
comprised of hexagona a-phasewhich may bedueto
that the oxidelayer istoo thinto be detected by XRD.
TheXRD patternsof samplesthermally oxidized at tem-
perature range of 600-750° C exhibit the presence of
rutileTiO,, and theintensity of therutile TiO, become
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Figurel: SEM imagesof surfacemor phology of TA2 samplesas-received and ther mally oxidized at varioustemper atures
for 210mins; (a) As-received (b) 500°C (c) 650° C (d) (e) 700°C (f) 750°C

stronger withtheincrease of treating temperature, this - Ti aRutie
suggeststhat thethickness of theoxidelayer increases 50000 - . .
with thetreating temperature. Ando-Ti peaksarea so . } . . -
observed after oxidation from 600-750°C, thisisbasi- 400004 Lt ot ﬂ u
cally dueto penetration of X-ray beyond thethin oxide L lie. e T A T
layer. Further anadlysisreved edthat diffractionanglesof =~ o004 1 uU e s o T
Ti pesksshifted dightly left fromtheir origina positions, @ T I S
probably caused by the dissolution of oxygeninthesub- © 20000~ . Jo . ‘. o G owc
strate zone. When thetemperatureincreasesto 850° C, Jl 500C
theXRD pattern of samplesshowsrutile TiO, only, sug- %% . M .t
gestingaoxidefilmthicker than thedepththat Cu-Kacan A_}LL . . e
penetrateto wasformed on thesurfaceof the samples. O ' — "
20 30 40 50 60 70 80
Microhardness 20

. Figure2: XRD patter nsof as-received and ther mally oxidized
Thehardness of untreated sampleis 160HV, and ¢ >10min at vari oustemperatures
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theresults of the surface hardness of thethermally oxi-
dized samplesareshowninFigure 3. Thesurfacehard-
nessfor samplesthermally oxidized from 500-600° C
isalmost kept constant at about 160HV, dueto very
thin oxidelayers. When thetreating temperaturewas
getting higher, the surface hardnessincreased with the
temperature. A dramatic increment of upto 500HV in
surface hardnesswas achieved upon oxidizinga 750°C
under indentation load of 300g. And on the oxidized
surfaces, the decrease of hardnesswithincreaseof in-
dentation load isdueto the higher penetration depths
of theheavier indenter.
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Figure3: Thesurfacehardness-load profileof the specimens
treated under variousconditions

Corrosion behavior

Thecorrosion behavior of thesamplesas-received
and thermally oxidized in 36~38% HCI at room tem-
peratureisshowninFigure4. Itindicatesthat untreated
dloy exhibitsthelowest corrosion res ssanceamong the
investigated samplesdueto the continuousdissol ution;
thetotal weight lossis 103.83g/m? after corroded for
12 hour. Thermally oxidized samplesexhibit better cor-
rosion resistancethan untreated al oy, thetotal weight
loss for samples oxidized at 700°C, 750°C, 850°C
after corroded for 12 hour is 2.95 g/m?, 7.24 g/m?,
9.38 g/m?, respectively. Littleweight lossisobtained
for thesamplesoxidized at 700° C.

Wear test

Figure 5 isthefriction coefficient curves of the
samplesas-received and thermally oxidized a various
temperatures. It can be seen that thefriction coefficient
of as-received sampleis much higher and unstable,
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Figure4: Thecorrosion ratein 36~38% HCI of thesamples
as-received and ther mally oxidized at varioustemperatures

which fluctuates greatly during the dliding cycles. On
the other hand, thefriction coefficient of the oxidized
samplesis reduced and become much more stable,
among which thesampleoxidized at 700° Cisthemost
stable one, theaverage coefficientis0.4.
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Figure 5 : Friction coefficient curves of the samples as-
received and ther mally oxidized at varioustemperatures
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CONCLUSIONS

1) RutileTiO, layer wasformed onthesurfaceof CP-
Ti after thermd oxidation andthethicknessof TiO,
layer increased with thetreating temperature.

2) Thesurface hardnesswasincreased significantly
when thetreating temperature reached 700°C and
higher.

3) Thermaly oxidized samplesexhibited better cor-
rosion resistance than untreated, and that oxidized
at 700°C showed the optimum corrosion resistance.

4) Thermally oxidized samplesexhibited better wear
resistance; thefriction coefficient wasreduced and
become much more stable. The sampleoxidized at
700°C showed the best wear resistance, the fric-
tion coefficient waskept quite stableand the aver-
agevauewas0.4.
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