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ABSTRACT

\
Tour coi»erci*l *lloy« - T1 8AI-IM0-IV, T1 6Al-6V-2Sn, T1 4Al-3Mo-lV, 
and T1 6A1-4V - ha<^ UWu evaluated to deteralne tha effact cf SST 
anvironaantal conditions on mechanical properties. Test data for materials 
subjected to stressed thermal exposures for times from 1000 hours to 
30,000 hours are compared to as-heat treated properties for most of the 
common heat treatment conditions (solution treated and averaged. mill 
manealed and air cooled, and duplex annealed with air cooling) of these 
alloys. It was found that of the alloys examined, only Ti 6A1-4V is not 
detrimentally affected by the exposure conditions tested. The tost results 
indicate that furnace cooling (at 80*F/hour to BO0*F in this study) from 
either the annealing temperature or the aging - stabilisation treatment 
imparts the required metallurgical stability for SST unsge of the other 
three alloys - Ti 8AI-IM0-IV, Ti hAl-6V-2Sn, and Tl 4Al-3Mo-lV. Property 
changes resulting from exposure are satisfactorily explained by changes 
In microstructural features as determined using transmission electron 
microscopy and X-ray diffraction.
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The abilit :,, to Ptain d sirahl t cd mcchani l prop rti e 

a f t r lon g time tr sed at s rvi cc te p rat ur is a 

necessary material d i gn r c1 u i r mcnt. Selec t ion of alloyed 

titanium as the primary truc tur l material fo r cur rent up r 

transport d si.~ns has s timulat d conce rn that t c • at ri a l s 

ab l to w.iths tanJ th trin g nt env i ronment l onditior.s (~tr •ss, 

~tmosphere, t emp r tur ) t hat ar anti cipat ed . A. roup, t h 

alloy, most scriou l onsid•red f r S~l appl i cation can he c l assi ­

fi d as alpha-beta alloys wi t h t he al pha {I Cl' ) ph ase b in g t h 

pr dominant phase . !Jc pit • t he hi ~h meltin g t mp r t ure of t hes(' 

allo ("' 31 u• F fo r C. P . titani um) , t he exist nee ot t h all ot rop t • 

phaee (HCP alpha UCC Be ta) tran fo rmation at a muc h 101,:c r t empl' r a t ur ~ 
0 • 

(~ 167 f fo r C.P. titan ium) in c rea es t he activit y of t he s y t e m 

uffici ntl y t ha t mctallur t ea l stab ilit y du r n g l n - t fme expo ure 

to SST s •rv c temp <' ratun• migh t be qu ttona~le . 

eful propertie can easil b e nhanced f r these all ys t h roug11 

conv ntional h t tr atmcnt concep t . lt often i d •si rahl e to 

control th microstructur by f ast coo lin~ the mat 

olut i onizin ~ near t he allo tropi c transformati on t mp rat ur e , 

resultin s.:: in a meta tau l e mi c ro tru ture metall urgically. r rans­

formation to more cquil ibriurn products is then achie ved b • a ,: in g 

at lower tem eratures. ll owever, practi cal heat tre atment an d 

processin consider.it! ns r es tri c t a~in to onditions such t hat 

the material will not be in phasal qu i l U rium at s rvi ce t e mp r a ­

tures. Standard annealin~ procedures that in corporate air cool in r. 

to roo11 te111peraturc may produce e ven great e r departure f rom service 

temperature equilibrium conditions because the beta phase present 

at the anncalin~ temperature is likel to retain durin r coolin~. 

Annealed material is not nor~all y stabili z •d by additional a~in~ 

heat treatments. 

It behooves t he metallur~ist t o e xe rcis caution i n de isin r, hea t '"' • 

tr atments that op timize mechani ca l properties. Prop«>rt y dcv •lop­

ments must he co,npromised to he co pati bl with both ac e p table 

process in~ practice and metallur~ical stability requirements. ~ ost 

o( the heat treatment conditions tested durin~ t h is stud y were 

dcsijitn d to possess aocquate stab U it y for t he moderate e xposure 

environaents that are included . STA treatments are overa~ed 

ensurin~ low drivin force for continued tempcrin~ of martcn:,ite 

or J>recipitation within the b ta phase•. Uuplex anncalin P, tr at-

ments include stabilization at low temperature to promote equ li h­

rium structures. it is shown that the stab ility o some common 

annealin~ treatments can be markedly i creased by incorporatin i• 

controlle d slow coolin g from the annealing tempe rature as oppose-cl 

to at r coo Un~. 

letallurgical stabilit y for selec ted heat treatment conditions of 

i 8Al-lMo-l , l'i bAl-6 - .. Sn, Ti 4Al-3~to-1V, and Ti 6Al- V ha been 

evaluated usin~ tensile, f ra ture t oughness, and resistance to 

------------ - - --- -- ---
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onvironmental crack-growth te•ta. Property variation• are related to aetallurgical phue chaaae• ob1arved uaing thin foil tran111h1ion electron aicro•copy evaluations and, in aoa ca.au, aooitond by X-ray diffraction -.1ure•nta. 

nae therul expo1ure conditions teated vere: 

a. Ti 8Al-1Ho-lV; teaperaturaa of 4oo•r, soo•r, and 65o•r aod 40 k1i 1teady 1tate applied te•ile atrea1 for ti•• up to 30,000 hour•. 

b. Ti 6Al-6V-2Sn; teaperature• of 25o•r, 35o•p, 45o•r, and &so•r and zero or 25 k1i steady state tn1ile •tn11 for ti•• up to 5000 hour■. 

c. Ti 4Al-3Ho-lV; taaperaturea of 45o•p •d Sso•p and 25 k1i steady •tate applied tenaile •tr••• for ti•• up to 10,000 hours. 
d. Ti 6Al-4V; teaperaturea of 45o•r, soo•F, sso•F, and 6So•r •d 25 k1i or 40 kai steady state applied tn•ile •tre•• for ti•• up to 10,000 boura. 

EXPERIMENTAL PROCEDURE 

The material• te•ted during thi• •tudy are identified in Table 1. Both R•se• of Ti 8Al-1Ho-lV were purchued in the duplex •ncaaled (14so•rt8 hour•/fce. cool+ 14so•r11s ain./A.C.) coaditioa and te•ted without further heat treat•nt. Ti 6Al-6V-2Sn, ti 4Al-3Mo-1V, and ti 6Al-4V plat•• vere purch~ in the 11111 aDDealed conditioo and hut treated prior to teating, The Ti 6Al-4V 1hNt vu teated in the ••-received 11111 annealed (1300.P/l hour/A.C.) conditioa. Longitudinal grain direction tendl• data vu taken for the .200 K•ae Ti 8Al-1Mo-1V •beet. The other materiala wen all t••tod in the truavene grain direction: Notched •peciaen1 containing precrack1 van oriented 1uch that the crack• vould rm parallel to the longitudinal grain directioa, thereby producing a tran1 .. r1e fracture toughne11 or 1tre11 corrodon teat. Hoit •chanical property tut• were conducted at rooa teaperature. Ti 8Al-1Mo-1V and Ti 6Al-4V •heeu were al10 characterized at -110•, in order to aati1fy fracture tou&hn••• validity criteria. 

EXP01ure CoDditioaa 

The effect of expo■un vu in .. atigated by coaparing unexpoaed propertie1 with data obtaiaed fro11 uterial 1ubjected to ateady state atre11 and teaperature 1D creep oven■ . The creep ova1 were re•iatance heated circulating air oven• capable of uintaininR a unifora teaperature within t 2.s•r over a 1aae up to 33 inclle• in length. Typically, teaperatun of the heated 1one varied within le•• than 1.s•F of the 1pecified teaperature during the duration of ,xpoaure. 

••11No I No . D6-24US 
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·n1 exposure blanks were precision mafhined to ff uniform cross­
aPctional dimension prior to exposu re and were pinhole-loaded 
in aeries "'ithin the unifonn te111perature zone. Oead wei~ht loads 
were applied to the exposure blank!\ throu~h lever arrangement s 
designed to magnify the stresses generated by t he dead weights. 
Fracture tou~hness and stress corrosion specimens were notched 
and precracked (ollowing the comnletion of cxposur. Tensile 
epeci111ens were tested both in the as-exposed condition and after 
uchining from exposure blanks with no apparent difference bein~ 
evident between the two methods of specimen preparation. 

Mechanical Properties Evaluation 

Fracture toughnesa of sheet materiah was dete n,ined usin~ 
8" x 24" x thickness center-notched ranels. Sawcut starter 
notches 1/2 inch lon~ were extended to 1. 5 inches by fatigue 
cycling at a maximum stress of 40 ksi and then to 2.0 inch s 
at a pxi■um streaa of 25 ksi. Cyclin F fre~uency was 120 cpm 
at a atrcss ratio R of . 20. Fracture t estinR was conducted at 
approximately 106 ps i / sec stress rate. Cycling and fracture 
testing '!'ere accomplished in servoval ve cont roll<>d hytlrauli c 
load cylinder ji~s. Buckling restraints were used for all t es t ~. 
Plane stress fracture toughness. Kc• was determined using the 
•thod described in Refer~nce 1. (K • o ~~ e whPre • th~ finit e 
width corre~tion factor, s (~ tan _!.) 112). a is taken to be the 

11 8 W a tress associated wit h maximum load. \alid:ity of the Kc determination 
i• liMited to conditions such that a < C.A ~ , ~here c is the nct-n vp n 
aection stress at failure and Oyp is the yield strength. Exposed Kc 
values were deterained f rom testing one center-notched panel for each • • exposure condition. As-heat treated (basP.line) Kc values were t he 
avera~es of two center-notched panel tests. 

Fracture to~ghncsa and stress corrosion of all plate material~ 
were cieteBined u,,tn~ .5" x 1.5" x 7.S '' notched bend specimens . 
Soae aub-length nc.,tched bend specimens were machined f rc,m failed 
standard-length apcciaens. Extension•"'~ were pinned to these 
aubeized notched bend specimens so that standard tcstin~ techniqu~s 
could be used. The extensions were desi~ed such that the imposed 
etreae distribution is identical to that formed in the standard 
7,5 inchea long notched bend 11pecimen. The notched bend i:;pedmens 
vere fatigue cracked by cyclic cantilever loading in a Sonntag 
SF-10-U f ati~ue machine prior to fracture toughneaa tea ting in 

, air or stre1s corrosion testing in 3.5 percent Natl solution. The 
cyclic loads were selected to initiate the precrack in about 40,000 
cycles at K-levela between 25 kai ✓in. and '40 ksi lfil:'" 

In the fracture toughness test, notched bend specimen• were loaded 
to failure in four-point bendin~ at a gross area atr~s• rate nf 
1000 pei/eec. Plane-strain fracture tou~hnesa, llc' was calc lated 

REV SYM D6-24515 
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from each load deflection curve u■ing the Mthod deacribed 
in Reference 2. Here; 

1/2 

where P 11 tha load correapooding to the deviation fr011 linearity in the load-deflection curve. Validity of the lie deteraination 11 liaited to cooditiona where 1peci.-n thickne1a, t, ia equal to or greater than 2.5 (K1 / o )2. 
C yp 

lo the stre•• corro1ion teat, two different loading technique• were used. One Mt hod rcqu\red that notch~d bend speci•u be 1 ... raed in 3.) oercent 1alt 1olution prior to four-point loadiag in a 
hydra,11: appar•tu1. Io the other Mthod, 1peci•a• were loaded 
in air and then the 1alt 1olution wu addecl. Th• te1ting apparatu1 hu been deacribed alaewhere, (Reference 3). The loading 1aquence did urkedly affect the te1t ro1ult, and data of Table• IV, VI, and Vlll, are &eparated accordingly . Thi1 effect ha1 al10 been 
reported by Curti1 et al (Reference 4). 

Other than the Hquence of adding the 1alt aolution, the notch bend 1trc1s corroaion testing procedure wu the 1ue for both 
technique,. The fir1t apeci•n wu loaded to .n initial streaa 
intensity level, K11, and held at that level until failure or for a time of at 4eut six houri. Load levels for aubaequent speci•n• were selected to e1tablish a curve of Kti ver1u1 tiM-to-failure. Viaual 1110nitoring of crack growth and exaaination of the fracture surface ahowed that the pre-existing crack propagated in aalt solution at low K-levela until it reached the critical length 
(corresponding to K1c) neceasary for rapid' failure. All apparent "threshold level" for 1tress corrosion cracking 1xi1t11 in tituium 
alloy• below which the pre-exi1Ung crack docs not grow under 1ustained load. The threshold is takon u the K11 level at 360 
llinutea .nd ii referred to as Klice or "stresa corro1ioo rcaistance". 

For each expo1ure condition, two notched bend apeciMDa were te1ted 
to establi1h tha baseline Kie• and at leut three notched bend 1peci•n• were te1ted to eatabli1h the atre1• corTOeion tbre1hold, K1,cc• So• of the apeci•n• that did not fail during suatained loading were re-precracked and teated a ••cond ti•• 

All tensile data are averaged re■ulta froa duplicate teat,. ho 1peciMna were u1ed for the tenaile teats COl\ducted in thia 
iave1ti1ation. A 9-inch long flat apecillan having a reduced 
1ection 2.25 inch•• long •d .500 incbea vide vu uaed to char­~cterize 1heet gag••• A 3-inch long round apecl.- hning a 
reduced 1oction 1.25 inch•• long and .250 inch•• ia di ... ter wa1 uaed to characterize plate uterial. 

__ _J 
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M tallurgi ca..!_ Lv luati~ 

lh in foils for transmission lc c tron ml c roscop , tu<li s •e r 

p r epa red by rindtn r, each specimen to . 002 - , OU) in ch . t ide 

an J t hen elec tropolishin~ as described by H lackhu rn an d IHl l lams ( ) . 

All specimen:. wcr prepare d I rom the mld- t i1ic ·n s C'lf the> mat rial. 

,• late was irst mii l ed to .,,_o inches tliic pri o r to v, rinJin r, . 

The pe rcentage beta phase p re ent in thP all oys wai:. u t r min · d usin ,, 

an X- ra y diff raction te chnique 11rs t developed by Averba ch , c t al. 

(Keforence b , and now modi i ed by 0 1 ·en (R f r encc 7) . ril ~<·n 

co p<>ns ates fo r pre fc•rr •d ori •ntat ion by simullancouslv tiltin an d 

rotatin ~ the sped~n while t he diff r a li on p a ·s arc st p s anneJ. 

Th spe cimen is cu t such t hat t he surface is locat cl in t he ccntl.! r 

o f a qu aJ rant o f t he pole figu re , so that t h tilt and rotat motion 

av ra~es t he X- ra y intensity ac ross t it£' qu adrant 1,dt h a mall amount 

of ov rlap into ad j a ent quadrants . The l ul 2 and 11 20 alp i1a and 

th 200 be ta lines a r t! measu r ed an d used to cal cul. t C! t he vol urr.e 

perccnta~ be t a as tollows: 

Vo l . ' 8 ~ l 00 

l , 
, ) 

where I Cl • lnt egr a t e<l i ntensit y of t he lO l 2 a l r lla pea 

I B C: lnteRrateJ in t ens lt y o( the• 20 beta pe ak 

K I 
l, r~ I .. Int e nsi t y f a c tors in vo l vin ~ Lo rentz Polariz ation, 

absorption, phase composition, unit ell s i 7.e, 

multipli cit · , and structure factor . 
The intensity values arc rP co rded on a prtnted paper tape at ~ij 

increment s of 0,1°/minute. The intensit y protilc i s fed into 

a computer pro Rram which performs a numeri cal integration of th i! 

diffraction lines an d calcula tes t he volume pcr centag'-= be ta . 

IU.S ·1.rs Ah l) >ISCUSSlU, ' 
• 

Tensile an<l fracture p ro pe rty r rs ult s arl! summari zed in l ahles 11 

and 111 for Ti 8Al-Hk>-1V, Table IV fo r f i hAl-6 V-2S n, Tabl e VI for 

Ti 4Al-3Mo-lV. and Tables Vll and VIII for Ti oAl-4\' . 1h(• volume 

percenta~c of beta pliast! that is ort!s nt at room tempe rature is 

tabulated for various ,,~-i:: 'iu r ,. , ·p n I t t , !"lq 

Ti 6Al -6V- 2Sn in Table V. In ordc!r t o p~ rm it a more exac t in~ anal y is 

of the stress corrosion data, frat.:t11r • prope rt y n:sults for each t i!s t 

condition o{ the Ti 6Al-hV-2Sn, f i Al-)Mo-1 , an d Ti bAl -l.V plate 

~a~cs arc tabulated in App •ncliccs A, Ii , an d L , rcs pectivcl y . 

The results of the in ves t i~ation will be presente d and discussed 

separately for each alloy , 

3.1 Ti 8Al-1Mo-lV 

The data of Tables I1 and Ill show onl y small apparent chan~c in 

tensile results after therma l i!xposurc. Expos ure docs result in 

ultimate st r en~th increases up t o 5 p rc<'nt and yiel<i s trcn~th 

'-------------··------ ----·--• - --------- --- ----
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in rcasc up t o 6 pe r cnt of t h a - h at treatt!d stren t h . 
1h s c t c.>nsil result arc not indi cati ve of emb rittl nt incc 
the ssociated mca ur d elongat ion doe not decrease and, in fact, 
r~mains very ood. Th f racture toughness Jata reported in Tabl 11, 
however, are strongly affected b the exposur conditions te t d 
lndicating t h t the Ti 8Al-1Mo-1V ha been emb rittled during 
e xpo urP. . Exposure t o 500 °F and 4u si applied ten ile stress for 
20 , 000 hou rs causes approJtlmately 20 percent deer ase in the touKh­
ne s measured at -11o•F . ~xposu re to 4oo•f shows similar deRrada­
tion but to a le e r e xtent. The room temperature tou~hness data, 
l i ke the tensile resul t ,we re not a s nsitlve indicator or the 
embrittlemcnt caused by t hese expo ures becau e, with the e xcepti •Jn 
of one t es t panel, all of the Kc calculations were invalid. The 
b s t that can be said of the R.T. data ls t hat as the panels arc 
progressively embr1ttle <l , t he conditions for validity arc graduall y 
app roa ched . 

The metallurgical chan P,!!8 associated yit h the d creased toughness 
of du plex annealed Tl 6Al -Ulo-1V are ,conclusively el'lta lished 
using transmission electron microscopy. Air cooling from 1450 ° f 
( the duplex ann alin r, cycle) is sufficient to retain the beta 
phase in a metastable condition. lllackburn (Reference 8) showed 
partitionin v, of t h ls metastable bota phase into two separable BCC 
sc.llJ solu tions after a1~i n~ D. A. (duple,c annealed) Ti 8Al-1Mo-1V 
fo r 000 hours at oo•f . \Jilliam and Blackbum ( Reference 9) 
showed that further agin g for l _, 000 hours ~t 450°f produced a 
dlsp rsion of omc p,a phas in t he beta Rralns. t,;o evidence that 
alpha had ordered to the 0019 superlattice could be d tected by 

1th r investigator. 1 ransmission ele t ron microscopy analysis 
of material e xposed or 30,000 hours at 500°F and 6So•F (tensile 
data arc r eported i n fable 111 ) produced similar results. At 
soo • F and O ksi tead y s tate applied tensile stress, a fine 
dispe rsion or omel(a phase prc cl1,itatcd within the beta phue 
( Figure 1) while at 6 n•F an d 40 k i applied strcu, a fine dis-
pc rs Jon o a 1 pha pha. e for~d within the beta phase ( Figure 2), 
Selec ted Arca UH fraction (S. A. D.) showed diffuse 00-19 superlattic 
reflec t ions to be present in the primary alpha phase of the specimen 
exposed to 650°f/40 kai /J0 ,000 hrs. 1he reflections were too 
di t fuse for direct ima~ing of the ordered 2 - phase and, conshtent 
wit~ our l.abo{atory 's experience, the ordered domains were probably 
less than 25 A in diameter. 

The data o'f Tables 11 and I 11 show :. : , :. 
properties are little a!fccted by the emb rittling second phase 
precipitates that have formed in both the alpha and beta phases 
of O.A. Ti 8Al-Hlo-1V during exposure. Table 11 further illustrates 
that valid fracture toughness data can be a sensitive indicator of 
beta phase embrittlemcnt. It can be speculated that fracture 
toughness or stres& corrosion susceptibility data would be equally 
sensitive to the ordering transformation apparent within the alpha 
phase after exposure to 650.f/40 ksi/30,000 hrs. 
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3. Ti bAl- V- 2Sn 

Mechanical property data or Ti 6Al-6V-2Sn are rero rtc d in 

Tahlc JV. 

Ti f>Al-6 -2Sn heat treat d t o f the mill annealed condition 

( 1300.F/2 h ra /A . C:.) show on ly li~ht thermal dc~radation after 

exvosure to teaperat urc as hi gh as 4 0 °F . Lu t e xposu re t o 010 ° f 

markedly af focts all of the prope rti s te ted - tens ilc, fracture 

tou~hncss, and st rcs cor r~sion. Althou~h exposure at tempera-

ture up to 450°F causes increa c of ahout 5 percent i n the t e nsil P 

ult mat and yield s tren~t hs and losses of ahout 10 to 15 perc nt 

in t he !rac tt1r c toughness and s tress orrosion paramete r s , t he 

engineering duct lit y , as monit ored bv pe r cent e lon gation and 

reduc t ion of area. how E no s i Y,nifi cant ch an ge. ,\fter exposu r e 

at 650°F / 5 ksi/1000 hr ., the fracture t ou~hness and stress 

corros i on resistan ce decrease rc a t r t han 35 pe r c nt wit h 

co rres pondin g tonsi l property increases of 17 pe r cen t fo r ultimat 

stren t h and 9 percent for t he yield strength. ElonRatton decrease d 

about 1/3 durin ~ exposu re at 6 0°F . 

Furnace cooling improved the s t aldli t ;v of th mill anne ale d conditi on 

app reciabl y as is shown in Table l \' . Sub quent ~xposurc at uS0° F 

produced only negli •ihl han r.e in t he tensile data. Attcnt ion 

ia drawn to t he s trong effect that cooli n ~ rate exert s upon mill 

annealed tensil e properties. For exampl.? , compa ri. on of t he as-heat 

treate d propertie s for the t wo mill annealed conditions report ed in 

1a b le l V shows that furnace coo ling produces a 10 ks i increa se i n 

ultimate tensile strength omparcd to ma terial that i s air coo l e d . 

A s~cond i nterest i nR sideli ~h t in t l1 i s data is the i mp lication 
I t ha t t e l oad in g environment i s i mportant ... ,tlC!n l!stablisllin~•. t il e 

tres s corros i on threshold value. ~ote that two olumns arc us •d 

to list Kii data. Th i obs .rvation i s fu rt he r vc ri ied hy data 

included in Table VI I I whi ch dea ls with t he stah i 11 t y of Ti l>Al-, \' 

plate. 

• The heat treated ( : -STA-1200} material showed r esronsc to exposure 

similar to that des c ribed for the mill annealed condition 

(1300.F/2 hrs/A. · . ) except that the prope rty ch anges noted were 

aruller. One exception i for material that has been e xposed t o 

:: o• r for 5000 hours which produced marked tens ile s t rcn ~th in n.:asc s , 

while only minimal increases occur after expos ure to ) ll°F or :, '.,U ° F. 

The fracture tou~hness was similar after exposure to '! 5(l ~f,) 0 °F, 

and 4'.>0•f so no unusual microstructural changes, arc attributed to 

the exposure at 250°f,and the excessiv tensil e prope rty chan~cs 

for this condition must be considered un o alous. 

Marked microstructural chan~es resultin~ from s tressed t hermal 

exposure were observed during transmission electron microscopy 

studies. Figures 3-6 illu tratc chan ges after exposure at 650 ° F 

and 25 ksi for both the annealed and heat treated condition of 

Ti 6Al-6V-2Sn. The annealed material shows a con,plex st ructurc 
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with a high density of dislocations. Uuring exposure, the alpha 
phase is generally coarsened, and f ine alpha parti les precipi­
tate within the hcta phase. (See Figures 3 and 4 ) . J:xposure 
ha<l le s s affoct on the heat treated (ST, ) microstruc ture with a 
fine precipitation of alpha particles within the beta phase hein~ 
the only notable change. Figures S and 6 show this comparison 
nicely. Exposure of Ti bAl-6V-2Sn did not af feet the pre-existing 
disorder - order condjtion of the alpha phase for either of the 
heat treatment conditions. No superlattice reflections were 
deteitable in the 1300°F/ 2 hrs/A.C. condition before or after 
exposure. By the same token, 'li 3Al domains in the heat treated 
material were about the same size before and after xposur 

0 

(...J 100 A ) • 

The volume percenta~e beta phase measurement s ma<l by X-ray 
diffra<.:tion (lable V) indicate that the amount of hcta phase 
present is decreasing during exposure. This data is consistent 
with the more qualitative electron microscopy indications. 
Exposure to 6S0° f/ 25 ksi/1000 l1rs. causes a decrease from about 
20 vol. percent beta phase to about b vol. percent beta phase 
in both the mill annealed (air cooled) and the lieta-ST,\-1200 
heat treatment conditions. As would be expected. the lattice 
parameter of the heta phase also decreased mcasureably between 
the unexposed and exposed conditions. Shrinkage of the beta 
phase lattice prohably results from the increasin~ vanadium 
content of the beta phase durin~ exposure. This trend is con­
sistent with the binary phase system studies reporte d in l>MlC 
Heport 13&A ( Hefcrencc 10). 

Ti 4Al-3~lo-l V 

Mechanical propert y date for three solution treated and aged 
(STA) conditions and one annealed ondition of Ti 4i\ l-3Mo- lV 
arc reported in lablc VI. 

Ti 4Al-)~~-lV in the two STA conditions, 1tiso•F / 8 hrs/A. C. and 
1150 °F/8 hrs/A.C., experienced mechanical property chanli(es aft r 
exposure similar to t • ~ re porte d for Ti uAl-6\'- _Sn follow in~ 
exposur at :_ 4S0°F a:1d 25 ksi. ~tcrial a~ed at 10so•~· 
exhibit ed a 4 percent increase in the tensile ultimate strength. 
1 7 percent loss in the fracture toughness and 21 p rcent reduc­
tion in the stress corrosion cracking L .r shol d at exposure 
times > 1000 hours. The tensile yiel o s tren gt11. plastic 
elongation, and reduction in area data were not dfected, '111<> 
llS0 " F aged material shows r,reate r chan~c 'in tensile properties 
than the 1050 °F aged material; 7 percent in rcasc> in TUS, 
:> ,:> percent increase in TY S - hut fra c ture properties decreased 
only 15 pc>rccnt and 19 per ent n •spectively for fractur e tou~hness 
and stress corrosion resiRtance. ~o chan~e was noted ln the 
elon~ation and R.A. values. The duplex annealed condition 
experienced a slight decrease in tensile strength after exposure 
but did not un<lerli(o a chan ge in the fra c ture toughness. As 

... 
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expected, the STA condition a ged at ll 75 ° F/8 hrs/furnace cool 
at 80°f/ hr showed excellent stability wit h no m~ chanical propert y 
changes ev ident after exposure at either 4:>0" F or 550 F. 

These effects of thermal exposure on the mechanical properties 
of Ti 4Al-3Ho-1V are not satisfactorily understood, The fact 
that the STA-1050°F ageJ material was no more s tab le t han the 
STA-ll50°F aged material is no t consis t ent wi th predi c tions based 
upon the phase diagram. The ... t· • : ~ • .. 1• •. ,, : , • 1l :-t' :· , :-:·.~ : • . 

beta phase which would be expected to be more metastable and de ­
compose faster upon exposure at 4SU ° F or sso"F . It should be not ed 
that both the l050 ° F and ll50° F age d materials are ext<msively 
overaged; peak heat treated 1trengt h for t hi s material would be 
greater than 190 ksi TUS . (Reference 11 ) . lt is considered t hat 
both of these STA conditions are unstable and that r ea c tion kinetics 
at the exposure temperature is the control I in g mechanism. Furnace 
cooling following aging did impart stability to solut ion treat ed 
and aged mate rial. The duplex annealed material was air cooled 
followin~ the final stabilizing soak at ll 50 °F., Although t his 
final anneal is similar to the a j(ing sequence for the heat tre ac c.d 
conditions, the duplex annealed condition shows r,o d stabilit y with 
no degradation of either the f racture toughness or stress co rrosion 
parameters. The 3 percent decrease in the t ensile ulti mate strt!ngth 
is not considered to be signi f icant and the other t ensi le paramete rs 
were not affecteJ . It should be noted t hat the duplex annealed 
notch bend specimens were grossly invalid, The discussion of 
Section 3,1 relating the inadequacy of nonvalid Kc data to detect 
embrittlement should be applicable to these results. 

Metallurgically, changes in Ti 4Al-3Mo-l V are Jiff icult to char­
acterize because this material normally exhibits a very f ine trans­
for111at ion structure. ~o apparent mi c rostructural changes could be 
specifically linked with the exposure conditions that were te s t ed . 
Based upon the results shown for Ti 8Al-1Mo-l V and Ti 6Al-6 V-2Sn, 
it is speculated that t iie alpha phase ~rows at the expense o f the 
beta phase durin~ exposure at 450Gf and SSOuF. ~lectron micros copy 
of 8-STA-1150 plate exposed at 450°F/25 ksi/10,000 hrs did show a 
aecondary dispersion of alpha phase in th.e be ta matrix which is 
considered to he a prouuct of the exposure. X- ray diffraction mea­
aurements did not indicate sir,nificant chan v,es in the percentagl' of 
beta phase. The amount of beta phase in the B- STA- 11 50 heat treat­
ment condition aft er exposure at 450°F/25 ks i/10 , 000 hrs was 9 , 8 vol. 
percent as compftred to 10 , 6 vol. percent befor~ exposure. 

) .4 Ti 6Al-4V 

REV SYM 

Mechanical properties for e xposed Ti 6Al-4 V sheet and pl ate arc 
listed in Tables Vll and Vill, respectivel y . Mill annealed, durlcx 
annealed, high strength ( B-STA-lU00 °F /4 hrs/ A. C.) and hi Kh tou~line ss 
(8-STA-1250°F/4 hrs/A. C,) heat treatment conditions were exposed 
and tuted, Perusal of this data show Ti 6Al -4 V to be a very 
unique alloy in that most of the mechanical properties show improve­
inent following thermal exposure, For example, mill annealed shee t 
undergoes an improvement in tensile ulti111atc stren,-th at -ll0 °F of 
10 ksi or 6 percent as well as a plane stress f ra cturc tou~hncss 
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increase or 7 ksi rn. or 5 percen. Similarly, room temperature teat results of plate indi cate ultimate tensile atrength improve-ments of up to d percent for the fti~h strength heat treatment condition, 4 percent for the high toughness heat treatment condition, and nearly 9 percent ror the dupl ex annealed condition. Surpri ■ ingly, 1ub1tantia.l improvement in fracture properties o.an accompany this 1trengtheninR• fc; r example, increases or up to 40 percent in f ::acture toughne11 and 13 percent in stres,; corrosion are rea.l .hed for the high toughne11 heat treatment following exposure. Although exposure decrease■ tracture toup;hne~s or the high atren~th condition alightly (up to 13 percent ) , the stress corrosion parameter is increased by up to 40 percent. Fracture towi;hness values or the duplex annealed condition, are little affected by the exposure conditions tested. It is uncertain if the sharp drop in the stress corrosion threahold reauJ.ta from exposure or i r the chanp:e is panly due to refinement of teat technique. It was necessary to conscientiowily avoid any tendency to initially over­load these specimen, in order to locate t he true threahold level. Increasing the plasticity at the craclt tip 1eeu to prejudice the teat results toward higher stress corrosion threshold levels. 
Transmi ssion electron microscopy evaluations of exposed '1'1 6.U- V shov little change in the microstru<:ture as a re■ult of thermal exposure. Figure ·r it. an electron m1cro@:rt.ph shoving beta phue particles at the edges of l~llar alpha gr&ins in heat treated (/a - S' 'A-1 '150 ) i 6Al-4 V. Percentage beta phase meuuremeota of th• (3 - S'l'A-1250 heat treatment. condition shov that exposure decrea■es the beta pna.se content slightly - 6.1 vo . percent. vu N'ported u the average content for four ex pos ure cond.itions u compared to 7.8 vol. percent in the unexposed condition. Fi~'4re 7 suggests a model that can accommodate the improvement of properties noted in 'l'ables VII and VIII . Process ng history is important to development of the model and so vi ll be <1escri be i n etail. 'I'he model, as deacribed, is discussed fur heat treated ( /3 - i:)' 'A-125 ) Ti oA.l- V but is alao appl icable tor any hebt trestment that produces transformed alpha-bet a phase mixt ures b,v rap ' d coolln~ ( air quench or faster). Betf\ processing or· he at t.reatm ut des troys a ll c uia.xed primary alpha gra i ns, ubse uent sol ut i on treatment (water quencnea) at '(25" t' fems • HCP n.artensite whic:11 r r ip ' tates beta upon ap:in~ (Rererence 9), r s.u tin,r. ln al pt1 a l e.mellae separated · :., i nterface bands compriled of a mi.xt ure o·f al.pha and bet a phases. 'l'he 18Dlella.r alpha grain boundaries are poor y eJ'int!d and, id f!lct, are continually disrupted by the eta recipitates that. extend,.into the alpha l amellae. F1Juy p; r&in boun dar ies a.re also observed in duplex annealed and mill annealed (air ~oo ed ) m~terial. It i s proposed that the lainellar alpha grain bound&rl es are able to migrate during expoRure &nd ttduce their 1ur-• face area (and en~r~y ) by enclosing the bet.a phue precipitates that e~ten ed i nto th m. At the same time, the enclosed beta ~hase particles appear to l1ecome spherical , thus decreasing their grain boundary energy and further lowerin~ the free energy or the system. The beta parti cles are not consumed by the alpha phase during exposure because appnrently the equilibrium alpha to beta phase ratio does not han~e appre ci e~ly etween l SU° F ( the a,i:ing temperatutt ) and ~OF (the eXJ1o~ure emperature) as sho\(?) by the percentage beta phase data, and th fact thet most of the beta phase is 
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present at the fuuy interl•Cf band11 that st-parat th la1nd 1 r 
alpha grains. ,. 

Th nuaber of beta phue particles isolated within th alpha 
laMllH are increaacd and the beta phaH particle lize d .creu d 
by thi ■ raodel. Either oc~urr nc can ce>fttr!bute to the atr n~then-
ing that accompanies expo■UN, Consid ration of the deRr of 
streng~henin achi v d by aflecting the beta pha djstribution 
through heat treatment (Referenc 11 and 12) l nda cred nee to this 
explanation. Perhaps this pres nc of a b ta re iduP within tbe alpha 
lamellae also account!' for some improve111ent in f ractur tou~hncas. 
Spurr, Curtis, t al. (Reference 11 & 12) have shown th atron~ 
influence that m.icrostructure can exe rt on th fracturE' chara t ri l c11 
of Ti 6Al-4 V. The ductile b ta phase permits increased lo allz d 
plastic defoniation. Sh,ply put, fracture tou~hnt- , '\ is primaril y 
a mea1ure of the dissipated nergy during plastic ~~formation aheAd 
of an advancing crack. 

A diatur ing obscrvat ion of th Ti 6Al-4V result s hown 1n Tab l Vl I l 
h that the duplex annealed hca tr atment condition h v ry susc ptt­
ble to stres1 corrosion when corrodent h r,,rP ent at th e time th 
speci•n is loaded. Duplicate sprcimcn • r rom some conditions of the 
B-STA-1000 material as well as the duplex anneal d llaterhl w re 
tested to dctenaine tt.e ff ct11 of load in~ environment on the thrcs­
hoid value established by the t eat. Both setA of data show that 
loading in the presence of the corroJini environment i s far ~or 
severe than load inf? in air and then addin rt the corrod nt. Th heat 
treated material retains a high threehold level of sec, however. 
whereas the threshold value becomes dangerouslv low for t h duplex 
annealed uterial. 

CONCLUSIONS 
• 

Jt ia shown that anticipated supersonic transport environmental 
condition, can cause metallur~ical chan~e• in a near-alpha titanium 
alloy (Ti 8Al-1Mo-l V) and three alpha-beta titanium alloys in m,any 
of the noraal heat treatment conditions. One alloy, Ti 6Al-4V, 
showed i•provement i.n both the strenr, th ancl tou~hneRs properties 
followin~ streased thermal exposure, which should prove co■fortin~ 
to ueera of this material. The other three alloys normally followed 
the more expected tendency to increHe stren~th and dccreas tou~h­
ne1s propert · es durin~ exposure. Furnace coolin~ following both 
annealing and a~ing heat treatments provided an 2ffective method 
for retaininR heat treated properties. In general, titaniUJII alloys 
show enough activity at expected SST operatin~ temperatures to 
justify furnace cooling following stabilizin~ heat treatments. 
Ti 6Al-4V is the notable exccrtion to thla safety meaAure. 

Direct evidence that expo1ure can trig~er tranafonnation of 
metaatable beta pha1ea is provided by tran1■ission electron 
microscopy atudie1. Volume percent beta phase determinations 
fro• X-ray diffraction measurements show these transforutionR 
can be extensive. Alloys au1ceptible tCL oaega phHe Cfllbrittlr.ment, 
Tt ~.aJ-lMo- lV and Ti 4Al-3Ho-1V (Reference 9) • becoae particularly ... 
vorriaoae because this transformation can o~cur raridly at tP.mpera- • 
tures aa low as 4oo•p, By comparison, the formation kineticR for 
alpha phase precipitation are so lllug~iah that temperature p, reater 

o than 500°F i1 required for transfonnations to occur during the 
· ~----- --Ullll.t.e_.t.i&_s_ua_ed.. __, 
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Lil n •es relat d to th · lpha pha are less spectacular than 
tho e ln the be ta phase but also can af feet propertie . 
Mj i~ration of .alpha grain boundaries was soa,ctimes apparent, 
alpha ~r ins growin g at th expense of the b ta phase in mill 
annealed Ti oAl-bV-~ n and strai Rhtenillg of lamcllar alpha 
grain boun aries in heat treated ( 1, -STA-12'.'>0) Ti 6A1-4V . 
Ordering to Ti 3Al domains occurred in only on instance - duplex 
annealed Ti 8Al-1Mo-1V xposed to 6~0° F/40 ksi/30,000 hrs. -
and its significance was not determined. Tensile data showed no 
apparent change due to or<lerin~ but this condit ion was not 
cha racterized for f racture toughness or stress corrosion crackin~ 
change . 

This study provided an opportunity to evaluate the sensi ivity 
of various te s t parameters for det ecting metallurgical instability. 
Th , valu of fracture mechanics is apparent f rom the data as good 
orrelation between fracture tou~hncss and microstructural changes 

co ul d always be obtained. Tensile properties appear to be a less 
consis t nt indica tor and the oft-used parameters o( elongation 
and redu tion of ar a are almost insensitive to the microstructural 
chan~es. ln fact , elongation and reduction of area arc affected 
by only advanced degrada tion. • 

The fractu r e touKhness sensitivity -'tensile property insensitivity 
ob e rvation is metallurgicall y consistent. It has been shown in 
the pr sent stuc.ly that "emb rit tlin~" transformationa occur mo111tly 
in t he be ta phase , the H netlcs for possible Al pl1a phase trans-
f rmations being unfavorable. Si nce the beta phase is only weakly 
stabilized or all of thes• alloys (ran~in~ from about 20 volume 

.... 

percent .. n Ti oAl-6V-2Sn to about 3.'.'> volume percent in Ti 8Al-l?-!o-1V , 
t nsilc prop rties arc s trongl y influenced by alpha-beta inter-
actions and appear relativel y little a(fccte d by incipient precip i­
tation introduce.J within the he t l' phase particles durinR exposure 
at 4UU 0 f - 5 u~ F; le., the load carryinK contribution of the beta 
phase is not si~nif i cantl y influcnc d by thCSl' changes, In this 
case , secono pha e str nll,thening apparentl / results Crom the 
ma tr ix dis continuity produced by the disperslon of beta particles 
wit hin the alpha matrix anu a pears relativel y insensitive to the 
hardnes s of th se cond phase. Fracture toughness, however, t.s a 
measur of localized pla tic de format ion whic h is st ron Al y af fccted 
b y t he hardness chanr,e of t he beta phase . 

• 
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ACKt,;UWLl·:lJGU!E;-.;Ts 

This report summarizes the titanium alloy metallurgica l stabilit y 

evaluations on the subject alloys which were conducted by ST-M during 

the period 1964-1968. A!; such, the report includes data from several 

studies; and the author credits those individuals i.·lio actively parti­

cipated in certain of the stability evaluations durin g this period, 

Dr. D. E. Piper condt1cted the sheet stabilit y r.valuations r e rortcd as 

Table II (Ti 8,\1-lMo-l V) an <l TabJ.e Vll (Ti 6Al-4V) ; and\,; , lli gh y o f 

the Structures Staff Group was responsible for til e c.iata o f Tab le 11 I 

(Ti 8Al-Hto-1 V) . i.;, F. Spurr, R. E. Curtis, and .I, I', llut c hi s on we r e 

each at so~ time associated with th e Ti 4Al-)Mo-l\' and Ti b:\l-4 \' 

evaluations reporte d in Table s VI an d VIII. res pec t ivel y . Ti1c data 

of Tables Vl and Vlll were earlier reported, in part, in ~cf c rcn cc ll. 

The author gratefull y acknowh!d~es contributions to t his effort f rom 

Rod Boyer who conduct~d transmission Ple ctron micros copy Pxpcri mcnt s , 

Ray Olsen for the X-ra y diffraction perce nt beta phase de terminations, 

and ~lario Schurmann who hanul e d man y of the test in 1: details fro :n his 

position in the Exposure and Stability Laboratory. Furth e rmore, 

~Ir. Uoyer and W. E, t]uist contributcJ he lpful c ritiq ue s of the te}:t; 

and Mr. Olsen generously supplied the description oi his X-rav 

diffraction multiple-phase measurement techni que that is include d in 

the text. 
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T~tle II - Effect of ~tressed fhermal Exposure on 
Transverse G.D. Properties of .050 gage 
Duplex Annealed• Ti. 8Al-1Mo-1V, (Heat D-3457) 

---- -----------·-··- -------r---------------- i Test .,__ ___ -Tensile Fracture Toup:hness 
Temp. TUS TYS F.long. Kc 

Exnosure Condition -°F (ksi) (ksi) (%in2") (ksifin) 
u~ 
u yield 

Exposure to 400°F & 40 ksi 
None 

2,000 hrs. 
5,000 hrs. 

10,000 hrs. 
~,• , CJO hrs. 

None 

2,000 hrs. 
5,000 hrs. 

10,000 hrs. 
20 ,000 hrs. 

·-'---~---4----... -- .. ~---- _ _____ . ... ,... .... ·· - ··-- ··-· -• 

-llO 

l-110 
I -110 
. Mll~ 

! -110 1 

tl. ! 
R.T. , 

I I 
I t 

1
1
' H. T. l 

! 
I R.T. l 

f 
:168.1 

174,3 
166.0 
167.4 
168.? 

142.2 

146.4 
142.8 
143,3 
143.2 

154,2 

160.0 
153,1 
15~-5 
15s.o l 

126.0 

131.2 
129,4 
129,7 
131.6 I

I :: ; : I 
I _.,._ ___ L---

12 

13 
12 
14 
14 

14 

159,3 
162.4 
150,0 
1~ ., . 0 
138, 5 
138,2 

I 
I 

164.2 
168.7 

1 169 
1 

163.6 
l 

1

1 1s·r. 3 
167,2 

I 

,77 
,78 
.10 
,71 
.f-:6 

.G5 

.94 
,97 
. ci 3 
, 9? 
. 89 
,91 

-t-·· -··- ·--•.l..---·--·-i-~--◄ 
Exposure to 500°1" & 40 ks! I ! I i ! None , -110 I 168 .1 154.2 1 12 I 159.3 

1 
.77 

2 ,000 hrs. 
5,000 hrs. 

10, 000 hrs. 
20,900 hrs. 

-----

i ! 162.4 .78 l -no 160.9 . 156,9 12 11n.o . 67 ! -110 :.10. 6 l 153,7 12 134,5 .6 1. l - ll O 16 7 . 2 I 14 9 . 2 13 132 . 8 . 6 5 
i -llO 168.5 ! 156 .4 12 127.8 . 60 

: I 
Exposure to 500°F & 40 ksi j 

None R.T. 142.2 i 126.0 14 164.2 
168.7 
162.0 

, 94 
,97 
,90 
,90 
,73 
,83 

REV SYM 

2,000 hrs. 
5,000 hrs. 

10 ,000 hrs. 
20,000 hrs. 

' 

R.T. 
R.T. 
~.T. 
R.T. 

I 
146.6 I 132,7 
14 'j . 6 I :29 . 5 
147.01131.5 
14(; ,5 132.2 

13 
14 
14 
14 

159,l 
158.0 
150,5 
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Table III F.ffect of Stresse, · Thermal Exposure on thP Room 
'l'em!)erature Longitudinal G.r. Properties of . 200 
Ga~e Duplex Annealed* Ti 8Al-1Mn- l'/ . (Heat D-l15 '35 ) 

El ong. 
(% in 2") 

_ __ ___ _ Ex~=-~ ~~:-~-!-~~-~~ - ----·· -~~~ (Ksi) t 
TUG ~ Y:; , 

--·---

Exposure to 500°F & 40 ksi 

Exposure to 500°F & 0 ksi 

1

, I 

None 140 0 j l ?7 . 7 
2,000 hrs. I 1h5:o i 133,5 
5,000 hrs. i 143,5 j 130 . e 

10,000 hrs. I 147. 2 i 13 3, 9 

I I 
I t 

stress: l 

16 
16 
1(., 
16 

None l 
I 
I 
I 

1Ln . c 127,7 16 

2,000 hrs. 
5,000 hrs. 

10,000 hrs. 
30, 000 hrs. 

I 
I· 
I 
! 

1_:il •• f. 1 31. 0 16 
14 2 . ~ 128 . 9 i ] 5 

• I 

146. 3 110 .1 : 15 
1h;}. _; ~ :27. 8 ! Vi 

-----·- -- ------- -- ---·- ---·---------------·----~--- --- ----···--

Exposure to 650 ° F ~ 0 ksi I 1 

I 

None 11, 0 . 0 1 127.7 
2 • 000 hrs . 1l17 . 5 1 3 5 . 3 

E>..l)osure to 650°F' & 40 ksi 

Ncme 140 . 0 127.7 

2,000 hrs. 1L5,4 

I· 
131. 4 

5,000 1,rs. 145 . 0 1;:7,9 

10,000 hrs. 145,5 I l :19 .0 

30,000 hrs. J4li,5 I 131. 0 

• 1450°F/8 hrs./Fce. Cool+ 1450°F/15 min. / Air Cool 

• 

1(1 

17 

l ei 
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·re.bl e V - Fffect of Stressed Thermal Exposure on the Volume Percentar,e Reta Phase 
Present in Ti 6Al-6V-2Sn (Heat D-8058) 

Exnosure Condition 

Volume 
Percent 

Beta ____ , __________ ..,_ _____ _ 
Mill Annealed 8,> 

Not Exposed 
250°F/ 25 k~i/ 2 ,500 hrs. 
250°F/25 ksi/5,000 hrs. 
350° F/? 5 ksi/1,000 hrs. 
35U°F/25 ks i /2,500 r. r~. 
350°F / 25 ksi/5,000 hrs. 
~50°F/25 kGi/1,000 hrs. 
450°F/25 ksi/ 2 , 500 hrs. 
650° F/2S ksi /1 ,000 hrs. 

? 1.0 * 

17,0 
16.2 
16 , 5 
22.1 
18.3 
18.3 
6. 6 ** 

Bet&-STA-1 20Cl 13> 
Not Exposed 17 .o * 

15,1 
15. 3 
19.0 
12. 6 
16.6 

REV SYM 

250°F/25 ksi /? ,500 hrs. 
250°F /25 ksi /S ,000 hrs. 
350° F /25 h ; / • , ''90 i1 rs. 
350° F/ 25 ksi/ 2 ,500 hrs. 
350°F/2J ksi/5,000 hrs. 
450°F/?5 ksi / 1,000 hrs. 
:. ::c:i r 1.-". !,si/? ,500 hrs. 
650vF/25 ksi/1,000 hrs. 

1300° F/2 hrs. / Air Cool 

1800°F/ 30 min./Air Cool 

11, .6 
13, 0 
5.8 ** 

+ l b25°F / l hr. / Water Quench 
+ 1200° F/4 hrs./Air Cool 

Mean result from ten determinations 
Mean result from four deteminations. 

I 

' 

Lattice Par11J11eters 

2,92 
2. 93 
2.92 
2.92 
2,92 
2,93 
2, 93 
2. 93 

2.92 
2. 92 
2,93 
2 . 93 
?, 92 
2 ,92 
2 ,92 
2.92 

Alpha Aeta 

1,. 67 
4.72 
4,67 
l1,69 
h, 69 
4. 64 
4,67 
4.70 

4.68 
li.68 
4,70 
4 ,71 
4,67 
4,69 
4, 69 
4. 68 

3. c? 3 
3,24 
3,22 
3.22 
3,21 
3.22 
3,22 
3,23 
3,19 

3.21 
3.21 
3, 21 
3,23 
3, 20 
3.22 
3, ?.l 
3.20 
3,19 

IIDEINO NO . Df - 24 515 

P AG E 28 
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Table VI -· Effect of Stressed Thermal 1'xposure on 
the Room Temperature Transverse G.D. 
Properties of ,500 Gap,e Ti 4Al-3Mo-1V 
( Heat D-948/i) 

'lor. g . I (;us TYS E 
Exposure Condition -+-si) (ksi) (% 

Beta-STA-1050 [P> j 
! Exposure to 450°F ~ ?5 ksi I 

None l 175.0 154, 5 
1,000 hrs, 181,5 156.3 
2,500 hrs. 182. l ~•.u.~ 

Exposure to 550°F & 25 ksi l 
None l 7 5 . 0 15 Ii . 5 
1,000 hrs. 177, 9 j 150. 3} 

_ _ 2 ,_so_o_h_r_s _. -----·+: 70. 911~2. 6 
I?'-. I .l1!.~STA,::}..l:2.Q. ~ i 1 

I I Exposure to 450°F ~ 25 ksi 1 

I None 1154,e 137,? 
1,000 hrs. jl61.7 140,7 
2,500 hrs. 1165 ,6 144. 9 
5,000 hrs. 1 163.4 142.3 

10,000 hrs. 1162.6 144.4 
l ! 

Elqlo~ure to 550°F & 25 ksi 

None 
1,000 hrs. 
2,500 hrs, 

154 .8 137.2 
163.0 141.2 
16 3. 0 140 .' l ------.-•--·---------•----------

Dup.lex A!1nee.l~d D> 
Exposure to 450°F & 25 ksi 

None 
1,000 hrs. 
2,500 hrs. 

F..xposure to 550°F & 25 ksi 

None 

138.0 126 . 2 
133,5jl~4.o 

1

13h,4l 124. 6 

in l") 

·--

4 
!1 
t, 

4 
4 
5 

7 
7 
6 
·r 
7 

7 
5 
6 --· 

18 
17 
17 

18 

R.A. K1c 
( % ) (ksi v'fn.) 

10 76 
10 I l1 

9 61, 

10 76 
10 63 
11 75 

16 96 
17 82 
14 8G 
15 \J 'J 

V <. 

16 8') 

16 96 
15 76 
15 83 

I 5h 125 
I 53 l ~: 0 

I 52 121 

5li 125 

K1 -
(k si ,; 

--· 

bh 
c:: ·, . .. 
57 

()6 

l 58 
! 57 
t-
l 
1 
j 

I 

l 
' i 7n 
1 
! ( ,r, 

fi f, 
' f_,l. 
I 
I 7L I 

' 

70 
6s 
Gs 

12 
11 
11 

l? 

(i 

0 
(J 

1,000 hrs. 
2,500 hrs. 

! )8,0!126.2 
133, 1! 124 . ·: 

! 134 • 411 2 4 • 9 
]7 ,, .. 

I 
C: ·, 

I 
114 lJ < 

0 
< 

NOTE: TABLE IV CONTINUED ON NEXT PAGE. 
,__ ______ _ __ ____ , ___ ·--· - - ----. ----

REV SYM 

I 
1r:1., .... ____ i....-,o.--~ ... -~-- ----

17 51 124 11 

BOEING NO. .1.J6-24 l 
F- AG E 29 

I 
I 
I I 

I 
, I 

I I 

I I 

6- 7000 



i' 

I I 
I' 
'' 

' I; 
' 

I! 
I 

I 

I r 

l 

• l 

I 

' 

0 
<( 

Exposure Condition 
------------· 

Exposure to 450°F & 25 ksi 

None 
900 hrs. 

2,500 hrs. 

F.r.posure to 55ouF 

None 
900 hrs. 

2,500 hrs. 

& 25 ksi 

Table VI (Continued) 

145.2 139,5 
145,5 141.1 
144 .1 137. 5 

145,2 139,5 
1li6.2 1l10.0 
144.4 137,6 

19 
15 
17 

19 
15 
16 

57 
53 
54 

57 
53 
56 

81 
84 
83 

81 
94 
78 

!875°F/30 min./A.C. + 1725°F/30 min./W.Q. + 1050/8 hrs./A.C. 

1875°F/30 min./A,C. + 1725G~/30 min./W.Q. + 1150°F/8 hrs./A.C. 

1725°F/l hrs./A,r.. + 1~50 F/8 hrr../A.C, 

1640°F/1 hr. /W .Q. + 1175°F/8 hrs./"'ce. ,~ool aj 80°F'/hr, to 
800°F then /\ir Cooled. 

Load a.ppli ed to the notch l)end specimen in air environment 

and then 3,5 percent salt solution was added. 

72 
76 
77 

72 
75 
73 

L----------- --- - - -- - - ·---- -·--•·- -- -- -- --·---···-----------' 

REV SYM 

11 • 

. 
IIIIEIND NO D6-21451 • 
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'l1e.ble VII r Effect of Stressed Thermal Exposurr 

Exposure Condition 

on the Room •remperatu.re Transverse G.D. 
Properties of ,050 Ga~e Mill AnnealP.d* 
Ti GA1-4V (Heat 2Ql-27Q) 

'i'est 
Temp. 

_oF 
TUS 

( ks i ) 

--

'I'ensile --- -·-·----
TYS Elon~. 

(ksi) ( % in 2") 

Fracture •rou,;r,hnPss 
Kc CJ net 

(ks i (in) o y i ~-ld 

--·•--. - ~---

Exposure to 500°F & 40 ksi 

None -110 167.8 164.0 9 l . ' ) 
o V L 

' 5,000 hrs. -110 178.2 170,2 9 .6? 

10,000 hrs. -ll0 177. 7 165. 6 10 . h5 

i 
None P.T. 140. 81 134, 5 l r, 154,0 . 84 

5,000 hrs, ~.T. 153,71144. 6 1 ~ 170. 2 . 86 .. 
10,000 hrs. R.T. i151..8/145,3 10 183. 2 • O;' 

* 1300°F/l hr.lAir Cool 

• 

REV SYM BIIEIND 1•0 D6-21t515 
PAGE )} 

E,,7000 

- ·•-i-•ii'•'·=--k ... 1 .. , ~---··- _....,,... 

JI 



.... 
' 

.4
:;;

::f
'.!

f 
.,.,

. 
-&

.L
.S

S!
!i!

!!£
.. 

-
'™

"' 
~
~
 

A
O

 
1

5
•

6 
0 

;:o
 

~
-
-

-
-

-
-

-
-

· 
m

 
<

 
(
/'

I
 

-<
 

I 
3

: 
T

a
b

l
e 

v
rn

 
-

~
ff

e
c
t 

o
f 

S
tr

e
s
s

ed
 

:'
h

e
rm

a
l 

E
x

p
o

s
u

re
 

o
n

 
t

h
e 

R
o

o!
:1 

T
em

p
e
ra

tu
re

 
'I'

ra
n

s
v

e
rs

e
 

G
. :

-,.
 

P
ro

p
e
r
t

i
e
s 

o
f 

.5
0

0 
G
u

e
 

T
i 

6
A

l-
L

V
 

TI
T

S
 

T
Y'

S
 

E
l

o
n

iz
. 

+
R

.A
. 
I 

K
rc

 
l 

r~
r

~c
~

 I 
K

r~
c
~

 
F.
x

p
c
su

re
 

C
o

n
d

it
io

n
 

( k
s 

i.
) 

(k
s
i)

 
(%

 i
n 

1
11

) 
(

%
) 

(k
s
in

n
)
 

{
k

si
 n

n
) 

(k
s
i 

V
in

) 

-
-
-

B
e
ts

-S
T

A
-1

0
0

0
 

Lt>
 

H
e

a
t 

2
9

2
-2

5
8

 

E
x

p
o

s
u

re
 
to

 
4

5
0

°F
 

&
 2

5
 

k
s
i 

N
on

e 
i 1

6
11

.6
1

1
~

9
-~

l 
l 

7 
1

1 
9

3
 

I 
56

 
9

0
0 

h
r

s
. 

l 1
7

5
.'

.., 
lh

O
.?

 
I 

5 
1

3
 

O
? 

77
 

i 
1 

2
,5

0
0

 
h

r
s

. 
I 

1
7

3
.9

 
1

5
8

.9
 

5 
7 

88
 

i 
7

8 
i 

i 
1 

E
xo

o
~

u
re

 
to

 
5

5
0

°F
 

&
 2

5
 

k
s

i 
• 

N
on

e 
j 1

6
L

 .6
 

! 
1

4
'.'
.9

 
7 

1
1

 
I 

9
3

 
I 

56
 

9
0

0
 

h
r
s
. 

! l
7

7
.'

j 
i 

1
6

0
.8

 
5 

1
0 

I 
83

 
I 

69
 

2
,

5
0

0
 

n
r
s
. 

j 
1

·r
2

.b
 

! 
1

5
i1

.6
 

5 
9 

i 
86

 
l 

72
 

' 
! 

H
ea

t 
2

9
2

-
0

3
0 

! 
j 

E
x

p
o

su
r
e
 

to
 

6
5

0
°

F 
&

 
2

5 
k

s
i 

! 
j 

. 

I 
I 

N
o

n
e 

! 
1

6
7 

.6
 
I 

1
5
1

.2
 

I 
1

0
 

1
8

 
I 

1
0

5 
66

 
6

4
 

I 

1
,0

0
0 

h
rs

. 
I 1

7
0

.1
 

; 
1

5
3

.9
 

··
-

7 
1

4
 

I 
90

 
6

5 
58

 

=
 I 

2
,5

0
0 

h
rs

. 
--
-

---
·-

-r
' 1

6
7

.8
 

j 
1

5
1

.
1 

8 
I 

1
6

 
1

0
0 

7
5

 
5

0
 

~ 

B
e
ta

-S
T

A
-1

2
5

(2
 

[S>
 

I 
i 

I 

~ 
i 

I 
I 

H
e
a
t 

2
9

2
-

2
5

8 
I 

I 
I 

I 
E

x
p

o
su

re
 

to
 

4
5

0
°F

 
&

 2
5

 
k

s
i 

I 
I 

I 
! 

I 

No
n

e 
1

5
5

.0
 

1
4

0
.5

 
6 

, 
1

6
 

j 
88

 
81

 
I 

; 
I 

I 
-

9
0

0
 

h
r
s
. 

7 
I 

1
4

2
.6

 
C

 
l 

1
7

 
1

1
1

 
8

8 
! 

! l
5

,.
 7

 
i 

I 
TI

 
2 

I 
! 

i 
i 

,. 
0 

I 
2

,5
0

0 
h

rs
. 

, 
1

5
4

.4
 
l 

1
4

0
.6

 
1 

! 
, .,.

 
1

1
3 

9
0 

C
l 

~
 

I 
i 

I 
,., 

5
,0

0
0

 
h

rs
. 

! l
f.i

l.
t 

I 
1
4

4
.7

 
7 

I 
9 

~
3 

I 
80

 
:::

, 
• 

! 
c

-. 

I 
1

0
,0

0
0

 
h
r
s
. 

l 1
6

1
.1

 
' 

1
4

6
.2

 
6 

I 
1

2
 

; 
9

8
 

i 
9

2 
i 

• 
I 

I 

~
 

i 
t 

I 
l 

; 
J
7

 
I 

! 

I 
E

xp
o

s
u

re
 
to

 
5

5
0

°F
 
&

 2
5

 
k

s
i 

! 
I 

; 
I 

1 

I 
\.

.1
 

N
on

e 
! 

1
5

5
.0

 
1

4
0

.5
 

8 
1

6 
8

8 
8

1
 

: 
N

 

I 
9

0
0 

h
rs

. 
i 

15
9

-9
 

14
6

.o
 

5 
' 

1
4

 
1

2
0

 
85

 

l 
; 

1
5

7
.l

 
I 

1
4
1

.6
 

7 
' 

1G
 

1
2

3
 

2
,5

0
0

 
h
r
s
. 

I 
I 

90
 

a
, ~-+

-
N

O
TE

: 
T

A
B

L
E

 
V

II
I 

C
O

N
T

IN
U

E
D

 
O

N
 

N
EX

T 
PA

G
E.

 
-

-
-
·
 

' ..,_
_;

_._
-~

L
 ... ~

,
.
,
.
,
 

. 
--

--
..

.-
--

--
· 

~
-
-
-
.
.
.
:
:
.
.
 

c
=

 
~

-
-
-
-

-
-
•
 •

~
•
 
-
~

-



-
-

-
) 

A
D

 
1

':1
4f

-
l.

\ 

A
l 

m
 

V
\ <
 

3
: =

 I 

~ ~ 
I 

~: 
I 

I I 
~

; 
t 

,
'-

I 
._

, 
~· 

\..
.J

 
I
\
)
 

, ..
 n 

I I 

:~
 

E
x
p

o
s
u

re
 

1.
o

n
d

it
io

n
 

-
-

·-
-·-
-
-

·-
···
-
-
-
-
-
-

1-

~
 l..e

_~
 

A
nn

ea
l.!

'._
ri

 
@>

 
1-

!e
e.

t 
2

0
2

-
0

1
0

 

i.:
x

n
o

s
u

re
 

4
5

()
u

F
 

.ti: 
2

"i
 

k
s
i 

N
on

-e
 

~.
1n

n 
h

rs
. 

2
,5

0
0

 
h

r
s

. 

E
x
n

o
s
u

re
 

to
 

5S
O

~
F

 
&

 
2

~
 

k
s
i 

N
o

n
e 

L 
,r

m
o 

h
r

s
. 

;.
• 

• 
r)

(J
()

 
ti

 r
s

 .
 

E
x
~

o
s
u

re
 

to
 

6
5

0
~

F
 

&
 2

5
 

k
F

i 

N
o

n
e

 
1

,0
0

0
 

h
r

s
. 

-
-

-·
· 

_ 
..

 
2

,
c;

,1
0 

h
r
s
. 

D
u

p
_1

_~
~

e
a

le
d

 
[~
~ 

!!
e

a
t.

 
?

9
2

-
0

-~
0 

r•
x

t1
o

s
u

r
e 

to
 

/,5
\..

,"
'F

 
&

 
'."'l

j 
k
s
i 

tl
o

n
e

 

l
,

O
O

C'
 

h
r

s
. 

2
, 
511

0 
b 

r
!,

. 

l I 

-
·
•
·
-
-
-
~

 
-
-

•-
-

--
--

-·
 

-
-·

-
•-

-.
..

--
-
-

-
-
-
-

--
·-

-

T
ab

le
 

V
II

I 
(C

o
n

ti
n

u
ed

) 

~u
s 

p
r
r
~

s
 .~

 
E

l 
I 

I 
1~ 

~ 
[t>

 
. 

. 
· 

. 
on

i:z
;.

 
R

.A
. 

K
 

f
/
 

2 

(
k

s
:>

 
(k

s
i)

 
({

 
in

 
1

·)
 

,.
,,

) 
( 

_!
c
 

K
rs

c
c
 

K
T

,. 

-
-

-
-

·-
r
.:

."
-
-
. 

·-
·'
•

H
'm

) 
(k

s
i 
ff

ii
) 

(k
"
iW

n
) 

i 
I 

. 
I 

: 
L.,

S 
· e

 /
 1

4
2

. 
l 

1
5

1
.

0
!
1

1:
? 

I 
• 

J)
L

.
~,

 
I 

1L
5

.8
 

j 

l
ii

o
.

~ 
! l

L
?

.
J. 

l
';

f
.

S 
I 

Jl
:5

.:
-> 

! 
S

i:i
. r

· 
J 

u
c:;

. 
' 

1
i.

F
.

H
 

1 
4 

;->
. 

l 
! 5

7
. '

J
 

1 
v;

-.
 1

 
l (

,l
 

. 
t_,

 
IC

" 
I 

) 
...

...
....

. -

l 
';

,(
l

. 
')

 
I 

J 
4

1
)

. 
7 

t 
l 

r
--,

 
·o

 
1

4
11

. 
i 

1 
5

1 
. 

3 
14

:-
'.

C' 
i I 

:_
/: 

l 
') 13
 

1
4

 
p I 

3 

1
4

 
~ 

i~
 

l 
':- J J 
ti

 

l7
 

. I I l ! I ! l 

18
 

38
 

3
t 

)~
 

3'.
i 

11
1 38
 

i,
J 37

 

11
 
l 

1
7

 
38

 

I i 
. !

. 

7
7

 
8

'J
 

7
8 

7
7

 
Bo

 
71

, 

.., 
..

 
I 

I 

·:
1 

74
 

3
3 

0
0 

'l
(i

 

-
-t

-
-·

 

\ t ; 

5 ';
Q

 
c

·~
 

; 
f 

5
6

 
4 56

 

56
 

li
 l

 ~. 
10

 

f;
7 

l. 
()

 

4
;:>

 

I I I i 

2
b

 
31

 

41
 

2
1

 
2

4 

[t>
 

ft>
 

!.
c
a

d 
,i

n
r,

l
i

e
d

 
t
(
)
 

t
r:

e
 

n
n
tc

h 
re

n
d

 
s
n

e
c
it

r.
~

n
 

::
-:

 
a

ir
 

e
n

v
~

ro
n

n
e

n
t 

,u
,d

 
tl

~c
n

 
1

.
5 

n
P

r
c
~

!1
t 

s
rl

lt
 

s
o

lu
ti

rm
 

w
a

s
 

a
d

d
e

d
. 

L
o

a
d

 
np

t:
>

l
l

f'
d 

to
 

r:
h

e
 

n
o

td
. 

:
e

n
,j

 
:;

o
e

c-
im

P
n

 
in

 
~

n<
.> 

n
re

c
;n

n
c:-

e 
o

f 
1

.'
i 

t 
--r

,:
f'

n
t 

s
a
l
t
 

s
o

]u
ti

o
r.

 
P

n
v
1

r
o

nm
P

n-
t 

~J ">
 

1
4

0
U

0
r

/3
0

 
m

in
.

/
A

.~
. 

+
 

1 
·;

?
 r,

 
'~

 / 
<L

 
m

in
. 

/W
. 

+
 

!.
 r

 
. ,

 
. 

1
1)

C
J(

)u
f

/
>'

.;, 
rr

.i
n

.
/,

\
.r
'.

 
+

 
·7

._.
-,:,

v
F

/1
'J

 
:n

in
.

/'
..J

.Q
. 

+
 

l
?

'i
0

''
F

t
4 

h
r

~
.

/:
1

.
1'

. 

R. ~
-

1 
7

._.-,
r:, 

J~
 / 

1
C"

 
rrd

 n
 .

 /
 t

, .
 r·

· .
 

+
 

1
:·

::;,
_,c

, r
'/

 ,
, 

h
r

c;
.
//

,
.1

'.
 

:·
r;-

,5
 '

r
_/

3
0

 
m

ir
.

. 
, •

. 
c

. 
+

 
1

:
•

L,
,
,

' 
'r'

/
L. 

h
rs

.:
-

e
e
. 

···
ri

l 
a
t 

.1
1

1
' 

:-·
::

-r
. 

to
 

1
·
:
. 1

1•
.1

• 
"

" 
tr

.e
r.

 
·,:

r
 

'r.
o

1
,·

c
. 

-i
 



n

p: -'

113.500X

n^urc 1. itar*. fiald micrograph showing one varleot of tiie b-phaae 
preci(Itatlon within Che beta puase of buplea AniMalcd 
li 8Al-i.lO'lV exposed to 5uO*F/4o .ksl/30,0h0 hours.

a

I
I

»| , S>M
1*



o

A*: J

. ;>;*♦-, »‘S- :. ^
f. >

I

..;,:&<:a

riiuru 2. taro. flalU aicroKrap;. uliowlnr on« variant of the a-pi»a*e 
precipitation wit iin tiie beta puaee of buplcx Annoalci:
T1 8AI-1MC-1V exposed to <|i0*r/4(i k*i/30,l>0fj fM>urs.

ofv S''0 mam fmc



I i

n

1-r

f ■ ■ •

t ‘t

‘'^^1

Ki.uic 3. i.leclron iii*cro.-r*t>.. a.m^mn li»«s coiafi«.x 1.1^!. dl!*loc*t>on 
licr.sit;. » siruclurc ol Mil Annvaltu 11 i ,'.\ir loolcd,'
.1 *jAl-o\-JSn. lio ttxpusurc.

j t . <• 1./

1

i*S
S
■I

■5



o

o

J'^.OOOa

flKtiru >». i.lvctiun Bicrc'vra^h bliowin^- of ^-phasc
wltiiin tilt: t-pl.a«e in Mill Annealed <130'i*r/Alr Cooled) 
T1 tAi-t>V-2Sn expoaad to 6:oT /2S kal/1000 iiours. Note 
tliu clear daflnitlon of the uCrlx alpha-beta atructore.

i»E ' 'M



t i

n
j

Flgun 3. tlvctron ■icrota«pi> ithowlnti th« preclpicatloa-fr«:« b«ta 
ph«M (ai 11) network in heat treated (r-STA-lJtiO)
Ti 6Al-<>V'2Sa. No espoaure.

s»E >' S'fM



C:

o
/im

Vf ,uUOX

Figure 6. ticccron cicro^rapn •howin,' prvclpiCAtlon of a-pl.*»e
(at A) within hoCa lan;llao In h«at troatad (i-STA-l-'>) • 
II 6Al-bV-:Sn axpoacd to 650*F/2i kal/lOOO hour*.

o
O f V ' ’ M

i-'* .

yt



n

O

OH.iOUX

FlRiirc 7. tU'ctrou microRtapli showltiK b«ta phase particles (at a) 
at t:ic cJk«* lanellar alpha cralna in heat treated 
(r.-STA-i:M)) T1 0A1-4V exposed to 4i«*F/25 ktl/SOOO hours.
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rLABROTES AID SYNBOU OBED II APPHTOICa A. B. AID C

m Mo r»ilur«

Mk ■oM ApparcBt

MR jot RacorteA

p> 1300*r/2Hn/Alr Cool

1300*F/2Hn/rc«. Cool ot 60*r/Hr to 800*r tbco Air Cooled

l800*f/3aMln/Alr Cool ♦ l625*F/lIr/Woter Qunx^t ♦ 
1200*F/l*Hr«/Alr Cool

1^ l875*F/30 Min/Alr Cool ♦ lT25*F/30Mln/Woter Quench ♦ 
1050*F/8Hr«/Alr Cool

■
l875*F/3«ln/Air Cool ♦ 1729*F/30Mln/Veter Quench ♦
U50*F/8Hre/Alr Cool

1725*F/lHr/Air Cool ♦ 1150®F/8Hre/Air Cool

' ^ l<AO*F/lHr/Wel«r Queeata ♦ U75°F/8Hre/Fce Cool et 80*F/Br.
to 800*F then Air Cooled

• ?> 1900°F/30Nln/Alr Cool ♦ 1725°F/30Mln/Weter Queneh «
1000*F/Wlrm/Air Cool

i^ 1900*F/30Min/Alr Cool ♦ 172^**F/30Mln/Veter Quench ♦
1250*F/AHre/Alr Cool

1725*F/30Min/Alr Cool ♦ 1250“F/l*Hrrf/Air Cool *
1725*F/30Mln/Alr Cool ♦ 1250“F/l»Hre/Fce Cool nt 80*F/Ir.> to 800*F then Air Cool

•

* V
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