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EfrECT OF NYR~fOGEN nR iNFUSTPIAL PLASTICITY OF ALLOY Ti + 91, Al

B. A. Volachev, V. K. Nosov, V. 1. Livanow, G. 1. Shchipunav and A.

E. rhuchuryuX.it

Moscow nstitut( of Aviation Tirchn'sogy, Departsent of Metals Scipnce

and Hct Workinq of Mptals

3> p to :.-ow, hy.ro-1n haz only been considered as aL haritu!

impriy which causos hydroq4-n krittleness. Hawcver, in 1957 R..Q-

7vick.r and C. wal1err estatlished that the addition of hydrogen to

t itariu iu llcys raiscs tbeir plasticity iv' th'- hot stato [ 11. Th-y

studlie1 ilay: of Ti with R, 10 and 13%h (by 2ass) alum.inum. Alloys -

!'i'r; - I DR I 1-10'(6 -'1
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2 wit'h such a high aluminur content are ct qreat Fractical interest

since *4*- can be used it tmretatures which arc unusually high for

+itanium [2, 3]. Unfortunately, titanjuq alloys which contain more

than 7.5% Al have low technological effective~E~s and fracture during

hct wcrkjnq. Alloying ailcys of t.he Ti-AI systep with hydrogen has

made it possible to overcoae this defect. with a hydrcg3n content of

0.505% (by mass), a billet made of a titanium alloy wit1 81/ AI was

upset at 950* io 78% without crack formaticn. The billet which did

rct contain hyltrogehr fractured under the same ccnditions. The

titaniLm alloy containin] 13% Al was saturated with hydrogen to

0.2a%. At 9500 and a detornation ratio of 6', insignificant spliinq

was observed on the upset tillet. In this case, the billet which did

nct ccntain hydroge, was ccxpletely destroyed, during forging.

- However, not one study has been putllshed in this area since

t957. Tfh, purpose of this research was to study the technoloqic-l

plasticity of a titanium alloy alloyed with 9% Al in a broad range of

hydrogen rontpnts (0.006.-0.3 weight OA) at hot wcikinq terp.ratures.

Alloy Ti * 9% 4l was mad- from titaniun srcnge T%-11)5 anl

altirinI., Ordfn, A7. 4 c ka ingot was melte-d in a vacuum furnaca with a

consumaulet tatch l-ctrode. 7he ingot was mclted twic? to oitiin ,a



more homogeneous coposition. The alloy was studied in tbe cast

s- ate. Cylindricail sp,.cipens 20 m2 in diameter and 15 am high were

turned from the inqot.

The specimens were saturated with hydrogen in the equipment

descri-ed i.i [4]. Before hydrogen absorption, the specimens were

Lrouqht to the identical initial state by vacuum anrealing for 2

hours at 8000.

The sp,:cimons were placed in a cortair.E made of refractory

steel and loaded into the furnace. after the furnace reached th-y

assiqned terperature, the container with the siccive was held for

30-40 minut es and tranF;ferrrd to the test sachine. 1-1.5 mint-s

elapsed from she time the ccntainez with the specimen was removed

from the fu;:-iace until the tests were cCFleted. During this time,

the 'eFeFrai uro ot the specimen remained virtually constant.

7hc te .holo';ical plasticity and nature of fracture w're

prtiito1 I J-tormiiino the alloyss plasticity whcn t.-,tinu thn

rrccimer's u uczt;t inq until the. first crack which co-ll, hr se.'n ti,

the n ikod " alp;':ir' I. The spccimens wrre upsct in .i - ichir.,

T)- (R")I.... 076-76



uith a cros:;tar which ooitd at a spe!ed of IC me/min. Wihen the )(,ad

exreededl S t~in, t;hc ti-ts v',re cinducted or hydraiulic prers P!1-125

with a forct? ranje of up to 125 tons. FurthEracre, part of the

spc-ciimns wore subjected to dynamic upsetting cc air haimer P-50

with tallir.1 pa rts %ei'ghirv 50 kg.

X-ray iinv,-st jitjions ware carried out In a KPOSS charber with a

fla-t t'o'sir-z. Thp Y-riys W'PaC take-n in copper Km cradiation with a

Itt-s*t tarsc ttin.; tosts' showopd (Fig. 1) that the pl sticit.y of

alioy Ti Al.o/ ~ is vary low at tespcEatures up to 11000. Foctnotte:

IN. V. Yermishin pa.l'icipatisd in. the experivental part of the

research. Fnit foot not.- Cracks already appear cn the sid, s of thr

sprcirpnf at a 501i.. 'It'f)rati 1cr ratio and an upsettirq tomppriture of

1C";0 0 . which co~re -onds tc the a-regicn ot the TI-PLL phbso diagram

tor thir; .illoy. Rr'dicinqj the tewperature to 1000 anid 9500 Opcrkeases

thc rritirial folorrmiion ratio to 381 and 2594 rcspectively. High

dcfr~1t in ~x~~t u"in typical cf alloy 1i *9qi AI. N t A

d~roriat i or t-t~poct trr of 9500. the sreci fic Fressure, i.-- 21 dri 3 '

kti/!rr-. .-- pctivol y, f ci upsettinq at 25 ani riVll (fig. 2).

W,.
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Fig.1. oI~@~.o~ce-)f tc-chncl'qical p1sticity cf a11lo S Ti ~.~

0. 1'/ 8 7 (1) a-,d Ti + 1;7 Al (2) cn teajrcrature.

g. we ffo n

Fiq. 2. rqj.-rific trr;.;-,rcs duriry comFrcssicfl cf alLoy -.i *9.

Q~6fl '~~it:n .r~~r and coxttont of hydxoqen:

"~~~~~ INV.%~.*~.% .
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Raising~ the floformaticn temperatuire to 11000 (this temperature~

Is clcse to the boundary of the a # A/ tuanpition) results in dfl

aficmalous skir-40 in the plasticity of alloy 'ii + 9%* Al. with sigjns of

superplasticity which are typical of alloys with~ polymorphic

tra-sformatjons (5 ]. The reseryce of plasticity in a specimen upn-t. t y

15-0%r is far from exhausted; the specific presrure during

compression i: 3-4 kq/maz for a specimen deforved by 50'/c (see Fi-1 .

During" u-'stt2ng -it temFeratures which correcponi t~o thba

0-regior (115C-12000), the alloy is defcrated tic 10 qh defc -satioa

ratios withou- def5;troyinq its integrity. However, there are sna.,r;;

protrusions a~d tears ilong tht- grain edges an the side.-i. The

critical defoiuatioi ratios turn out tc be lower at 1150-12000 than~

at 1 1000 (-,-e Fig. 1) .

Wft.-n 0.1- It, ii alded to the alley in question, thc, criticail

dIeformation r t io a t ')SOO increa'ses to 45% v4!rsus 252. for th"! 1110.

withnut hyjdro.,r'n ('.iq. 1). Increas inq the t. zarL't !it oc
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ICCO -10C)0 rmt~es i 1- possikrle to deoou ;pc~iuei5s ty 75-13., or morv.

D.ftriatiocn of t.Y- illcy wi th 0.1". fij, at I1000O --,cur; iraloqonrly to

that of the rpc-cixeins withcut hydrogen at 1150-12aCO.

Durinq dynamic upsetting cii an air hama~c spiecimens cf alloy Ti

+ 9Y, Al fractured by npalling after 50%~ defcruation. on the other

hand, !7prcimensi cor.taining 0.1% H,. withstood urspttinq at the sive

texpe4rdturv by 8G-SD'/ Vjithcut ssiqnr, cf tractsire. Paising the dynaric

ui-tttir. i ror- a-turP tc A-rtqjrr. tesper.-tores (1'hO-1230 0 for flcy

Ti + '%I Al.) ca'izes cracks and tears to appear on tbe sides at a

(J*rr.Ir, ratin of -around 75%. With ccnsideration of the results of

a rurbc~r ofpublisleei rerorts, this makc-s it pcssible to estati-h a

criticalj de4formatinn ratio of 75%, for these teareratures; and al1loys

(!Ce Fi.4. 1)

ffydr;,p'n*, con-.ideral'ly re'ducez tiav- deformation force (see Fiq.

2) . Th'is, a* in ups..,t ing te,:uc-rat UL- Cf 95CO and a deformal-ior rltio

of .19"1 . specific nrcssurc during ccapressicn is 6 k-1/m-7, i~.

a . t i t -,-.1 io w (- than for the alloy without hyrdro'po. iiydrc. j'-cr

decr~r*. he' tdfforx-i.t icn force up tc 1IJ00 ; at hi-lhor 'm 'rt',

the torco-, luccow,- aiu-prnximatel y equal for the alloy with h ydroq~o. ir~d
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!rb'- offtrct of dif teron t hydrogen cc nt tit~ c-, the trchnuo I. icalI

plasticity (;f alloy T-4 + 9% Al WaS :,tod& ( at 950'0 vh, tho critical.

defarnation ratio t')r tho alloy With 0.00b ",; is 25%, an! foar Lfi '

alloy witih 0. It HI? - 45. Ficjurc 3 generalizes the resutts of

upset ,ng cylindrical specimens on tho test machin~e ani the air

hazmer. Tho persissible deformat ion rat iec Incrcase uip to hydrogp-n

contents of 0. 15-2. a. The r'ppciaens with thenc 1y,:1T;n

conc~ta - io~f were deforar-d by Wilvo tru any trce'; of fr~tzture.

Further iacreas'ing th'- hydrcgcn content in the alloy reducpeb its

techncloqical plasticity. Thus, the FeraissibIc deforwatior ratir. for

an alloy with 0.25%' II? is 60% and for an alloy With 0.3*A. fl - L4M

rractitro of svecimens wif-h 0.5-.y tir is intracrystal. ine, a!;

crrosed to th*e intorcrystalline fracture of speci'.ens vith a H

concen1'ratier. of 0. 1%.

Th'- sp.-cific presure during 50O/dt-forMdticn of the alicy with

Az5~' i is hal~t that of thc alloy with 0. 1/cH2. The d(,creasp in

deforr'aticc' r-.st;nc- is tctainel When the hyd!toi*tl cc- t.t i:

incr- an-d to -).3y-. Accordinq to th'p 7i-Al r~s diaqram, th-~

ztrtjc -urp of thr- al1icy is-t resc:;rtvd tFy the a-rhaso and a rrt 11



rL CAep. q...* ti,* lec

Fig. 1. DeF~nr 4 ence of technological FlaSticitY Ct alloy Ti 9y. Al at

q5Ocr hydroq' n cont*4nt.

FEY: (1) Iaximl1m coc unression. (2) H2 centent, weight

.............................
.v.=.. ** * 's-.

' 4.,' . -

Fil. 4. '4icrc.-;t-uc~lvr of ursft sp'-cimcfl of alley Ti + ~' Al aftitr

45' dO-fr, icn at 1090 0 . x200.
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3uantity of secondary az-phase in the fcra of a fine network on the

a-phase boundaries in the initial state Co.O06i/v H2 ). When the alloy

is saturated with 0o.IH, the nicrostructure remains virtually

invariabi, except that the intragrain substructure is revealed more

cIe-arly and the speci' cn hecoiCs 1cre e-tcL3aM-%. Itith tll] f.rt~teo

increas-e in the hydrojen corcentration, the istragraiu substructure

becomes finer and etching reveals an overall gray background.

Therefore, the specimen must be lightly polished after itchni, in

order to reveal its structure.

Alloy Ti*9p/AI deformed at 950-10500 has many internal flaws

(Fig. 4) which are located in the places where three grains join, but

they are also found on the bouLdaries tetween two grains. The

specimens deformed at 1100 and 11500 do not have microscopic flaws,

their structure being represented by the p-transformed phase.

After deformation in the temperatute ranqe from 1000-11500 , the

specimens with 0.1% Hz do not have any microscoFic flaws. The

microstructure of the alloy changes markedly at a deformation ratio

of 50"/4 beginning with 10500. It looks like the transformed 0-phase

with acicular structure. As the temperature increases, the

acicularity of the structure is more clearly visible. The deformation

LC
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ratio has the same fffect. According tc our observations, this type

Cf Ettucture is not observed at a deformaticn ratio of 50% and a

temperature of 1050-11000 , while at the same tenperature and a

deformatior ratio of 75,', clearly expressed acicular ntructure forms.

In order to determine the completeness of rocrystallizaticn, the

deformed speciwens were studied by X-ray araly is. The results of the

I-ray analy:.is of sFecimens of the alloy with G.006 an4 0.1% H&

deformed by 50'4showpd that the alloy with G.0C67. H2 deformed at 9500

has nonrecrystallized structure. The untroken interferential rings in

the X-rays with no traces of branching iatc separate r.flexes

indicate this. Completely recrystallized stiucture is observed in the

spe-. en dePormed at 11000.

The X- 'ay of the specimen deformed at 11500 indicates a less

recrystallii:ed structure than that of speciren deformed at 11000.

This can b. explained by the fact that 11000 is close to the

tempetasurc, of the 4"0+I=P. transformaticn and that

recrystalli:ation is accelerated durin3 defcrmation accompanied by a

phase tranri.ormation.

... .I I • I I III I I%
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The hydrogen in alloy Ti + 9c,/A lowers the temperature of the

toqinning of recry';tall zation. PaLtially recrystallized structure is

cbserved in the specime: with 0.1% H 2 deformed at 9500, while

recrystallization is already coalete in the specimen deformed at

10000. By analvzin: the X-rdys too find that tF* allor vith 0.1, 1I is

in a more stressed state than the alloy with O.CO6 Hz deformed under

the save conditions. The reflfxes are more blurred in the X-rays of

the alloy with hydrngen thar in those of the alloy without it. The

results obtained in this report confirm the data given in the patent

[1 ] which state that nydrcgen raises the deformability of titanium

alloys with a high alumirum content in the temperature range used for

hct wcrking.

A favorable effect of O.fI. H. on technological plasticity is

obsrvwd up to 11000. Above-this temperature, the permissible

compressior is virtially identical for specimens with and without

hydroqen. The great-st technological plasticity is observed in a

specific tooreratura range. This temperature is close to 11000 for

alloy Ti * 9% Al. Hydrogen lovers this temperature and expands ths

temperature range in which the maximum ilasticity !s manifested.

There is no donbt that the reduction of the temperature and work2.nq

force is often desirable and has practical applications. Of course,

after the tavorable effect of hydro-en cn t'e technological

I~l~l* 4 " *~ - il*il i ..l....I.........,
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efficiency of the alloys is used, it must te removed from them by

vacuum annealing in order tc avoid hydrogen brittlere.s.

S.

One possible hypothesis of the mechanizu of thi hydroqen effect

can be summed up as follcvs. In report [6), 1. I. Koruilov et al.

Froved that titanium alumide with the ccmositicn T13 AI exists in the

Ti-Al system. Increasing the aluminum content in titanium alloy:

results in the supersaturation of the sclid solution a and the

separation of dispersed a2-phase particles from it based on

intersetallide Ti3Al. These particles inhibit sliding on the grain

edges, as well as withf.n them. This causes plasticity to drop -t

temperatures below thp dissclution temerature of titanium aluminide

Tishl. Clearly expressed intergranular fracture is manifested and the

individual grains are clearly visible on the surface of the specimens

after compression.

Hydroq'n inhibits the tormaticu of grain-edged cz-phase

separations, which is rcsponaible for the 'rittle fracture of alloy

Ti * 9% Al during d-formaticn. Fracture beccmes intracrystalline and

viscous.
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The :upprssion of phase separation when alloying alloy Ti + 9/

Al with hydroqv.n is iot the only reason for rai-.,d technlcqicdil

effectiveness. An anomalous surge in techr.ological effectiveness

similar to the phenotenoi of sa.erplasticity uhicla vas fIrst studied

in detai] by A. A. rochvar [7) e'en cccur.- durkrc, compression in thb

alloy without hydroqon at temFeratures clcse to the a /p1 phase

transition.

Hydroqei facilitates the conditions for the development of the

ancoalous surg- in techooloqical vffeciveness related to the

superplasticity effect in alloy Ti * 3V. -A dutiog the phase

transition. 7he addition of hydrogen nct cnll raises the permissible

coupression, but also markedly decreases the deforming forces.

There are at least two reasons why hydrogen can contribute to

the developacnt of supeLplaSticity: being a p-stabiiizer, hydrogen

lovers the t,-mperatur. ot the a # C/P transiticr. therefore, th"

plasticizati,., effect is maniferted at lover tevreratures in

hydrogen-sat -Iated npecimens. Secondly, hydrogen has diffusicn

coefficients which are -evrral orderb ot magnitude higher than thp

those of the other elements. Titus, at 10000 the diffusion coofficliet

of hydrogpr. n 0-titanium is 106 tize- gIreater than the .on.ttir.int

FTD-JD(RS)I-1076-76

I, "



LVkC: r 10 76 P AGE F. r*1

tof elf-diffusion. Weight concentrations of hydrogen on the order of

C. V)-0.20% corrsponl to 5-10 atomic %. At such high concertrations,

hydroger. cannot help but have an accelerating effect on the diffasion

of titanium atoms, although it is an inter-iti'al admixturp.

Hydroien has the most favora'ole effect at 9500 in the range of

concentrations from 0.15-0.2%. %t both lower and higher hydrogen

concentrations. the plasticization effect decreases for two reasons:

at hydroq.'n contents b-low 0o.15 4 the temperature rang& in which

suporplasticity is oanitested is higher than 9500, and at contents

greater than 0.2*/- lover. then the hydrogen contents are too great,

the tarutul effect of hydrogen dominates - hydrogen brittleness

begins to develop.

Ccnclu-i onV

.%

1. The study corfirms data on the favorable effect of hydrogpn

on the technno'o1c-! pLacticity ot al.Lcys with a high alum.num

content at '.ot worKinc ttarccrturos.

:..

• p.

FTD-ID(HR)I-1076-'6
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2. The favoraole effect of hydrogen is not only expressed by

lovrinj the tomperatare of the ancmalcus surge in plasticity related

to the . Pa0P (around 11000 for allcy Ti * 9Z Al), but also in

the extension ot th" temperature range of incrZased technological

effpctiveaess drinq ut-settIrg fro 1000 tc 1050".

3. The positive effect of hydrogen is also manifested in a

considerable reduction in the defornaticn fcrces throughout the ra.ne

ct teurpratures and hydrogen concentrcations in question.

4. Hydrogen has the sest favorable effect in the range a"

concentrations from 0.15-0.2% (1by lass).

Received 16 February 1972
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