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1#vinn1sAnm oxidation, nitridation Lag carburization Taslanuay Ti-v uay Ti-
Al Letiln WU oxidation rate 289 Ti-(0.5-20.0) wi%V Renifsiduetiosatiisamuntsin
"ﬁwum vanadium concentration @um:ﬁ"q 10.0 wit% Lfl‘@ concentration Qx‘inﬂ'ﬂ‘ﬁ oxidation
rate arfluuatiupefiile experimental time W1uWe &1%FU Ti-36.0 wi%Al Azl oxidation
rate Fflgm atihalsfiana nitided scale awnzntlaaiunis oxidation WethailsAndnm
Tausnan Ti-40 wiShAl, Ti-43 Wi%Al LAy Ti-48 wi%Al 1A Knoop hardness (HK) Lﬁu%u
A1 nitridation temperature WAY aluminum concentration ﬁtﬁu%u nitridation depth uaz
mass gain #a4 nitrided alloy ﬂﬁ'\ﬁa"»msmmulﬁﬁfm Arrhenius-type equation A1 HK 184
Ti-47at%Al-2 at%Nb-2 at%Cr (MJ12) uwaz Ti-47 at%Al-2at%Nb-2 at%Mn-0.8 at%TiB,
(MJ47) ﬁmum‘a‘ nitridation  wayAiia  carburization @:Lﬁuﬁﬁumumﬁﬁuﬁumm
temperature {az time LA wear rate 189 MJ12 uaz MJ47 HAanas wﬁw‘?aﬂm order of
magnitude 284 untreated alloy uananiinaTes XRD, SEM, EDX uaz CHNS/O daldld

a81N8N17 form 484 new phase, dissolving element Way surface morphology 84 alloy

AYd1AlY @ Ti-Alloy, Oxidation, Nitridation, Carburization, Knoop Hardness, Wear

Resistance



Abstract

High-temperature oxidation, nitridation, and carburization of some Ti-V and Ti-Al
alloys were studied. The oxidation rate of Ti-{0.5-20.0)wt%V continuously increased with
vanadium concentration up to 10.0 wt%. Above this level, the oxidation rate tended to be
constant when the experimental time was sufficient. The oxidation rate of Ti-36.0wi%Al is
at the lowest. However, nitrided scale can effectively protect the alloys against oxidation.
The Knoop hardness (HK) of Ti-40wt%Al, Ti-43wi%Al and Ti-48wt%Al increased with
increasing nitridation temperature and aluminum concentration. The nitridation depth and
mass gain of the nitrided alloys could be represented by an Arrhenius-type equation. The
HK values of Ti-47at%Al-2 at %Nb-2 at %Cr (MJ12) and Ti-47 at %AI-2 at %Nb-2 at %Mn-
0.8 at % TiB, (MJ47) with nitridation and/or carburization were increased with an increase
in the temperature and time. The wear rates of MJ12 and MJ47 were reduced by one or
two orders of magnitude in comparison to the untreated alloys. In addition, the XRD, SEM,
EDX and CHNS/O results were used to explain the formation of the new phases, the

dissolving elements and the surface morphologies of the alloys.

Keywords : Ti-Alloys, Oxidation, Nitridation, Carburization, Knoop Hardness, Wear

Resistance
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mass gain 184 1100 K nitridation W&z non-nitridation specimen
W&9NNT3 oxidation arneR 1200 K

mass gain 9893 1300 K nitridation WAL non-nitridation specimen
M&I9NNs oxidation luaned 1200 K

XRD spectrum 184 Ti-20.0 wit% V friuns oxidation luaan

7 1200 K s 5 h

SEM micrograph 184 (n) Ti-1.0 wi% V figinns nitridation 7 1100 K
WAy (1) Ti-36.0 wt% Al ﬁf-huﬂ'lﬁ' hitridation ﬁ 1200 K lﬂuL’]ﬂ"l 30h

AMNANRUT TN log(d) waz T 284 alloy

ANANW LTI log(Am/A) uar T 2849 alloy

o
XRD spectrum 484 (N) MJ12 wag (1) MJ47 M1WNIe nitridation
# 800 — 1,000 °C 1{haan 36.0 ks

Knoop hardness 189 (1} MJ12 waz (1) MJ47 Teeld toad winAu 10 of
Wear track 11 MJ12 (n) non-nitridation ; (31, A WA 4) Lﬁﬂ nitridation
71 800, 900 Ua 1,000 °C {ulaan 36.0 ks ANGL

Wear track 118 MJ47 (n) non-nitridation ; (3, A WAL 4) L:‘jﬂ nitridation
fl 800, 900 wax 1,000 °C haaan 36.0 ks AwdGL

SEM micrograph 184 (n) MJ12 W8 (1) MJ47 Peinunns nitridation

7 1,000 °C Whaaen 21.6 ks

XRD spectrum 184 (M) MJ12 WaZ (1) MJ47 K&RIN nitridation LAY
carburization 'T!'I\ 1000-1300 K

Knoop hardness 284 () MJ12 uat (1) MJ47 Weauiu temperature i
0.01, 0.03 uax 0.05 om’s" C,H,

a4, )
friction coefficient (L} 284 (n) MJ12 RirlnunAg nitridation 11 10 cm’.s’

. o
NH, uaz carburization 1w 0.01 em®s™ C,H, uag (1) MJ47 Niunas

nitridation 14 10 cm®.s™ NH, Wag carburization 11 0.03 cm’s” C,H,
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4.15 EDX spectrum 984 MJ12 W&IATN nitridation T 10 cm’s” NH, uaz
carburization 1w C,H, ﬁﬁ flow rate 1)1 (n) 0.01 cm’.s™,
{2) 0.03 cm’s” uay (P)0.05cm’s”

4.6 EDX spectrum 284 MJ47 W83 nitridation 11 10 cm’.s" NH, uaz
carburization W C,H, 7ifl flow rate i (n) 0.01 em®.s™,
(1) 0.03cm’s” uag () 0.05cm’.s”

417 SEM micrograph 184 MJ12 8931061411 nitridation w10
em’.s™ NH, uaz carburization 1 0.01 cm®s ™ C,H, 7 (1) 1,000 K,
(2) 1,700 K, (A) 1,200 K uax (1) 1,300 K

4.18 SEM micrograph 184 MJ47 #43a1np1un1g nitridation 11 10
cm’s” NH, Ua¥ carburization 114 0.01 em’.s” C,H, 7 (n} 1,000 K,
() 1,100 K, (m) 1,200 K & (3) 1,300 K

4.19 SEM micrograph 184 MJ12 9&9a1neNunIg nitridation 11 10
cm’.s™ NH, unz carburization 114 0,05 cm®.s™ C,H, i (n) 1,000 K,
(1) 1,100 K, (M) 1,200 K uax (3) 1,300 K

4.20 SEM micrograph 184 MJ47 ¥833n61un19 nitridation 114 10
cm’s” NH, uay carburization 11 0.05 cm’s™ C,H, 7 (n) 1,000 K,

(1) 1,100 K, (A) 1,200 K uaz (3) 1,300 K
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min
N, C uaz H lu nitrided scale ﬁ&hun’\? nitricdation ﬁ 1100 uay 1300 K
{hanan 50 b 11
Knoop hardness 184 Ti-40wt%Al, Ti-43wi%Al Waz Ti-48wt%Al 16
activation energy 184n17 nitridation (Q,) uazoxidation (Q,) #miu
Ti-40wWt%Al, Ti-43wt%Al LAy Ti-48wt%Al 18

wear rate W8y wear track 289 MJ12 Waz MJ47 AEULAZW8INAg nitridation 25

wear rate 189 MJ12 UWas MJ47 AaULaZMA4INAT nitridation WAL carburization 39
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Y-Tial  alloy dhdausnanihaulaann  essnnildndnmiiazir iy
aerospace application valuna vy structural component WAL jet engine component
[unng application T aircraft, space satellite, missile, turbine blade, engine valve LAY
turbocharger rotor ﬁ’qiﬂmmnm@ﬁﬂmﬁ high temperature strength, low density, high
melting point UAL creep resistance A high temperature [1-7] Yakeead alloy faanmsi]
limited ductilityﬁ room temperature WAL poor surface property ﬁ high temperature [2-5] 814
vinuFudga limited ductility 1laen1sidadan alloying element 1y Nb, Cr, Mn, Mo, W, Ta
waz V [5] a1aulfnlqe surface property Tas surface modification [3,5] viunns coat Ant TiN,
TiC uaz TICN tﬁm‘?‘;u hardness, wear resistance Waz corrosion resistance T cutting tool,
die, a4 [3,4,8-12] Winswmunnmandeu TIAN ludaneil 1980 [13] Iae TIAIN uaz TIAICN
vt film ﬁﬁ oxidation resistance ﬁﬁtﬂmiﬁﬂmﬁﬂuﬁu TiC, TiN wax TiCN {13-16] i pProcess
unsAdsuionne ) 41UMNIR LU physical vapor deposition (PVD) [13,17], chemical
vapor deposition (CVD) [18,19], plasma deposition [2,14-16], cathodic arc (CA) [9-11, 20],
ion implantation [21] uay directed metal-gas reaction [3,4,12] 'lumua'ﬁ'ﬂﬁ#ﬂ:l,?\@nmimﬁ'au

a v . ) 4 - sl o oy
Halald directed metal-gas reaction \WBRN nmﬁmqnLm:”luum'iwmmmmmmmmfm
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fin1sa¥ng nitrided layer DuR2983 Ti WLUTIEINIANANTEY N, + Ar wudn depth
189 nitrided layer XAARIATH vol.% 2189 N, ﬁl.ﬁu%u wazAannnsvpgatlag XRD wudn
nitride AnTdlu TiN ile N, fiffnauiondn 0.5% weiidletfunm N, §andn 0.5% Azl
TIN, fintufian wavdanudn T asfiauudadfadu@nday Awduns nitiding ﬁ@;nmqﬁ
850°C U8 20 h U commercial titanium WUt depth of layer azmiu 0.10-0.12 mm

WA surface microhardness winfiy 1200 kg/mm’ [22]

\ = . | = &£ o =
tifimsang nitride uuiaaa Ti Tuusseimanes N, fiudqns Ngomgi 700-
’ ol o k- da &
1050 °C lunan 10 h wirdnf nitriding temperature siaus 800 °C Al layer MinBuay
. o s d . S o -
{hi TiN dmdui 800°C liwwdn hamess HAndinauatrsdaiau uingomgiigands 900°C

N - X
"4 thickness waz hardness azlWNLIUAINLIIAY [23]

s . o a

Ti Relvuauounng nitriding Tuussenises N, gaunail 850 °C uiaan 16-80

hrs axvinlkHasunumIusansia wear wazsianisgniandeu lnawnisiianunumiuse
a ] 1 ﬁj - . n N .

nsgnimndaulatnsaiaurie q fetluantizgumgiigs iy hydrochloric, sulfuric, nitric,

v A el 3 =Y
phosphoric, hydrofluoric uaznsafauan < IiRduiiy [24]

TUAUNNT nitriding 189 commercial titanium war Ti-6% AR4%Y Tubgsenae
o & < 3 ' A = ' ' :
UIANEU8Y N, 11 980 °C 1ilua1 4-168 h WU nitrided layer MARUYU commercial titanium

=l P = =
HATINUUINIMINALIU Ti-6% Al-4%V Lard hardness §404 1650 HV [25]

. é' Y . ee =
AlLO, protective film l&gna&eiiuunlnads Chemical Vapor Deposition 1ui9184
£
intermetallic compound Tial aniulsinldAnwnsiandauluussaaniares O, uazluy
‘J = Q ] ar o ’ = . . Ad-: =
aNANgMNH 800-1000 °C wudnd1sdtatn9Aenandl corrosion resistance NRAW LAz
o Ld n’, 1 & o !4 - 1 L g

Anpawlunsinldvuiiuiudausing 7 aessninaresiiy iwreweud wadlfluaansgram

A
nITHInUALATEL ) [26,27]
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IeHNsANEINTS oxidation T84 titatium nitride uannA wusn desorption gas ¥

- 3 1 - ;
dAntudadugiilu H, NH,, H,0 CO uat CO, uaxil ammonia-ike compounds \RiATLLY

surface 284 nitride AINA17 [28]

I#HinnsAnmnng oxidation 189 titatium nitride W 5% O, Wudn parabolic rate
constant 184 oxidation thickness aamAdesiuil Arrhenius equation wazilen activation

energy 38.6 kcal/mole [29]

o [P . il i 1 o d

ifinsAnenisin nitiding 489 Ti uaz Ti 9l Cr uar W nauag luwla NH, 9

- 1 i A

geungi 850, 950 uay 1050 °C wudn fiow rate 183 NH, Adazliinazas nitrided layer %
Ay da o - X

wunduileld flow rate Misanan LAZENARUVMANGITU maximum thickness 989 nitrided

X 4 -
layer 32§14 optimum rate of flow {W§AW [30]

14ifin1sin nitriding 999 titatium T N, uaz NH, wudnlunsdindainl diffusion
] =l o 1 = ! . o L]
layer wundt uazlimuudannadrlunsdluen usinag diffuse 89 hydrogen filiilaany

o
wezinum [31]

eEnsTeniay nigh temperature corrosion 192 nitrided specimen W& non-
- , = T . \ ,
nitrided specimen uain1Ad 1000 °C wud nitrided specimen aTNNINNUGAR corrosion-

failure WWAN31 non-nitrided specimen ?N%wh [32]

A [ 2 ﬂl -~ A oy 1
o RAMANUITEINA NH, axFauanfafigouugiitlssann 450-500 °C usidail
. S wyyd iy . v
catalyst agfanazFuuansldfgmugliantis 300 °C  wazavunnsobifauanysoiiie

L}

gounniigatia 500-600 °C attafiany ulignmnfiazgais 1000 °C Sapanudndl NH, waq

waent [33]
[T . . . . 1= i [
AINNANN Pilling-Bedworth Ratio 183 tfitanium nitride wuaHA IndlAnany
pr a v, . s = sty 1 = . q]d- 5 -3
wilaun B0l titanium nitride aNRIUAMIFIUNIUN5HR corrosion ARINYAIWMEIENIT

v v
\fim pseudomorphous layer 184 lower oxide(TiO) utiuazldazaaniafia corrosion 1H[34]

. s | .
finsAnEINTT oxidation 184 Ti-47A1 oxygen M 1000 °C Wudngl thin tayer
It
a & \ o ¥ . ,
184 ALO, Ratutunauusn uazsasuihy mixture 183 TIO, + ALO, wanaINUEIWY single-

. K o X
phase sub-oxide zone AHTUIARNTUANMIIAINTTNAADS [35]



1grHnnsin laser chemical vapor deposition (LCVD} U4 AlSI 52100 bearing steel
Taelld TiCI,, NH,, CH, uaz H, wudndl TiN waz TiC sty Tnedl average Knoop hardness
4B LOVD TiN film Wil 1400 HK uazilAgagavindu 1602.3 HK A1 wear resistance 84
Aadniae  substrate durE3 LOVD TIC film  asiidnworans homogeneous

stoichiometric single-phase equiaxial particle [36]

{9NN15 heat 1auy Ti W graphite cup fussannAy N, 7 1388 uay 1573 K
w1 surface Unaguludae TiC.N) Taafl N-rich OL-Ti aElfiua Iae thickness 184 layer
ﬁﬁ'\l.ﬁ‘u%umu temperature waz time uasifullau parabolic rate law @11 Vicker
hardness 84 Ti(C,N) fANTIYL 2000 waz1ed OL-Ti BATAARIAIN 1500 514 500 ATNTTEZNIS

Ao X
1N surface MIAWNAU [12]

-l

IdMannsAnm effect 189 C Piida Ti-48A1 fully lameliar afloy wudn C 1 solid
solution 'ﬂ::'lﬂL‘Tvlu lattice parameter 184 OL,-phase Wax solubility limit 184 C fA il 3000
wi ppm '7’1 higher carbon content Y Ti,AIC ’at‘l:'\.u Y phase Waz C T solid sofution @14130
i OL, volume fraction, microhardness, yield stress & usiazlainl¥ minimum creep rate

Aanad [37]
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3.1 qﬂnecﬁ

aunsafsing ) Alunmeanes fidsieldne

1. Buehler isomet low speed saw

Polishing machine

Precisa 240A electrical balance

High temperature furnace

High temperature reaction tube

Gast vacuum pump, mode! no. 0523-V4-G21DX
Glass set Lﬁ{ﬂlﬁlumﬁ'mmﬂumﬂumm gas

Ilwata air compressor, P-series

L e N @ ;A LN

X-Ray Diffractometer (XRD}

10. Energy Dispersive X-ray (EDX) Analyser
11. Scanning Electron Microscope (SEM)
12. CHNS/O analyzer

s

3.2 ’Jﬂﬁ}LLﬁSﬂ"ﬁ‘lﬂ ARAY

d
321  TanzuaunMlunimesans

Tanznanildlunisvaansiing Ti-(0.5-20.0) wt% V, Ti-(36-48) wt% Al, Ti-

47 wi% Al-2 wt% Nb-2 wit% Cr uat Ti-47 wt% Al-2 wt% Nb-2 wi% Mn-0.8 wi% TiB,

3.2.2  ANSWTHNANTIaaLa

[
ol e

€3 a} L] a 3
Tanznaniifidnunziiu rod Aldurngudnatalszann 1.5 om Tasdunay

v
TunnsiFsanatssinatnailsasra luiife

1. Wansfaataunma iy disk wunlszinns 1-2 mm

2. Polish @1ssiaatineaudugaiae polish fael 0.3 micron alumina powder



© a’ ] :’/
Annara1nansieteduasinalanld acetone wie alcohol

1
o

3.
A, TpUuNAa1TAR19A%8 micrometer
5. FaMINNaIRIaNsAIBtN9AaY electrical balance

3.2.3 nIruUIuNg nitridation Wae carburization

a ' 1 A o’ I
1. ansedrmifuiindayasine 7 Govfesuwdonumiule high
temperature reaction tube uaztarlvailn
2. quainiAlu tube aenaunalu tube § absolute pressure anaaliu
1‘, 1 vooe 5 A o . ] oG
17.33 kPa anniudastliufia Ar Wnldunuiiaunseia reaction tube Hadwdui 1
o F=Y 1 jrd ﬁl o &
ussenaa aufiunisguanniasanuazlaaaliufia Ar idrllumuiluinueaReaiunsyuoy
o - =1 a :’ 1=| ° ] [
medeie Anfiunnsduiiifludiuau 10 A acil oxygen RAnuansldegldiu 5 ppb wee
=
UnuTSae flowing Ar
3. Heat a1graatinalu flowing Ar auilgouugigetiamnsasms
- . = . :
4. (FuN3rUauNIS nitridation TAENAsUMUA flowing Ar fiagl flowing N, 17
NH, #ioeadmsn 10 cm’s”'
o o ,
5. flaATLINANITNAREIA turn off EILazLid NH, Lazdesiens
soatrufiuaiggoingiivadlu flowing Ar
ﬂl (] ) A
6. lunsainnsEunszuaunng carburization Bisies turn off 1NN UALNUA
flowing NH, éatl flowing C,H, ficaidmsn 0.01, 003 uax 0.05cm’s”
d o .
7. WBATLRAININARBIAT turn off wniuazuia C,H, uavilaaeldans
faatinaduasganmgiiviedu flowing Ar
o ] A 1 = o ]
winame wiasing q Aldlunnsmesessssaafineitauaraiadenieu
j . L 1 = 3
TaunnsgaAuTY Uaz oxide 184 carbon UWAIWANTIL LAIRIATLAY flow
rate 983UAA

3.2.4 Oxidation

shansfitimuasldsunas nitidation WvAasen1s oxidation luanme
[aAnmn corrosion rate constant 189877FA8E
325 Analysis
Nnng analyze argenatnalae 14 XRD, SEM, EDX wag CHNS/O analyzer
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AANNANE nitridation WAY carburization 984 Ti-alloy LARANIINARBIAN ] Fig

L3
aaliiiAa
4.1 Nitridation 11 N, w&2 Oxidation luainaa
Mass Gain

ANANRUATEWIN mass gain per surface area 284 as-received specimen

1Y P
Wieiu oxidation time uanalilugud 4.1



120

100 ] | . ............... ' ....... . ..... @

Mass Gain (x10*mg/mm?)

0 1 2 3 4 5 6

Oxidation Time (h)

A Ti05%v W Ti-50%V @ Ti-200%V Uncoated
O Ti-t.0%v O Ti-100%v ® Ti-36.0%Al — Coated

g‘ﬂ‘ﬁ 4.1 mass gain 983 1100 K nitridation Wa% non-nitridation specimen waWwINNIe

o
oxidation lua1n Ay 1200 K

AINNINARBINLAN Ti-36.0 wi% Al & mass gain faennnuazilenasi oi 7 1.97 x 10°
mg.mm‘2 Lﬁlﬂ exposure time 17AN91 2 h wiilunseian Ti-(0.5-20.0) wt% V i mass gain ﬁ
L'F‘\llu"lgmm’m exposure time WA concentration 189 vanadium ija exposure time UUNa
mass gain U8 Ti-20 wi% V Huun ity ﬂ\iﬁ mass gain 184 Ti-0.5 wi% V uaz Ti-20.0 wt% V

' L [:1 - - - A . [
fantnadnsudiu 21.04 x 10° uaz 100.24 x 10° mg.mm” 18l exposure time WAL 5 h
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AT mass gain B4R Nn1T oxidation 989 nitrided specimen WAY non-nitrided

specimen Wkanalilugld 4.1 uaz 4.2

120 -
100
80

60

Mass Gain (x10mg/mm?)

40

20

0 ]
6
Oxidation Time (h)
A Ti-0.5%V B Ti-50%Y @ Ti-20.0%V o Uncoated
O Ti1.0%Y O Ti-100%v ® Ti-368.0%Al —— Coated

al . L s . o
ng'ﬂ 4.2 mass gain 989 1300 K nitridation Was nen-nitridation specimen #83I{INNNT

oxidation TuaInN AN 1200 K

a ol : . - .
UANAIN Ti-20.0 wi% V NNUNI7T nitridation %1300 K A1 mass gain 184 nitrided specimen

ANN911HA non-nitrided specimen
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XRD
{innisAneEn XRD 284 specimen Taeld voliage = 45.0 kv, current = 30.0 mA

a o =
waz Cu uflu target (@ spectrum 284 specimen 71 oxidize luan1Ai 1200 K 1Whiaa 5 h

o . -
Tuanal3lug# 4.3 1dmseanudndl phase w94 TiO, uay V,Ti,0, Rnn

COUNTS
[ ] .
4000t * 211276 TIQ2 RUTILE, SYN
O 301429 V2TI309 SCHREYERITE
3 ® .

20(degree)

71fl 4.3 XRD spectrum 784 Ti-20.0m%V fithunas oxidation TueIN1AT1200K 1hiasn sh

N1934ATIZH CHNS/O
|$Mnas analyze w1 N, C uwaz H W nitrided scale 994 Ti-5.0 wt% V fiunag

o 3 v
nitridation # 1100 W&z 1300 K \fluiaa1 50 h Iaeld CHNS/O analyzer Iagilfidannis

= [ s lJ
AT C, H uay N uarlfudnananis analyze 284 N, C ez H 14lumngei 4.1



A gl \ '
AN199 4.1 N, C waz H W nitrided scate REN1N13 nitridation 71 1100 was 1300 K

WA 50 h

Specimens Nitridation at% N | at% C | at% H
Temperature (K)
Ti-5.0wi%V 1100
Crust 0.07 | 0.02 -
Mantle 0.12 0.01 -
Outer Core 017 | 0.05 -
Average 0.12 | 0.03 -
Ti-5.0wt%V 1300
Qutside (1) 0.05 | 0.02 -
(2) 0.03 { 0.01 -
Inside (1) 0.33 | 0.03 -
(2) 032 | 0.03 -
Average 0.18 | 0.02 -

AANNI9 analyze AF9ANL9M3E N wae C lu nitrided scale walsinudndl H ag g

SEM
A -l
SEM micrograph 184 Ti-1.0 wt% V 11 heat 11 nitrogen % 1100 K ifluinan 30 h

. y o
WaLYR3 Ti-36.0 wi% Al 7 heat W nitrogen 7 1200 K ifluaan 30 h WRuanalilugi 4.4
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zaKY M3,.500 S5im 319994

(1)
o , . A e
1% 4.4 SEM micrograph 984 (0) Ti-1.0 wt% V fitinunns nitridation 11 1100 K uaz

(1) Ti-36.0 wt% Al ﬁ&]’mﬂ’li‘ nitridation ‘7}: 1200 K 1fhan 30 h

mel surface 984 Ti-1.0 wi% V Usznaudiog irregular grain 141m 1-3 [m wAe84 Ti-36.0

wi% Al Usznavdiag faceted grain

FASERHANARDY
Oxidation Rate
d .
Wainne oxidize Tavenan Ti-(0.5-20.0) wt% V Tuanidasil phase 184TiO,

= ! o’ ] - | . .
wae V,Ti,0, imaumiuanalne XRD spectrum LamAadn oxide scale 1lW mixture 189 TiO,
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uaz V,Ti,0, Mlsznaukan V* ion Tt Tio, i n-type semiconductor (38] nside metallic
ion f’ﬁf! valency ﬁi’\ﬂd'\@:ﬁ"lﬂﬂﬂﬁ’lmwﬂfad excess glectron LLﬂS@zlﬂLﬁu concentratién 189
interstitial metallic ion Hnan ¥ diffusion-controlled oxidation rate L'ﬁu:ﬁu [38] naEe vV
adlu Tio, Fatsznaudan Ti* azliifin concentration 184 interstitial Ti*" ion wsiazlulan
AMUIUTDY excess electron ﬁﬂi'u diffusion-controlled oxidation rate 341,'\?‘;115514 n1s
oxidation 184 Ti-(0.5-20.0) wt% V lummﬁ?’mﬁu%umu concentration 484 V ﬁn'?;u'%u il
Wz luda initial stage

HAIuaUm parabolic rate constant 484 Ti-0.5 wi% V, Ti-1.0 wt% V, Ti-5.0 wi%
V, Ti-10.0 wi% V waz Ti-20.0 wt% V uazfirlnadnuiilu 2.529 x 10°, 3.961 x 10°, 1.565
x 10°, 7.202 x 10° uax 5.181 x 10° mg”-mm™s™" A1 oxidation rate 484 Ti-(0.5-20.0) wit%
V Lﬁ'u’%umm concentration 499 V wﬂﬁ‘::ﬁt'qaa 10.0 wt% V Lﬁfﬂ concentration 184 V 1ily
200 wit% V LL@::Lﬁl'a experimental period W UWa degree of oxidation ﬁ:ﬁLLmIﬁuﬂ\‘lﬁ
parabolic rate constant 84 T1i-20.0 wt% V Tu 1 h uIn189n9 oxidation Ty 2.177 x
10" mg’.mm ™™

uanannil valency 189 V¥ uaz AP sirafiAnily 3+ A concentration 189 Al u
alloy 448 36.0 wi% uR mass grain HAMTRENG1TRY TH0.5-20.0) W% V maaaRITaaI8e
experimental period \iasan Al T afloy @winan form il AlO, e ALO, AMNT0
protect AaN1T oxidation WA [39,40] ﬁdﬁu Ti-36 wi% Al R3Hl mass gain WaeN41909 Ti-
(0.5-20.0) wt% V 4 ﬁ high temperature °|.u‘1.1ﬁmn’1ﬁﬁﬁ 0, A1 parabolic rate constant
984 Ti-36.0 wt% Al 1y 2,127 x 10° mg>.mm™.s" athalsfiny oxidation resistance 184
alloy é’qmmmmmuima density, uniformity, adherence WaT ‘%‘J‘lu "| Anding

'lumi‘wmﬂ'mﬁu’an@’m Ti-20.0 wt% V ?‘;u‘mm? nitridation # 1300 K A1 mass gain
178 oxidation rate 284 nitrided specimen HA"eaNdI184 non-nitrided specimen WaA191
nitide scale  @nsnaaneiuhilienmedudafuo alioy ladnenin waasliisiudnnng

ARaLRL alloy anunsntlaatunag oxidation 984 underlying atioy matrix 1#dn15a

XRD
L7 i . g . nld . = ]
3N XRD spectrum uanalitiiudn oxidized scale i TiO, 18 V,Ti,0, \aatiues

o . . - ..
Aot peak NUsNORANHOL sharp wamedn oxide Liu crystal t4 MEULINENNTT oxidation

Tavizran Ti-20.0 wit% v dudatusinafidsznaudig 20 vol.% O, Aaviu Ti R4 react iU O,
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- o o , Y i
ey Tio, %1% Ti 9 scale-metal interface antiauasRafinis diffusion 2e4 Ti 'luf
. L 4 ! I N R = é‘ 1 1
interface Aana1a 1188n13 supply 184 Ti llitawadall v, 1,0, NaTu uaseinlaadaulne

184 scale Usznavlufon TiO, uawil v, Ti,0, 19ahiae fotidniat

MsIATIEA N, C uag H

ANz iiag i elemental analyzer wanalifiudndl N svanaet]lu nitrided
scale uazll concentration l.‘ﬁluﬁumu temperature ﬁLﬁ'u%u ﬁ’s‘lﬁtﬁﬂqmﬂ’m diffusion rate
ity dlenBuudou a% 28e C @ 1100 usz 1300 K Avaduees C 7 1100 K qndnfi
1300 K linfas wetlinazinannisit C azauatlu as-received alloy atjriauds ms
diffuse 184 C 1.ﬂﬁ scale-gas interface W@ react N O, impurity u N, MW C U nitrided
scale HARIED temperature ity eghefmnm i 8 affinity U O, ¥INNI1 C [41] Favh T
azfiaagn convert lihilu oxide athamnysaliau wisnniu 0, Aailtanaa react fu ¢ I
iamaivldiazdn refractory phase 984 Ti-C-N filalaunsn oxidize 1u analyzer 1§

BY1IRNY T

SEM
A B | 1] n‘d o4 -1 .
dla Ti-36.0 wi% Al &I reaction fiu 0, axl4 product Ransmzilu faceted grain

al v 1 . ' !

% order 11NNI194 Ti-1.0 wi% V W@A91 oxide 13 Ti-1.0 wit% V HAN porous NINAS
adhere 18dpandnans Ti-36.0 wi% Al Laastiifiudn oxide U Ti-1.0 wt% V Wax Ti-36.0
wi% Al § efficiency 11n17 protect N9 oxidation MHRANTUAIMAAINAYEINIT oxidation 1§

d
Mg 4.1 war 4.2



4.2 Nitridation 114 NH, 1fiuvasn 100 h

Knoop hardness

16

dnnn19dm Knoop hardness (HK) 1849 specimen NB1NAT nitridation WAZWAARIN

a 3 | W
N7 nitridation # 1000-1200 K \fluean 3.6 x 10° s (100 h) 1aeld load winAL 50, 100 uay

! FU) o © > ! <
300 gf uaaz data point lANnnsdRa UL 10 AT uaIAuananalilu anseh 4.2

A151971 4.2 Knoop hardness 189 Ti-40wi%Al, Ti-43wWi%Al WA e Ti-48wi%Al

(DEV = standard deviation)

LOAD Ti-40wt%Al Ti-43wt%Al Ti-48wt%Al
&) | TK) HK DEV HK DEV HK DEV
(kgmm”) | (kgmm®) | (kgmm™) | (kgmm?) | (kgmm”) | (kgmm”)
50 | Non | 3222 50.8 385.7 54.8 445.3 403
1000 | 3976 31.1 482.6 56.5 550.2 359
1100 | 492.8 69.1 632.2 155.2 696.1 223.1
1200 | 909.8 369.6 1059.6 95.6 1112.8 168.5
100 | Nom | 2008 | 339 | 3510 | 485 | 3864 | 365
1000 { 352.1 20.7 400.7 37.2 415.5 55.8
1100 | 4728 36.1 562.4 34.4 616.8 240.8
............... 1200 ¢ 7122 ) 2004 | 7543 } 1254 | 766.3 i 1030 |
300 Nonr 211.2 19.2 327.7 | 8.8 371.0 65.9
1000 | 3289 24.9 371.0 20.1 386.1 40.4
1100 | 4145 13.1 450.4 96.3 463.3 38.3
1200 | 5829 81.6 640.3 65.5 733.7 150.6

- 1 1 ﬂl ﬁ . A n! 3 o) n‘
quifiudn HK SAfsausny temperature wat concentration 189 Al fiuisay hilalsi Al

] = é 1 1
a1alifansiie new phase 448l hardness #1NN41 uasiiA27U dense 8INAGN
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Nitridation depth

NrAHANRRE MY log(nitridation depth, d) Wa¥ (nitridation temperature, T)"

- TV . - . . as s
PR fit 1 linear equation 1aeA% least square regression technique Aauamsliluglii 4.5

1.3
N . and @ - Ti-40wi%Al
R Aea and & Ti-43wt%Al
\Q ——and © : Ti-48Wi%Al
1.2 4
©
T
w
:%: 1.1 -
8
=
S
o 1.0 =
S
9 4
8 T f [
7 8 9 10 11

10* 1 T(K)
gﬂﬁ 4.5 AHANRUSTENING log(d) uaz T 184 alloy

MUAINITOETLNY nitridation depth 2049 specimen fsaannig
d = d,.exp{-Q,/RT)

A o Ad W

L8 o = nitridation depth WUNY temperature

d, = temperature-independent pre-exponential term
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T = nitridation temperature
Q, = activation energy 18017 nitridation
R = gas constant

) A
71 activation energy 189n17 nitridation Wiuanalilunisan 4.3

o 9 e
A1919% 4.3 activation energy 184n17 nitridation (Q,) Wazoxidation (Q,) A19UTU

Ti-40wt%Al, Ti-43wi%Al LAT Ti-48wi%Al

Alloys Q(U.mole”) | Q,U.mole”) Q,/Q,
Ti-40wt%Al 31,360 99,550 3.17
Ti-43wt%Al 32,020 112,950 3.53
Ti-48wt%Al 29,780 148,055 497

Qxidation

wAuduRugszning log(mass gain per unit surface area, Am/A) uny
1 = w . .
(nitridation temperatwre)1 Al fit AU linear equalion T8 least square regression

technique Aauanaliluglii 4.6
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1.0

and @  : Ti-40wt%Al
g o and 4 Ti-43wt%Al
' \ —-—and ¢ : Ti-48wt%hAl

Log (Am/A, X107 mg.mm2)
N
}

0.0
-2 -
-4
-6 T 1 |
7 8 9 10 11

10* 1 T(K)
A e [y 1 -
71171 4.6 AuAuiuiTEUINe log(Am/A) uaz T" 184 alloy

mass 8¢ specimen NA431NN"3 nitridation # 1000 -1200 K 1fhaaa1 3.6 x 10° s Tu NHa'ﬁ
$1 flow rate \Winfiu 10 cm’s” AR temperature fAwTu Taa mass gain (Am/A)
184 specimen wnwlddinnaunig

(Am!A) = {constant).exp(-Q,/RT)

T8 activation energy 184 mass gain 17 oxidation (Q,) Wsz#91an"7 nitridation léuaas

-
Hums1991 4.3
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NATIAHAVIARDS

high-temperature gas nitridation 284 Ti-alloy T NH, W1 surface hardness L'ﬁlu
T Knoop hardness fiAfnguile temperature iy Taeld load Wi 300 gf A1
Knoop hardness 184 Ti-40 wi% Al, Ti-43 wt% Al Waz Ti-48 wil% Al VRN nitridation '7‘\
1200 K lu 276, 1.95 uaz 1.98 Wi1ed alloy fauMT nitridation N TP
temperature arliid@dun190ia new phase Faazluify strength 9949 atomic bond atian
AN T temperature axvin\iiim grain growth 161
\ila alloy 1 concentration T84 Al RuSuasyinlef hardness TduRsdugon 1l
14 Al a1alLll3an151RA new phase 348! hardness sn3u Tneiatlyl Knoop hardness asi}
A vary AN load 14 Tun139m hardness TR nitrided layer ’a’ﬁmuﬁu‘lﬂﬁ\'ﬁuﬁ’]
hardness T4aldAsanailuans nitride-metal composite WAz nitrided alloy 8 wear
resistance ﬁﬁ%u [4,42]
lun1miAm nitride T MEENRN surface T84 alioy satlsznaudan Ti waz Al 'S
expose il reactive gas %Qtﬂu nascent N waz H imel N a2 react i Ti tiisutlu titanium
nitride \WABLILIU surface 89 alloy 1ile experimental time w@W N @12130 diffuse s
nitrided tayer [22,43] uwaztlagna diffuse W ldu alloy matrix [44,45] way react iU Ti tim
{3 titanium nitride ﬁ metal-scale interface u’j‘@ concentration 184 Ti amas Ti UFlaoulng 1
A3 diffuse WA metak-scale interface ¥ reaction Afiudelns 1 concentration
284 Ti flAfitane reaction rate Uaz diffusion rate ﬁFi’]Lﬁu%uﬁl’m temperature ﬁLﬁufﬁu
flanas supply 189 Ti Bifeane azFufl T-ALN o uaz nitrided layer RANAANTY 0
W concentration 189 N ﬁl scale-metal interface aRa4 ﬁﬂ‘li:u nonmetal-deficient titanium
nitride it waile scale wunfftane reaction fazven
activation energy 984 mass gain ﬁﬁi’lﬂ?zmmﬁm’mm activation energy 184017
Ruduea thickness layer 4 process Fandnatinaziimeinflaeed tianium nitide 7
metal-scale interface waznn? dissolution 284 N winlulu alloy matrix Far growth 769
nitriced layer Aagn control IREATINWANANTENGN rate ¥agaail uA overall mass change
avmLgulALNAsINTDY rate Weanal] ethilsfinm depth of penetration 184 N flapariAy

1mtl phase 184 alloy A9t



4.3 Nitridation 114 NH, 1ilutaan 10 h

XRD

. o
spectrum aauantlugLh 4.7

Intensity {(Arbitrary Unit)

21

1viannsAnen xray diffraction (XRD) 189@n36inatinasing  waslfnanea XRD

1000C

900°C

ER
)P .
A Aet RE E
E
0
MR g
@ d
20 (degree)

(n)

A =nAl

B =Ti3Al

0 =TIN(OSBORMITE, SYN}
E =AROHCORUNDUM SYN)

o o] s | |
e}
[w]

Doty
D@
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A
A =TIAl
B =TiaAl
i C =a
3 0 =TIN(OSBORNITE, 5YN)
— E =AI203(CORUNDUM,SYN)
g
= B
o 1 0
=] A
£ o f | Eg E C E Op
< b, 1000 ; e e} I Bg E @ R > :
A [l B 88 4
’% i A !, A a E ETA
- o | DEHR
o E EE ' E E g o A E E EH E E
900 C A R i A a f |
A
, ' K
800°C I A Ro§ R g A
A, 2 A e Y | S
g @ @ (6 g i) g i)

28 (degree)
(3)

4 o a
;a]ﬂ‘n 4.7 XRD spectrum 194 (N) MJ12 WAz (1) MJ47 rNUN1g nitridation 1711 800-1,000 C

LIWLIA1 36.0 ks

7 800 °C 'fmsaanwtianiz TIAl Saifiu phase 984 untreated alloys a4
concentration 18 nitride  @nadufiuliiee temperature anafinhifaufa nitride
formation & ila temperature sty 900 °C 1émsaany TiAl TiN uae ALO, uarfials
ASANL Ti,Al 1 MJ12 @nfae TiN SA21a stable 14 thermodynamic 1Annda AIN (22] Tu
AAs form (Thy nitride ¥ N ator A¥ adsorb L alloy surface waz dissolve Winltlu alloy
matrix Tael Ti atom Ay diffuse outwards ua react iU N Wanilu TiN agjuu alloy surface
[3] maiim ALO, Unaxll O, Aatluatfu NH, wia H 81y reduce fiu silica U high
temperature reaction chamber fiA oxygen Funuse react fu Al 99sansfetiaiafiu
ALO, ¢ 7 temperature N il alloy composition AxQn disturb fravrudad Ti Al ALY

- 0. = , a & & o o o o 9 g
MJ12 ‘13‘1’ Y1 1000 C 3 phase AN "l ARTLULY MJ12 daununsmnayn 900 C avsu
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, . X d . A
MJ47 & TiAl uaz Al fintiudndae Wesanlusewdnannaifia TN 1dfing release axmay

- 3 e ]
384 Al AU Al atom U1adauil reaction ffu O, narunadauvaamaaey ugeas Al phase

Knoop hardness

IFinn1e3m Knoop hardness Taeld load vl 10 gf uazldinanismaasafauansly

48
900
800 -
S
=
£ 700 {
2
[72]
8 800 -
o 60
B
42}
i
2 500 -
@)
o
4
400 4 —8&— ;800 °c
—O— 1900 °C
—y— :1000 °C
0 2 4 6 8 10 12

Nitridation time (h)

(n)
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900
800 4
tg_"\
E
E
jo)]
Z 700 4
0
/2]
@
“
=
£ 600 A
[
Q
(o]
| o
v
500 - —e— :800 °C
—O— 900 °C
—¥— 11000 °C
400 : — . —— — .
0 2 4 6 8 10 12

Nitridation time (h}

()
ol o
7117 4.8 Knoop hardness 284 (1) MJ12 uaz (1) MJ47 Taeld load winriu 10 of

f9UNNT nitridation A1 hardness 989 MJ12 uar MJ47 1flu 402.3 £ 25.9 uae 520.5 £ 36.0
kg.mm™ AINGYGL AT nitridation 7 8001000 °C #i7l¥ hardness IRaduathen Tae
hardness fidnfnduny temperature Uag time (H8931ndl TIN AL alioy uamaliidiu
Benrudnialumstlfudgemnndsldiaanas nitidation fn HK 984 alloy azgafgaield
¥ nitridation # 1000 °C flaan 36.0 ks fn HK ﬁq\aﬁ'z&mmm MJ12 uaz MJA7 Azl
2.1 U8y 1.5 w184 alloy TRaLABARUAEUNTT nitridation

ATNANAUSIENIN9AT HK uaz 1uan Sanwmuestluiuy parabolic rate law WARITY
thickness T84 nitrided fim SAfinduay temperature uas time 04 7 'E]mw;]ﬁﬁ%'ﬂwﬂm
nandu 7 nitrided film 81au1afiulldmi load winfiu 10 of faiu indenter Asanaianz

:‘/ - . . IJ =y ‘h' A‘ ' N
neguililudures nitide-metal composite 16 uwslleguugluazinaiindu niride Az
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é’ u =‘/ . o a . g 1
WIHINTU AU film B UReawad M load windu 10 gf via kiRl wasAn HK 219

\{luaeq nitrided phase Y8994 nitride-metal compaosite ALa

Wear resistance

L4 8 ::' YO Y
#vinneia wear rate 1 alloy siaaeslaeld parameter fasiatyil
3.175 mm. radius WC ball

Pin :
Load :

Linear speed :
Sliding distance :

50 of

4.00 cm.s™

B0 m

P =
wear rate WY wear track 98¢ alloy ®HUN19 nitridation ¥1 800-1000 °c Thuanstilu mase

IJ N N Y o 1 ] ]
#i 4.4 wax characteristic 284 wear track o4 iRTunussing 4 uu alloy IHuanalilugid 4.9

wax 4.10

B1347 4.4 wear rate LRY wear track 184 MJ12 Waz MJA7 ADuuasndanns nitridation

Alloys | nitridation | Disk wear rate (:-:1(}'fj mm3.mm'1) Disk wear track (Lim}
time(ks) | 8op°c | 900°C | 1000°C | 800°C | 900°C | 1000°C
Non-nitride | 161.6360 | 161.6360 | 161.6360 | 507.4 507.4 507.4
3.6 07334 | 04100 | 0.8577 84.0 69.2 88.5
MJ12 7.2 0.3461 | 15587 | 0.8577 65.4 108.0 88.5
14.4 0.7492 | 1.1016 | 0.8432 84.6 96.2 88.0
21.6 06527 | 12373 | 0.8289 80.8 100.0 87.5
36.0 15328 | 1.7152 | 2.6685 | 107.4 111.5 129.2
Non-nitride | 91.6716 | 91.6716 | 91,6716 | 4200 | 4200 | 4200
3.6 0.6723 | 0.2377 | 0.9635 81.6 57.7 92.0
MJ47 7.2 0.5432 | 09825 | 0.4100 76.0 92.6 69.2
14.4 0.4317 | 1.1080 | 0.9635 70.4 96.3 92.0
— 21.6 0.3004 | 1.2373 | 0.7152 63.0 100.0 83.3
36.0 0.7653 | 1.7152 | 1.2373 85.2 1115 100.0
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()
o
U9 4.9 Wear track 1l MJ12 (n) non-nitridation ; (1, A UaE 3) e nitridation 7 800, 900

WAL 1,000 °C hanan 36.0 ks MNATAL
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(1)
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)
| o <
91 4.10 Wear track U1 MJA7 (n) non-nitridation ; (2, A WAE 4) e nitridation %1 800, 900

uaz 1,000 °C thuaan 36.0 ks AINAYAL
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wear rate 989 MJ12 WAz MJ47 riauns nitridation HAnwflu 161.6360 x 10° uaz 91.6716 x
10° mm’.mm” ANAIRU wear rate AUFU alloy firivunas nitridation A 800-1000 °C Tie
anfaq 1-2 order of magnitude 189 alloy TiALAAAURBUAYT nitridation ANY84 wear rate &
AINARRARETL wear track (1WA wear rats flﬂ'ﬂﬁ irregular L'ﬂﬂqmn depth uay width a4
wear track HANWME irregular yenaniifasitladea 1 falAnnng irregular \Audu
vibration 983 WC ball, nitridation condition, phase ‘ﬁl.ﬁﬂ%u Lm::%u y uﬂnﬂﬁﬂﬁLLﬁq
characteristic 189 wear track ReUWAZWAANAT nitridation ARAMNWANANTY A wear
track 184 alloy NeuAS nitridation WARIANHOILTIDY ductile material WaxH small trace iy
depth uar width Aunnsrafuazaunuiuiudiuumnn  dousas alloy WAIAINNI7
nitridation 3 wear track ‘ﬁltm AdEl worn protrusion 184 brittle ceramic 'Lumﬁ“\flmﬂmf: width
483 wear track 184 alloy W&INT nitridation NANaARY 13 — 27 % 184 alloy 1RAALIN
AauN"T nitridation @9w wear rate 999 WC ball (pin) fdnagszwing 0.0012 x 10° uay
1.2579 x 10° mm®. mm™! Andlananafidninue iregular 1ilseanniinag vibration 983 WC bal
Heulen U fussndnanisia wear (U alloy fauuazudanis nitridation AN84 pin wear
rate AMMFUN93AAL alloy fiaunas nitridation HAngand1ees pin wear rate & wiunsdaiy
alloy WRIN"T nitridation aditlaannann wear track 1 alloy fi@un"3 nitridation f1wlm

Tugndtuaz WC ball ing vibrate s2uinansdn wear Aagl

SEM
B :i 1 e . d'
1#uama characteristic surface 199 MJ12 a2 MJ47 ReNwNIT nitridation # 1000

O 5 =
C luoan 21.6 ks 1ilugui 4.11



N

(n)
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- P |
719 4.11 SEM micrograph 184 (n) MJ12 uax (1) MJ47 Ai1unI? nitridation M1 1,000 °C

Wuien 21.6 ks

- = ‘ -
Toel nitrided alloy H surface # rough UnAquatjuaziflu cluster 184 new phase Niawus

1 4 lJ
#in 1 cluster NturyVigalaunadsznnn 0.5 Pm
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4.4 Nitridation LU NH, wag Carburization 1y C,H,
XRD

{10 XRD analysis Toa 14 operating parameter vl 40 kv, 30 mA uae Cu-Kg il
larget #&497NN"3 nitridation WA carburization A 1000-1300 K IékanaasasiauanslugUf

412



Intensity (Arbitrary unit)
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05 O=TiAl
E EI:TigAl
O=Al
°=A].203
<>=Ti3N2.x
@=TiH AIN
&=TLN
@zTiNg'g,
@=TiN
[ ]
#]
/
ox @ v .
1300K o 1 va 8 g )
R I T
¥ 0 v %1 % nE 0? Yo Jlll ©
[
93
€0,
e ol
1200K ) ' o a". 2
@ o 0@_ "’ ‘I “L u‘-
M o) 1 [3] |°Y ‘:,;s 0‘
L]
-
Q)
1100K ,ﬁ% 8-
- §{- ¥
e WAL ii] e q;‘ ié‘
;
()
{1
1000 K °
[m|
T i Y H
st . 5 \m @ . 5

20 (degree)

(n)

0=TiCqsNos
®=TiCq3Ng.7
vaidAhCz
¥=Ti5.73Carz
¥=Ti5Cs7s

v =Tisc 5
7=TiC

&=C

SOEC
3]

&
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0=TiAl @’:T-lNo.;
®=TiB,  ®=TiN
O ®B=Ti,Al 0=Ti1Cq3No g
O=Al ®=TiCp3Np.7
°=A1103 V=Ti4A11C2
C=Tiz N4 7=TiC
®=TpAIN @=C
2
3 1300K ©
b ) &
g Y 1 0
£
<
o
2
2 1200 K ‘?
[ @ [ 41
- g T J&
1100 K o Mo Ry 0 o
@ =f'5’ el 3 5
- & n *
X | Salie AT IR BN o .
| :
[+
T O
@)
1000 K i o
" O @ 3 3
ot B L o [ Deo o Hoe
L T T T j
20 40 &0 80

26 (degree)

(%)

o »
91% 4.12 XRD spectrum 183 (N) MJ12 uaz (%) MJ47 ¥asan nitridation wat carburization

# 1000-1300 K
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7 1000 K if phase 183 TIAL TLAI, ALO,, Al uaz C aguihe MJ12 Las MJ47 uas
dapmanuinil TiB, Uu MJ47 Bndian ualiwudngl nitride e carbide L alloy Hadedi]
anaifUIAR concentration T84 nitride Uz carbide a1aminlfas detect 1§ v
temperature anasiluRasfiody phase 1849 nitride Wwas carbide MWIEWianNnAA
Ti,Al B2FANTRI Al 32gN release 1949184 Al axqn oxidize W ALO, LavLNAINTRY
Al aznaamaasglugtues Al phase Tuszwdianszuaunag nitridation uat carburization Az
N1 decompose 183 NH, uar C,H, 1Tu N,(g) + H,(g) uaz C(s) + H,(g) awasiu Tne
C(s) 9t deposite BEiU surface 184 alloy @91 oxygen Al ALO, 1{1RzHRN impurity
u reactive gas ﬁammﬁmﬁnnmsﬁ hydrogen 1 reduce fu silica lu high temperature
reaction chamber A 1100-1300 K Asaanwuanil phase #ARNY 7 194 nitride, carbonitride
uae carbide (RaLRNTY

ANBoureee XRD spectrum AN sharp HINUAATY phase ARt
crystal WAL concentration 184 phase fenRuTuAy temperature i vl thickness
94 scale fiefinaugan Taest phase WAy thickness Ay reflect £ property 984 alloy
fe

Knoop Hardness

1§¥ne3aAn Knoop Hardness (HK) 189 MJ12 Uaz MJ47 filunas nitridation
LAy carburization ‘7{ 1000-1300 K ﬁﬂﬂl.ﬂ#mﬁﬂ MXT-CL7 Digital Micrchardness tester Tmes
¥ load WinAL 50 gf weine specimen et RALARILATIARIA mean Wax standard

deviation 1311319 4.13



Knoop Hardness (kg.mm'z)
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1200
& 1000 -
800 4 0.05 cm3.s']__..-,§"'.’" -

600
|

400 -

Knoop Hardness (kg.mm

200 . T . .
1000 1100 1200 1300

Temperature (K)

(1)
d . o
71% 4.13 Knoop hardness 989 (1) MJ12 uaz (%) MJ47 iy temperature % 0.01, 0.03

waz 0.05 cm’.s” CH,

HK 989 MJ12 Wway MJ47 ﬁﬁmﬁuﬁuumu monotone iU temperature LAY
acetylene potential wanefuses nitride, carbonitride 1A% carbide ﬂﬁi'\tﬁu%umu
temperature WA acetylene potential ‘ﬁILﬁIN%u HK 2849 MJ12 Waz MJ47 neawunng nitridation
Way carburization ST 332.1 £ 37.9 uay 401.3  28.4 kg.mm™ MNATAU hardness
189 MJ12 fldndndnaes MJ47 @ temperature #in layer aatnufinluias resist ns
penetration 1849 Knoep indenter ﬁqﬁfu substrate A4 reflect AaA1 hardness 194 alloy ﬁ
HAUN"T nitridation WAY carburization ‘1‘711 temperature l:fi'\ HK 284 MJ12 W82 MJ47 ¥&9a1n
H1unAg nitridation # 1300 K T 10 om.s" NH, ua carburization # 1300K 11 0,05 cm®s”
C,H, + Ar (balance) FFngeaei 962.2 T 87.8 uay 992.4 & 79.6 kg.mm? AnindiL vtk
aetInd AT NuLanIdY layer Senamfianefias withstand N1 penetration 84

indenter 14
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BNINMNAY wear rate 989 MJ12 uar MJ47 MRS nitridation LAY

- v
carburization 1 1000-1300 K @atl 1SC Tribometer pin on disk wear tester Imeild

m w
parameter (WA AD

Pin .

Load:

Wear track radius
Velocity ;

Sliding distance :

3.175 mm radius WC ball

250 of
4.5 mm
471 cms’

200.75m

o o . ] .
evinnnsim width 284 wear track 8% calculate W1 wear rate W3a volume loss per unit

. v d A
distance fauafilivanalilumisan 4.5

A 1 ar - . . .
AN5149% 4.5 wear rate 984 MJ12 ez MJ47 NaULLRZWAINTST nitridation WAL carburization

Alloys | Temperature(K) Wear rate (mma.mm'1)
0.01 (cm’.s™) 0.03 (cm’.s ™) 0.05 (cm®s”)

MJ12 NON 014.4845114.0027 | 214.4845114.0027 | 214.48451+14.0027
1000 3.9222+0.4930 3.190610.8383 3.368410.7944
1100 0.024611.4759 | 27380109286 | 1.684510.4901
1200 3.033410.3782 6.2439+1.5053 0.813310.3547
1300 4.606610.4620 1.634510.6443 2.1354+0.3538

MJ47 NON 210.89101+14.9981 | 210.8910114.9981 | 210.8910114.9981
1000 7.91041:1.7884 2.9252+0.9544 3.085710.7875
1100 15600402793 | 2.310646.1989 | 1.194710.7600
1200 6.320011.1837 1.7379+0.5912 2.284910.8043
1300 10.515411.4562 | 2.1848+0.5130 2.2041%0.6554
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NAIRINANS nitridation WAL carburization # 1000-1300 K 11 wear rate 184 MJ12 LA
. o _ d . -

MJ47 TiAnanaaniladages order of magnitude WanFauifauiy untreated alloy $lataen

1 AN9Ba wear track WaY wear rate 184 alloy NAnNMeUY iregular Wasanniinig vibration

o
183 WC ball, roughness 184 surface Lazau |

Friction Coefficient
L) ﬁi o [ 1 . . ..
luszwinanvaaasifian wear rate 1annstufingn friction coefficient (L) 984

MJ12 uay MJ47 TiRauamalugiiii 4.14

1.80 j
- ]
p.ea [ _1
. E Jom—
- ][ Lubricant
- o Dr
8.60 ) - Y
: [ load
. 1
" 1 250 gn
8.48 [ -]
B 1
3.28 "A ................... ........................ ........ 1253}{_}:
i : : : i
| 1
I T 1 L F | T 417 i L L I I AL I LELEL I_‘_Y LI i LA B ) I T TF 1 | LU |_|_l T F l
) 4z, 84 126 . 168. 218.

DISTANCE (meters)

(n)
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1.86 |

Lubpicant.

Dry

Bpeed
4.67 cw's

|rj'!r!l!Ti'!r!lrr11if!"T(!'!fifr'!‘rirﬁirh![TT!r{
4z, 84, 126, 168, Z18.
[DISTANCE (moters)]

(1)

- ) a .
ga_lw 4.14 friction coefficient (L} 984 (M) MJ12 NHIUNAT nitridation W10em’s” NH, uaz

carburization 1 0.01 cm’.s™ CH, uaz (1) MJ47 fitinuns nitridation 1w 10 em®.s” NH,
wat carburization W 0.03 cm’.s' C,H,
- - y o= X .
friction coefficient B89 untreated alloy Hanfvavatmaifaan 0 e 0.74 lu
v v
FEHENINY @ m AT MJ12 wazRn O ﬁ\l 0.66 1‘;4?3831’1’1\1 5 m a9y MJ47 q’mﬁuﬁmm
r g “1 z @ [ ‘J ] .y ¥ .
muﬁmﬁ‘ fluctuate wnsxmauqmmmmﬂm A% MJ12 uwas MJ47 MHYUNNT nitridation
o .4 - X - -
WA carburization $ 1000-1300 K nnsifinGuans friction coefficient azidannludassey
o2 Y om v a & o v o 4 .
MaR&UNIN 9 A1ntiuiingg fluctuate thadntes aunszialng 9 Aunts@uganismasnsn
L . a =~ 3 a o . - gy
friction coefficient aaillwnliluman A0 friction coefficient NaRAY WaLN1T fluctuate Nlatag
a’ = & !ll ai .
WeURL untreated alloy siadsnfuiiunazinainnsh ¢ 1 deposit 1u surface 184 alloy

a i e . .!
A lERA Wwbricant Tuls

EDX

E¥msAsey alloy NaWLATWAINNg nitridation wae carburization laald EDX

o d
waclduanimanasdanandlugli 4.15 uaz 4.16
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gﬂﬁ 415 EDX spectrum 989 MJ12 wd3a1n nitridation lu 10 cm’s' NH, uax

Ad -] - -
carburization 4 C,H, ##l flow rate 1flu (n) 0.01 cms™, (1) 0.03 cm’s” usz (A) 0.05

cm

3

3

-1
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g1l 416 EDX spectrum 489 MJ47 wdaann nitridation W 10 cm’s’ NH, waz
e o . B

carburization 14 C,H, i flow rate W (n) 0.01 cm’s’, (1) 0.03 cm’s WA {m) 0.05

3
cm .58

fiBWNAT nitridation WAL carburization ATIANLAINH Ti, Al, Nb LLax Cr Uy MJ12 use
AT, AL Nb uar Mn uu MJ47 uilidwy B iflesanniitiunnidenunn wisannng
nitridation WA carburization fl 1000-1300 K lémsaanuringl N uaz C ﬂq‘uuﬁ"\a MJ12 uaz
MJ47 uamadniinis dissolve 189 N uaz C atjlu scale %3aiing form 1flu compounds 184
nitrides, carbides waz carbonitrides @il scale usnaniifiaiinng deposit 184 C BgjUu
scale andaw HAURY EDX dusadliiuiennuasnndeiusswinanisiinssifian EDX

waz XRD

SEM
I#Man13AN®T external morphology 784 MJ12 uar MJ47 Taeld SEM uazléing

" o
nsneaneiananslugli 4.17 - 4.20
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* R . A’:‘,ﬁs‘k — Z\. - i .. 38
FMS; CML)L SEl 150kY  X15,000 Linn WD 13 9mm

-4

R .
1H 0KV X15000 1gmn WD 13.6nun

()
2R 417 SEM micrograph 483 MJ12 #&sa1nH1unAg nitridation T4 10 cm®s™ NH, uas

- al
carburization 14 0.01 cm’.s™ C,H, ¥ (1) 1,000 K, (%) 1,100 K, (A} 1,200 K uaz (1) 1,300 K
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1gern WD 13 /imin

EMSe CMLL SEI 150KV  X15.000 1ian WI 13.6un

15;1.]17'1' 4,18 SEM micrograph 184 MJ47 #8a1niunng nitridation M 10 cm’s” NH, wav
- =
carburization 14 0.01 cm®.s™ C,H, A (N) 1,000 K, (1) 1,100 K, (A} 1,200 K U@z (1) 1,300 K
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()
317t 4.19 SEM micrograph 98¢ MJ12 #&nehunag nitridation T4 10 cm’.s™ NH, uay

carburization 1 0.05 cm®s” C,H, # (1) 1,000 K, (1) 1,100 K. (R) 1,200 K uag (1} 1,300 K
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21U 4.20 SEM micrograph 284 MJ47 udeR1ns1une nitridation 14 10 em’.s” NH, uay
carburization 14 0.05 cm’.s” CZHZ'PJ] (n) 1,000 K, (1) 1,100 K, (A) 1,200 K uav (4) 1,300 K
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aufiin surface 184 scale dnsneiiRuuuasm temperature Uz C,H, flow rate
il temperature 11 1000 K uaz flow rate 1 0.01 om®s” 4xil surface ﬁﬂnﬂ@ulﬂﬁqa
particle fiflanmmzi needle Tatiawizuu M2 uarlinunmaauetagagailszinns 400
am ¥ lrznng 40 nm Tae needle HEims growtn u direction Ang 7 i1 wangdn dralu
condition Winuzauazdl carbon nanofiber ¥ carbon nanotube Lﬁﬂ"ilxu'lﬁ TUIAYR
particle fq::'lmu%um’m temperature wiaufuTdneneRsuulaiiy facet grain Filaun
neggaderans 1 m 7 1300 K usiifle C,H, flow rate i 0.05 oms” dnunizaes
particle fu #1000 K azselan needle uaziile temperature Ty dneoisfiazsnall
annuasinnaisduaunsyiedl 1300 K asildnunizAaudng round wasiinnalngiqn
Uszanas 0.5 Pm &W3U MJ12 uddanu MJI47 9 1300 K wliazil round particle wififly

. o
uuyl cluster innd il particle nen <



Y
UunNn 5

#7lnannans

QNNITAN®Y nitridation WA carburization Y84 Ti-alloy ﬂ’mﬂ?nﬂgﬂwﬂmﬁ‘wﬁﬂm

Ihaasaluiife
5.1 Nitridation Tu N, wag Oxidation luanma

mnﬁlu%umﬂq parabolic rate constant 484 Ti-(0.5-20.0)wt%V Tuanalugaenan
5 h ﬁmnﬁu?ﬁumm vanadium concentration @unizﬁl’aﬁq 10.0wt%V Lﬁ"ﬂ vanadium
concentration i 20.0 wi% 1 parabolic rate constant azamad iewfeuidieuiy
$ENTW Uncoated WaY nitride-coated sample 481 Ti-(0.5-20.0)wt%V Waz Ti-36.0Wt%Al ax
Wiudn uncoated sample # oxidation resistance Yasn4dn184 coated sample uidle B

.

\ a . o ) e
Feufusewing uncoated sample 3L Ti-36.0wt%Al LaMd oxidation resistance Ity

& , : .
an Malliiada1nn1g form 984 alumina protective oxide scale 14 surface 189 sample

pu

characteristic 284 nitrided scale ‘T"H.ﬁﬂuu Ti-1.0Wit%V LAY Ti-36.0Wt%Al HANasnAAad

oo

i oxidation rate 189 alloy Maaasly air Gafidaunann O, atjik 20 vol.% warlinudn

3

1 nitride phase iRAAuLIY coated sample usinwdnil N aglinadnties
5.2 Nitridation ‘11 NH, 1{lut2a1 100 h

- & . .
NM9IANTI84 nitridation temperature Wag Al concentration azluUia@3u W sample &
- X 4 [ . . e A
hardness WinTu FHIANABARGRITLANT form 484 titanium nitride WAL new phase A"
penetration depth UAz mass gain 984 nitrided sample NAMNAaAARDITUAL Arrhenius-

type equation
5.3 Nitridation 1u NH, ($l11981 10 h

@7170RIN9UF UL hardness Ay wear resistance 184 Y-TiAl alloy ldd15alne
‘J ™ . ) ' . l=1 t
ATLUAUNAT nitridation # 800-1000 °C 1w purified ammonia wilazHiwy nitride % 800 °C us

| Q ] ﬂtl J nf
WU TiN ﬁ 900 uay 1000 "C A1 Knoop hardness (HK) 1949 alloy SEAWNTUFTHATTINN
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Futas temperature waz time Ine HK 289 MJ12 Way MJ47 Rnunng nitridation 7 1000 °C
Tugaaeat 10 h fiAnflu 8353 + 37.5 uar 805.0 & 47.0 kg.mm™ ANAFL waL wear
resistance RANNTWTY Wisdaans order of magnitude euBtuFeusy non-nitrided
alloy TiowAEat mranastes wear rate SN iregular (Wessnainms vibrate 769
WC ball n1en1iia new phase Lavay il yananiifanudn nitride AaTuTiENmouThy

ol e o
cluster NHAUIAVNURINWARIE

5.4 Nitridation i NH, wag Carburization \u CH,

Livudnd nitide Wie carbide ARAURl 1000 K Lusi@:wuiﬁu'ﬂaﬂmmﬁzgq%mﬂu
1100-1300 K #au Knoop hardness (HK) 289 MJ12 Wz MJ47 suasiidndaum
temperature A% C,H, flow rate s uae alloy Anunns nitridation 1 10 em®.s™ NH,
uae carburization 11 0,05 cm®.s™ C,H, + Ar 1 1300 K agiifn HK qqﬁqmﬁu 962.2 - 87.8
upy 9924 T 79.6 kg.mm” MNAIAL wear rate 184 alloy fisirung nitridation way
carburization HFnaaatAa Winitedes order of magnitude Waufu untreated alloy i
At waz friction coeflicient fienifaduatihesandaluszuzmaiduann arnfuazeies g
Lﬁ:u%uqun?xﬁaﬂa?;luﬁqm MsIATEA EDX LamEahaaesdnl N uaz C udamindunig
nitridation Wwaz carburization éqﬁﬂQWNﬂﬂmﬂﬁﬂqﬁumﬂ“ﬂﬂq XRD uag characteristic 184

grain WAL grain growth q:gnmuauimﬂ temperature waz C,H, flow rate
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SURFACE AND INTERFACE ANALYSIS
Surf. Interface Anal. 2001; 32: 214-217

Surface modification of the Ti-Al alloys at

1000-1200 K

Somchai Thongtem,!* Titipun Thongtem® and Michae! McNallan?

' Faculty of Science, Chiang Mai University, Ghiang Maij 50200, Thailand

? CME Department (M/C: 246), College of Enginesring, University of linois at Chicaga, Chicago, iL 60607-7023, USA
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Alloys of Ti-40wt.% Al Ti-43wt. %Al Ti-d8wt. %Al Ti- 47wt % Al-2wt, % Nb-2wt.% Crand Ti~47wt.% Al-
2wt %Nb-2wt.%Mn-0.8wt.%TiB; were nitrided in ammonia at atmospheric pressure and at 1000-1200 K
for 3.6 X 10° s, The hardness and thickness of the nitride layers on the alloys were measured. It was found
that the hardness values increased with increasing nitridation temperature and aluminum concentration
in the alloys. The depth of nitridation and the mass gain of the nitrided specimens could be represented
by an Arrhenius-type equation and the activation energies were calculated. The x-ray diffraction results
were explained and are in agreement with the improvement of the hardness. Copyright © 2001 John Wiley

& Sons, Lid.

KEYWORDS: high-temperature nitridation; nitridation/penetration depth; Knoop hardness

INTRODUCTION

Titanjum aluminide has demonstrated the potential for
component mass reducton over the conventional nickel-,
iron- and cobalt-based alloys in aerospace and aircraft
applications. The alloys aiso retain a balance of good
mechanical properties at ambient temperature and specific
strength at high temperature.'? Physical and chemical vapor
deposition of titanium nitride coatings is rather expensive
and they require high-energy vacuum systems or toxic
chemicals. Titanium nitride and aluminum nitride can form
by reaction between the metals and the gas containing
nitrogen. The nitridation process of the alloys may produce
coatings that may improve both the oxidation and wear
resistance.

EXPERIMENTAL

Alloys

The alloys were made by Dr K. Kurokawa, Graduale
School of Engineering, Hokkaido University, Japan and
provided as irregularly shaped pieces. The composi-
tions of the alloys are Ti-40wt%Al, Ti-43wt.%Al and
Ti-48wt. %Al Two other alloys supplied by Howmet
Corp.(Whitehall, MI, USA) were studied as well. They
were MJ12 (Ti-47wt.%Al-2wt.%Nb-2wt.%Cr) and MJ47
(Ti~47wt.%Al-2wt.%Nb-2wt.%Mn—0.8wt.%TiB,). The alle-
ys were machined, cut into disks 1-2 mm thick and polished

*Correspondence to: 5. Thengtem, Faculty of Science, Chiang Mai
University, Chiang Mai 50200, Thailand.

E-mail: scphi015@cmu.chiangmal.ac.th

*Paper presented at APSIAC 2000: Asia—Pacific Surface and
Interface Analysis Conference, 23--26 October 2000, Beijing, China.
Contract/grant sponsor: Thailand Research Fund.

DOI: 10,1002/ 5ia.1040

down to 0.3 pm alumina powder. Masses of the specimens
were weighed using an electrical balance with a sensitivity of
3.0000 g. Then they were degreased with acetone and hung
in a high-alumina porcelain reaction chamber fired at 1573 K.

Gases

Gases used in the experiment were commercial grades of
argon and ammonia. The gases were purified by passing
through Drierite™ for absorbing moisture and through
Ascarite™ for absorbing oxides of carbon. The flow rate
of each gas was controlled using a Venturi meter.?

Nitridation process

The specimens were hung in a high-temperature gas
nitridation chamber that was closed tightly, Evacuation was
done for the removal of air to 17.33 kPPa absolute pressure
and argon was gradually fed into the chamber. The process
was repeated ten times. The equation of state of an ideal
gas and the 20vol.% O; in the atmosphere were used for the
calculation and the calculated value of the residual content
of oxygen in the chamber was not more than 5 ppb. The
specimens were heated in argon until the test temperature
was obtained and the argon in the chamber then was replaced
by ammonia at a rate of 10 mis~*, The isothermal test was
done for 3.6 x 10° s (100 h). The furnace then was turned off
and ammonia was replaced by argon. The samples were left
to cool down (in flowing argon) to room temperature,

Characterization

The nitrided alloys were characterized by mass measure-
ments using an electrical balance and by Knoop hardness
measurements using a digital microhardness tester. The
cross-sectional specimens were polished down to 0.3 um

Copyright © 2001 John Wiley & Sons, Ltd.



alumina powder and nitridation depth was measured from
the micrographs using an image analyser.

The distance between the scale/gas interface and the
scale/metal interface was measured randomly three times
from a micrograph using a scale with a sensitivity of 1 mm.
The average distance was taken and the nitridation depth (d)
was calculated using the scaled bar or micron marker on the
micrograph.

X-ray diffraction (XRD) spectra of the nitrided alloys also
were studied.

RESULTS

Knoop hardness

The Knoop hardness (HK} of the non-nitrided specimens
and the specimens nitrided at 1000-1200K for 3.6 x 10° s
was measured using 50, 100 and 300 gf loads, as shown in
Table 1. Each data point was measured ten times. In analysis
of the data, it was found that the Knoop hardness increased
with increasing nitridation temperature. Comparing the
three alloys at the same nitridation temperature, the Knoop
hardness increased also with increasing concentration of
aluminum in the alloys. The aluminum concentration
possibly could accelerate the formation of the new phase,
which was harder and denser.

Nitridation depth

The relation between log{nitridation depth) and (nitridation
temperature)™ was fitted to a linear equation by a least-
squares regression technique and these lines are shown in
Fig. 1. Thenitridation depth (at a temperature of 1000-1200 K
in flowing ammonia) of the specimens can be represented by
the equation

d =d, - exp(—01/RT) oy

where d is the temperature dependence of the nitridation
depth(pm per side), d, is a temperature-independent pre-
exponential (um per side), T is the nitridation temperature
(K), Q, is the activation energy of the nitridation kinetics
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Figure 1, The relation between log(d) and 7-' of the ailays.

Table 2, Activation energies of the nitridation kinetics (Q4) and
of the mass gain (Q,) of the alloys

2] mole™?)

Alloys i mol™) Q2/Ch
Ti~40wt.%AlL 3135520780 99544 + 15669 317
Ti—43wt %Al 32018 20710 112954 415525 3.53
Ti-48wt. %Al 29776 £ 20712 148065 £ 15493 4397

{J mol~1} and R is the gas constant (J mol~! K!). Activation
energies of the nitridation are shown in Table 2.

Mass gain

The relation between log(mass gain per unit surface area)and
{nitridation temperature)~! was fitted to a linear equation
by a least-squares regression technique and these lines
are shown in Fig. 2. According to the results, the mass
of the specimens nitrided at 1000-1200K for 3.6 x 10°s
in ammonia flowing at a rate of 10 mls™" increased with

Tabla 1. Knoop hardness (HK) of the alioys (DEV = standard deviation)

Ti-40wt.%Al

Ti-43wt. %Al Ti-48wt.%Al

Load HK DEV HK DEV HK DEV
(gh T(K) (kg mun~?) (kg mm~?) (kg mm™?) (kg mm~?) * (kg mm™?) (kg mm=2)

50 Non 3222 508 385.7 54.8 4453 403

1000 3976 3L1 482.6 56.5 550.2 359

1100 492.8 69.1 632.2 155.2 696.1 2231

1200 909.8 369.6 1059.6 95.6 1112.8 168.5

100 Non 2508 339 351.0 48.5 386.4 36.5

1000 352.1 207 400.7 372 4155 55.8

1100 4728 36.1 562.4 344 616.8 240.8

1200 7122 200.4 754.3 1254 766.3 1030

300 Non 211.2 192 327.7 838 371.0 65.9

1000 3289 249 371.0 To201 386.1 40.4

1100 4145 131 450.4 96.3 468.3 38.3

1200 5829 816 640.3 65.5 733.7 150.6

Copyright @ 2001 John Wiley & Sons, Ltd.
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increasing nitridation temperature. Mass gain (Am/A) of the
specimens can be represented by the equation

AmfA = (constant) - exp{—0Q,/RT) 2)

Activation energies of the mass gain (Q,) during the
nitridation process of the three alloys are shown in
Table 2.

Analysis using XRD

Analysis of the nitrided specimens using XRD was performed
at 45.0 kV and 30.0 mA with Cu as the target, and the results
are shown in Table 3.

DISCUSSION

High-temperature gas nitridation of Ti-based alloys using
ammonia can improve their surface hardness. As the nitrida-
Hon temperature was increased, their Knoop hardness also
was increased. The values of Knoop hardness with a 300 gf
load at 1200 K nitridation of Ti-40wt.%Al, Ti-43wt. %Al and
Ti-48wt.%Al were, respectively, 276, 1.95 and 1.98 times
higher than those of the corresponding nen-nitrided alloys.

Table 3, X-ray diffraction results

Nitridation
Sample temperature {K) Phases
Mj12 1600 TiAl, Al
MJ12 1100 TiAlL TiN, Al, TiNge
MJ1z 1200 TiAl TiN, AlzO3, TiNg
M]47 1000 TiAl Al
M]47 1100 Tial, TiN, AL TiNgg
MJ47 1200 TiAl TiN, Ti AIN, AL O3,

TiNp9

Copyright ® 2001 John Wiley & Sans, Ltd.

Increasing the nitridation temperature promotes the forma-
tion of a new phase in the nitrided layer and increases the
strength of the atomic bond of the phase. Increasing the
nitridation temperature can plav a role in the formation of
new phases {as shown by XRD in Table 3) and grain growth
of the present phases.

It was found also that hardness was increased with
increasing concentration of aluminum in the alloys. The
aluminum possibly could accelerate the formation of the
new phase, which was harder. In general, Knoop hardness
values varied with the load used. During measurement, the
nitrided layer may have been too thin to withstand the stress
applied by the load and the hardness values could be of
either the nitrided layer or the nitride/metal composites.
The nitridation of the alloys alsc increases wear resistance.**

At 1000 X, no nitride phase was formed but aluminum
released from the nitridation of titanium was detected. The
concentration of nitride could be toe low to be detected. At
1100 and 1200 K, TiN was detected. At 1200 K, Al,O; also
was detected. The oxygen in the oxide could be from the
impurities in ammonia or from the reduction of silica in the
porcelain chamber that was fired at 1573 K. Also, Th AIN was
detected in MJ47 with 1200 K nitridation.®

In the initial stage, the melallic surface of the specimens
consisting of titanium and aluminum was exposed directly
to the reactive gas containing nascent atoms of nitrogen and
hydregen resulting from the decomposition of ammonia at
high temperatures. The nitrogen reacted directly with the
tHtanium on the surface to form a titanium nitride coating on
the surface of the alloys by the reaction

Ti+N=TN (3)

Because the experimental time was prolonged, nitrogen was
transported through the nitrided layer,”? and possibly could
diffuse into the alloy matrix,>'? and reacted with titanium
to form titanium nitride at the metal/scale interface. The
titanium concentraton at the metal/scale interface was
depleted and the titanium in the vicinity began to diffuse
to the interface, The reaction between titanium and nitrogen
went on as long as the titanium concentration at the interface
was sufficient. The reaction rate and the diffusion rate were
increased with increasing temperature. If the supply of
titanium to the interface was not sufficient, the compound
Ti—-Al-N began to form, as the XRD results show in Table 3.
As the nitrided layer became thicker, the nitrogen would
diffuse to larger distances and the concentration of nitrogen
at the scale/metal interface would diminish. Then, the non-
metal-deficienit titanium nitride would form at the interface,
as the XRD results show in Table 3. When the layer was
thick enough, it would prevent nitrogen from reaching the
interface and the reaction would stop.

The activation energy for mass change () is about four
times as large as the activation energy for thickness change
(1), There may be two reactions ifwolved in this process
(formation of TiN at the metal /scale interface and dissolution
of nitrogen into the TiAl below the interface) so that growth
of the TiN layer is controlled by the difference between these
kwo rates and overall mass change is controlled by the sum

Surf. Interface Anal, 2001; 32; 214~217



of the two rates. The depth of penetration or diffusion of
nitrogen was controlled also by the phases of the alloys.

CONCLUSIONS

Increasing the nitridation temperature and the aluminum
concentration promotes the hardness of the specimens. The
results were in agreement with the formation of titanium
nitride and the new phases. The penetraticn depth and the
mass gain of the nitrided specimens could be represented by
an Arrhenius-type equation.
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High-temperature nitridation in nitrogen followed by oxidation in air of Ti-(0.5-20.0)wt.%V and
Ti-36.0wt%Al were studied at 1100-1300 K. The oxidation rate of Ti-(0.5-20.0)wt.%V over 5h
continuously increased with the concentration of vanadium up to 10.0 wt.% V. Above this level, the
oxidation rate tended to be constant when the experimental time was sufficient. However, the lowest
oxidation rate was found in the case of Ti-36.0wt.%Al. Nitridation can effectively protect the alloys
against oxidation. The alloys were characterized by x-ray diffraction and the results were in agreement
with those characterized by a CHNS/O analyser. In addition, the characteristics of the alloys revealed by
SEM micrographs were consistent with the oxidation rates in air. Copyright ©® 2001 John Wiley & Sons,

Ltd.

KEYWORDS: high-temperature nitridation and oxidation; nitrided scale; oxidation protection

INTRODUCTION

Titanium based alloys are widely used in military, aerospace
and aircraftindustries for the manufacturing of high-strength
components and are used for saving weight in highly loaded
structures that operate both at low and high temperatures.!
The attractive strength-to-weight ratio of ttanium alloys
has led to numergus engineering and surgical applications,
e.g. steam turbine blades, heat exchangers, various items
for racing cars, hip prostheses, bone plates and screws.?
The combined properties of high strength, low density and
good corrosion resistance of titanium lead to numerous
applications.?

EXPERIMENTAL

The alloys were provided as irregularly shaped pieces.
Their compositions were Ti-0.5wt.%V, Ti-1.0wt.%V, Ti-5.0
wt%V, Ti-10.0wt.%V, Ti-20.0wt.%V and Ti-36.0wt.%Al.
They were machined and cut into disks ~10 mm thick and
6 mm in diameter, polished down with 0.3 um alumina
powder, degreased with acetone and weighed using an
electrical balance. _

Gases used in this study were nitrogen, argon and air.
Each of the gases was dried first by being fed through
granulated Drierite™. Then carbon dioxide and carbon
menoxide were absorbed by feeding the gases through

*Corresponidence to: 5. Thongtem, Faculty of Science, Chiang Mai
University, Chiang Mai 50200, Thailand.
E-maik:3cphi015@cmu.chiangmai.ac.th

tPaper presented at APSIAC 2000: Asia-Pacific Surface and
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Contract/ grant sponsor: Thailand Research Fund, Bangkok.
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granulated Ascarite™. The flow rate of the gas was calibrated
using a venturi meter? The flow rate of each gas was
regulated by adjusting the pressure of the inlet gas, as
indicated by the difference of liquid levels in U-shaped tubes.
The flow rates of nitrogen and air used in the experiment
were 2 and 10 mls™!, respectively.

The prepared specimens were hung in a high-temperature
reaction tube into which argon was fed prior to the specimens
being heated up. During heating, argon was kept flowing
until the desited temperatures were obtained. The argon cur-
rent then was replaced by one of nitrogen. The isothermal test
was run in flowing nitrogen until the specified period had
passed. The furnace was turned off and the nitrogen current
was replaced by one of argon. The specimens were cooled
down to rooim temperature in argon and then weighed.

Both coated and uncoated specimens were exposed to
air at 1200 K for 5 h. The experiment was conducted in the
same way as the nitridation process but purified air with
a flow rate of 10 mis! was used in place of nitrogen. The
specimens were cooled intermittently in a current of argon
to room temperature, weighed and brought back to the high-
temperature reaction tube for continued oxidation in air until
the total oxidation period reached 3 h. The cooling rate was
4x 1072 Ks-t.

RESULTS

Test specimens were nitrided but controls were not. Both
nitrided and control specimens were oxidized in purified air
flowing at a rate of 10 ml s~* at 1200 K for 5 h.

The relationship between mass gain per unit surface
area of the as-received or uncoated specimens and period

Copyright ® 2001 John Wiley & Sons, Lid.
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of exposure or oxidation time is shown in Fig.1. It was
found that Ti-36.0wt.%Al showed very little mass gain,
which became constant at 1.97 x 1072 mg mm™? when the
period of exposure was >2h. By contrast, in the case of
Ti~(0.5-20.0)wt.%V alloys the mass gain increased with time
and vanadium concentration. When the experimental period
was sufficiently long, the mass gain of the Ti~20.0wt.%V
alloy tended to be constant. The mass gains of Ti-0.5wt.%V
and Ti-20.0wt.%V were, respectively, 21.04 x 10-% and
100.24 x 10~? mg mm~? when the period was 5 h.

The mass gain due to oxidation of the coated specimens
compared to that of the control or uncoated specimens
is shown in Figs. 1 and 2, where lines have been drawn
to connect the data points. Except in the case of the
Ti-20.0wt.%V alloy nitrided at 1300 K, the mass gain of
coated specimens was lower than that of the control or
uncoated specimens.

X-ray diffraction {XRD) analysis was used for quantifying
phases, using 45.0kV, 30.0 mA and Cu as the target. The
spectrum of the specimens oxidized in purified air at 1200 K
for 5 h is shown in Fig, 3. An automatic comparison of the
spectra showed that the scale consisted of TiO; (rutile) and
V3 TisOy (schreyerite) phases.*

Nitrogen, carbon and hydrogen in the nitrided scale®~
of Ti~5.0wt.%V following nitridation at 1100 and 1300 K
for 50 h were quantified using a CHNS/O analyser (Perkin
Elmer PE 2400, Series I1}. The quantification was by generic
combusion (option CHN). The quantities of nitrogen, carbon
and hydrogen are shown in Table 1. There was some nitrogen
and carbon in the nitrided scale but no hydrogen was
detected.

Scanning electron micrographs of Ti-1.0wt.%V heated in
nitrogen at 1100 K for 30 h and of Ti-36.0wt.%Al heated in
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Figure 2. Comparison of mass gain by the 1300 K
nitride-coated specimens with that of the uncoated specimens
after oxidation at 1200 K in air.
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Figure 3. The XRD spectrum of Ti~20.0 wt% V following
1200 K oxidation in air for 5 h.

Table 1. Atomic percentage of N, C and H in nitrided scale
after 50 h of nitridation

Nitridation N C H
Specimens temperature (K)  (at.%) (at%) (at.%)
Ti-5.0wt.%V © 1100
Crust 007 0.02 —
Mantle 012 0.01 —
Quter core 0.17 0.05 —
Average 0.12 0.03 —_
Ti~-5.0wt. %V 1300
Qutside (1) 0.05 0.02 —
4] 0.03 0.01 —
Inside (1) 0.33 0.03 -
(2 0.32 0.03 —
Average - 0.18 0.02 —

Figure 1. Comparison of mass gain by the 1100 K
nitride-coated specimens with that of the uncoated specimens
after oxidation at 1200 K in air.

Copyright © 2001 John Wiley & Sons, Ltd.

nitrogen at 1200 K for 30 h are shown in Fig. 4. The product
on Ti-10wt.%V consisted of irregular grains of 1-3pm

Surf, inlerface Anal. 2001; 32: 306-309
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cross-section but that on Ti-36.0wt. %Al consisted of faceted
grains,

DISCUSSION

Oxidation of uncoated specimens

When Ti~(0.5-20.0)wt.%V alloys were oxidized in air, TiO,
{rutile}and V,Ti;O (schreyerite} formed as revealed by XRD.
The oxide scale was a muixture of TiO; and V4 Ti304 containing
V¥ jons. The TiQ; is termed an n-type semiconductor® with
properties influenced by the presence of foreign ions in the
lattice. Introduction of lower valency metallic ions into the
lattice decreases the number of excess electrons and increases
the concentration of interstitial metallic ions, resulting in an
increase of the diffusion-controlled oxidation rate.” The TiO,
contains Ti** ions. The addition of V** 1ons would increase
the concentration of interstitial Ti** ions and decrease
the number of excess electrons. Therefore, the diffusion-
controlled oxidation rate would be increased. The oxidation
of Ti-(0.5-20.0)wt.%V in air would be accelerated with
increasing vanadium concentration in the alloys, especially
at the [nitial stage.

20Ky ®19. 000

310004

Sem

(b)

Figure 4. Scanning electron micragraphs of (a) Ti-1.0 wt% V
. following 1100 K nitridation and (b) Ti-38.0 wt% Al following
1200 K nitridation for 30 h,

Copyright @ 2001 John Wiley & Sons, Ltd.

The parabolic rate constants of the alloys were cal-
culated. The values of the parabolic rate constants of
Ti-0.5wt.%Y, Ti-10wt%V, Ti-5.0wt%V, Ti-10.0wt%V
and Ti-20.0wt.%Y were 2.529 x 107%, 3.961 x 107, 1.365 x
1073, 7.202 x 107 and 5.181 x 10~ mg® mm~* 57!, respec-
tively. The oxidation rate of the Ti~(0.5-20.0)wt.%
alloys increased with vanadium content continuously up
to 10.0wt% V. When the vanadium concentration was
20.0 wt.% and the experimental period was sulficiently long,
the degree of oxidation tended to be constant. The parabolic
rate constant of Ti—20.0wt.%V for the first hour of oxidation
was 2.177 x 107! mg? mm~*s~L.

In addition, the valency of both V¥* ions and AP~
ions is 3+. The concentration of Al in the alloy was as
high as 36.0 wt.% but the mass gain was lower than that
of Ti—(0.5-200)wt.%V alloys for all of the experimental
periods. Aluminium in the alloy possibly could form an
AlyO{alumina) thin layer on the surface. The alumina layer
is very effective in protecting against oxidation at high
temperatures,'®'! therefore the Ti-36.0wt.%Al alloy showed
a mass gain less than that of the Ti—(0.5-20.0)wt.%V alloys
in the high-temperature atmosphere containing oxygen. The
parabolic rate constant of the Ti-36.0wt.%Al was 2.127 x
103 mg® mm~' 5!, However, oxidation resistance of the
alloys was controtled by density, uniformity, adherence and
others.

Oxidation of coated and uncoated specimens

The mass gain of the specimens was analysed. Comparing
the coated {nitrided) and unceated (non-nitrided) specimens,
the oxidation rate of the former was significantly lower than
that of the latter except for the Ti—-20.0wt.%V alloy nitrided
at 1300 K. The nitrided scale possibly could be an obstacle,
hindering the air from directly contacting the surface of
the metal matrix. Thus, it is shown that the coating on
the specimens successfully prevented the underlying alloy
matrix from suffering oxidation.

X-ray diffraction

X-ray diffraction shows that the oxidized scale contains
TiO; mixed with a small concentration of V,;TizOy phase.
The peaks of the spectrum were very sharp, showing
that the oxides were highly crystalline in nature. At the
very beginning of the oxidation process, Ti-20.0wt.%V was
directly exposed to air containing 20 vol% s, Titanium
reacted with oxygen to form Ti0y. Therefore, Htanium atoms
at the scale/metal interface became depleted, resulting in
them diffusing from the inner alloy matrix to the interface.
When the supply of titanium to the interface was not
sufficient Ti;V10y started to form, showing that the scale
consisted mostly of TiOz {rutile) and to a lesser extent of
V,Ti30q (schreyerite).

Results of XRD examination of the specimens nitrided at
1100 and 1300 K but not subjected to oxidation were analysed
as well, but no nitride compound was detected. Either the
flow rate of nitrogen in this experiment was too low to
promote nitride formation or the concentration of nitride
on the alloy surface was too low to be detected. Interstitial
incorporation of nitrogen without disrupting the metallic
lattice also could explain non-detection of a nitride phase.

Surf. Interface Anal. 2001; 32: 306-309



Analysis of N, C and H

Examination of the analytical data showed that nitrogen
was dissolved within the nitrided scale. The concentration
of nitrogen increased with the increase of nitridation
temperature due to the increase of the diffusion rate of
nitrogen through the nitrided scale.

Comparing the atomic percentage (at.%) of carbon at
1100 and 1300 K, the average value for carbon at 1100 K
was a little higher than that at 1300 K. This is likely to
be because some carbon was dissolved in the matrix of
the as-received alloys. Owing to the concentration gradi-
ent, carbon diffused to the scale/gas interface and reacted
with oxygen impurities in the nitrogen. Oxides of car-
bon then were removed. The carbon concentration in the
nitrided scale decreased with increasing nitridation tem-
perature. However, titanium has a greater affinity for
oxygen than does carbon,!? so, titanium would have to
be converted completely to TiQ); before oxygen would be
available to react with carbon. An alternative explanation
might be the formation of a refractory Ti-C-N phase
that was not completely oxidized in the CHNS/O anal-
yser.

Scanning electron micrographs

The products of reaction of Ti-36.0wt. %Al with oxygen
were composed of faceted grains that were closer and
more ordered than those on Ti-1.0wt.%V. This shows
that the nitrided products formed on Ti-10wt.%V were
more porous and less adherent than those formed on
Ti-36.0wt.%Al The characteristics of the nitrided products
onTi-1.0wt.%V and Ti~36.0wt.% Al were consistent with the
efficiency of protection of the underlying alloy matrix from
oxidation, as shown in Figs 1 and 2. Comparing nitride-
coated specimens of Ti-36.0wt.%Al and Ti~1.0wt.%V, the
oxidation rate of the former was lower than that of the
latter.

CONCLUSIONS

{1) The parabolic rate constants of Ti-(0.5-20.0)wt.%V in
air over 5h increased with increasing concentration
of vanadium up to 10.0 wt.%. When the vanadium
concentration was 20.0 wt.%, the parabolic rate constant
was reduced.

Copyright 2001 John Wiley & Sons, Ltd.
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(2) Comparing uncoated and nitride-coated specimens of
Ti—{0.5-20.0)wt.%V and Ti-36.0wt.%Al the uncoated
specimens showed less oxidation resistance than did the
coated specimens.

(3) Comparing the uncoated specimens, Ti-36.0wt.%Al
showed the best oxidation resistance resulting from the
formation of an alumina protective oxide scale on the
alloy surface.

{4) The characteristics of the nitrided scales formed on
Ti~1.0wt.%V and Ti-36.0wt.%Al were consistent with
the oxidation rate of the two alloys in air containing
20 vol.% oxygen.

(5) No nitride phase was detected on the coated specimens
but a small concentration of nitrogen was detected.
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