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impurity which causcos hydrogen trittleness. However, in 1957 9. Q

'Y '
Zvickor and G. Waleor estatblished that the addition of hydroqen to

‘v

titaniur allcys raises their plasticity in the hot state [ 11, They

Up to :ow, hydrojgen has only been consideted as a haraful

stydied 1iloys of Ti vith R, 10 and 13% (by 2ass) aluminum. Alloys —)
(2"
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l> vith such a high alueinuer content are cf oreat gractical interost
Fhese
since ¢hey can be used 1t temperatures which acc unugually high for

fitaniunsz, Bi? Unfortunately, titanius alloys which cortain more
than 7.5% Al have lov technaeleoyical effectiveress and fracture during
het werking. ARlloying ajilcys of~}he Ti-21 system with hydrogen has
rade it possible to overcoae this defect. #ith a hydregen content of
0.5059, (by usz), a billet pade of a titaviums alloy wit', 8%, Al was
upset at 950$ to 78% without crack formaticn. ihe billet which did
rct contain hydrogen fractured under the sase ccpditions. The
titarice allii containin) %3% Al was saturated with hydrogen to
0.20%. At 950f3and a detcuati‘on ratio of 69%, insignificant spalling
wvas observed on the upset rillet. In this case, the billet which dic¢
nct ccntain hydroger #as ccrpletely destroyed during furginq.‘

-~
L —
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R

\—_" However, not one study has been putlished in this area since
1957. The purpose of this research was to study the technological
plasticity of a titanium alloy alloyed with 9% Al in a broad range of

hydroqgen contents (0.006-0.3 veight %) at hct wcrking terporatuces.

/;ii(‘»t,-’r »e . T"d .«3‘{37'.*':',; ‘ (/5-5" ). /Y’ﬂz'(’fww ./l“'d" "{n“‘" ’ -
C/ . J , o O

Alloy Ti ¢ 9% A) was made from titanius sgenge TG-10% ani
Y

e i et

alurinua prand A7. A 5 ka ingot was melted in a vacuua furnace with a

consumable batch el=ctrode., The ingot was selted twice to ot tiin a
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more homogeneods covposition. The alloy was studied 1n the cast
s ate, Cylindrical spoasimens 20 n2 in diaseter and 15 muw high were

turned from the ingot.

The specimens were saturated vith hydregen in the equipment
descrited in [U4 ). Before hydrogen absorgtion, the specimens were
trought to the identical initial state py vacuus annealing for 2

hours at 8009,

The specisens were placed in a cortairer sade of refractory
steel and loaded into the furunace. After the furnace reached tho
assiqned temgperatyre, the container with the specciren was held for
30-40 minut:s and transferred to the test zachire, 1-1,5 mirnutes
elapsed froms <he time the ccntainer with the specimen vas regoved
from the furnace uyntil the tests vere ceapleted, During this time,

the terferaiure ot the speciamen remained virtually constant.

The te:h.olojical plasticity and nature of fracture were
ratirated b Jdotermiuing the alloy®s plasticity when testing taa
cfecidens Ly upSetting until the first crack wkich could be seon hy

the naked eye appearel, The specinens were upset in a UM4-S amachine

Th-1D(R3)I-'076-76
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with a crosstar which moved at a speed of 10 ms/pin. fhen the lcad
exceeded 5 tons, the tosts vere conducted cr hydraulic prewss PHM-125
vith a force ranqge of up to 125 tons. Furtheracre, part of the
specimens wvete subjected to dynagic upsetting ce air hammer FM-50

with falliny prarts seighing S0 kg.

X~-ray irvestijyations were carried out in a KROSS charber with a
flat housiri. The X-rays were taken in copper Kigradiation with a

nickel filtec,

Thess upsetting tosts! showed (Pige. 1) that the plasticity of
alioy T1 ¢+ 9 % Al 135 very low at temperatures up to 11009, { Foctnote:
tN,. V. Yermisnin pa.*icipated irn the expevirental part of tle
rescarch, Fnd footnote] Cracks already appear cn the sides of the
specimen at a 50% deformaticr ratic and an upsetting temperature of
10509, which cotres=yonds tc the a-regicn of the Ti~Al phasce diagran
tor this allov. Reducing the temperature to 1000 and 950° decredses
the critical dotoraition ratio to 38 and 25% respectively. High
deformation rosiitance is typical cf alloy Ti ¢ 9% Al. At a

detorratior tewpecaturne ot 9500, the srecific gpressute is 27 ard 32

kg/rr?, Tecpectively, for upsetting at 25 and SC0% (Fig. 2).
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raising the deforasaticr temperature to 1100° (this teaperature
is clcse to the boundary of the a ¢ /¢ transition) results in an
arncmalous surye in the plasticity of alloy 1i ¢ 9% Al with signs of
superplasticity which are typical of alloys with polymorphic
tra~sformations [5 ). The reserve of plasticity in a specimen upset Lty
75-80% is far from exhausted; the specific pressure during
compression is 3-4 k3y/mm? for a specimen deforred by 50% (see Fis.

Z) .

During unsetting at temreratures which corresponi to tha
g-regior (1150-1200°), the allcy is defcraed tc hf&h defocsation
ratios withou- destroying its inteqgrity. However, there are saairp
ptotrusions a*d tears alonhg the grain edges on the sides. The
critical defoimation ratios turn out tc be lower at 1150-1200° than

at 11009 (see Pig. 1).

When Q.1 H, is added to the allcy in guesticern, the critical
deformation ritio at 950° increases to 45% versus 257%.for the alloy

without hydro.ra (<v+ ?ige. 1}. Increasing the tenceratiule *g
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1CC0-1C500% makes i+ possilble to defors svecimens ty 75-8C0% or sore,
Deformation of the alley with 0.1% i, at 11C09 cocur aralogously to

that of the cpecimens withcut hydrecgen at 1150-12¢C°,

During dynamic upsetting cn an air hass2r, specimenc c¢f alioy Ti
+ 9/ Al frectured by spalling after S0% defcraation. On the other
hand, specigens corntaining 0.1% H, withstood upsetting at the saee
tesperature by B0-907% without signs cf fracture. Raising the dymnaric
uprettirg rorp: atuare tc 8-regicr tespercstures {(1190-1250° for allcy
Ti + 6% Al) canses cracks and tears to appear on the sides at a
detoreation ratio of around 75% With ccncideration of the results of
2 numter of published repeorrs, this makes it pessible to establich a
critical deforaation ratio of 75% for these tepgeratures and illoys

{cce Fige V).

Hydraqen considerably reduces tu~ deformation torce (sce Fig.
2)« Thus, a* an ups>teing teccveratute ¢f 95(° and a deforma*ion ratio
of 2% ¢r4.. specific pressure during ccepressicn is 6 kj/ee?, i.e.,
almost H tines lower than for the alloy without hydrogen. Hydrcyen
decreares *he deforgaticn force up tc 110%; at higjher temporaturos,
the torees becowr anproximately cqual for the alloy with hydrojern arnd

withour (v,

MR -*.--.
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The effect of different hydrogen ccntents ¢n the ¢eochnolojgical
plasticity of alloy Ti + 6% Al was studied at 950°, when the critical
deforsation ratio tnr the alicy with 0.006 4, is 25%, and for che
alloy with 0,1Z 4, - 45 . Figur¢ 3 qgeneralizes the resutts of
upsetting cylindrical specimens on the test machine and the air
hazser. The persissible deformation ratice increase up to hydrogen
conten*s of N.15-2.0a 1he Specimens with these hyi.jen
concentrations were deformed by 8U% without any traces of fracture.
Further iacreasing the hydrcgen content in the alloy reduces its
technclogical plas+ticity. Thus, the persissible deforwatiorn ratie for
an alloy with 0.25% H, is 60% and for an alloy with 0.3%6H, - 4C%
Fracture of svecimens with 0.25-0.3% ¥; is intracrystalline, as
crrosed to the intercrystalline fracturs of specinens with 3 H,

concentra*ion of 0.1%.

The spacific pressute during SO0% deformaticn cof the allcy vith
0.15% H4, ic hait that of the alloy with 0.V H,., The decrease in
deformatice reizistance is getained when the hydrogen centent is

3 incr~asod to d.3%. Accordina to the Ti-Al phase diegram, the

ztructuce ©f the allcy is represerted by the a-thase and a sreal
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Fig9. 3. Defendencae of technological plasticity cf alloy Ti + 9% Al at

950° cn hydrogen contant,
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juanzity of secondary az-phase in the fcrnm cf a fine network on the
a-phase boundaries in the'initial state (0.006% H,). ¥hen the alloy
is saturated witbh 0.1% H,, the ricrostructure reaains virtually
invariable, except that the intrazgrain subst{cctura is revealed ucre
ciecarly and the speciuen be2ecpes vore etchaldla. With ¢he Zuarther
increase in the hydrojen ccncentraticn, the intragrain substructure
becoaes finer and etching reveals am overall grai background.

Therefore, the specimpon pust be lightly polished after »tching in

order to reveal its structure.

Alloy Ti+*9% Al doformed at 950-1050% has many internal flaws
{(Pig. 4) which are located in the places where three grains jcin, but
they are also found on the tourdaries tetveen tvo grains. The
specirens deformed at 1100 and 1150° dc not have microscopic flaws,

their structure being represented by the p-transformed phase.

After deformation in the tesperatute range from 1000-1150°, the
gpecimens with 0.1% H, do not bave any micrescopic flaws., The
microstructure of the alloy changes sarkedly at a deformation ratio

of 50% beginning with 0509, It looks like the transforased f~phase

with acicular structure. As the temperature increases, the

T

acicularity of the structurte is sore clearly visible. The deformation
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ratio has the same effect. According tc our observations, this type
cf structure is not observed at a deformaticn ratio of 50% and a
tegperature of 1050-1100°, while at the same tesperature and a

deforratior ratio of 75%, clearly expressed acicular structure foras.

In order to deternmine the coapleteness of recrystallizaticn, the
deformed specimens vere studied by X-ray aralysis. The results of the
Y-ray analysis of specimens of the alloy vwith C.006 and 0. 1% H,
deformed by 50% showed that the alloy with C.006) H, daformed at 950°
has norrecrystallized structure. The untroken interferential rings in
the X-rays with no traces cf branching intc separate reflexes
indicate this. Completely reerystallized structure is observed in the

spetimen deformed at 11000,

The X-vay of the specimen deforsed at 1150 indicates a less
recrystalli ted structure than that of specimen deforeed at 11000,
This can be explained by the fact that 11002 is close to the
tesperature of the a4f=p. transformaticn and that

recrystalliration is accelerated durinj defcrmation accoapanied by a

phase tranciormation.
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- A The hydrogen in alloy Ti ¢ 99 Al lowers the temperature of the
teginning of recrystall zation. Partially recrystallized structure is
s . ' cbserved in the specime: with 0.1% R, deformed at 9507, vhile
recrystallization is already ccoprlete in the specigen deformed at
1000°, By analyzinc the X~rays vwe find that the alley vith C.1% H, is

in a ecre stressed state than the alloy with 0,006 Hy deforamed upder

A,

the same conditions. The reflecyes are more klurred in the X-rays of
N the alloy with hydrogen thar in those of the alloy vithout it. The
| resulte obtained in this report confirm the data given in the patent
1) wvhich state that nydrcger raises the deformability of titanium
alloys with 2 high alumiruys content in the temrerature range usecd for

hct werking.

HaTe e

A favorable effect of 0.7/ H, on technological plasticity is

{ ) observed up to 1i00°%, Above this temperature, the permissible

- coapressior is virtially identical for specimens with and without

X hydroyen. The greatost technolcgical plasticity is observed in a
specific teaperature range. This temperature is close to 1100° for
allcy Ti ¢ 3% Al. Hydrngen lovers this tesperature and expands the
tesperature range in vhich the paximum jlasticity is manifested.

\ There is no doubt that the reduction of the tengerature and working

- force is often desirable and has practical apolications. Of course,

after the favorable effect of hydroren c¢n tle technological

e e u 8 g a £
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efficiency of the alloys is used, it must te¢ removed from thea by

vacuulr annealing in order tc¢ avoid hydrogen brittleresns.

One possible hypothesis of the mechanicse e¢f this hydrogen cffect
can be suamed up as folicws. In regort {6}, I. I. Kerailov et al.
rroved that titanium alumide with the ccmpositicn TiyzAl exists in the
Ti-2l systew, Increasing the aluminua content in titaninm alloy::
results in the supersaturation of the sclid sclution a and the
separation of dispersed a,~phase particles frce it based o1
intersetallide TiyAl. These particles inhibit sliding on the grain
edges, as well as within them. This causes plasticity to drop :t
temperatures below the dissclution temperatnre cf titanium aluminide
TisAl. Clearly expressed intergrapnular fracture is sanifested and the
individual grains are clearly visible on the surface of the speciaens

after cospression.

Rydroqgen inhibits the forsaticn of grain-edged a,~-phase
separations, which is rcsponsible for the rittle fracture of alloy
Ti ¢ 9% Al during doforsaticn. Fracture beccmes intracrystalline and

viscouns.
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' The suppression of phase separation when alloying alloy Ti ¢ %2,
: Al with hydrogen is not the only reascn for raiscd technoalcgical
} effectivenecs. An anozalens surge in technological effectivenoss
sisilar to the phencmenon ¢f swvrerglasticity ubich vas first studied
j in detail by A. A. BDochvar [7) evem cccvrs during ccapression in the
f alloy without hnydrogen at tenferatures clcse to the « ¢ B/p chase
transjtion.
-
§) Hydroget facilitates the conditions for the development of the
- ancmalous surge in techroloqical vffec®*iveness related to the
2 superplasticity effect in alloy Ti ¢ 3% Al dacing the phase
y transition. 7The addition of hydreogen nct crlp raises the permissible
. compression, but also markedly decreascs the deforaming forces.
¥
y
<
There are at least two reasons vhy hydrogen can contribute to
J the developsiont of syperplasticity: being a p-stabilizer, hydregen
N lowers the tomperatur® ot the a ¢ £/2 transitice: therefore, th-
h]
" plasticizati.» effect is manifertad at lover tesgeratures in
& hydrogen-sat 1tated specieens. Secondly, hydrogen has diffusicn

) ‘ coefficients which are several orders ot magnitude higher *han the
those of the other elements. Thus, at 10009 the diffusion corfficient

of hydrogen in B-titanium is 10¢ tiases Jreater than the cncfticient

FTD-ID!{R5)I-1076-76
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of celf-diffusion. W¥eight concentrations of hydrogen on the order of
C. 15-0.20% correspond to 5-10 atoaic ¥. At such high concerntrations,
hydrogern cannot help but have an accelerating ceffect on the diffosion

of titanius atoas, althcugh it is an interstitial adsixtureo.

Hydrojen has the mcst favoradle effect at 9500 in the range of
concentrations from 0.15~0,27%. At both lower and bhigher hydrogen
concentrations, the plasticization effect decreﬁses for t¥c reasons:
at hydrogen contents belovw 0.15% the tesperature range in which
superplasticity is wanitested is higher than 350°, and at contents
greater tbanio.z% - lower. when the hydrogen contents are too great,
the taratul effect of hydrogen dominates - hydrogen brittleness

tegins to develop.

Cenclusione

1« The study corfirams data on the favorable effect of hydroyen
¢n the technolojical vliasticity ot alicys with a high alusinue

content at ‘ot worxing tempcraturese.
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2. The favoraple effect of hydrojen is not only expressed by
lovering the tomperature of the ancralcus svrge in plasticity related
to the - ¢+f=p (around 1100° for allcy Ti ¢ 9% Al), but also in
the extension ot the temperature range of §ncr:ased technological

effectiveness daring uprsettirg fror 1000 tc 10500,

3. Tue positive etfect of hydrogen is also manifested in a
considerable reduction in the deformaticn fcrces throughout the range

, cf teeperatures and hydrogen concentiations in guestion.

4. Hydrogen has the scst favorable effect in the range ot

concentrations from 0. 15-0.27, (ty sass).
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