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2. 1 ¥
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HBTILHIEETHD. FLETRRAELIDIK, ZOEEOBILRMEI
SWTOHERVWLS OV B3N, FIAEBILHEREOAIRERELECHYT 2
sV Ry ZORNFCR—BC—HLRAVEIDBHLOND, T T, AE
T, Ti-Al 2 ERE&E2ARFCRILLESGGORKELZHN, Uk &L
BoHBESEDREEFMT 2200 XBALERE2ELCLE2HBLEL
THRR2TR2E.

Mtz L EMARHTER, HEPTEIEATH 2R %
MBAFoOLMCHEHYLRBHAERELEL, RUBLTHHAL, CoRBOH
BE2HELTNAFGBOERLELIOBIEOBELZFMT 2L LEIC, BIL
s XBEF, ZOMOERENEROFETCHET DO ILTHDY . B
ftofER a) EBONBR., b) MEOHER., o) MIELDOERRE «©
toTHMEND, b) WBLKLIIEROMMELBIEALERERO W
fﬂ#%ﬂi?é:ttiaf‘ﬁﬁ%&éhu\&ﬁbrﬁﬁﬁﬂ%fﬁ
5N, MOFETRBROEDICERILAr — L BHMNICE<ESE, R
BirmglLardhErsRw, LENST, AR CEBRILOBE T HAN
MOPWEICE > THMT > &b Lk,

., RELRRIEAML RS S TCRREHOBEAL S, HBEHETL
WkrEzoNhs, BELB{LTTRSZLELE,

2. 2 ftRM

AMRTHEALEHRM G, WThBMEAS L TARY ITik FE#HH
ELTHW, ZLVIdVEHKOFHABEBICLDI7 -V ERTHEMLE, &
FUEFEHBOME%Table 2.1 IKRT.

GREICIE, RAMOBELZELDZED., 7V 2 KGHN—X ETHE
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PO BERFRBRENO=Z= DO AEBRBEMOL0EERLE. TAZThoER
Lo TBOLAEAYIOY POKRKEEIAERY, FEERBOFIER EIC &
YHBEFPOEE L TCHRERENELL £,

Table 2.1 Purities of materials melted (massy¥).
Ti Al
99.6 99.99 or 99.999

HRAMOMRILFRABEROTIAIZFDE L, AMBESIUBRRE D
WELHARNDED, BPO0WHETAIRE2Z{LEEEDD, BLUTiLAID
R RBERICR-T, BEREZ2EODELOEHABLE, ££.Ti-Al
FRERFOMOEBHAALEY., TisAld & UTiAlslicDWTH 20 EBEH L
MIEFHEEZzHARZEDOHERMEBHLE, 25, LFERHBEROTiIALZ
PIWIV7—VERL, HERBELZ2RHLEGRAMSHELE,

£, Bttt oltBMH L I 5E0Ic, MTi, NiZE#EE& & Inconel 713CH
& T 17%Cré SUS 430% A v £,

Table 2.2,2. 38 S 2. 4IC AR THWETI-ALRE & DR # . Inconel
713C# & UFSUS 430 MM % R T,

BEAEDERMICOVWTREBRSIFTZITR2EDN, —HoOoboiconT
BEtokEIRECHBIS L, PIVIYT7 —VERTE—BRCER
BESDRWZENHOATWEED, ELEHAHBITADT, REMER 2
ToFEFERHWE, BHMICOVWTR., AFKERERLE,
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Table 2.2 Nominal and chemical compositions of Ti-Al alloy ingots.

Designation [Nominal Chemical compositions (mass%)
and note of |compositions Furnace
samples (mass%) Al 1 0 N c H
T A Ti-36Al 3545 63.8 0.122 = = — @
31A1 ® Ti-31Al 30. 64 = 0.0304 0.007 0.005 0.001 ®
34A1 ¥ Ti-34Al 34.02 = 0.0257 0.007 0.006 0.001 ®
36A1 ¥ Ti-36Al 35.178 = 0.0338 0.007 0,005 0.001 @)
39A1 ¥ Ti-39Al 39. 29 = 0.0218 0.007 0.005 0.001 ®
0-1 % Ti-36Al g5:33 = 0.1630 0.007 0.005 0.001 ®
-0.150
0-2. ¥ Ti-36Al 35. 22 = 0.3773 0.007 0.005 0.001 ®
-0.3 0
TisAl # Ti-16Al ®
TiAls ® Ti-63Al1 ®.
F-TA *¥ Ti-36Al ®

42

*)

$)

#)

++)

Furnace : @ : EZHRHF ®@ : NKKH5 ®:®KLK

AH: AlBEUTIRERE TS X BASHTE, 0B FNRNE (REEA AR
D= T

A vdy hokEE : Exf280g, KBE#200mn, &= #20mm,

ST AlBEUTIREFREE (EREMR) \ 0 RIMRNE (REEA ZBE)
&b,

Avdy boKEE: R&150mn, EH30mm, B #15mn,
BERICTI 2 3B THER., oFiE %) LHELC.

4 vdy bokEE: EEH150nm, EH30mm, & = #15mm,

REANEWED, 2FET. COBRFETIERLEMRBOIF TR, BERE
1£0.045~0.052% Td o 1=,

Avdy bhokEE :Bax#12g, RZ#H30nn, EH15mm, E & #10mm,
ERBEEKLE D, BELMEI2ZTK, :=1072/s, BEIC & YEZ55mmA S 5Smmic
ERE, B, SDHIC122KkX2hpBER F L,

SFTET,
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Table 2.3 Nominal compositions of Inconel 713C (mass%).

0.12 12.5 4.2 6.1 0.8 2.0 0.012 0.2 bal.

Table 2.4 Nonimal compositions of SUS 430 stainless steel(massg).

C Si Mn P S Cr Fe

<0.12 <0.75 <1.00 <0.040 <0.030 16.00~18.00 bal.

BEZoHRAME. BRBEEBLUT—BicOW TR YA/ /70 Y 1 — AW
ZOHEESDSHUDFTLRY, TO%, HELOEDORALBEZHLEZ, &
Bic, HEMAABCL L) ERELS ST ELLORNEEZTRSE,

HEABORAMEHOREDESD, T4 757 FA—RICL DK BB
L0, 2o CcHBMERRCHTIRA 2OV HLE. X REFTXES &
R E % % Table 2.5 ICRT .

Bt FH 1L 1000C, # 6.7X 10 *Pad M ZEh T168hD B E AL AALE % fE L =
B, JAVY—AY PRENTLS L CBBIFBICLY KESH SnnX 10mno #
KABCGWHLE, COBRABELY ) A FEACEIYESH 2micy)
ML T, A=&H SmnX10mnX 2mmpEMKORFZ2/HE. ZoRFET A
D—#THLI000E THIEEL, BERERSEZHOT7Z7 M THREL. Bt
ARBICHLE,
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Table 2.5 Apparatus and conditions for X-ray diffraction analysis.

(Apparatus)

X-ray generator pi:fogcn D-6C
Goniometer Z SG-7
Scintilation counter ) SC-10
Recorder ERER R130-2H
(Conditions)

Target Fe » - G
Filter Mn(for Fe), Ni(for Cu)
Beam voltage (kV) 25

Beam current (mA) 8.0

Divergence slit (deg) i

Receiving slit (mm) 0.15

Scatter slit (deg) i

Glancing angle (deg) 4

Scan speed (26°/min) 2~1/4

Time constant  (s) 1~2

Chart speed (mm/min) 5

2. 8. 2 BMILELAR

BMIELABREBIEARFCORELBILE LE, BIEFHEOFMIEEL LT
BMIEHMBROWEKCEI> TRV, AFONBEOBE., X BBH., EPHASHT D
AL E:

ML AR 12900 TH L TI50 CTL L. 900 CTRERMY 1 7L (1
YA JJ)sh) BIURKHY A 7L (BMD 254 7)VD#H25h | AR 1
Y4 7 V50hDEE L) 27820, 950 CTRERMY A 7 Iloae Lk,

BMERRICHE-o TR, RAOXHERIEDORB < BEEEZML T, Fig.2.1
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ErxAh, BERBBIUBBENEOBCEIBICERILEEY> LD CLE,

BILAREISODUHDENORECABRL THoHMABTRELAFELEY
v, AEATSABRBELANERF 27 NVIFTAR-MCOETHAL
. OB, FOREIBETEORTE2RIAN, BAURNCHHOEEIC
EETI2OT. BIEBHMEAFZ2FCALELENS, MY BT LEETL
LE, FAomMYHLERFE, ARATAEROEZIZRETCHAE, &
B L160-D B AKX d BE AEL-40SM i KFEEZHWT, EEZ{LE A
EFlLE, KEORNHAWMY BMNEZHAEH0.1ng 8 &L T0.0lmgTdH 5 A%,
BB AN0.0lngn B AR RN E A4S ALE, T2, BILHEERE, 5
APUHHAZELERAFORBEHRZEZ A THNERYY OEICBRELE,

Fig.2.1 Quartz tube specimen holder for oxidation tests.

2. 8. 3 BMLERBOBE

EFFTIAOEAN LML NE 20, BMILARDOBREE2ITR>E,
ThRbH, WES00~900CHAK P CHE20 BILLERF OB E2EET
blLuic, KX MARNICLo TREEBRWEREL .

T, BLtEEoOBEZE0BZEE., R 20K L., XHHEMEE, SENB &

UVEPMAIC Lo TR ok, 93
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2. 4.1 HMBBEIUEE
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BROFECR, BREHEK, TYRIAMRBIUTIATROHEBA RS
5hd,

Fig.2.3 (a)~(h)ic, 1000C, 168hHEL%2 L Z A M S L CHESR
EHONXYHEBEBERT .

BAIBEOHRAM I EHM2EBMERLTBY, SIAIBLUMAITELE
ChESTIASHBYAOA, COHRMD Y +ta. O2HESGEBTD
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BtRM, TABLUBAITHETOSIASHALND, ZOEBBESBICR
B o B2 (2400 THRLICEBERLAD2E, —F., AIBRED
SR YHMBERSTVWB I LN IDNAD., /2, MEREOE HERAM
. FHOKBHNBCEAELOZRIRDO L VY, HHEAKEE I ATH
BABEMEREOLDICHARTEL AL, F-TARBERBEIC & VYREL
~50umD FIESEHFLERODTVWBRIEN DM B,

BB D36AL, 0-13 & FO-2%EPHAIC L W HHTLE L Z 5, 36ALTIRE
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Fig.2.2 Cross-sectional micrographs of specimens as cast state

(by polarized light).
(a)TA, (b)31A1, (c)34Al, (d)36Al, (e)39A1, (£)0-1, (g)0-2.
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Fig.2.3 Cross-sectional micrographs of specimens annealed for 168h at
1000C under vacuum atmosphere and isothermaly forged at 1000T

(by polarized light).
(a)TA, (b)31Al, (c)34Al, (d)36Al, (e)39Al, (£)0-1, (g)0-2, (h)F-TA.
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5, BBRLEAAOVEENALN NERIEDEL> THELEBOEZ S
N5, FEDEBREFREOBEWHERAM TLIUYUSLRoh, £, SATHER
OV BEVWEBHCHBLUTVWE, BB, FATHRFTDALZEETIRE L BE
BELrOBKE, ARRETCHEALEEECEZIBEIEVWED S CTCELD
b 2

Fig. 2.4 CHELHMABICLEROTAOEE OLELERT. CORALD
ABEDIC, NEEMI2 LR TEIBEREE-—EofELa>sTsY, BE
BB 3 72h THHHTHB2EEXALNED, AHETCREABRBEROKER
HEMICANTLIE8h (1EM) 2RALE. ALY ICL2HE CEHTIALD
BRAOEEREDDEZ T, HEAGLI000T, 168hAHEHEELTWS,
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Fig.2.4 Relation between Vickers hardness and annealing time
of TA specimen annealed at 1000C under vacuum atmosphere.

2. 4. 2 HRAMHoHEKE

ﬁgw%mbtmﬁﬁﬂew%%bt&ﬁaﬂ%mhfxﬁ%ﬁbtﬁ%




hoRDEBUEAM OB % Table 2.6 ICRT, ThEFIhOER#E I
JCPDS Diffraction Data® %2 BEFEICLTHRELELDTH S,
COREND B, 3AB L TMALZ Y + o, D2 HES, 36ALIIEIEY B
i M, 3l Yy BEHLEDTWRZ XA DA D, L. BEBEOE VWEHRAH
; TRTIAINBHEA, PROa NRELEMERSTWEEALIS,

Table 2.6 Alloy phases of specimens annealed at 1000 for 168h,
identified by X-ray diffraction analysis.

Designation Alloy phases and notes
of samples
TA TiA1(S) TiasAL(VW)
31A1 TiAl1(8) TisAL(W)
34A1 TiAl(S) TiaAL(W)
36A1 TiAl(S)
39A1 TiA1(S)
0-1 TiAL1(S)" TisAl(VW)
0-2 TiA1(S) TisAL(VW)
TisAl TisAl(S)
TiAls TiAls(S)
F-TA TiAl(8)

Notes: diffraction intensity, (S);strong, (M);medium, (W);weak, (VW);very weak.
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Table 2.7 Appearances and oxides formed on surface of the TA specimens
oxidized for 25h in air.

) Oxidation Appearance Oxides identified by X-ray
) temperature(¥) diffraction analysis
500 not changed TiAl1(S)
600 slightly bluish, bright |TiAl(S)
700 slightly bluish, bright |TiAl(S)
750 bluish grey, bright TiA1(S) TisAl(VHW)
800 whitish yellow TiA1(S) TisAl(W) Ti0.(S) Al20s(W)
900 whitish yellow with spall Ti02(S) Al20a(W)

Notes: diffraction intensity, (S);strong, (M);medium, (W);weak, (VW);very weak.
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Fig.2.5 Cross-sectional micrograph and EPMA analyses of oxide layer
formed on TA specimen oxidized for 150h at 900T.
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Fig.2.6 Superficial micrograph of TA specimen oxidized for 150h at 900€.

2. 4. 4 mewi

AR DIBOBES L TCXMMBFOMEEBEICL T, BILDFEL VIO
CTHLUVIN CIEBWTTI-Al FRAF S LT BEMOBRELBILARE TL
ok, Fig.2.7~10 CHRBREREZ R T, ML B REAT Y Y O B L1 ik,
BB OMILEMTH 2. RATATERMERICES DEAB LS, 2
BT RBOFEHMEWE,

Ti-ALRORF LILBEMEZLARD L, TI-AIRERF O BILERN LSS
& Inconel 713C& Y WTFhbEoT W5, £<ic, &BRMIEEWTIALSL & T
TisAl GWTHhEHBMILHOTEWICECZ LA DD B, TiAlkRRLIEE 00
TTRERMTiIL Y DMOBMIEMREDD D2 WA, 950 CTTRIEL AL Xk
O (A e ﬁ}ﬁﬂﬁﬂ:ﬁ%’rél\llu o ffit W AL ¥ 1k Inconel T13CIC i B i 72




WwWH oA E{E RE T, SUS 430 AI0CTH &L TISCHOHWThDiRE
'C“%J&6&EU)B§‘FBE]7J‘.T:?Z%Kﬁt&{t?ﬁi@ﬁ'bfLi"):&c‘:tt’\*é&\
Sl SUS 430 EYENT VB E WAS S FE. SREBMLEMESD LELET S L
MAEROS W H0EL MBI REETS Y, BLMRETIAL >TiAL>

TiAlad 28 5 TUNE o

2B HERE RO UESI~SNIRF CRBILHMRERBAIRBECKEL,
BEAODOIELBILHEEII BRI Ao TVS, £, RIEEBOI S HERE
AMBEOBWEOEE Do E, CORBEOF<BERIERLEAFTEH
Lud, FhT2L2PBILE. BREEBEOBKEIVWTADHARTT
EEAEZLHZEDICLTEESLZLINBEESLE.

BMEBEECEHLTCEHESH»AREVEREVWEER VWA, 900 CTORES &
U950 COMILOMMTCREBMEREOAIRFOBRIENETIRVEDC
HRZUohs, BLERIBEREOBVWLODEIANZLoE,

3001

200

SUS 430
100

Mass gain, 4 W / gn™2

Inconel 713C

0 50 100 150 200 250 300

Oxidation time , t / h

Fig.2.7 Mass gain of TA, F-TA ,Ti,SUS 430 and Inconel 713C due to
long term (25 and 50h) cyclic oxidation in static air at 900%.
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Fig.2.8 Mass gain of Ti-Al alloys, Ti,SUS 430 and Inconel 713C due to
short term (5h) cyclic oxidation. a) 900T, b) 950T.
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Influence of aluminum concentration in Ti-Al binary alloy on mass
gain due to short term (5h) cyclic oxidation. a) 900T, b) 950T.
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Fig.2.10 Influence of oxygen concentration in Ti-Al specimens on mass gain
due to short term (5h) cyclic oxidation. a) 900T, b) 950%.
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Table 2.8 Properties of oxides.

Oxides Al,0, Ti02
Young' s modulus?*’ (GPa) 380*(312*%) 88*
Modulus of rigidity?!  (GPa) 347
Tensile strength?!’ (MPa) 259%(65.2**) 55*(41**)
Compressive strength?!’ (MPa) 2910* (779 **) 245*
Poisson’s ratio*" 0.327(0.36°*)
Pilling-Bedworth ratio 1.2822) 157325
Linear expansion coefficient? | 8.4x107°(293~1273C) |7.5X107°(293~1673%)

%k . at room temperature
%% : at 1000C
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Table 3.1 Annealing conditions of TA specimens vapour deposited
with Cr, Si, Al and Ni.

Deposited Pressure (Pa) Temperature (T) Duration (h)
element

Cr 8.3x10°8 1050 4

Si ) 1000 U

Al V] " »

Ni Vi ] Vi

Al 1.0%x10°% (in Ar) 1000 Z
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Table 3.2 Powder compositions and conditions of heat treatment
for diffusion coatings.

—
Diffusion Powder composition Diffusion coating
element (mass¥)

Temperature(T) Duration(h)

' Cr Cr:Al;05:NHaC1=19. 4:78.6:2.0 1000 3

" 10

1000 3

Si $i=100 y 10

] 12

Al:Al,05:NaF=47,0:51.0:2.0 950 1

V] 3

Al:A1,03:NH4C1=49.0:49.0:2.0 1000 3

Al:A1,03:NH4C1=33,0:65.0:2.0 1000 3

700 10

710 10

720 10

730 10
Al )
Al:A1,03:NH4C1=25.0:73.5:1.5 )
”

" 92

730 10

(cooling rate : 1/120 T/s)

750 10

Al:A1,05:A1F5=20.0:75.0:5.0 900 10

800 10
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Table 3.3 Heat treatment conditions of specimens diffusion coated.

Diffusion coating Heat treatment

Al:A1,03:NH4C1=25.0:73.5:1.5 Pressure(Pa) | Temperature(T)| Duration(h)

Temperature(¥) Duration(h) 8. T%T0=® 1000 4
730 10 Vi V] 16
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Table 3.4 Mass gain due to 25h oxidation at 900T of the TA specimens
vacuum-deposited and heat-treated.

Samples Mass gain, AW/g-m™?

TA (not treated) 19.85
Cr deposition 31. 88
Cr deposition + heat treatment® 21.88
Si deposition 35.00
Si deposition + heat treatment?® 0

Al deposition 3.95
Al deposition + heat treatment?® 2450
Ni deposition 34. 38
Ni deposition + heat treatment*® 0

% Heat-treatment conditions are shown in Table 3. 1.
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Fig. 8.1 Mass gain due to cyclic oxidation at 900T of TA specimens with

Al-deposition followed by heat treatment, compared with not treated TA.

Fig.3.2 Cross-sectional micrograph of diffused layer on TA specimen with
Al-deposition followed by heat treatment in Ar,
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Fig.3.3 Mass gain of siliconized TA specimen due to cyclic oxidation at 900T
compared with not treated TA

3. 3. 3 AHBRBLHE

AW BRELEEZHLERFOSBRROTHRRIAEL, ZONBICE>
TREFOBEEEHMLUE, LHEBZEORFBEHO LFBHMBBRECLY, B
~100znDEBBOHEF RO hEZ, COBRBEEXBRBEFTOKR, L
BEHFICEIST, $XTTiAL LRAEShE. BRZAEEHRIEFELAL
DHBETIAL,OHTH DM, I, FEFHICFTFOAL0D S OEFTHAI B
Wb HoE,

A BRELBEICE > THREAELBEOH 2 Fig.3.4 KR,

WM EUHDENCEIILEBBORBLZ2BERLEERE2ZLDE L, UTo0
el s
(REEH &L LUTNaF 2 FWELAB CHRE NS LEE G, BHOEWIED A
E<m5,ﬂ@ﬁmmv%&a%%%ﬁ@u%u<$ﬁ~fﬁu\%mtm




Al —Al
diffused diffused
. layer layer
TiAl TiAl
Al
' diffused Al
diffused
layer
TiAl

Fig.3.4 Cross-sectional micrographs of surface layer formed on TA and F-TA
specimens by Al-diffusion coating.
(a)' TA, Al:A1,03:NH4C1=25.0:73.5:
(b) F-TA, Al:A1,05:NH,C1=25,0:73.5:
(c) F-TA, Al:A1,03:NH,C1=25,0:73.5:
(d) F-TA, Al:A1,04:A1F5 =20.0:75.0:

5, 700C, 10h
50 1300, 2h
5, 730C, 10h
0, 800T, 10h
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Figi8.s Superficial SEM image of surface layer formed on TA specimen

after Al-diffusion coating.

100 £ m

Fig.3.6 Cross-sectional micrographs of surface layer formed by Al-diffusion

coating.
(a) sharp edge of TA specimen, Al:Al,05:NH4C1=25.0:73.5:1.5,750T, 10h.
(b) sharp edge of F-TA specimen, " ,730%T, 10h, 0. 5C/min cool.

(¢) sharp edge of F-TA specimen, Al:Al,03:A1F5=20.0:75.0:5.0,800T, 10h.
(d) round shaped edge of TA specimen, same condition as (a).
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Fig.3.7 Cross-sectional micrograph of surface layer and intermediate layer on
TA specimen formed by Al-diffusion coating followed by heat treatment.
(Diffusion coating, Al:Al,04:NH4C1=25.0:73.5:1.5, 730T, 10h;

haet treatment, 10000, 4h, 6.7X107°Pa)
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Fig.3.8 Cross-sectional micrograph and EPMA analysis of surface layer and
intermediate layer of TA specimen formed by Al-diffusion coating
followed by heat treatment (same conditions as Fig.3.7.).

(a) secondary electron image, (b) Al X-ray image.
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Table 8.5 Oxides formed on surface on the specimens with Al diffusion
coating, identified by X-ray diffraction analysis.

Conditions of [Temperature | Duration of
" Al diffusion |of oxidation| oxidation Oxides and notes
5 coating ) (h)
710T, 10h 900 600 TiAla(S) TiAl,(M) Al.05(M) TiO2(VW)
730€, 10h 900 50 TiAls(S) TiAlo(W) Al20a(M)
730T, 10h 950 500 TiAls(S) TiAl.(M) Al.0s(M) TiO2 (VW)
730T, 2h 950 500 TiAls(W) TiAl2(S) Al20a(S) Ti0(VW)

Notes: diffraction intensity, S ; strong ,M ; medium, W ; weak, VW ; very weak
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Fig. 3.9 Cross-sectional micrographs of intermediate layer of Al diffusion
coated F-TA specimens after 500h oxidation at 950T.
(a) 7307, 10h coated, (b) 730T,2h coated, (c), (d) oxide formed on
specimen same as (b) (by polarized light).
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Fig.3.10 Mass gain of Al diffusion coated specimens due to long term (25h and
50h) cyclic oxidation. (a) 900T, (b) 950¢
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Fig.3.11 Mass gain of Al diffusion coated specimens due to short term (5h)
cyclic oxidation. (a) 900T, (b) 950%.
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Table 4.1 Conditions of heat treatment under a low
partial pressure oxygen atmosphere.

Temperature(T) Pressure(Pa) Duration(h)
800 ~ 1200 1.0 =260 T510=%( ir) 2 =432
950, 1000 1.0x10%(99.999%Ar) 4, 10

BERESETHRABICE>THRENEXZFROBEZ G, H¥HMH. X
PR HT. EPMAS X U'AES (Auger electron spectroscopy) ZH W Tirork,
X MBI O&HED L CEPMARE RIS 2 H L AL TH 5. AES (FULVAC-PHI &
DPHI-590 Z{ER L, MHEBEE 5kV, B MEL1LA, ANV R OBEDArA 2
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Table 4.2 Surface layer formed on TA specimens after heat treatment under
a low partial pressure oxygen atmosphere(LPOA) identified by
X-ray diffraction analysis.

Condition of heat treatment
under a LPOA
Phases and notes

Temp. Pressure | Duration

(T) (Pa) (h)
600 6. TX10 =2 16 TiAl(S)
700 /] /] TiAl(S) TisAl(VW)
750 n ) TiAl(S) TisAl(W) A1,05 (VW)
800 V] ] TiAl1(S) TisAl(M) TiAl*(VW) Al.0s(W)
900 ” V] TiA1(S) TisAL(M) TiAl*(VW) Al.0s(W)
1000 ” ” TiA1(S) TisAl(M) TioAl*(W) Al.0s(W)
1000 10102 ) TiAl(S) TisAI(M) TiAl*(W) Al.0s(W)
1050 6.7x10°° ] TiAl(W) TisAl(M) TiAl*(M) Al.0s(M) TiO.

Notes: Diffraction intensity, S ; strong, M ; medium, W ; weak, VW ; very weak
% : Ti.Al or other phase

— %, EREMETHRAB LB LR 2MAES 2R BBRFTZ2T-
EBA., EhEMBIEEERLTVIRE DSBS A2 EFRERICH O
BRMESETHRABOEI E LIFLALEELE R 2E, LAL, WRRIEED
PULERE DD ETiI00BFHRBBHEIADEDICRoE,

RETAO B S L RIS, 31~39A1, 0-1B L 020 B#RF ICEREFET
BALE (1000C, 6.7x10%Pa, 16h ) Z ML, REOX MEHEToEMHR
% Table 4.3 ICRT. 31~39A1CHE, TAIKHE — 0% CEMESETRAH
FRUEBSLABEIC, AFEEICIEALD: OAFBREIN, Zhickdl
orm~%M?uﬁEuﬁﬂ1§%UﬁM1a%ianégﬁ\it\wm

W




T TisAl B Eh3. LHAL, BRBEEOE VWI-18LT0-20 &R
B—%tTolBBCRFIBEL+BBELELIS, REAXDITMICHLSLLR
UL, BIREEDIRTHEY, X BBFOEEND | Al0s LEBHICLPRDTI0,
SERLEZ LN DN S, 200-1 BLT0-2 AFTRAHEEZPPED
975 Ce LEBAICRTIO RERS AR B2 E,

Table 4.3 Surface layer formed on 31~39Al, 0-1 and 0-2 specimens
after heat treatment under a low partial pressure oxygen
atmosphere (10007, 6. 7X107%Pa, 16h) identified by X-ray
diffraction analysis.

Designation
of samples Phases and notes
31A1 TiAl(S) TisAl(M) Ti,Al*(W) Al20s(W)
34A1 TiA1(S) TisAL(M) Ti.Al*(W) Al.0s(W)
36A1 TiAl(S) TisAl(M) Ti.Al*(W) Al20s(W)
39A1 TiAl(S) TizAl(M) Al,05 (W)
0-1 TiAl(S) TisAl(M) Al,03(W) Ti02 (VW)
=2 TiAl(W) TisAl(M) Al205 (W) Ti02 (VW)

Notes: Diffraction intensity, S ; strong, M ; medium, W ; weak, VW ; very weak.
% : Ti,Al or other phase
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R Ti

£ 8




10 £ m

Fig.4.1 Cross-sectional micrograph and EPMA analysis of TA specimen heat
treated under a low partial pressure oxygen atmosphere ( 1000T,
6.7X10%Pa, 16h).
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Fig.4.2 AES depth profiles of Al, Ti and O in TA and 36Al specimens heat -
treated under a low partial pressure oxygen atmosphere. !
(Distance from the surface is estimated from sputtering rate.)
(a) TA, 1000T, 6.7x10"°Pa,16h, (b) 36Al1, 900T, 6.7x107°Pa,16h,
(c) 36Al1, 1000T, 6.7x10-*Pa, 2h, (d) 36Al, 1000€, 6.7%X10~*Pa, 16h,
(e) 36Al, 1050T, 6.7x107*Pa, 16h.

80




BT IDPNAE., WFhORATHAL0:, BERMEDRBE TR, ALBE
METFTLTIABUELTVWI2BORFET 2R FABESH, K REHFCTHN S
NETIA BERZOBIP»SOEHBRTHE2Z LN DML, RATATREE
BEIRIEDDSBHALBEFICKDS LTV EH, 36ALT I REH R EEIC
MERENMZE-EEEZRIBIPRSONL., COROAIRE IR &Y DHE
R—ZBEeR->TBY., K BBRHNOKRE2ERT 2L, MEEZBEB L ETi.AL
HB5VWETiIAl EFABNIBTRAVH EHWENS,

it i
PO IR

el

4. 3. 2 EMESETHRLEZELETIALOBRIAYE

Ti-Al ROZRKCERMHEEELEETERKSEFTRLEE /KL, HiEL
MILRRYFR->T, CONMICL3MBILEEBEDRERILE,

FTHRIMIC, 3.3.1 TRREEICHEELROHAEHMNECTARE OB
tHSEHRARSOLE, LHBELCOBEOHRERFTLES,
HEER L d, NBREMEZ4S L0 & UTRAATAICEBRESE T
AEERBLE, ShASORKFDI00 T, REMY A 7V ToOEELUBRILRER
BEROWODDF 2Fig. 4.3 BE U444 ICRT . HEZEEMNG. TX10 *Padd
B, WTHAOLEBMTLBLEMMILEXEDHR LR, LEEHE
10h £ $HiF10°2~10"" Pa ORBECELEHREZRT. LAL, ArFHX
4 (MEHEN2.0 P) TUL<HRIHSEHRFBOS AT, $£, EH

= 7 (1.1 Pa) OBACRHRILMEEDRES 2000, LEHIR VEY
BUBORRCHAEZAMILERLED .

Kic, Fig.4.3 OKEID ., BREMRCHBAEDHRIGVLEION DK
T, TRDBH6.TX0 °PaT, MEEE R Bt TEMENE FRLE%
MUERFTAOBRE UBILABRBERO WL D2 OH|%Fig. 4.5 CRd, HZE
EXGEORMHOBALHEIC, 1000CTREAEHRBILEIEDRERT
B, ChEYBBREFNESTEHRTETCL, TOHRBELELILEAANS, ﬂ

Al ToLBBEMOMEERHT 525, Fig. 4. 3~508RH >R 2
et ROB T EAHYIL L, 1000T, 6.7010°PaT, BHMBFH &2 %




n

(=}

o
T

TA without
treatment

al
o
T

%= Tx1 07 *Pe
Ar

o
o
T

9.3%10"2Pa

6.7%10"*Pa

Mass gain , 4 W / gn 2

50
6.7x10"3Pa
= e e |
0 50 100 150 200 250 300

Oxidation time , t / h

Fig.4.3 Mass gain due to long term (25h and 50h) cyclic oxidation at 900T of
TA specimens heat treated under a low partial pressure oxygen
atmosphere at 1000T, 4h.
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Fig.4.4 Mass gain due to long term (25h and 50h) cyclic oxidation at 900T of
TA specimens heat treated under a low partial pressure oxygen
atmosphere at 1000T, 10h.
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Fig.4.5 Mass gain due to long term (25h and 50h) cyclic oxidation at 900C of
TA specimens heat treated under a low partial pressure oxygen
atmosphere, 6.7X10"*Pa, 4h
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Fig.4.6 Mass gain due to long term (25h and 50h) cyclic oxidation at 900T of
TA specimens heat treated under a low partial pressure oxygen
atmosphere, 1000T, 6.7X1073Pa.
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Fig.4.7 Mass gain due to long term (25h and 50h) cyclic oxidation at 900T of
TA specimens heat treated under a low partial pressure oxygen
atmosphere, 1000T, 6.7x10°%Pa,10h and 16h.
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Fig.4.8 Appearaces of TA specimens heat treated under a low partial pressure
oxygen atmosphere and oxidized at 900T in static air,
a) 6.7x107*Pa, 1000T, 4h, oxidized for 100h.
b) 6.7x10°%Pa, 1050T, 8h, oxidized for 150h.
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Fig.4.9 AES depth profiles of Al, Ti and 0 in TA specimen heat treated
under a low partial pressure oxygen atmosphere and oxidized for 700h
at 900C in static air.

(Distance from the surface is estimated from sputtering rate.)
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Fig.4.10 Effect of oxidation conditions in oxidation resistance of TA

specimens heat treated under a low partial pressure oxygen
atmosphere (1000C, 6.7%X107%Pa, 16h).
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Fig.4.11 Mass gain due to short term (5h) cyclic oxidation of 31~39Al
specimens heat treated under a low partial pressure oxygen
atmosphere, 1000T, 6.7X10°%Pa or 2.7X10°2Pa, 16h.

a) 900T, b) 950T.
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Fig.4.12 Mass gain due to short term (5h) cyclic oxidation of 0-1 and 0-2
specimens heat treated under a low partial pressure oxygen
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Fig.4.13 Effect of heat treatment under a low partial pressure oxygen
atmosphere in oxidation resistance of SUS 430
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Table 5.1

Purities of materials melted and contents

of element in mother alloys (mass¥).

Ti
Al
Mn
Nb

Si

99.6

99.99 or 99.999

89,9

99.9

99.95

24.7 in Si-Al mother alloy
50.8 in V-Al mother alloy

Table 5.2 Nominal compositions of Ti-Al-X (X:additional
third element) ternary alloys.

Designation
of samples

Nominal compositions (mass%) Furnace

Mn add. Ti-36A1-1. 5Mn (@)

V add. Ti-36A1-1.5V ®

Si add. Ti-36A1-0. 581 ®

Nb add. Ti-36A1-1. 5Nb ®

W add. Ti-36A1-1. 5W ®
Furnace: @ : HZRH @) B A

1 00
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Table 5.3 Conditions of surface treatment for oxidation resistance.

Designation [Heat treatment under a low partial Al diffusion coating
of samples |pressure oxygen atmosphere
Mn add. 1000T, 6.7x107%Pa, 10h Al1:A1,05:NH,C1=25.0:73.5:1.5
730T, 10h
; V add. 1000%, '6.7X10~%Pa, 16h =
i{ Si add. 1000T, 6.7X107°Pa, 16h -
g3 Nb add. 1000T, 6.7x107%Pa, 16h =
,@{ ¥ add. 1000€, 6.7x107°Pa, 16h =
2
b
i;
4'.*'.
-
&
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I TUBFLERE, RNAERL LB ZOLEDRENFHLTOIETP
‘ FEHeLr e CRBDO AT, HRAMBEED - RERLEL>THWE LS
A 5hus,
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Fig.5.1 Cross-sectional micrographs of specimens annealed for 168h at
1000¥ under vacuum atomosphere (by polarized light).
a) Mn add., b) V add., c¢) Si add., d) Nb add., e) W add.
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Fig.5.2 Mass gain of Ti-Al-X ternary alloys and TA due to short term I
(5h) cyclic oxidation. a) 900T, b) 950T.
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Fig.5.3 Superficial SEM image of Mn add. specimen after
150h oxidation at 900T.
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Fig.5.4

Mn add.

— -—1Inconel 713C

Mass gain, AW / gn™?

W add.

e e
" TInconel 713C

Mass gain , 4 W / gn™2

Sl 1
150 200

Oxidation time , t / h

Mass gain due to short term (5h) cyclic oxidation of Ti-Al-X

ternary alloys heat treated under a low partial pressure oxygen
atmosphere, 1000C, 6,7x10°%Pa, 16h, compared with TA specimen i
treated the same condition and Inconel 713C. a) 900T, b) 950%T. i
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Fig.5.5 AES depth profile of Al,Ti,Mn and O in Mn add. specimen heat
treated under a low partial pressure oxygen atmosphere (1000%,
6:i1%1:052Pay) 16h)s
(Distance from the surface is estimated from sputtering rate.)

SIMM I ERESE FTARAEEONBEBZEORIC, A REATI02ICH
WL EBICEALTVWIONRIDAE, SLICRIELARRET > THIHR
HHEDRI T o< EAHDhEhoE., ZhiF2 TREETRRRED
BORAFFEBMESETHRLESICBEBELESGLBULTEY, EKRES
EFHMMBEfICT TICKBEIICTIAMREATLEEZIEICLDIERDR
écT&bﬁ\ﬁﬁ%ﬂ?dZﬁ%éﬁm%éiU%ﬁ@#ﬁET?Nmﬂ
EBRL®T0VH0EEALND,

109




-—"'_--———— ~

5. 3. 4 W3 ICKEMEEICHT S AANY 8 & L B oy 5 R

YROBMTHLMMENZELLI DL, 72, EKBESETFTHRLMEIC K
LM et # % B RIEMHEFE A2 WinifMic, 2 tREETHRED
RO NEAYEBOR B LI &R M7,

AGEBEENEIC k> TR RBECHRENEKBEE 2 iREE0BE
LB, TiAly THEHZ DK RRFTOMEIO MRS LE, BBFHOS
BPR2AEREEOHELEERETHY ., £, R0 MAWTENnRMNM
DBBICERCTEE YRR BEEENAE, BEHBBCLIYBELEL
BB ORET %Fig.5.6 ICRT,

100 m

Fig.5.6 Cross-sectional micrographs of layer formed on Mn add. specimen
Al diffusion-coated. a) flat surface, b) edge.
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Fig.5.7. Mass gain due to short term (5h) cyclic oxidation of Mn add.
specimens Al diffusion-coated, compared with Inconel 713C and
TiAls. a) 900T, b) 950T.
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Table 6.1 Conditions of combined surface treatment.

Combined surface treatment
(Heat treatment under a low partial pressure oxygen
atmosphere (LPOA) followed by Al diffusion coating.)

—

heat treatment under a LPOA Al diffusion coating

Temperature (C) 1000 730
Duration(h) 16 10
Other 6.7X10~2 Pa Al:A1,035:NH4Cl

condition =25.10:173.5:1,5(%)

WAMBIC L MBI ENRIBE2HETCHR > E LAKROBIEAR T
CB TR ELBIERBRICE > T LE, BIERBRIEI0 THLTVI50 T
TR v, BEEMY A 20 (144 27)6h) ostlLE. k. AFHBEO
B, %?Wﬁ&ﬁ(:&b%ﬁﬁﬁ%f 7X WS & CEPMAD W .
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6. 3. 1 MAELBMICE-oTHMEN D LI

RN E TALBBICE S ICARBRELIL 21T 0, BANHE%E
MULERFOXBEEY MBI LEMR, WIFhol )y T RlCHRs i
Fix. ALRBORE R o5& L Ak, TiAlubFEShi=, Fig.6. LIc#
A ALER % ffE L = Mnii on #4385 W7 TR 0 06 o BUBOSR AL AR & . TR U AT IS ALIEIOR
BORMMHEEZHELEHELEZ LKL CRT ., AL TIHRE D IMBE
i, AUEBBRBELEOLHEDNE —TH, BMAROLEGICHATPOHWE
LARND, £, REABOBBB oK T £Fig.6.2 K- d, HHMMAKOD
BHICARSQE, A Ao RS I LT EES ElAE, BIAARTIEE
LLNAEL B> TWBZENBOBND, Fig.6.3 ICRT Lo, HALA

Al diffused
layer

TiAl-Mn

50 £m

Fig.6.1 Cross-sectional micrographs of surface layer formed on Mn add.

specimen (flat surface).
a) combined surface treatment, b) Al diffusion coating.

1) 1




Fig.6.2

Fig.6.3

50 £m

Cross-sectional micrographs of surface layer formed on Mn add.
specimen (edge).
a) combined surface treatment, b) Al diffusion coating.

100 um

Cross-sectional micrograph of surface layer formed on F-TA
specimen after combined surface treatment.

Conditions of Al diffusion coating are Al : Al20as : AlFs
=000 175,10 56110, 8001, F0h:
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OBEOAGBBRENE #Fig.6.2 SR LEbODERERDEHE, $abBAL
‘ :Al,03:A1F3=20.0:75.0:5.0,800C, 10h& LEH A LA, BREDE
| MRBZELLL NS RBZZLFBEREA, ChBZERZEIETALEZ BT
LECkickd, BELBEOHRLHENZ NS,

AN %ML ZNnRMM R OEPHAIC & 2 4 Hi &R %Fig.6.4 R,
Chickd e, RCBULEERESIETRLBEOBICRAFRAICHRE L E
E3TDAL0: B, AIEBBABRICHIILEBIEBL UTEELTWDET
RBREZEAT, AMBKRBELEFCRMS 2 WEBABLBBCRREATLE
SN, HBAIVEFEFEICHLIBENTAETHI DO LHRNSND,




TiAl-Mn

EPMA analyses of surface layer formed on Mn add. specimen after

combined surface treatment.
a), b) secondary electron image, ¢) Al X-ray image,
d) Ti X-ray image, e) Mn X-ray image, f) 0 X-ray image.
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Fig.6.5 Mass gain due to short term (5h) cyclic oxdation at 900C and 950T
of TA specimens with combined surface treatment
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Fig.6.6 Mass gain due to short term (5h) cyclic oxdation at 900C and 950C
of Mn add. specimens with combined surface treatment.
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oxygen partial pressure atmosphere.
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Abstract

The improvement of oxidation
resistance in the intermetallic
compound TiAl was tried by two
kinds of surface treatment, i.e,
the heat treatment under low oxygen
partial pressure atmosphere and the
aluminum-diffusion coating. The ox-
idation resistance of the specimens
were evaluated by cyclic heating to
a temperature of 1273k in static
air. The specimens treated by both
the methods show superior oxidation
resistance as compared to nickel-
base superalloy Inconel 713C. The
heat treatment under low oxygen
partial pressure atmosphere was
concluded to be more useful for
practical because the process is
simpler and more economical than

aluminum-diffusion coating.

1. INTRODUCTION
It is well known that in the

Institute of Technology

Yokohama 227, Japan

titanium-aluminum binary system
there are three intermetallic com
pounds at least, i.e, TisAl, TiAl
and TiAls. ‘" Recently, much atten-
tion has been paid to these titani-
um aluminides as one of the candi-
dates for new heat resistant struc-
tural materials. Especially, TiAl
is expected as a most advanced high
temperature material for the next
generation, because it has higher
melting temperature and less densi-
ty than these of conventional su-
peralloys. ‘® It, however, has the
following major two disadvantages;
one is a very limited ductility at

3)

room temperature and the other

a poor oxidation resistance at high

“4). (8) The former is

temperatures.
gradually improved by a lot of ef-
forts to modify the microstructure
or the character of atomic bonding
by addition of ternary elements. ‘"

(M Although the latter is very




serious for the practical purpose,
few studies with regards to this
have been reported.

Considering such situation,
the present study is aimed to im
prove the oxidation resistance of
intermetallic compound TiAl by ap-
plication of two kinds of surface
treatment, i.e, the heat treatment
under low oxygen partial pressure
atmosphere and the aluminum-diffu-
sion coating. The effectiveness of
these treatments were evaluated
through the cyclic oxidation test
and metallography.

2. EXPERIMENTAL

Material used in the present
work was stoichiometric intermetal-
lic compound TiAl. It was obtained
as an ingot of approximately 280g,
by non-consumable electrode arc
melting under an argon atmosphere.
The ingot was homogenized by heat-
ing at 1273k wunder vacuum for
604.8ks. The microstructure of the
ingot after homogenization was du-
plex containing a small amount of
TisAl phase. The specimens for oxi-
dation test, being 10X5X2mm® in
size, were cut from the homogenized
ingot using an electrical discharge
wire cutting machine and a fine
cutter, and polished by No.1000
emery paper. All the specimens were
cleaned in acetone before the sur-
face treatments.

The procedure of the heat
treatment under low oxygen partial
pressure atmospheres is quite sim-
ple. The specimen is kept for sev-
eral hours under a fixed condition,

being heated under vacuum at level
of rotary or diffusion pump.

The other surface treatment
employed is the aluminum-diffusion
coating. This treatment was carried
out by powder pack method. The
packing powder is a mixture of
25A1-73.5A1,02-1. 5NHaCl  in  mass}
and the specimens were treated for
36.0ks at 1023K.

The effects of the surface
treatments were evaluated by a cy-
clic oxidation test in a static air
atmosphere. Test specimens were
heated in a furnace kept at a given
test temperature for a given inter-
val, cooled down to room tempera-
ture in air and heated again. The
heating temperatures adopted was
1173K throughout this study and the
heating interval 90ks or 180ks.
Nickel-base superalloy Inconel 713C
and pure titanium plate were also
tested in the same way for compari-
son.

The extent of oxidation was
estimated by measuring mass gain of
specimen, together with spalled
oxide in each oxidation cycle at
room temperature. Also, the oxide
layer formed on the surface was
examined by an optical microscope,
a scanning electron microscope
(SEM), an X-ray diffractometer and
an electron probe microanalyzer
(EPMA).

3. RESULTS AND DISCUSSION
3.1 Oxidation behavior of TiAl

Figure 1 shows the accumulated

mass gain of TiAl specimen by the
cyclic oxidation test comparing
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Fig.1 Comparison of cyclic oxidation behavior
of TiAl, Inconel 713C and Pure-titanium.

with that of Inconel 713C and pure
titanium, In this figure the ab-
scissa indicates the cumulative
oxidation time at 1173K, and the
ordinate the mass gain per unit
area of surface. It is obvious that
the oxidation resistance of TiAl is
much better than that of pure tita-
nium, but is inferior to that of
Inconel 713C. Figure 2 shows a
cross-sectional microstructure of
the oxide layer formed on the TiAl
specimen. The oxide layer reaches
to a thickness of 100gm during
the oxidation for 540ks. An EPMA
analysis has indicated that the ox-
ide scale consist of three layers.
The outer layer is identified as
Ti02, the intermediate layer Al;0,
and the inner layer a mixture of
Ti0, and Al,0a. A metallic-like
layer was observed between the ox-
ide scale and the base metal. This
was identified as an intermetallic
compound TisAl. These results well
agree with the observation by

Surface

Al;04

Ti02+A1204

TizAl —F
S0 WLy

Fig.2 Cross-sectional secondary electron image
by SEX of TiAl oxidized at 1173K for 540ks.

Choundhury et al‘™ and Kasahara
et ali
3.2 Effect of the heat treatment

under low oxygen partial

pressure atmosphere

After the treatment under low
oxygen partial pressure atmosphere,
the specimen seems to have still
metallic luster. The results of the
cyclic oxidation test for the spec-
imens treated under various air
pressure at 1273k for 14.4ks are
shown in Fig.3. It is found that,
from a oxidation resistance point of
view, the best condition for air
pressure is 6.7¥10"*Pa. For speci-

¥ 1273K
E

200 14.4ks 6.7x10Pa
<

k=] «10-2

S oo 27x10°%Pg ®

@ 6.7x107Po
= N 2

Cumulative oxi?!gﬁon time/ks
Fig.3 Mass gain dve to cyclic oxidation at
1173k of TiAl specimens heat treated under
various air pressures indicated in figure at
1273K for 14. 4ks.
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Fig.4 Mass gain due to cyclic oxidation at
1173k of TiAl specimens heat treated under
various air pressures indicated in figure at
1273K for 36. Oks.

mens treated at same temperature
for 36.0ks, being longer treatment
time than the above, the results of
oxidation are shown in Fig.4, All
the specimens treated under various
air pressure were found to show
excellent oxidation resistance.
Table 1 summalized the results
of specimens treated under 6.7x10°*
Pa at various temperatures from
1073k to 1473K. In this table, open
circles mean to have superior or
similar oxidation resistance to
Inconel 713C. In order to get
satisfactory oxidation resistance,

Table 1 Improvement of oxidation resistance of
TiAl by heat treatment under 6.7X10Pa air

pressure atmosphere.

1073K [1173K | 1223K | 1273K | 1323K | 1473K

X

7.2ks | —

14, 4ks ><

36 Oks [ —

§7.8ks | —

X
©)
@)

| |OXIX|X
Ol0I00O
X
I

115, 2ks | —

it is concluded from this table
that the treatment time must exceed
57.6 ks in the case of treatment at
1173 K, and 36.0ks at 1223K. At
1273K, even for the shortest treat-
ment time, the excellent oxidation
resistance can be obtained. On the
other hand, at 1323K, only a not
enough resistance has been shown in
any treatment time.

From these results, the fol-
lowing conditions for this treat-
ment are proposed to get the su-
preme improvement of oxidation
resistance in TiAl;

(1)The treatment must be done at
temperature range from 1173k to
1273K. The most effective tempera-
ture is 1273K.

(2)The treatment can be done in an
optimized duration. The longer it
is, the better the effect becomes.

(3)The treatment under 6.7X10"*Pa
air pressure is desirable to a best
result.

Figure 5 shows the results of
the long term cyclic oxidation test
for the specimens treated under 6.7X
10"°Pa air pressure at 1273k for

1273K
6.7x10Pa

N
O

Mass gain/g-m™2

5108 144 180 216 252

5 Cagulutive oxidation time/10ks
Fig.5 Mass gain due to long term cyclic oxida-
tion at 1173K of TiAl specimens heat treated
under 6.7%10-*Pa at 1273K for 36.0ks or §7.6ks
compared with that of Inconel 713C.
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36.0ks and 57.6ks. The specimen
treated for 57.6ks is found to be
superior to Inconel 713C within the
range of this study.

By X-ray diffraction, it is
confirmed that the surface layer
consists of three phases; TiAl,
TisAl, and Al20s. It is obvious
that the diffraction pattern of
TiAl comes from the base metal,
that of TisAl from the intermediate
layer between the oxide and the
base metal, and that of Al.0s from
a thin oxide layer formed on the
surface. The existence of Ti0z,
however, can not be identified. The
superiority of oxidation resistance
of this treatment is attributed to
the existence of this Al.0. layer.
Al:05; is known as the most protec-
tive material having a smallest
self diffusion coefficient of me-
tallic ion. “*®* It is considered
that the Al.0a film plays an impor-
tant role as a protective layer
here.

3.3 Effect of the aluminum-diffusion

coating
Figure 6 is a cross-sectional

surface

y Al-diffusion
coated layer

TiAl

50¢m

Fig.6 Optical sectional nicrograph of TiAl
specimen as aluminum-diffusion coated.

micrograph of the surface layer,
thickness of 100zm, formed on TiAl
specimen by the aluminum-diffusion
coating. This layer is identified
as an intermetallic compound TiAls
by X-ray diffraction. Specimens
treated by the aluminum-diffusion
coating have a good oxidation re-
sistance. The oxidation curves are
shown in Fig.7 with that of Inconel
713C. As the intermetallic compound
TiAls is known to be better than
TiAl in oxidation resistance, it
is expected that the TiAls layer
formed by the aluminum-diffusion
coating would improve the oxidation
resistance. It must be pointed out
as a serious problem, however, some
cracks are oftenly found in the

coated layer.

o
520 Al-diffusion coated TiAl
N \

S 10

S /Inconel 713¢

o

2

2 030180 360 540 720 900

Cumulative oxidation time/ks

Fig.7 Kass gain due to cyclic oxidation at
1173K of specimens as aluninun-diffusion coated
compared with that of Inconel 713C.

4. CONCLUSION

Two kinds of surface treat-
ment, i.e, the heat treatment under
low oxygen partial pressure atmos-
phere and the aluminum-diffusion
coating, were tried to improve the
oxidation resistance of intermetal-
lic compound TiAl. The results
obtained are summalized as follows;




(1)The oxidation resistance of TiAl
is improved by the heat treatment
under low oxygen partial pressure
atmosphere. The most effective con-
dition is found to be at tempera-
ture of 1273K under air pressure of
6.7x10"*Pa. The effective time for
the treatment must be more than
14.4ks, and with further duration
better results will be obtained.
(2)The oxidation resistance of the
TiAl treated at the above condition
is more excellent than that of
nickel-base superal loy Inconel
713C.

(3)The superiority of this treat-
ment is resulted from the formation
of the protective layer of Al.0;.
(4)The aluminum-diffusion coating
is also found to be effective to
form protective layer on the sur-
face of TiAl. The oxidation resist-
ance is improved by the formation
of TiAls phase on the surface. Some
cracks formed on the layer is re-
tained to be solved.
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Improvement in oxidation
resistance of the intermetallic
compound titanium aluminide by
heat treatment under a low partial
pressure oxygen atmosphere

E. Kobayashi, M. Yoshihara and R. Tanaka

The improvement in oxidation resistance of an intermetallic compound TiAl was
investigated by means of a new type of surface treatment: heat treatment under a low
partial pressure oxygen atmosphere. The specimens treated by this method showed
superior oxidation resistance compared with a nickel-base superalloy Inconel 713C
during cyclic heating to a temperature of 1173 K in static air. The best conditions for
the heat treatment under a low partial pressure oxygen atmosphere were found to be:
pressure, 6.7 X 10~ Pa; temperature, 1273 K; time, 7.2 ks (2 h) or more. It was
presumed that the excellent oxidation resistance resulting from this method is due to
preferential formation of a thin, strong Al,0, surface layer.

Keywords: titanium aluminide, oxidation resistance, heat treatment

Introduction

The intermetallic compound titanium aluminide
TiAl, having an L1, type structure!ll, is expected to
be a new heat resisting structural material in the
next generation'zl, because its density,
approximately 3.8, is considerably smaller than
that of conventional superalloys, and it also has a
higher meltin[% ?oint and higher strength at elevated
temperatures'”” | Tt has, however, two major
drawbacks: very limited ductility at room
temperature(°®), and poor oxidation resistance at
high temperature!* % 1) The latter is the most
serious problem in putting it to practical use, and so
it is very important to find an effective solution.
Unfortunately there have not been many studies
reported in this area.

This study is concerned with the improvement
in oxidation resistance of TiAl by a new kind of
surface treatment. Its effect was evaluated through
cyclic oxidation testing and metallography. The
most effective treating condition and the
mechanism of the improvement obtained were
examined.

Experimental

The material used in the present study was the
stoichiometric!'!! intermetallic compound TiAl It
was melted in weights of approximately 280 g under
an argon atmosphere using non-consumable
electrode arc melting. The ingot was annealed at
1273 K under vacuum for 604.8 ks (7 days) to
homogenize it. Oxidation testpieces, of dimensions
10 mm X 5 mm X 2 mm, were cut out from the
homogenized ingot using an electrical discharge wire
cutting machine and a fine cutter, followed by
surface polishing with No. 1000 emery paper. All

the specimens were washed in acetone to remove
grease before surface treatment.

In this study, a new kind of surface treatment
was performed in order to improve the oxidation
resistance: heat treatment under a low partial
pressure oxygen atmosphere. This treatment is quite
simple and original compared with other surface
treatment methods!'?! for oxidation resistance. The
procedure is as follows. The pressure and
temperature of the atmosphere in a quartz tube,
which was inserted into a furnace, were controlled
to a condition stated later. Specimens were put into
the tube, and kept in the atmosphere for several
hours. The three parameters for this treatment were
air pressure, treatment temperature and treatment
time. The conditions examined are shown in Table 1.

Cyclic oxidation tests consisting of heating at
1173 K and cooling in static air were performed to
evaluate the effect of the surface treatment. The
testpieces were put into the furnace, which had been
kept at the testing temperature, taken out after the
stated oxidation testing time, and their weight gains
due to oxidation were measured. Then they were
put into the furnace again to continue the oxidation
test. At the first and second cycles of the test, the
testpieces were heated for 90 ks at high temperature,
and after that for 180 ks every cycle. Testpieces
made of a nickel-based superalloy, Inconel 713C and
pure commercial grade titanium plate were oxidized
simultaneously for comparison. The chemical
composition of the Inconel 713C specimen was as
follows; carbon 0.117%, silicon 0.03%, manganese
0.01%, phosphorus 0.003%, sulphur 0.0025%,
chromium 12.92%, molybdenum 4.58%, aluminium
6.30%, titanium 0.78%, niobium 2.39%, boron
0.011%, zirconium 0.08%, iron 1.48% and the
balance nickel.
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Table 1. Conditions of heat treatment under a
low partial pressure oxygen atmosphere

Air pressure (Pa) Temperature (K) Time (ks)
X0 1273 14.4
2702 1273 36.0
6.7 %1072 1073 14.4
6.7 X107 1173 7.2
6.7 x107° 1173 14.4
6.7x 1073 1173 36.0
6.7 X102 1173 57.6
G740~ 1223 T2
6.7 X 1073 1223 14.4
6.7x 1073 1223 36.0
6.7 X102 1223 57.6
67 X102 1273 742
6.7 X102 1273 14.4
8.7 X102 1273 36.0
6.7 %1073 1273 57.6
6.7 X102 1273 115.2
67X 10 1323 7.2
6.7 X102 1323 14.4
6.7%x 1072 1323 36.0
6.7 %102 1473 7.2
8.0x 1074 1273 36.0
6:7 X 10°* 1273 14.4

The extent of oxidation was evaluated by
measuring the weight gains per unit surface area of
the specimens and by microstructural observation of
the surface and cross-section of the specimens with
optical and scanning electron microscopes (SEM).
An X-ray diffractometer and an electron probe
microanalyser (EPMA) were also used to identify
the surface layer formed on the base metal.

Results

Figure 1 shows cross-sectional micrographs of the
ingot as cast and after 604.8 ks annealing. Dendritic
and lamellar structures are found to exist in the as
cast ingot, but the dendrite has vanished in the
annealed ingot. The lamellas found in these samples
consist of TiAl (y) and TijAl (ay)!™ ™.

The oxidation curves, which indicate the
weight gain during the cyclic oxidation tests at
1173 K in static air, for Inconel 713C, pure titanium

T —

and the TiAl specimens without surface treatment
are given in Figure 2. They show that TiAl was
considerably superior to pure titanium in oxidation
resistance, although it was substantially inferior to
Inconel 713C. The weight gains of TiAl had a
tendency to increase as the cumulative oxidation
time increased. After the oxidation test, it was
observed that a white oxide formed on the TiAl
specimen. A scanning electron micrograph of the
oxide surface of the TiAl specimen after 540 ks
oxidation is shown in Figure 3. Coarse facet-type
oxide grains, their size being approximately 20 ym,
were observed on the TiAl

The weight gain curves due to the cyclic
oxidation test at 1173 K for the TiAl specimens,
heat treated under various air pressure atmospheres
at 1273 K for 14.4 ks, are shown in Figure 4. All the
specimens show good oxidation resistance compared
with the virgin material in Figure 2. It appears that
the specimen treated under 6.7 X 10~* Pa was
superior in oxidation resistance. Figure 5 also shows
the weight gain with the oxidation of specimens
treated at the same temperature for 36.0 ks. It was
found that all the specimens treated under various
air pressures achieved excellent oxidation resistance.
These results are summarized in Table 2.

Table 3 indicates the results of oxidation tests
for specimens treated under 6.7 X 107° Pa at
temperatures between 1073 K and 1473 K. In the
case of treatment at 1173 K, heating for 57.6 ks or
more was necessary to give specimens satisfactory
oxidation resistance. For treatment at 1223 K,
heating for 36.0 ks was needed. All the specimens
treated at 1273 K, however, had excellent oxidation
resistance regardless of treatment time. On the
other hand, the specimens treated at 1323 K did not
have good resistance for any treatment time.

Discussion

A cross-sectional micrograph and EPMA analyses of
the oxide scale formed on the TiAl specimen,
without surface treatment, after oxidation in air at
1173 K for 540 ks, are shown in Figure 6. The
thickness of the oxide scale increased to 100 um
during 540 ks oxidation. These show that the oxide
scale consisted of three different layers; the outer
layer was TiO,, the intermediate layer Al,03, and
the inner layer a mixture of TiO, and Al;O3. An

Figure 1.  Cross-sectional micrographs of the TiAl specimens: (a) as cast, etched:; (b) annealed for 604.8 ks at 1273 K under vacuum,

not etched, under polarized light
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Figure 2. Comparison of cyclic oxidation behaviour of TiAl,
Inconel 713C and pure titanium

layer of the TiAl specimen, cyclically oxidized at
1173 K for 540 ks after heat treatment under a

6.7 X 107" Pa air pressure atmosphere at 1273 K for
36.0 ks, consisted of three kinds of diffraction
patterns, that is, two titanium aluminides, TiAl and
Ti,Al, and aluminium oxide Al,03. Undoubtedly,
the pattern for TiAl was due to the base metal, and
that for TizAl the intermediate layer generated
between the oxide and the base metal. It was
considered that the pattern for Al,O; came from a
thin oxide layer formed on the surface of the
specimen. Ti0s, however, which was observed on
the oxidized specimens without heat treatment, was
not identified in the heat-treated specimen. The
Al,O4 layer, the thickness of which was a few
micrometres, was also found to exist in Figure 7.
The TijAl layer, however, was not observed,
probably because it was very thin.

The superiority of the oxidation resistance of
the intermetallic compound TiAl heat treated under
a low partial pressure oxygen atmosphere is
presumed to result from the existence of this thin,
strong Al,Oy layer on the surface, because Al;O; is
known as one of the metal oxides which has the
smallest self-diffusion coefficient of metallic ions!'®!
and forms a barrier to prevent diffusion of metallic
and oxygen ions.

From the results of the cyclic oxidation tests
carried out after the heat treatment under different
conditions, shown in Tables 2 and 3, the most
effective conditions for heat treatment under the
low partial pressure oxygen atmosphere to improve
the oxidation resistance of TiAl was concluded to be
as follows,

= 1273 K
o
i 14.4 ks
C]
< 200 5
5 67x107Po
e
b=
g 2
2 100 2.7x107" Pa
67x107%Pa
A » 2
0 90 180 360 540 720 900

Cumulative oxidation time (ks)

Figure 4. Weight gain due to cyclic oxidation at 1173 K of the

Figure 3. Micrographs of the surface of the TiAl specimen after
540 ks cyclic oxidation at 1173 K in static air

X-ray diffraction pattern also showed peaks from
both TiO, and Al,0;. A metallic-like layer was
found to exist between the oxide scale and the base
metal. This layer was identified as an intermetallic
compound TizAl by EPMA analysis. These results
agree with observations reported by other
investigators!® 1% 19

Figure 7 shows a cross-sectional micrograph
and EPMA line analysis of a specimen after heat
treatment under 6.7 X 10~ Pa atmosphere for
36.0 ks. A thin Al,Oy layer was observed.

The X-ray diffraction pattern of the surface
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TiAl specimens heat treated at various air pressures at 1273K
for 14.4 ks
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Figure 5. Weight gain due to cyclic oxidation at 1173 K of the
TiAl specimens heat treated at various air pressures at 1273 K
for 36.0 ks
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Table 2. Improvement in oxidation resistance
of TiAl by heat treatment at 1273 K at various
air pressures

14.4 ks 36.0 ks

27X 1072Pa X o
6.7%x 102 Pa (0] @)
8.0X 107 *Pa — o
6.7 %X 107*Pa X =

O;: Superior or similar oxidation resistance to Inconel 713C
X: Inferior to Inconel 713C

Table 3. Improvement in oxidation resistance
of TiAl by heat treatment at 6.7 X 10~2 Pa air
pressure

1073 K 1173 K 1223K 1273K 1323K 1473K

7.2ks — X X o X X
144ks X X X o X —_
36.0ks — X (e} o X —
§7.6ks — (o] o le] = —

116.2ks — -— - o — —

O: Superior or similar oxidation resistance to Inconel 713C
X: Inferior to Inconel 713C

OKa

e Treatment temperature: The improving effect
of this treatment on oxidation resistance was
observed in the temperature range from 1173 K
to 1273 K. The most effective temperature was
1273 K.

e Treatment time: The treatment became more
effective as the treatment time increased.

e  Treatment air pressure: The treatment was
most effective when the air pressure was
6.7 X 107> Pa.

The equilibrium oxygen pressure of oxides TiO,
and Al,O3 at 1273 K were reported to be
approximately 10~ atm (10~?° Pa) and 10 * atm
(10 Pa), respectively!'” '®!. Based on these data,
both titanium and aluminium should be oxidized at
1273 K even in the low partial pressure oxygen
atmosphere of the order of 107 Pa, not to mention
in air at atmospheric pressure, and, in general,
aluminium should be oxidized more easily than
titanium, because Al,O3 is more stable than TiO,
from the above equilibrium data. When the TiAl is
oxidized in air, TiO, is formed in the outer layer,
and the oxidation resistance is very poor as
described above. This phenomenon is presumed to
result from the rate of titanium oxidation being
larger than that of aluminium, which is probably

Surface |

A1,0,+TiO,

TizAl Y

TiAl ] 30

TiKa AlKa

Figure 6. Cross-sectional secondary electron image by SEM and characteristic X-ray images of the TiAl specimen after 540 ks cyclic

oxidation at 1173 K in static air
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20 um Al Ti o]

Figure 7.  Cross-sectional micrograph and EPMA line analysis
of the TiAl specimen heat treated in 6.7 X 10"~ Pa air for
36.0ks at 1273 K
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Figure 8. Weight gain due to long-term cyclic oxidationaat
1173 K of the TiAl specimens heat treated at 6.7 X 10"~ Pa at
1273 K for 36.0 ks or 57.6 ks compared with Inconel 713C

due to the higher diffusibility of titanium than of
aluminium, and that a protective surface film of
Al, 0y is difficult to form.

On the other hand, in the heat treatment
under the low partial pressure oxygen atmosphere of
107? Pa at 1273 K, only Al;04 is found to form,
while TiO, is not. The reason for this can be
considered that, because of the low partial pressure
of oxygen, the oxidation of titanium is delayed
markedly, and only a stable Al,O3 film can be
formed. At temperatures lower than 1273 K, the rate
of formation of Al,O4 is also decreased, and only an
incomplete oxidation resistance is obtained. Even in
this case, prolonged heat treatment is found to
cause improved oxidation resistance, indicated in
Table 3. At temperatures higher than 1273 K, the
oxidation resistance becomes poorer than at 1273 K,
due to an acceleration of TiO, formation. Discussing
the oxygen pressure, it is presumed that higher
oxygen pressures accelerate not only the formation
of Al,04 but also TiO,, and lower pressures restrain
enough thickness of protective layer from formation.

Specimens, heat treated under the most
effective condition, i.e. 6.7 X 10~° Pa air atmosphere
at 1273 K for 36.0 ks and 57.6 ks, were examined for
their resistance to long term oxidation. Their weight
gain curves due in the cyclic oxidation test are
shown in Figure 8. The specimen treated for 36.0 ks
was better than Inconel 713C until 1800 ks (500 h)
oxidation, and the specimen treated for 57.6 ks had
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superior oxidation resistance for the whole term of
the test.

Conclusions

A new kind of surface treatment, i.e., heat
treatment under a low partial pressure oxygen
atmosphere, was examined with a view to improve
the oxidation resistance of the intermetallic
compound TiAl. A cyclic oxidation test at 1173 K
under static air was carried out to evaluate the
extent of oxidation resistance. The results of these
experiments are summarized as follows.

e The oxidation resistance of TiAl without
surface treatment is inferior to that of the
nickel-based superalloy Inconel 713C.

e The oxide scale formed on the TiAl specimen
by oxidation in static air at 1173 K consists of
three different layers: an outer layer of TiO,,
an intermediate one of Al;03, and an inner
layer consisting of a mixture of TiO, and
Al,03.

@  The oxidation resistance of TiAl is improved
by heat treatment under a low partial pressure
oxygen atmosphere. The most effective
condition for the heat treatment is a
temperature of 1273 K and an air pressure of
6.7 X 10~% Pa. Although a treatment time of
7.2 ks is required for improvement of the
oxidation resistance, the longer the treatment
time the better for oxidation resistance.

e TiAl specimens heat treated under a 6.7 X 1079
Pa air pressure atmosphere at 1273 K for
57.6 ks show an excellent oxidation resistance,
superior to the nickel-based superalloy Inconel
713C for the whole term of the test for
oxidation at 1173 K.

o  The superiority of the oxidation resistance of
the intermetallic compound TiAl heat-treated
under a low partial pressure oxygen
atmosphere is presumed to result from the
formation of a thin, strong Al,O4 surface layer.

References

1 Duwez, P. and Taylor, J. L. ‘Crystal structure of TiAl'
Trans. AIME 194 (1952) p 70

2 Lipsitt, H. A. ‘Titanium Aluminides - An Overview’
Materials Research Society Symposia Proc. 39, Materials
Research Society, Pittsburgh, PA (1985) p 351

3 Fleischer, R. L. ‘Review of high-strength, high-temperature
intermetallic compounds’ .J. Mater. Sci. 22 (1987) p 2281

4 McAndrew, J. B. and Kessler, H. D. ‘Ti-36pct Al as a
base for high temperature alloys’ Trans. AIME 206 (1956)

p 1348 (J. Metals 8 (Oct. 1956))

5 Lipsitt, H. A., Shechtman, D. and Schafrik, R. E. ‘The
deformation and fracture of TiAl at elevated temperatures’
Met. Trans. A 6A (1975) p 1991

6 Shechtman, D., Blackburn, M. J. and Lipsitt, H. A. ‘The
plastic deformation of TiAl' Met. Trans. 5 (1974) p 1373

7 Feng, C. R., Michel, D. J. and Crowe, C. R. ‘Twin
relationships in TiAl' Scripta Met. 22 (1988) p 1481

8 Hashimoto, K., Doi, H., Kasahara, K., Nakano, O.,
Tsujimoto, T. and Suzuki, T. ‘Effects of additional
elements on mechanical properties of TiAl-base alloys’ JJ.
Jap. Inst. Metals 52 (1988) p 1159 (in Japanese)

9 Lee, E. U. and Waldman, J. ‘Oxidation of two-phase (TiAl

+ TisAl) alloy’ Scripta Met. 22 (1988) p 1389

183

oot | | AR



15

Kasahara, K., Hashimoto, K., Doi, H. and Tsujimoto, T.
‘Oxidation behaviour of intermetallic compounds TiAl at
high temperatures' J. Jap. Inst. Metals 53 (1989) p 58 (in
Japanese)

Massalski, B., Murray, J. L., Bennett, L. H. and Baker,
H. Binary alloy phase diagrams vol. 1, American Society for
Metals, Metals-Park, Ohio (1986) p 173

Hirai, S., Tsuruta, K. and Ueda, S. ‘Aluminium-silicon
multi-component diffusion coating on nickel base superalloy’
oJ. Jap. Inst. Metals 51 (1987) p 1180 (in Japanese)
McCullough, C., Valencia, dJ. J., Levi, C. G. and
Mehrabian, R. ‘Phase equilibria and solidification in Ti-Al
alloys’ Acta Met. 37 (1989) p 1321

Vujic D., Li, Z. X. and Whang, S. H. ‘Effect of rapid
solidification and alloying addition on lattice distortion and
atomic ordering in L1 TiAl alloys and their ternary alloys’
Met. Trans. A 19A (1988) p 2445

Choundhury, N. S., Graham, H. C. and Hinze, J. W.
‘Oxidation behavior of titanium aluminides’ Proc. Symp.
Properties of High Temperature Alloys, Electrochemical
Society, Princeton, N.J. (1977) p 668

Nii, K. ‘High-temperature oxidation of alloys’ Boshoku

184

Gyjutsu (Corros. Engng.) 26 (1977) p 389 (in Japanese)

17 Ellingham, H. J. T. ‘Reducibility of oxides and sulphides’
J. Soc. Chem. Ind. Trans. 63 (1944) p 125

18 Richardson, F. D. and Jeffes, J. H. E. ‘The
thermodynamics of substances of interest in iron and steel
making from 0°C to 2400°C’ JJ. Iron Steel Inst. 160 (1948)
p 261

Authors

E. Kobayashi is now in the Graduate School,
Department of Materials Science and Engineering,
Tokyo Institute of Technology, Nagatsuta, Midori-
ku, Yokohama 227, Japan. M. Yoshihara and R.
Tanaka are in the Department of Mechanical
Engineering and Materials Science, Faculty of
Engineering, Yokohama National University,
Tokiwadai, Hodogaya-ku, Yokohama 240, Japan.

High Temperature Technology August 1990

© 1991 Isu

‘& x TiAl OBFENE TR B LTV I=Y A
T R A X A i AR LR T LR
HEEHT A ft - Eb R

Improvement of Oxidation Resistance for TiAl by Surface Treatments
under a Low Partial Pressure Oxygen Atmosphere and Aluminum Diffusion
Coating

Michiko YOSHIHARA, Tetsuya SUZUKI and Ryohei TANAKA

oL WM OWITE B2 HIE

B ks







27 g ¢ % 77 4 B2
274 ;SR | W77 4 (1991) % 2 5 TIAL USRS F AL $5 & 07 b 3

7 4 MBS & 2 it WA 2 i L 275
© 1991 IS

iy 5 o g Mewehsad L7z, I RIS 7 ADERE ANTHRY, BEILEEA
ks S % | —

=% x TiAl DT TR B X7 VI = A e G B B L 2B G U 5 L

i e O e 2 3 e RS :
JriikiEC L % Ifll‘JLﬁAJt';t*(m]ﬂHﬁ : Feo & B UHINMNEE, HASRBORIC L I AR,

21 & # X #B LU EPMA KL 5500 biTo 7.

LR AL R LK O TIAL 8 X O ALY 477

HEWGEEARTVEY Mn % 1.5 mass% HIL 7= TiAl R B ER

(BLt%, MniRNM LW4) ThDH Zhbid 'a’*& B 301 HBROREAERC L ZHBIEMHONE

99.999% @ Al, 99.6% ® A:HK > ¥ Ti 8L 99.9% 3:1:1  (RARIEOFIE T ARMLEE O h L

under a Low Partial Pressure Oxygen Atmosphere and Aluminum Diffusion DWW Mn EHG, TS T — 2 ERIC LD 280 g Fig. 1 (&, A0 TiAl 5450 Mn Gl % 900°C

Coating DALy bLLL 1 000°C @S2 | #io ) B & 950°C TRINEM & L O Ry £ 2 v Cifk s

AL & B L TRt L 7o SO BT R oREMMTH %, St i &mifey 2z n o
v

AT SR Mt m e

Improvement of Oxidation Resistance for TiAl by Surface Treatments
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