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ABSTRACT

In the present investigation thermomechanical
treatment comprisedﬂéold working of Ti-Mo alloys in the
quenched cond;tion from solution treating temperature
followed byvéubsequént aging tfeatment at 400° ¢ and 500°C
‘respectively. Two alloys Ti-10% Mo and T1;23% Mo are
studied with the help of hardness ﬁeasurements and -
optical miecroscopy to observe the mechanical properties
as well as the struetural changes during this treatment,
It was observed that the peak hardness value of either
alloy at 500° ¢ aging temperature is higher than the
corresponding valuz at 400° C, For Ti-23% Mo alloy it is
found.that there igm%ariation in the period of hardness |,
peak on.éging at eiﬁher temperature, However, the peak
hardness #alues of T1-10% Mo alloy are found less than
that of T1-23% Mo alloy for either aging temperature. It
is also observed that with increage in prior cold deforma-
tion, there is an increase in the hardness peak value upto
50 per cent deformgtion for T1-10% Mo alloy but for Ti-23%

Mo alloy the prior ¢old deformation upto 30 per cent is



effective'to increase the peak hardness value. The basis

of strengthening effect of thermal treatment is the appea-
rance and growth of omega phase, stress induced marténsite
and the retained beta phase. During this study the presence

of omega phase has not experimethtally been observed.
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CHAPTER 1

INTRODUCT 10N

- One of the principal needs leading to the develop-
ment of new alloys is'the deslire to operate at higher tempe-
ratures than Iis possiﬁle with existing materials, This
trend is 1llustrated by the substlitution of titanium for
aluminium alloys in the cooler,parts'of‘gas tﬁrbine engines,
of Zirconium for magnesium in nuclear reactors and, poten;
tially, by the development of a new material to replace
nickel~base alloys in the hotter parts of the furbine. New
high temperature alloys are also néeded to make possible

many rocket and space developments.

The nature of the ailoy development problem,_and
the choice of starting materials, obviously depends on the
application concerned, but in each case it 1s a question
of combining desired mechanical properties with some cther
characteristics, For titanium alloys the need has been to

develop maxgmum strength in the temperature range 0-500°C
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vhlle maintaining the density of the material at the

lowest possible level., Success already achieved in this

field has moved the critical temperature range to 500-600°C
hos &

t
and/subsequently added oxidation resistance to the speci-

fication which must be met by new titanium alloys.

For titanium extensive studies have shown that
best creep strength at temperatures upto 500°C 1s given by
jalloys in which the mﬁjor proportion of the alloying ele-
ments stabilize the low temperature hep form of titanium,
alpha. Unfortunately addition of alpha;stabilizing alloy-
ing elements results in embrittlement due to complex order-
ing reaetions(l) at fairly low concentration levels, and
s0lld solution strengthening 1is conseéuently 1imited.
Strengthening due to alpha stabilizers must, therefore, be
supplemented by the addition of beta stablllzing elements,
which results in the formation of the bec beta phase. This
. may or may not be stable and heat treatments based on betaa
decomposition are the basis for several high;strength alloys
in the current service temperature range. Nevertheless, the

need to add beta as well as alpha stabilizers to achieve the
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degree of high temperature strength needed limits the service
temperature level to which this type of élloy can be developed
and 1t is becoming increasingly apparent that for service
temperatures appreciably above these now in use titanium
alloys based on The fully stabilized bec beta phase will have

to be considered.

The attémpts 1nfregardbthe study of Various.compo-
sitions of Ti-Mo alloy have been done so far by many investi-~
gators but a littie attention is paid on study“the effect of
thermomechanical treatment. This treatment can be defined as
the prior cold deformation on Quenching the speclmens after
solution treatmeﬁt which may provide the improved mechanical

properties on subsequent tempering.

The attractive properties of Ti;alloys such as
high strength to density ratip, excellent corr&sion resis-
tance at temperatures below 500°C in any media, relatively
high melting point among the light metals, good fatigue
strength and toughness make them a suitable material for many
engineering applications such as in alr cr&@t industry,

internal combustion engines ete.



The Ti-Mo as binary alloys have little commercial
applications t1ll now and mainly in aircraft'iﬁdustry as
strucﬁural material with view of decreasing raw material
cost. T1-14M6 alloy(z) is supplied in solutlon tregted
condition as commercial alloy in the market with U.K. Spe-~
cification VES(A1)507(domestic Specification). Axbhougk
hoving o litthe inbepest in commerctol appidweaticms sU Su2
the Ti-Mo alloys have a great deal in.expapding scope of

research field being heat treatable alloys.



CHAPTER 2
LITERATURE REVIEW

At 882.5° C pure titanium metal undergoes an
allotropic transformation from a hexagonal closo-packed

d.gtructure, stable at low temperature, to a body centred

cubic B-form which persists upto the melting point, 1668°c(3),
The oceurrence of allotropic transformation in pure titanium
contfols the type of structure whicih can be produced by heat
treatment of titanium-rich alloys and hence increases the range

of thelr mechanical properties.

When the alloying elements dissolved in titanium
have 8 great influence on its allotropic modifications, % andp
then for a botter understanding of thermal treatmént of such

alloys it is essential to have a sufficient knowledge of equi-

libriun diagram and phase transformation.

2.1 Consgtitution of Ti-Mo Allng

The alloying nature of titanium is such that it forms
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extensive solid-solution alloys with all of the transition
elements. Molybdenum, having bec structure, forms a8 substi-

tutional solid solution on alloying with titanium and stabi-
lizes the high«temperature bee form, 8, of titanium. Thus,

molybdenum may be called &s beta stobllizer inballoying history

of titanium.

261sl Equilibrium Diagram of Ti-Mo System

The Ti-Mo system 1s characterized by complete misci-
bility between the bec allotrope of titanium and molybdenum ;
hence 1t is termed a beta isomorphous systems as shown in Fig.
2.1 worked out by Hansen et 81(4). The melting range is incre-.
ased by molybdenum, the alpha-beta field is relatively broad,
and ths alpha solubility is limited, slightly less than 0.5 per
cent. The temperature of transformation from fhe bei;a field to
the alpha-plus-beta field, beta transus, decreases linearly

with increasing molybdenum contant.

The critical stabilizing concentration for molyb-
denum(56) 1g ag 5.5 at pct (110 wt. pet) which 18 necessary to
obtain . & single phasgse structure of B-solid solution in a

metastable state at room temperature.
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2.2 Some Agpects of Phase Transformation in Ti-Mo Alloys

The B to « transformation in Ti-Mo alloys has been
studied by Delazaro and Coworkers(7’ 8). The time-temperature

transformation characterigtics have been studied by observations
on the microstructures after quenching from the beta field to
various temperatures and holding for various lengths of time.
The curves of the start and finish of the B8 to « reaction
exhibit the characteristic 'C' shape, which is the net result
of the low rate of nucleation at temperatures'close to the
equilibrium temperature and the increasing rate of nucleation
at lower temperatures being offset by decfeasing diffusion
rates such that a maximum reaction rate oceurs at an interme-
diate temperature. Fig. 22, adapted from Delaéaro et al, éhaws
the variation with molybdenum content of 'C' curves denoting
the first appearance of alpha, As the wolybdenum content

inereases, the nose of the 'C' start curve occurs at deereasing

temperatire. Thuas effect would appear to result from the
dec?easing transus'temperatu:e. Also, there 13 a trend toward
increasing time to start, which would be expected because of
increased sluggishness of the transformation with higher beta
alloy contents. The'alpha phase nucleates predominantly at the

beta grain boundaries, and only in later stages within the
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Fig. 2.2 TIT-Curves showing the effect of
composition on the start of the beta-
to alpha transformstion in Ti-Mo alloys .
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interior of the grains., As the temperature of transformation
decreases, the alpha platelet size becomes progressively smaller
and finer until, below the nose of the 'C' curve, the precipi-
tated alpha is practically unresolvable. Delazaro and
Rostoker(8) also studied that the rate of p—=« reaction

increages asgs the oxygen content increases,

In Ti-Mo alloys, the 8 phase 18 retained at room

temperature when quenched in water from the B-field. A number

tyomst oS CoM Oty WA astabie f-Phase
of phase/iﬁw}aVOurable‘Eonditions as temperature, time and

composition. These possible phase transformations are listed

beXow ¢

(a) The w-phase can form on quenching(®)

(b) Marten site can be produced by subzero

cooling or deformation(IO)

(¢) On aging at temperatures lower than nearly

650° C the we-phase is formed before the d-phase(ll)

(d) On aging at temperatures above 550°C. The
«=-phasge 1s formed(ll).

(¢) The martensite can be tempered. It has been
reported that the ««.phase rather than the
B-phase is precipitated during tempering(lz).
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2.3 Martensgitic Transformatlon in Ti.Mo alloys

The structure of quenched titanium alloys may be that

of unstable B-phase, sometimes called B', and/or the metastable

forms of alpha designated as «' and «" and are called the mar=
tensitic phases. The ' phase is supersaturated solid solution
of «-titanium with a hexagonal crystal lattice. The presence
of the x' phase considerably increases the hardness of the

alloys. The <" phase differs from the «' phase by'the fact

that 1t has an orthorhombic rather than a hexagonal lattice,

as a result of the supersatu:étion of the %-s0lid soltation with
alloying elements. This phase is formed only in Ti-alloys
containing those transition elements, the atomic radii of which
are close to the atomic radii of titanium (V, Nb, Ta, W, Mo
and Re). Alloys containing an <" phase are considerably softer

than those with «°! phase(la).

2.3.1 Compositional Range for Martensitic Transformation

As reported by Jaffee(5) the alloy containing. less
than 7.0 wt. per cent molybdenum will consist the complete
martensite phase on quenching from f=field F4g. ¢2) whereas

the alloy containing molybdenum in the range of 7-12 wt. per
cent may provide the martensitic structure along with the
retained R-phase, B'y but beyond this limit of molybdenum

content, complete retained B-phase will be present.
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2¢3.2 Mg Temperature

The Ms temperature, the start of the martensite

transformation from beta to alpha, decreases with increasing

molybdenum content until at 11-12 per cent molybdenum the beta

phase 1is completely retained after quenching(14).

(14)
ratures obtained by Duwez for a number of titanium alloys

Ms tempe-

1nc1ud1ng»Ti-Mo are shown in Fig; 2.3. The martensite arrest
temperature was found to be relatively indcependent of cooling
rates upto about 10,000°C/Sec. The Ms temperatures in Ti-Mo
alloys are increased by oxygen, about 10°C for each 0.1 per
cent of oxygen. For Ti-Mo alloys the Ms curves paéses from

12 wt per cent Mo and Mf curve passes from 7 wt% Mo composi-

tions.

2.3.3 OBRientation Relationship during martensite transformation

Lui and Margolin(15) found two martensite habit planes
in the Ti-Mo alloys after water-quenching, predominantly {334)5
and to a lesser extent {344}6. A transition occurring between

10.5 and 11.5% 1s found for both {384}y and {344}, martensit 16117’

the {344}ﬁ martensite found in the higher Mo alloys is usually

formed by deformation of the quenched alloy. In a deformed
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?41-11.6% Mo alloyy it has been seen that the 'martensite' plate
as transformation product consists of a complex array of twins(ls).

In lightly deformed specimens the habit plane is near {112}B and
moves towards {111}g as the deformation increases. However, it
is not proved possible, as yet, to account for the observed
{344}ﬁ habit plane by a double or multiple twinning process.

The twinned structure is produced by deformation and bhe observed
magnitude of the shear is 0.316) thus 1t 1s aifficult to
account for this value uniess the twinning shears take place

in opposite directions. The Burgers Orientation relation for
martensite in Ti-Mo and other titanium glloy martengites of the

{33423 habit was suggested by Lul and Margolin(ls),

(0001)4\] (110)4

(11201, || (u1l4

and was one of two orientations suggested(la) for magtensite

{344} formed from beta by cold work.

2.,3.4 Tempering (aging) Behaviour of Martensite

Domagala and Hostoker(lg)

studied the decomposition
of martensite )presumably formed by strain induced transforma-

tion) in a Ti-13 Mo alloy and reported that equilibrium alpha



was precipitated from the martensite plates. Tempering of
martensite, €', involves diffusion of excess alloying elements,
retained by quenching in ' in adjacent beta_phase. Domagala

and Rostoker concluded that the predominant mechanism in tempering

was precipitation of loww-alloyecontent aipha particles from
martensite until it becéme sufficiently reverted to enriched beta

br an undetermined process.

The tempering behaviour of orthorhombic martensite was
studied by w1lliéms and Hickman(ZO). They found that the temper-
ing behaviour of this type of martensite 1s strikingly different
from that reported for hexagonal martensite. :The tempering study

was done on Ti-4 at 4 Mo and given an X.ray diffraction pattern

characteristic of the orthorhombic structure as,
a = 3,001 A° b = 4,998 A° and C = 4.657 A°

In Ti-Mo alloys aged at the higher temperatures,
the f-phagse reflections increase in intensity. Exemination of
this alloy, using optical and thin foil electron microscopy,
showed the initiation of a cellular reaction at prior B~phase
grain boundaries. The product of the cellular reactlon is a

lamellar X + B structure which consumes the « + orthorhombic
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nartensite nixture . 'w1th further aging, cellulér reaction went
to completion. The reaction in the Ti-4 at £ Mo alloy commenced
after 15 minutes at 550°C and was > 95 per cent complete after

16 hours at 550°¢(20),

2.4 Omega Phage Precipitation

On quenching the Ti-Mo alloys with the slower rate
as compared with the rate in case of martensite formation, from
the solution treating temperature, or, on aging the quenched

Ti-Mo alloys in lower temperature range than 550°C may result

a marked increase in hardness. This embrittlement behaviour of
alloys is due to the.formation'of aubmicroscopic complex hep
transition phase, Omega, along with retained B-phase where re-
tained ﬁ-phasé‘is enriched by the alloying elements cdmpared
with the initial B-phase of clevatdd temperature. This w -phase

is of electron compound type and may appear in all the systems

of titanium with a transition elements.

2.4.1 Detection Techniques for Omega Phase

Because the Omega phase is of submicroscopic size, it

is not possible to detect it simply with the help of optical

nicroscope. Subsequent studies using X-ray diffraction and,
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nore recently, transmission electron microscopy and quantitative

Xeray diffraction techniques have successfully defined most of
the features of'ﬁ—»ﬁ' +w tfansformations(21 - 25) « T. Yukawa
et 31(26) uged the dilatometric technique to study the Omega
phase precipitation in Ti-1l5 Mo and Ti-12 Mo alloys while the

contraction occurs during the omega phase precipitation and ex-

pansion during alpha phase precipitation.

2.,4.2 Effect of Composition on Omega Formation

(22) w-phase formation occurred

According to Hickman
upto higher temperatures in the 6 at % Mo alloy than in the 10
at € Mo alloy (500° compared with 450° C) and was stable for

longer periods in the lower molybdenum alloy.

2+.4.3 Structure and Morphology

The structure of the «waephase has been confirmed as

hexagonal. Evidence for the hexagonality of w~phase is given

by paraneter measurements(27), as, if the ¢/a ratio is not the
jideal value « 3/2+ 2)derived from & perfect cube, there is

positive proof that is hexagonal with axial ratio 0.612-0.613

space group P3 ml and atom positions 000, + 1/3 2/3 2

vhere Z = 0.480 - 0.495
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Evidence in favour of this identification is also given by a
dark fleld micrograph taken using a (1011), reflection from a
quenched specimen and the corresponding diffraction pattern are
taken by Silcock(27). The o -reflections are streaked and the
twe directions of streaking are evidence for the hexagonal
structure of the phaSe. Further, the streaking indicates that
the « -phase 1s not spherical but forms as ellipsoids, as
observed by Blackburn and w1111am(23) in the later stages of
aging, or as plates on lllljﬁ. On aging, the e<phase grows

in thevri-Mo alloys and forms as ellipsoids. Trace analysis has
shown that the major axis of the ellipsoids lie in [1000),or
<1113 g and the minor axis 1n.(0001)u,'. The orientation rela-

tionship between <« and B phases being (0001101’[111] B
(1120), || (10) 4

2.4.4 Coherency of Omega Phase

Blackburn and w1111ams(23) gsuggested that the morphology
of wephase particles can be related to misfit stain. The linear

lattice misfit, L, is given for the various alloyst Ti-10 at %

Mo - The initial lattice misfit + 0.42% and final + 0.88%(22).

These values were computed from the relationship,

Lcé' Vw-Va
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vhorey V., and Vh are the unit cell volumes divided by the
nunber of atoms pei unit cell for the w-and f-phase rogpece
tivoly. Whoro the misfit is low (less than‘about 0.58) the
particles may asaﬁﬁe<v1th‘ellipsoidal morphology becéuse tﬁe
olastic strain energy is low and hence minimization of suffaéé
enérgy detormines the particle shape, the precipitates being
ollipsoldal presumbhly because of the arisotropic structure of

;

the w «phage..

Blackburn and #1111ams(23) considerod that the wephase
1s coherent with the matrix to its maxinum particle sizes.
Blackburn(lg) observed the maximum particle size, 1500.A°,
in T1-11.6% Mo alloy on aging at 400°C Tor more than 3000 hrs.
Due to the high volume fraction, no strain contrast erfects

agsoclated with aohercnt particics were observod in the 8/w

intorfaces under any contragt conditions.

One additional observation(za)

relovant to the w phage
occurring cnly as 2 cohoeront precipitato 13 its bohavicur during
gpontancous transformation of thin foils. At small particle

sizes; O«8., in gquonched Ti-.1l1.6 Ho alloy, it appoarg to be
unchangod by this transforaation (although it is dostroyed

during the strain inducod martensitic transformation). It is,
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however, destroyed at large sizes when a region is spontaneously

transformed, and in this case 1t appears to revert to the f-phase.
Thus it is possible that passage of the interface which bounds
the transformed regions renders the w-phase incoherent and thus .
unstable. The'ellipsoidal‘shaped particles 1n'Ti-Mo, probably,
arise from anisotropy of surféce of étrqin ehergy in the pre-

cipitate rather than the matrix.

2.4.5 Composition of Omega Phase

Only one experimental observation can be related to
the composition of the phase. Indirect evidence for Rhe «w-phase
composition in Ti-Mo alloys has been obtained using the data
of Holden et 31(28) who showed that the aging response at 400°C
of a T1.20 Mo alloy was marked whereas that of a Ti-24.5 Mo was
very slight. Thus assuming the limit of wephase formafion is
26 wt. per cent and knowing the volume fracticn of w-phase in
Ti-11l.6 ﬁo, the composition of omega phase was computed as

T197M03 uging the lever rule. Luke et al29 suggested that the

w-phase was an electron compound.

Blackburn and w1111ams(23) have reported that in
regions, which got gpontaneously transformed during thin foil

preparation, the @ - phase, is destroyed. It has been seen(za)
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that the structure is retransformed to the B phase, and that

the phase maintainsg its composition difference.

2.4.6 Growth and Volume Fraction

The wephase particles grow on aging but it 1is
virtually impossible to establish a growth law from thin foil
observations. This is due to the very larBe volume fraction
of wy which leads to particle overlap, and to phe large range
of particle sizes. These factors also hinder the measurement

of volume fraction of the phase.

As in many precipitation processes the initial growth

rate of the particles is high and then falls as aging is conti-
nued. The maximum particle size that hags been observed is nearly

(23) o4 the initiation

3000 A° in TisMo alloy which was measured
of the B +w—>p 4w+ « gtage of the transformation. Short aging
treatments increase the quantity and size of w particles which

makes the alloy brittle.

It 1s postulated’®®) that the limiting size of the
precipitates 1s controlled by the mismatch between the wephase

and B-phase. During the formation of the wephase the solute

.

concentration of the matrix increases. Molybdenum decreases the

lattice porameter of B«T1 and causes the contraction during

omega phase formation.
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B Earlier works(zl"gs)

have shown that the volume

fraction of wephase can be controlled by :

(1) varying the aging temperature

(11) wvarying the solute content of the g-phase
either by changing the initial alloy content
or by solution heating in the (« + B) phase
field to give an enriched B-phase.

(411) by ternary additions of such elements
as Al, Sn and 0.

2,4.7 Mechanism of Omega Formation

The mechonism of w-phase formation during quenching
has been the subject of much speculation. As discussed by Hatt
and Roberts(ao), it is possible to form the w-structure from the

B-structure by alternate shears of 0, 8, E on the {112) planes
in the <111>6 direction vwhere g =-%g/% age Thgy suggested

that the faulting observed in the < <structure is compatible

vith such a mechanism.

The fact, as shown in work of Hickman(27) that‘during

aging the w.phase can exist over & range of composition means

)
that during quenching of alloys within this composition range

trangformation to wephase can occur without a composition change.
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The w-phage particles can then nucleate.and grovw during
quenching because no significant solute diffusion need occur.
It is, therefore, not necessary to involve a shear mechanism,
but on the basis of the available evidence it 1s not possible
clearly to decide if the transformation to the very small
particles ( < 50A°) of w-phase observed in quenched ﬁate-
rials oceurs by a co-operative shear or by random atom suffles.
The B> transformation can be effected by displgcements,
magnitude 1/12 a [111] , of neighbouring rews of atoms in

pbsitive direction.

Aé the wephase is formed the pB-phase becomes
enriched in solute element which changes its lattice spacing,
theré is evidencg.that the wasphase formed in the various syse
tems exhibit éi@ilar type of lattice spacing variation and thus

the nigmateh is controlled to a first approximation by the

beta phase(ls).

Hickman(zi) suggested that segregation of the p-phase
into solu#e rich and solute poor regions occurs during quenching
i.e. a2 spinoidal decomposition, and subsequently the solute poor
regions transform into thep-phase. Blackburn and Williams(23)
suggests that this transformation could be induced by hydro-

static stress due to differences in thermal expansicn between
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the solute rich and solute poor regions. An alternative expla-
nation is that quenching can not suppress the short range diffu-

sion required for the formation of the w -phage.

2.4.8 Decomposition of Omega Phase

Frost(sl) suggested that 1h general during aging after
quenching the omega phase breaks down forming alpha and enriched
beta. In system with ellipsoidal wephase, the A-phage forms by
a separate nucleation and growth process which may take the form
of a cellular transformation or the growth of isolated plates

probably from dislocations prdsent in the original B~phase(32).

Explanation for the «.phase formation from (B +<«)
structure, and not directly from the B-phase given by Blackburn and

wil1iams(23) yag that in Ti-Mo alloy the alpha phase is formed
either by a cellular reaction or by hetrogenesas nucleation of
a number of «.plates. In case of the first type éghaviour a |
cell containing alternate lamellae of (B + X) grows from a grain
boundary. The orientation relationship between the « and B phase
wag found to have the expected Burgers and habit plane was to be
near {110)5 but not exact. In second mode of alpha formation

it was considered that such alpha plates, i.e. isolated needles
are nucloated at dislocations, however, such an association is
difficult to prove conclusively, but it has been shown that such
“heterogeneous nucleation is in fact observed in deformed and aged

specimens.
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ITT curve for a Ti-l3 Mo alloy by spachner and
Rostoker(ll), in which the transformation to omega was followed
is shown in fig. 2.4. Three type of reactions may take place

~on aging in Ti-13 Mo alloy

(1) B —p + « Over §75°C
(1) B =B + w>B + w + «— 8 + < from 500
to 575° C
(111) B —»B+w below 500°C

As there 1s no simple relation lattice relation
‘between the X phase and the wu-phase brhercas there is
between w and 8), the transformation can not be looked upon

monotropic. Furthermore, the composition of the «-phase

appears to be different from that of the waphasge.

Resistometeric measurements were used primarily to

determine the times for initiation and completion of transfor-

mation by Spochner and Rostoker(ll) in which the current
potential method of Graft et al(33) was used in the determina-
tion of the resistivity of heat treated specimens. The
identity of time-temperature dapepdent phase fields bet?een

initiation and completion of transformation was accomplished

largely by X-ray work.



300 =0

01 1-0 10 100 1000 10000
log time min |

G5 T5000 |

R | )

23
Fig. 2.4 TIT curve for a T1-13% Mo alloy



{ ~ 25~

2.5 Thermomechanical Treatment of Ti-Mo Alloys

The thermomechanical treatment is usually defined

as the use of deformation prior to or during an allotropie

. change so gs to obtaln an improvement in mechanical properties.

Although the work dn pﬁase transformation under
cooling and heating has been done widely and satisfactorily
but the thermomechanical treatment effects have not been yet
studled extensively and conflicting evidences have been pub-
lished. Presently, it has been discussed that the role of
plastic deformation is very important one during structural

changes on thermal treating such as aging.

2.5.1 Effect of Deformation

As the martensite can be produced by subzero cooling
or deformation‘lO), deférmation of the guenched Ti-Mo alloys:
oceur by formation of stress induced 'Martensite’ (or twins)
and slip. This deformation induced martensite has been found
té have a beec or bet structure, rather than the previously
reported hexagonal structure., The dislocation grrangements in
the matrix after 10 per cent tensile deformation were found to
be quite random in nature. This deformatlion weakens the
inﬁensity of phase reflections or causes them to completely

disappear(aa). Aging of quenched and deformed speclimens at

t
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temperatures < 650° C results in precipitation of the alpha
phase within the martensite, precipitation of the X-phase on
dislocations and growth or nucleation and growth of the w-phase

in the matrixe.

The martensite formed during'plastic deformation has
been qualitatively exﬂmined<23). Martensite needles were
readily detectable in polishéd and deformed samples by optical
mieroscopy. However, tbis foil examination has shown that these
appareﬁt needles actually consist ol stacks of thin twins and
that the structure of t.cse reglons is bcc within the accuracy
of.selécted arca diffraction. The internal twinning system has
been identified to occur on (112). Trace analysis has shown
that in lightly deformed specimens some transformed regions have
a habit plane near (121)5 and such plates exhibit 1ittle or no
gecondry tvinning. In more heavily deformed specimens the struc
ture of the transfofmed regipns becomes more complex, two or-more
twinning systems béing found within a plate. Trace analysis
from these structures shows such a large scatter that they can
not be conclusively identified as having habit planes near (344)3
although most results 1ib near the (111} pole. It has been shown
that the spontaneous transformation of martensite is distinct from

the deformation induced transformation of martensite and thgt no

direct relationship. exists between them. The structure of stress



-t 25 te

induced martensite as bec or bot explains the extra refleftions
on bec layer lines observed by Gaunt and Christian(17). Black-
burn and Williams(23) propose two explanationsy viz, a coope=~
rative and rafher complex twinning or a bee to bet transformation
in which the c¢/a ratio of the bet phase is nearly 1, further
work 1s needed to test these suggestions. Some alpha phase
plades have been observed to rédstrict their own growth by gene-
rating slip across the growth direction?* Analysis of slip line
gseparation magnitudes in one of these instances indicated that a
- maximum stress, of the order of 1010 dyn/cmz, is present at a
plate tip and that stress dec:eages linearly with distance from
point in the direction of the propagation of plate.

{28)

From the work of Holden et al on Ti-Mo alloys it

is believed that martensitic alpha faormation 1s the first conse-

quence of an applied stress when the molybdenum content is in

the approximate range 7-16 per cent. Certainly this was observed

for a Ti-l2 Mo alloy(l7).

2.5.2 Effect of Deformation on Omega phase

The beta~to-omega transformation can be effected by
displacements, magnitude 1/12 a{11l), of neighbouring rows of
atoms in positive directions. An ability to form independently

in four ecrystallographic directions is implicit in the orienta-

tion relationship, {0001}, 1 (111]5

\ —
r118aY Il 719 Y
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(27)

This possibility was examined by Silcock with & negative

result and it was concluded that deformation does not provide
nuclel for subsequent omega formation as might be expected if it
occasioned the cortect atom movements fér production of gmbryonic
omega phase. Her work, by inference from results obtained for

Ti-1l3Mo, contradicts the findings of Brotzen et.a1(35). It

appears possible that the failure of Silcock to observe Omega

formation in deformed specimens was a result of preferentially

crdated martensitic alpha(zs’ 23).

34)
Wbod( drew the following conclusions as the result

of cold deformation to the Ti-15 Mo alloy as in B-solution treated

condition.

Shre
(1) When subjected to compressivqnfgoarse and fine

gr;inéd Bpédimens of a Ti-15%-Mo alloy in the
beta sgbiubion treategd éondition deform initially
by formation of marteﬁsitic alpha as plates with
a {324)g habit.

(11) 1In favourably orionted grains of coarse grained
material, growing plates have an interfacial
velocity of such a magnitude that the stress field
assoclated with a plate tip can not be accommodated

elastically by the surrounding metal and local
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deformation, manifest as a slip line array, takes place.

(111) Stress in the surrounding metal is a maximum
at a plate tip .- of the order of 10%0 dyn/cm?
near the point and decreases linearly therefrom
with increasing distance in the direection of

tip propagation.

(iv) Deformation of fine grained specimens in
excess of about 5 per cent occurs by slip and is

accompanied by formation of omega phase.

(vi) Deformation’induoed omega phase occurs in a
plate-like form on (111)8 planes.

X-ray diffraction résﬂlts(34) have established ﬁhat
omega phase in th;s alloy forms in greater quantities as cold
- deformation proceeds, at least until about 40 per cent strain
has been effected. The phase originates on octahedral planes
in the pattice of the B-matrix and appears to grow on these

planes.

- 2.6 Effect of Structural Changes on various Properties

The strength of interatomic bonds:; the changes taking
place in the elementary crystal unit and the changes in the forces

of interatomic reaction occurred by alloying, heat treatment,
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nechanical or thermomechanical treatment influence many
physicomechanical properties of alloys. A consideration of
these relationships must form the basis for the development

of new alloys with improved properties.

2.6.1 Mechapical Propverties

In any investigation of the reactions of titanium
wvith other alloying elements it is important to examine those
chapacteristics vhich most closely reflect the relationship
between the interatomic bonds and the chemicsal compo;ition of
alloy in the equilibrium and metastable conditions during both
heating and cooling. Among these characteristics the most
1mp§rtant are the elastic constants. The importance of inter-
atomic binding forces in the evaluation of the elastic constants
was indicated by the work of Kurnokov and Lazarev who expressed

that the indentation hardness and modulus of elasticity are

(13)’ 1t

closely interconnected. In the work reported by Fedtov
has ‘been likewisgse found that the elastic properties of titanium

alloys, both the Young modulus and the shear modulus, can be

almost doubled (by.alloying) or decreased (by hardening) as
compared with those of pure metal. In the equilibrium condi-

tion both the elastic modulus and the shear modulus continuously
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decrease with the incrdase in the content of molybdenum in
titaniumn alloy. This is also indicated(la) that the B.solid
solution having a bce structuré has & lower elastic modulus
than the «%-solid solution with its h;c.p lattice. The rela-
tionship between slastic properties of hardened, l.e., quenched
alioys, and their composition was quite different from that of -

alloys in the equilibrium condition.

In the hardened condition of Ti-Mo alloy at first
the elastic conétants sharply decrease (almost half) then with

the same suddenness these constants are restored to the initial
magnitude or even higher. There follows a further decrease and
finally there is a continuous increase of elasticity in the
B-field, apparently upto the level of the elastic constants of
the pure metal i.e. Mo. The rather unusual nature of the
variations in the elastic constants of hardened Tie-alloys is a
consequeance of their structure. The presence of the «' phase,
hexagonal martensite, considerably increases the hardness of
the alloys. The %" phase,orthorhombic martensite,ls considerably
gofter than those with o phase.

The Mechanical properties found by Holden et al(zs)

for Ti-Mo alloys quenched from the beta field are shown in fig. 2.!

Although beta phase is completelyretained at 11-12 per cent
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molybdenum, the ménimum in yleld strength occurs ét 8 per cent
molybdenum which has a structure of beta plus beta as quenched,
The low yield strengths found in guenched allojs with 8-16 per
cent molybdenum result from the low she;r stresses required to
initiate the beta-to-martensite transformation in this composi-
tion range. As the molybdenum content of the Be-phase Increasges,
the stress required to initiate the martensitic transformation‘
increases until it finally becomes greater than the critical

stress for slip.

The effect‘of martensite transformation on the mecha-
nical properties of Ti-8% Mo has been investigated(36), At
quenching temperatures close to 8/(«+B8) phase boundary, an adrupt
‘transition in mechanical properties was found. As the quenching
temperature is decreased through a range of 10°C, the elastic
modulus, hardness, and tensile étrength increase markedly and
the internal friction decreases by a factor upto 100. The pre-
ceding data have been correlated uvith observations derived from
ordinary mieroscopy, electron microscopy and X-ray diffraction

work(as). Above the transition the microstructure consists of a

mixture of B and martensite. As the quenching temperature is

lowvered into the transition reglon, equilibrium alpha begins to
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forn thoroby increacing tho coneentration of Negtabllizing
olcnonts in tho R-phaso. A a resualt, only a emall znoount of

R doconposes cartonsitieally. Below tho trangition temporature -
formgs in tho stabilised f ephase. The tronpition tomporaturc at

vhich hardnops incroasos adriptly on leworing the quonching

temporaturo for Ti-87 Mo nlloy is 0B5°C. A mofol wao proposed
by Jomos ond Hoon(38) ihich explaino thé transition in mochanical
propertics in torns of tho otross, induced martensite tronsfore
pation and 0lso gives a poosiblo oxplanation of the low yield
strongth of guonched Tielo allioy it ean bo deduced that an
inereaos in m@duXus requirds that o largo fraetion of tho mdtrix

oupt bo convarteﬁlto, wephtigso during quenching &s the quoneh
tcaporataro 1o Rovorod through tho tronsition rogion. If an
alloy 15 qucnched from f-ficld the fl.phaso is partially transfore
mod to mnrtenaitef Zhe wephaosoc 18 not formed in tho untrano-
jorzed bota Locause Rephase 4o not gufficiontly rieh in tho
Bestabilicing elercnts » Tho Lrittle wephacso formation rogult:

in a rapild incroase in tho yiold strongth and modulus und a

docercaso in tho intornal frietion‘aS).

The T1-10 § lio olloy 'ucnched fron abovb tho Retransac

and agod omhibitso measurablo ductility. lo wephase i formed
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in thic alloy at asing tewporaturos higher than 800°C, oinco

in this teaporature rango tho oquilibrium alpha phaso forns
diroctly. Uthon tho alpha phaso o formod; the yiold strososo
dosroages in comparison to the pamples which contain waphage
with attondont increasse ia olongatione In all hoat trecatoent

conditionn the work hardening rate of Ti-lio alloy vas low.

Thup tho difforencoe betwoen ultimote tonsile ptress and yiold

B8tross wag amali(a?).

Mnximﬁm strain inducod transformation occurs in tho

Ti-1l.7 Ho alloy. 8inee tho martensite shecar stress is not

expoctaed to incroace much with trancfornation strain, it is

ootinatol from tho chopo of tho flovw curve(aa) that steain

induccd transformation takos place upto about Q.1 gotrain, ang

is followed predoninently by slip upto aboat 0.3 ntrain. Loees
strain induced transfornation occurs in tho Tie«7.9 MHo alloyl

in wvhich come thormol martenoitd 1s proccnt.

It is opparcent from fig. 2.6 that tho cohbdination
of strongth and dustility of tho beta quenched Ti«Mo alloys
is Doot favourablc at the 12 por cont molybdonum compooition,
vhere oo rinus strain trangforma‘don occurs. It was alco found

that the noteh toughness 1s o maxinus at tho gape alloy contcﬁ%a)
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2.6.2 Physical Proportios

Physicnl proportios and otractural phaso stability
wag discussed by collings and Ho(ae) for Ti«llo syston. tliith
the Ti-10 ot § Mo alloy some w-phase hap bogun to form, and
tho lowor concentration olloys consiot of (P + «w )., Doth low
temporaturo a;ectrOuic gspo:ific hoat cocfficienty, 7 , and Dodbyo
charactﬁiiatic temporature 6, showed broad turning point: noar
15 at § Mo ond it 1o interopting to sppeulato on whather tho
rolatively rapld changes in these quantiticsc are inducod by tho

prosenco of tho weprdeipitate. It has boon suegosted(aa)

that
in ainglo-phﬁna f matorial both low temperaturc elostronie
pnoeific hoaty v 4 and magnotlc suscoptibility, x; should
continuo to increagsce ag the polybdonun concontration doereaze

¥
until tho tranaformation to o ocours and that the rapid doce-

rcago: oncountored in x J4nd Y aro in fact due to the foyuation of
the w ephaso,

Opaqhnor nnd‘Roatokev(ll) have . usod tho phy-ical
propereieﬂ measurcac.t technique nanoly rosistonetric to dotor-
mine tho timo for initiotion and complotion of trancforaation in
T1.137 !%c alloy. Tho meacurement of such othor physisil propere
iiés may dlso te aoed to follow tho rates at vhich transforsae

" tion occur.
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2.7 Geopo of tho Proscnt Vork

The work rolating to tho thermozmochanie:) treatzont
of Ti«ilo all.ye .as beon carriead out very 1ittlo, although it

hap 0 vido zcopo for novw invostigations and devolopmonto.

The primary purpose of the prosent work is to obsorve
tho effectsvof thermonochanical trcatment on titoniuo molybe
denun alloys. Two ulloys Ti-10% !lo and f1.237 Mo aro soloctod
for atudy since both fthego alloyo have distinet transfornation
charactoristices on qu:nching from rolution treating teaporatare.

Tho effect of nochanizal working on these gquenched alloys havo
a wido geopo of otudy. It 1o a well known featuro that tho

thormomethanical treatmont contribatos in onhanced strengthoning.

The study of aging treatnont will de dofinitoly
intorosting sinco tho appoaranco and pfopoftion of differont
netagtable phaseny 1.0. Rartonsitle o}pho, omoza and rotained
bota under difforont condltionp will show varying regponsos

during cuch o treatoont,



CHAPTER 3

BXPERIM2ITAL PROCZDURE

3.1 liatorials Undor iitudy .

Tho prosont investigation vas earried out on tho
Ti-llo nlloyo of commositions Ti-10 wt pet o and T1-23 wt pet
vith oxnet amalyticsl compositionso 2,43 vt pet (o and 23 wt pet

U rospectively.

The alloys woro supplicd by tho !dtallurgiecal Division
of Blinbha Atomic Rosoareh Centre, Troobtay (India) in tho form of
buttono. Thcso nlloys wero preparcd by argon are oolting of
séonge titanium ond hish purity molybfonun motals. Tho melting
proocdurc was ropeated many timos over the hoarth in ordor to

enouro an uniform composition,

3.2 Spocimons Proparation

Dice shapo@ opecirong of 4 to G om thies woro proparod
fron tho oupnlicd buttons by hhek sav eatting. I!Hderascosic oxne
ninmntion and hardness —oaourcment >f tho as recoivod specinens

from tho are nolted buttons woro done.
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3,3 SThorral anf leehanienl Troatnont

Titaniun olloys arc vory aetivo echomicnlly at olovated
tomporaturos and ronet readily with o#ygonw nltropgon, and hydroroen
in o fupnaeco atcasphoras. Thoroforo, 1t 40 icportant to take

gpoelal proccautions durinz thorml treatnont.

3.3.1 OSolution Trontoont

Tho opocicons, oisht in nunbors, of oaeh alloy voro
ocaled in:tun sonarato ovasuated siliea ennsuleos. Tholo tvo
caposulaos containin~ oight opocimona of oaneh Ti«l0 pot ! and
7103 pect !9 alloyn voro ploeod in mufflo furnascs uvith a toopoe
raturo eontrol of + 5% at 1029°C and 839%¢ rospoctivoly holding
for 12 hourn., AfCHor Chig solution €peateont tho eansulos woro
quconichod in wotor, Ono spociron of cach eansulo vag pol ished,
oteho? and oxaminod undor optical omierosconc. Tho hordnogs va ueo

of cach ppoeimon woro olso taiton.

3¢3.8 Prior Cold Doformation

Tho sproloons of thooo tuo alloys aftor wvator quonching
worce coTrhrassed on 837 ton odproonion mochino, with varying
porecntasos of cold dofornation oo goro, 2y 30 and 62 por cont,

Cach poreontapnce of Qoformation was given t9 two opoeinons of onch
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alloy and finally eipht spocinens of oach nlleoy woero groupod
into twvo .+ Uach econtalning four'gpooinnns of sero, 23, 37 and
80 pet doformation rospoctivolye. Pegcentaga cold éGoformation

waos ocalculoted as @

Chango in thickncocs of spocicon

Porcontage ¢o0ld doforma- = x 12

tion Orlginal.thicnnosa of opocimen

Hardnoss moasurcmonts afthr tho cold dofsrmation of thoe Ti-ld alloy
spoeimons woro carricd out and gsan of theo waro polisiod, otehed

and gtudied undop tho optiesl mierosdcopo.

Bach grounod spocinmens, in four numbora, wors scslod
agein in ovacuated pyraxr ocapsulcs. Tho capoulos edrrosponding to
oitior T4-17] Yo or T1-237 lo alloy we;o pldeed in mﬁfrlo fufnnco
for asing at 400%C and 600°C rospoctively for 1 hr. and then
quenched in wvater, Hardnoos moasurcmonts aftor guenching worn
c.rried out nnd somo of them wore polisched, otched and studled
uador tho >ptienl mieroseopo. Aftor that agaln tho oamo speclirons
ware agnd slﬁilarxy g£or 2 hry, 3 hr, and 4 hr respoctivoly, 3ach
step was £allowed by tho hardnsss moasurcnonts and sierosconic

ptudy of 8370 spocimona,
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3.4 Hardnoss loaguroments

Tho hardncos Sosto wore porforood in tho Vichkorto
hardnoos Tootor usdng a load of 10 spo. An avoragoe of four to fivo

roadings wvnos takon ag tho hardnoss wvalue of tho ppreinons.

3.6 [lotollomranhic Gtudios

llsotly th~ structures wvoro ozxnninod in tho parnifieation
rango of 170-27) X, Tho otehant ucod for T1-19 !lo alley waio
GO c.ce Of glycorol, 20 a.c. Of A ond 20 cecs of HH@Q p>lution,
vioreas for tho T1-230 Mo alloy 4t vao 29 e.ce H,F., 20 c.o, 00,

ond 40 e.c. glyeorol solutlion (Vilolln's otchont).



CHAPTER 4

RESULTS

4,1 EFFECT OF AGING TREATMENT ON HARDNESS

(A) Aging Period

The plots of aging period versus hardness with varying
cold deformation for Ti-10 Z Mo and Ti-23% Mo alloys at 400°C and
500°C aging temperatures are shown in figures, 4.1 - 4.4. The .
aging curves are similar to those of typlecal ageaharde;ingAtype of-a
of alloys. For both aging temperatures the hardness value ini-
tially increases with increasing aging period, reaches a peak
value and then drops coniinuously except only for Ti-23% Mo alloy
where on aging at 40060, the hardness value initially decreases
and after that 1ncréases to the peak value, The maximum hardness
value (425 VHN) among both the thermomechanically treated alloys
is achieved for Ti-23% Mo alloy aged at 500°C for 3 hours when
30 per cent cold deformation is imparted. The T1-10% Mo alloy
shows the maximum hardness values between 375 VHN to 391 VHN,
when aged at 500°C for 3 to 4 hours aging periods with 50 per

cent cold deformation. In case of Ti-10% Mo alloy aged at 400°C,
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the peak hardness value increases with inerease in degree of
pridr cold deformation. However, in case of agiqg at 500?9 tempe-
rature, there is a departure from this sequence, since specimens

with no deformation show higher hardness values.

(B) Aging Temperature

The behaviour of hardnegs peaks at different aging tompe-
rature for Ti-10% Mo and T1-23%Mo alloys at various cold deforma-
tions is shown in figures (5.1 = 5.4)which are  obtalned after
replotting the figures 4.1 - 4.4 It is evident that for elther
aging temperature peak hardness value of Ti;lo % Mo alloy 1s less kh
than that of Ti-23% Mo alloy. Aging at elther temperature in
case of Ti-23% Mo alloy does not vapy the period of hardness
peaks. The results shows that in case of Ti-10% Mo alloy, gene-
rally, there is a shift in hardness peak towards 5 higher period
ét 500°C as compared to that of 400°c. It 1s.also observed that
the peak hardness value of either alloy at 500°¢ aging temperaturé

1s higher than the corresponding value for 400?0.

4,2 EFFECT OF PRIOR COLD DEFORMATION ON HARDNESS

Figures 45-48 show the effect of prior cold deformation

on hardness of quenched specimens of T1-10% Mo and T1-23% Mo
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glloys which were solution treated in single P-phase region at
1000°C and 890°C respectively. It is evident from these graphs
that the observations of hardness afe related with the degree of
prior cold deformation, subsequent aging periodﬁ‘and aging tempe~

ratures.

In T1-10% Mo alloys aged at 400°C hardness increases
rapidly with increase in prior cold deformation upto 30 per cent
and subsequantly increases slowly reaching practically a constant
value (fig. 4.5). At 50000 aging temperature, the behaviour of
hardness inecrement corresponding -to 0 hr and 1 hr periods, was

found similar to that observed for 400°C aging temperature.

In Ti-23% Mo alloy shiffing of hardness peak values
are found from 20 per cent to 30 per cent deformation further after
2 hr aging period at 400°C aging temperature (fig. 4.7). But in |
case of '500°C aging temperature the hardness peak occurs at 30 per
cent prior cold deformation for practicaily all aging periods.
In addition, the higher aging.temperaturé e.g. 500°C promotes the
values of hardness peaks as compared with lesser aging temperature
(400°C) for any aging period. The maximum peak hardness value for
T1-23% Mo alloy occurs at 30 per cent prior deformation aged at

400°C of value 390VHN while at 500° C that occurs at 30 per cent
deformation (425 VHN) at 3 hr aging period.
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4,3 MICROSTRUCTURES

Optical photomicrographs of as-received specimens of.
Ti-10% Mo and T1-23% Mo alloys are shoun in fig. 4.9. It was
found that Ti-lo% Mo alloy contains two phases alpha and beta
whereas the Ti-23% Mo allowrhas only oke single phase boka. An
alpha amd befa phoses butThe awmount oF belo beimg far Greafer Than The Previdue alley.

hetrogenety was also found under microscope which might have been

due to entrapped gas.

The martensitic needles along with some retained beta
phase are observed in case of Ti-10% Mo alloy when it was quenched
in water from solution treating temperature. These martensitic
needles are fine in shppe having directionally orientations as
shown in fig. 4.10(A). Moreover, it is found in case of plasti-
cally deformed quenched specimens that martensitic needles are
much wider with 20 per cent prior cold deformation (Fig. 4.10.B)
and these needles are going to be finer one with increase in
degree of prior cold deformation (Fig. 4.10.C, D). These nar-
tensitlie needles in all plastically deformed épecihens are

randomly distributed.

On aging the as-quenched specimens of T1-10% Mo alloy

it is found that as the aging proceeds the coarsening of
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(A) Ti-10% Mo Alloy

(B) Ti-23% Mo Alloy

Fig. 4.9 Microstructures of T1-10% Mo and Ti-23% Mo
Alloys in the as-received condition (220 X)
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Fig. 4.10 Microstructures of water quenched Ti-10% Mo
Alloy specimens with various prior cold defor-
mations without aging (200%)



(A) 20 pct deformation

(B) 5D pect deformation

Fig. 4.11 Microstructures of Ti-10% Mo alloy specimens with
various prior cold deformations after one hour

aging at 400°C. (200X)
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() O pct deformation (B) 20 pect deformation

(C) 30 pect deformation (D) 50 pecf deformation

Fig. 4.12 Microstructures of Ti-10% Mo alloy specimens with
various prior cold deformations after one hour
aging at 500°C (200X)




(B)

50 pct deformation

(A) 20 pct deformation

Fig. 4.13 Microstructures of Ti-10% Mo alloy specimens
with various prior cold deformations after three

hours aging at 400°C

(200 X)




(A) Ojpect deformation (B) 20 pct deformation
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(C) 30 pet deformation (D) 50 pet deformation

Fig. 4.14 Microstructures of Ti-10% Mo alloy specimens
with various prior cold deformations after three
hour aging at 500°C (200x)
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(C) 30 pct deformation (D) 50 pect deformation

Fig. 4.15 Microstructures of Ti-23% Mo alloy specimens
with various prior cold deformations after four
hoursaging at 400°C (100 X)
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Fig. 4.16 Microstructures of Ti-23% Mo alloy specimens
with various prior cold deformations after

four hours aging at 500°C

(100 X)
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martensitic needles takes place at 500°¢C (fig. 4.12 A and 4.14 A).

In case of 20 per cent and30 per cent priorly cold
deformed specimens 1t is found that‘with proceeding aging treat-
ment martensitic needles dissolve with a faster rate at higher
temperature (500°C) than at the lower temperature (400°C)

(Fig. 4,11 - 4,14). Hovever, the case with 50 per cent plasti-
cally deformed specimens is somewhat different. In this case
as the agihg proceeds the coarsening of martensiﬁic needles tékes
place similarly.¥ the case with the aging of as-éuenched specimen

of Ti-10% Mo alloy.

In case of T1-23% Mo allpy, a single phase, retained B,
1s observed (fig. 4.15 - 4,16) which 1s common feature for all
the sgpecimens thermomechanically treated., Aging has not given

any posltive change in the microstructure.
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CHAPTER 5

DISCUSSION

The essential feature of the quenched Ti;Mo alloys
from solution treating temperature is fhe compléte retained
beta phase with higher concentration of molybdenum‘ﬁ) ('>ll;12%)
vhereas below this concentration a martensitic transformed phase
| 1s also obtained and the sluggishness of transformation increases
with increase in concentration of solute atoms(g). Plastic defor-
mation may also lead to the formation of martensitic phase known
as stress-induced marténsite(lo). The formation of omega phasecg)
in quenched Ti-Mo alloys 1is of much importance where it increases
the hardness of alloy markedly. The evidence of this omega phase

formation may be felt in hardness vs aging period curves of

our present investigation.

According to Fedetov(l3) the hardness of martensitic
phase 1s in between the hardness values of fetained beta phase
aﬁd omega phase and thus the rapid increment in hardness value
1sbexpected due to the presence of omega phase. According

fig. 4.1 - 4,4, 1t is expected that inltially the amount of omega
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phase 1s insignifiecant or ever absent just after quenching but
during subsequent aging this phase increases in volume frac-

(23)

tion + The evidence 1s an increase in hardness with increase

in aging period. After a certaln period it is seen'that the
hardness decreases. This according to Spachner et al(ll) may
be possible elther due to the decomposition of omega phase into
alpha and beta or due to the change in degree of coherency és

there is no simple lattice relation between the alpha phase and

the omega phase.

WOOd(34) has established that cw-phase forms in Ti-15%
Mo alloy 1h greater quantities as cold deformation proceeds, at
least until about 40 per cent strain has been effected wwn quenched
structure was @-phase. A siﬁilar behaviour has been noticed by
us in case of Ti-23% Mo alloy, where hardness value increases as
‘deformation increases in the range 0-30% deformation dat it
'decréases at 50 per cent deformation, However,'this case was not
observed in Ti-10% Mo alldy, where the hardness values were conti-
nuously in increasing order with increase in deformation. This
1s expected to be due to the formation of martensite in large
amount owing to the applied stress, In more heavily deformed

specimens the structuré of the transformed regions become more



complex, two or more twining systems being found within a plate.
The evidence is the micrographs of T1-10% Mo alloy specimens
dpformed.after quenching, fig. (4.10 - 4,14). These micrographs
show the broad and twinned needles of martensite. Along marten-
site wephase i1s also expected to form within the retaine@ beta
region in case of Ti-10% Mo alloy. The combining effect of decom-

position of martensite and omega phase during aging is manifested

in an incerease in hardness with deformation.

In Ti-10% Mo alloy where martdnsitic phase lis also
present, there is expectedithe presence of omega phase in 1¢sser
amount than that in Ti-23% Mo alloy. Therefore, the hardness
values of Ti-107 Mo alloy are lesser than the hardness values

of T1-23% Mo at either aging temperature (fig. 5.1. -~ 5.4).

The hardness peak periods of Ti-zé% Mo alloy are
observed after the corresponding peaks in Ti1-10% Mo alloy. This
delay in hardness peak periods may be expected only due to the
sluggishness of transformation during aging with higher concen-

{

tration of molybdenum,

The values of hardness in case of aging at 500° C are

" higher than the hardness values observed during aging at 400°¢
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for either alloys, which indicates that the transformation
during aging is thermally activated one. According to Blackburn
and Williams(za) on aging at quite hiéher temperature e.g. more
than'500°c in case of Ti-4 atfMo alloy (T1-7.7 wt % Mo alloy)
the omega phase may be absent. It appears from the general trend
of the curves of our investigations that for shorter aging period‘
the omega phase i1s in higher proportion at 500° C as-compared

to 400°C.

of The ovder & AONHN fov 1 by d.%w% peried
The initial decrement in hardness values)in case of

Ti-23% Mo alloy (fig. 4.3) may be due to the more sluggishness
of transformation for «-phase at a relativély 1o&er temperature
{.e. 400° C. The hardness decreases initially due to relief of
thermal stresses produced during quenching, whieh presently

appears to be predominant than the effect of omega phase forma-

tion,
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CHAPTER 6

CONCLUSIONS ARD SUGGESTIONS

6.1 CONCLUSIO

(400'C, 500C)
1. For either aging temperature;peak hardness

value of Tifpo alloy is less than that of Ti-23% Mo alloy.

(400¢, 500C)

2. Aging at either temperaturefin case of 11-23%

required +o veath the
Mo alloy does not vaery the period «f. hardness peak,

3. 1In case of Ti-10f Mo alloy, generally, there is
‘a shift in hardness peak towards a higher perlod at 500°C as

compared to that of 400°c,agm6 terpevalre .

-

4, The peak hardness valuesof either alloysat 500°C
gglng temperature are higher than the corresponding valuesfor

400°¢.

8. The results established suggest the presence of

ot Tha hened of
maximum hardness for Ti-23% Mo alloy/‘prior cold worked30%

and aged at 520°C for 3 hr.
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6.2 SUGGESTIQNS FOR_FURTHER WORK

On the basis of the experimental results already
obtained it is evident that scope of thermomechaniecal treatment
of Ti-Mo alloys is very extensive., However, a number of para-
meters are still necessary to understand the picture completely
and give.; clear cut base. Iﬁ this regard following types of

vork may be further extended.

1. A systematic study of phase identification by
electron microgscopy technique 1s reqﬁired which may be very well
extended to quantitatively estimate the volume fraction and size

of omega phase at initial as well as later stages of aging.

2. X«ray study 1s also desirable to study the orien-
tation relationship and erystal structure of stress induced mar-

tensite.

3. Resistivity measurements could be used to study

" the kineties of phase transformation.

4, A detailed microhardness study is also desirable in
order to evaluate the possible presence of different micro-

congtituents,
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