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In the present investigation thermomechanical 

treatment comprised°cold working of Ti-Mo alloys in the 

quenched condition from solution treating temperature 

followed by subsequent aging treatment at 4000  C and 500°C 

respectively. Two alloys Ti-l0% Mo and Ti-23% Mo are 

studied with the help of hardness measurements and 

optical microscopy to observe the mechanical properties 

as well as the structural changes during this treatment. 

It was observed that the peak hardness value of either 

alloy at 5000  C aging temperature is higher than the 

corresponding value at 400 C. For Ti-23% Mo alloy it is 

W 
found that there is variation in the period of hardness 

peak on aging at either temperature. However, the peak 

hardness values of Ti-10% Mo alloy are found less than 

that of Ti-23% Mo alloy for either aging temperature. It 

is also observed that with increase in prior cold deforma-

tion, there is an increase in the hardness peak value upto 

50 per cent deformation for TI-10% Mo alloy but for Ti-23% 

Mo alloy the prior cold 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 martensite 

and the retained beta phase. During this study the presence 

of omega phase has not experimebtally been observed. 

U 



ACKNOWLEDGEMENTS 

The author is highly grateful to his guide 

Dr. G. S. Upadhyaya, Associate Professor, Department of 

Metallurgical Engineering, University of Roorkee, Roorkee 

for suggesting the problems  inspiring guidance and many 

stimulating discussions, without which this work would not 

have been possible. 

Thanks are also due to Dr . M. N, S aze na, 

Professor and Head$  Department of Metallurgical Engineering, 

University of Roorkee, Roorkee, for providing the necessary 

laboratory facilities. 

The author is thankful to Shri D, P. Shukia, 

Readers  Department of Mechanical Engineering, University of 

Roorkee, Roorkee for permitting him to .  carry out mechanical 

deformation work of the related alloys* The author is also 

grateful to Shri C. V. Sundaram, Metallurgy Division, Bhabha 

Atomic Research Centre, Trombay, Bombay for kindly supplying 

the argon arc melted buttons of the related alloys. 



CONTENTS 

CERTIFICATE 
ABSTRACT 
ACKNOWLEDGEMENTS 

1. INTRODUCTION 	 .«.  

2. LITERATURE REVIEW 	..* ... 

2.1 	CONSTITUTION OF Ti-14o ALLOYS ... 	5 

2 	2.1.1 	Equilibrium Diagram of 
Ti.-Mo system ... 	6 

2.2 	SO! 	ASPECTS OF PHASE TRANSFORMATION 
IN Tf Mo ALLOYS 	... a., 

2.3 	MARTENS IT IC TRANS FORMAT ION 
IN Ti.Mo ALLOYS 	,.. ... 	9 
2.3.1 	Compositional Range for 

Martensitic Transformation ... 	9 
2.3.2 	Ms Temperature ... 	10 
2-3-3 	Orientation Relationship 

during Martensitic Transfor- 
mation ... 	10 

2.3.4 	Tempering (Aging) Behaviour of 
Martensite ... 	.1 

2.4 	OME rA PHASE PRECIPITATION ... 	13 
2.4.1 Detection Techni.iues for 

Omega Phase ... 	13 
2.4.2 Effect of Composition on 

Omega Formation ... 	14 
2.4.3 Structure and Morphology ... 	14 
2.4.4. Coherency of Omega Phase «.. 	15 
2.4,5 Composition of Omega Phase ... 	17 
2.4.6 Growth and Volume Fraction .,. 	18 

1 
5 

7 



2.4.? Mechanism of Omega Formation 19 

2.4.8 Decomposition of Omega Phase 21 

2.5 T} RMOMECHANICAL TREATMENT OF 
Ti Mo ALLOYS 23 

2-5.1 	Effect of Deformation 23 

2.5.2 	Effect of Deformation on 
Omega phase 25 

2.6 EFFECT OF STRUCTURAL CHANGES ON VARIOUS 
PROPERTIES 27 

2.6,1. Mechanical Properties 28 

2.6.2 	Physical. Properties 33 

2.7 SCOPE OF THE PRESENT WORK 24 

3. 	EXPERIMENTAL PROCEDURE 35 

3.1 MATERIALS UNDER STUDY 35 

3.2 SPECIMEN PREPARATION 35 

3.3 THEENAL AND MECHANICAL TRRNTMENT 36 

3.3.1 	Solution Treatdtent 36 

3,3.2 	Prior Cold Deformation 36 

3.3.3 	Aging 37 

3.4 HARDNESS MEASUREMENTS 33 

3.5 METALLOGRAPHIC STUDIES 38 

4. 	RESULTS 39 

4.1 EFFECT OF AGING TREATMENT ON HARDNESS 39 
4.2 EFFECT OF PRIOR COLD DEFORMATION ON 

HARDNESS 	 40 
4.3 MICROSTRUCTURES 	 42 

5, DISCUSSION 	 44 

6. CONCLUSIONS AND SUGGESTIONS 	 48 
6.1 CONCLUSIONS 	 48 
6.2 . SUGGEST IONS FOR FURTHER WORK 	49 

REFERENCES 	 50 



CHAPTER 1 

INTRODUCTIONN 

One of the principal needs leading to the develop. 

merit of new alloys is the desire to operate at higher tempe-

ratures than is possible with existing materials. This 

trend is illustrated by the substitution of titanium for 

aluminium alloys in the cooler, parts of gas turbine 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 turbine. New 

high temperature alloys are also needed to make possible 

many rocket and space developments. 

The nature of the alloy development problem, and 

the choice of starting materials, obviously depends on the 

application concerned, but in each case it is a question 

of combining desired mechanical properties with some other 

characteristics. For titanium alloys the need has been to 

develop maximum strength in the temperature range 0.5000C 
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while maintaining the density of the material at the 

lowest possible level. Success already achieved in this 

field has moved the critical temperature range to 500-6000C 
has gpt and f subsequently added oxidation resistance to the specs-

ficatioa which must be met by new titanium alloys. 

For titanium extensive studies have shown that 

best creep strength at temperatures upto 50000 is given by 

alloys in which the major proportion of the alloying ele-

ments stabilize the low temperature hap form of titanium, 

alpha. Unfortunately addition of alpha-stabilizing alloy-

ing elements results in embrittlement due to complex order-

ing reactions W  at fairly low concentration levels, and 

solid solution strengthening is consequently limited. 

Strengthening due to alpha stabilizers must, therefore, be 

supplemented by the addition of beta stabilizing elements, 

which results in the formation of the boo beta phase. This 

may or may not be stable and heat treatments based on betaii 

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 



degree of high temperature strength needed limits the service 

temperature level to which this type of alloy can be developed 

and it is becoming increasingly apparent that for service 

temperatures appreciably above these now in use titanium 

alloys based on the fully stabilized bee beta phase will have 

to be considered. 

The attempts in-regard the study of various compo-

sitions of Ti-Mo alloy have been done so far by many investi-

gators but a little attention Is paid on study°the effect of 

thermomechanical treatment. This treatment can be defined as 

the prior cold deformation on quenching the specimens after 

solution treatment which may provide the improved mechanical 

properties on subsequent tempering, 

The attractive properties of Ti-alloys such as 

high strength to density ratio, excellent corrosion resis-

tance at temperatures below 50000 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 air craft industry, 

internal combustion engines etc. 



-: 4 . -. 

The Ti -Mo as binary alloys have little commercial 

applications till now and mainly in aircraft industry as 

structural material with view of decreasing raw material 

cost. Ti-14Mb 	 is supplied in solution treated 

condition as commercial alloy in the market with U.K. Spe-

cification VES (Al) 507 (domestic specification) .  

The Ti-too alloys have a great deal in- expanding scope of 

research field being heat treatable alloys. 



CHAPTER 2 

LZTPRA.TURt REVISW 

At 882.5°  G pure titanium metal undergoes an 

allotropic transformation from a hexagonal close-packed 

Lstructure,, stable at low temperature, to a body centred 
cubic P -form which persists upto the melting point $  l668°C 3  . 

The occurrence of allotropic transformation in pure titanium 

controls the type of structure which can be produced by heat 

treatment of titanium-rich alloys and hence increases the range 

of their mechanical properties. 

When the alloying elements dissolved in titanium 

have a great influence on its allotropic modifications, a and 

then for a bettor understanding of thermal treatment of such 

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

libriun diagram and phase transformation. 

2*1  Constitution of Ti-Mo Alloys 

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 boo structure, forms a substi-

tutional solid solution on alloying with titanium and stabi. 

lizes the high-temperature bee form, ¢ s  of titanium. s'hus, 

molybdenum may be called as bete, stabilizer in alloying history 

or titanium. 

2.1.1 Equilibrium Diagram of TL-14o System 

The Ti-Mo system. is characterized by complete misci.- 

bility between the boo allotrope of titanium and molybdenum .- 

hence it is termed a beta isomorphous systems as shown in Fig. 

2.1 worked out by Hansen et a1(' ). The melting range is incre-

aced by molybdenum, the alpha-beta field is relatively broad, 

and the alpha solubility is limited, slightly less than 0.5 per. 

cent. The temperature of transformation from the beta field to 

the alpha-plus-beta field, beta transus, decreases linearly 

with increasing molybdenum cont.ant. 

The critical stabilizing concentration for molyb-

denum(56)  is as 5.8 at pcf (13.0 wt. pct) which is necessary to 

obtain 	. a single phase structure of P-solid solution in a 

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

The f to a transformation in Ti-Mo alloys has been 

studied by Delazaro and Co~rorkers{ 7'~ 8), 	The time-temperature 

transformation characteristics 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 p to a 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 decreasing diffusion 

rates such that a maximum reaction rate occurs at an interme-

diate temperature. Fig. 22! adapted from Delazaro et al l shows 

the variation with molybdenum content of 'C' curves denoting 

the first appearance of alpha. As the molybdenum content 

increases, the nose of the 'C' start curve occurs at decreasing 

temperat .ire. This effect would appear to result from the 

decreasing transus temperature. Also, there is 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 TTT-Curves showing the effect of 
composition on the start of the beta- 
to alpha transformation in Ti-Mo alloys 



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 	reaction 

increases as the oxygen content increases, 

In Ti-Mo alloys, the 0 phase is retained at room 

temperature when quenched in water from the 1-field. A number 
'ty"S{DYM0.1S1kS "A 

 

ocu w $UCh  
of phasejin favourable conditions as temperature, time and 

composition. These possible phase transformations are listed 

below s 

(a) The w-.phase can form on quenching(9) 

(b) Marten site can be produced by subzero 
cooling or deformation 

(c) On aging at temperatures lower than nearly 
550°  C the w-.phase is formed before the -phase(ii)  

(d) On aging at temperatures above 550°C. The 
*-phase is formed(ll). 

(o) The martensite can be tempered. It has been 
reported that the d•phase rather than the 
S-phase is precipitated during tempering(12). 
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2.3  Martensitic Transformation in Ti..Mo a 

The structure of quenched titanium alloys may be that 

of unstable fl -phase, sometimes called 0', and/or the metastable 

forms of alpha designated as ' and a" and are called the mar- 

tensitic phases. The c t  phase is supersaturated solid solution 

of a-titanium with a hexagonal crystal lattice. The presence 

of the a0  phase considerably increases the hardness of the 

alloys. The ".phase differs from the a' phase by the fact 

that it has an orthorhombic rather than a hexagonal lattice, 

as a result of the supersaturation of the «-solid solution 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 (V4  tab, Ta i  W, Mo 

and Re). Alloys containing an a" phase are considerably softer 

than those with ' phase(. 

2.3.1 Com ositional Ran a for Martensitic TransFormat on 

As reported by Jaffee(5)  the alloy containing.less 

than 7.0 wt. per cent molybdenum will consist the complete 

nartensite phase on quenching from 3-field tg. (l whereas 

the alloy containing molybdenum in the range of 7-12 wt. per 

cent may provide the martensitic structure along with the 

retainod 13-phase, f', but beyond this limit of molybdenum 

content, complete retained 8-phase will be present. 
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2.3.2 Ms 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 is completely retained after quenching. Ms tempe. 

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

including Ti-Mo are shown in Fig. 2.3. The martensite arrest 

temperature was found to be relatively independent 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 passes from 

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

tions. 

2.3.3 OJientation Relationship during martensite transformation 

Lui and Margolin(15) found two martensite habit planes 

in the Ti-Mo alloys after water-quenching, predominantly (334) 

and to a lesser extent t344)p.  A transition occurring between 

10.5 and 11.5% is found for both t3843ç3 and ,344jp martensit~s6'17
~ 

the f344)o martensite found in the higher Mo alloys is usually 

formed by deformation of the quenched alloy. In a deformed 
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Ti-11.6% Mo alloys it has been seen that the 'martensite' plate 

as transformation product consists of a complex array of twins(18) . 

In lightly deformed specimens the habit plane is near (112)0  and 

moves towards (lll p as the deformation increases. However, it 

is not proved possible, as yet, to account for the observed 

C344)p habit plane by a double or multiple twinning process. 

The twinned structure is produced by deformation and the observed 

magnitude of the shear is 4.3(16) ,, thus it is difficult to 

account for this value unless the twinning shears take place 

in opposite directions. The Burgers Orientation relation for 

martensite in Ti-Mo and other titanium alloy martensites of the 

X334) 0  habit was suggested by Lui and Margolin(15) , 

(000l)a 11 (lio)0 

tIil2Q) f1  (111J0 

and was one of two orientations suggested(15)  for mahtensite 

[344) formed from beta by cold work. 

2.3.4  Tempering (aging) Behaviour of Martensite 

Domagala and kostoker(19)  studied the decomposition 

of martensite )presumably formed by strain induced transforma-. 

tion) in a Ti-13 Mo alloy and reported that equilibrium alpha 
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wan precipitated from the martensite plates. Tempering of 

martensite, It', involves diffusion of excess alloying elements, 

retained by quenching in a' in adjacent beta_phase. Domagala 

and Rostoker concluded that the predominant mechanism in tempering 

was precipitation of low-alloy-content alpha particles from 

martensite until it became sufficiently reverted to enriched beta 

b; an undetermined process. 

The tempering behaviour of orthorhombic martensite was 

studied by Williams and Hickman(ZQ~. They found that the temper-

ing behaviour of this type of martensite is strikingly different 

from that reported for hexagonal martensite. The tempering study 

was done on Ti-4 at % No and given an X-ray diffraction pattern 

characteristic of the orthorhombic structure as, 

a a 3.001 A"  b = 4.998 A° and C = 4.657 A° 

In Ti-No alloys aged at the higher temperatures, 

the c-phase reflections increase in intensity. Examination of 

this alloy, using optical and thin foil electron microscopy, 

showed the initiation of a cellular reaction at prior 3-phase 

grain boundaries. The product of the cellular reaction is a 

lamellar d + 0 structure which consumes the a + orthorhombic 
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martensite mixture . With further aging, cellular reaction went 

to completion. The reaction in the Ti-4 at % Mo alloy commenced 

after 15 minutes at 650°C and was $'95 per cent complete after 

16 hours at 5500C(20). 

2.4  Omega Phase 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-410 alloys in lower temperature range than 550°C may result 
a marked increase in hardness. This embrittiement behaviour of 

alloys is due to the formation of submicroscopic complex hep 

transition phase, Omega, along with retained 3-phase where re.. 

tained $-phase is enriched by the alloying elements compared 

with the initial P.-phase of elevatdd 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 sizes  it 

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

microscope. Subsequent studies using X-ray diffraction and' 
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pore recently, transmission electron microscopy and quantitative 

X-ray diffraction techniques have successfully defined most of 

-~ ' + w transformations( (21 - 253 . the features of ~ ~ 	 T. Yukawa 

et ai(26) used the dilatometric technique to study the Omega 

phase precipitation in Ti-15 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 
1M - -- ~~~IilY~T11Y~l~11 IFMY~~~~~~YY X111 Pll~ii~l r 

According to Hickman(22) c.  .phase formation occurred 

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 W -phase has been confirmed. as 

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

by parameter measurements(27), as, if the c/a ratio is not the 

ideal value ,/ 3/(2 ,/ 2) derived from a 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 Z 

where Z = 0.480 - 0.495 



Evidence in favour of this identification is also given by a 

dark field micrograph taken using a (1011). reflection from a 

quenched specimen and the corresponding diffraction pattern are 

taken by Silcock(27) . The Wreflections are streaked and the 

two directions of streaking are evidence for the hexagonal 

structure of the phase. Further, the streaking indicates that 

the w -phase is not spherical but forms as ellipsoids, as 

observed by Blackburn and Wiliiam(23) in the later stages of 

aging, or as plates on (111)P. On aging, the w-phase grows 

in the Ti-Mo alloys and forms as ellipsoids. Trace analysis has 

shown that the major axis of the ellipsoids lie in [1000),or 

< 111) S and the minor axis in (0001)G, . The orientation relax. 

tionship between C and p phases being (0001), I1 [ill] 
(1120)w JI (110) 6 

2.4.4 Coherency of Omega Phase 

Blackburn and Wiiliams(23) suggested that the morphology 

of w-.phase particles can be related to misfit stain. The linear 

lattice misfit, •L, is given for the various alloys+ Ti-10 at % 

Mo - The initial lattice misfit + 0.42% and final +  

These values were computed from the relationship, 

y()" V 
L ~ 3 

VP 
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shore, V,,,, and Vp are the unit cell volumes divided by the 

number of atoms per unit cell for the w-anc1 3•phueo rocpec-

tivoly. thorn the misfit is low (leas than about O.5) the 

particles may assume with ellipsoidal morphology because the 

olastic strain energy is low and hence minimization of surface 

energy dete*mines the particle shape, the precipitates being 

ellipsoidal presumttly because of the aricotropic structure of 

the - -phaoe.. 

Blackburn and Williams 	considered that the w+phase 

is coherent with the matrix to its maxinum particle sizes. 

8lackburn(18)  observed the maximum particle size, 1600 A°, 

in ?i11.6 Ho alloy on aging at 400°C for more than 3000 firs. 

Duo to the high volume fraction, no strain contrast effects 

associated with coherent articios were observod in the fl/W 

intorfaces under any contrast conditions. 

One additional oboorvation(23)  relovant to the w phase 

occurring only as a cohoront precipitate is its behaviour during 

cpontancous transformation of thin foils. At =all particle 

sizes, o.g. 9  in quonchod Ti-11.6 Ho alloy, it appears to be 

unchangod by this transforation (although it to destroyed 

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

transformed, and in this case it appears to revert to the f3-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 in Ti-Mo, probably, 

arise from anisotropy of surface or strt}in energy 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 }he w -phase 

composition in Ti-Mo alloys has been obtained using the data 

of Holden et ai(28)  who showed that the aging response at 400°C 

of a Ti -20 Mo alloy as marked whereas that of a Ti-24.5 Mo was 

very slight. Thus assuming the limit of co-phase formation is 

25 wt. per cent and knowing the volume fraction of w-phase in 

Ti-11.6 Mo 9  the composition of omega phase was computed as 

Ti97Mo3  using the lover rule. Luke et al29  suggested that the 

w -phase was an electron compound. 

Blackburn and Williams (23)  have reported that in 

regions, which got spontaneously transformed during thin foil 

preparation, the - phase,, is destroyed. It has been seen(23) 
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that the structure is retransformed to the ¢ phase, and that 

the phase maintains its composition difference. 

2.4.6 Growth and Volume Fraction 

The ci-phase particles grow on aging but it is 

virtually impossible to establish a growth law from thin foil 

observations. This is due to the very larbe volume fraction 

of, which leads to particle overlap, and to the 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 has been observed is nearly 

3000 A° in Ti~Mo alloy which was measured  at the initiation 

of the p +W---p +6)# d stage of the transformation. Short aging 

treatments increase the quantity and size of () particles which 

makes the alloy brittle. 

It is postulated(23) that the limiting size of the 

precipitates is controlled by the mismatch between the w -phase 

and S-phase. During the formation of the w -phase the solute 

concentration of the matrix increases. Molybdenum decreases the 

lattice parameter of R•Ti and causes the contraction during 

omega phase formation. 



Fa Earlier works 21'25)  have shown that the volume 

fraction of w -phase can be controlled by : 

(i) varying the aging temperature 

(ii) varying the solute content of the 0-phase 

either by changing the initial alloy content 
or by solution heating in the (c( + 0) phase 

field to give an enriched n-phase. 

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

2.4.7  Mechanism-of Omega Formation 

The mechanism of w-phase formation during quenching 

has been the subject of much speculation. As discussed by Hatt 

and Roberts, it is possible to form the w- structure from the 

n-structure by alternate shears of 0, g 9  g on the (112) planes 

in the <lll> direction where g =6 	ap. They suggested 

that the faulting observed in the co.:structure is compatible 

with such a mechanism. 

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

aging the ..phase can exist over a range of composition means 

that during quenching of alloys within this composition range 
transformation to w -phase can occur without a composition change. 
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The w _phase particles can thou nucleate and grow 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 is not possible 

clearly to decide if the transformation to the very small 

particles ( < 50A°) of w-phase observed in quenched mate.. 

rials occurs by a co-operative shear or by random atom suffles. 

The 0 --3w transformation can be effected by displ€gcements, 

magnitude 1/12 a [11]J , of neighbouring r°+is of atoms in 

positive direction. 

As the w.phase is formed .the -phase becomes 

enriched in solute element which changes its lattice spacing, 

there is evidence that the -phase formed in the various sys-

tems exhibit similar type of lattice spacing variation and thus 

the mismatch is controlled to a first approximation by the 

beta phase(18). 

Hickmant2)  suggested that segregation of the j-phase 

into solute rich and solute poor regions occurs during quenching 

i.e. a spinoidal decomposition, and subsequently the solute poor 

regions transform into the ya..phase. Blackburn and VJilliams(23)  

suggests that this transformation could be induced by hydro-

static stress due to differences in thermal expansion 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 -phase. 

2.4.8 Decomposition of Omega Phase 

Frost(31) suggested that in general during aging after 

quenching the omega phase breaks down forming alpha and enriched 

beta. In system with ellipsoidal w- phase, the c-phase 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 present in the original f.phase(B2). 

Explanation for the -phase formation from (0 + c' ) 
structure, and not directly from the f3-phase given by Blackburn and 

Z~tilliams(22) was that in Ti-Mo alloy the alpha phase is formed 

either by a cellular reaction or by hetrogenecus nucleation of 

a number of CC-plates. In case of the first type behaviour a 

cell containing alternate lamellae of (p + a) grows from a grain 

boundary. The orientation relationship between the CC and 0 phase 

was found to have the expected Burgers and habit plane was to be 

near (110)0 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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TTT curve for a Ti-13 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 

(i) 0 	+ a 
	

Over 575°C 

(ii) PAP + ca-- ~ +  

to 575° C 

(iii) below 500°C 

As there is no simple relation lattice relation 

between the d phase and the .phase 4mhereas there is 

between 	and 0), the transformation can not be looked upon 

monotropic. Furthermore, the composition of the «-phase 

appears to be different from that of the 	phase. 

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 dependent phase fields between 

initiation and completion of transformation was accomplished 

largely by X-ray work. 



)0 

min 	l̀  log time 

E` 

Fig. 2.4 TTT curve for a Ti-13% Mo alloy23 



2.5  Thermomechanical Treatment of Ti-Mo Alloys 

The thermomechanical treatment is usually defined 

as the use of deformation prior to or during an allotropic 

change so as to obtain an improvement in mechanical properties. 

Although the work on phase transformation under 

cooling and heating has been done widely and satisfactorily 

but the thermomechanical treatment effects have not been yet 

studied 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(10) , deformation of the quenched Ti-Mo alloys 

occur by formation of stress induced ' Martensite' (or twins) 

and slip. This deformation induced inartensite has been found 

to have a bee or bet structure, rather than the previously 

reported hexagonal structure. The dislocation arrangements in 

the matrix after 10 per cent tensile deformation were found to 

be quite random in nature. This deformation weakens the 

intensity of phase reflections or causes them to completely 

disappear{23} . Aging of quenched and deeormed specimens at 
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temperatures < 650°  C results in precipitation of the alpha 

phase within the martensite, precipitation of the °-phase on 

dislocations and growth or nucleation and growth of the w-phase 

in the matrix. 

The martensite formed during plastic deformation has 

been qualitatively examined. Martensite needles were 

readily detectable in polished and deformed samples by optical 

microscopy. Hiowever$  this foil examination has shown that these 

apparent needles actually consist or stacks of thin twins and 

that the stricture of ti, se regions is bcc within the accuracy 

of selected area 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)p and such plates exhibit little or no 

secondry twinning. In more heavily deformed specimens the struc-

ture of the transformed regions becomes more complex, two or more 

twinning systems being 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) 

although most results lib,near the (111) pole. It has been shown 

that the spontaneous transformation of martensite is distinct from 

the deformation induced transformation of martensite and that no 

direct relationship. exists between them. The structure of stress 
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induced martensite as bce or bot explains the extra reflections 

on bee layer lines observed by Gaunt and Christian(17). Black-

burn and willlams(23) propose two explanations, viz, a coope. 

rative and rather complex twinning or a bcc to bet transformation 

in which the c/a ratio of the bet phase is nearly 1, further 

work is needed to test these suggestions. Some alpha phase 

plabes have been observed to restrict their own growth by gene-

rating slip across the growth direetton 4 Analysis of slip line 

separation magnitudes In one of these instances indicated that a 
2 maximum stress, of the order of 10 dyn/cm , is present at a 

plate tip and that stress decreases linearly with distance from 

point in the direction of the propagation of plate. 

From the work of Holden et ai(28) on Ti-Mo alloys it 

Is believed that martensitic alpha formation is 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-12 Mo alloy, 

2.5.2 Effect of Deformation on Omega phase 

The beta-to-omega transformation can be ,effected by 

displacements, magnitude 1/12 a(lll), of neighbouring rows of 

atoms in positive directions. An ability to form independently 

in four crystallographic directions is implicit in the orienta- 

tion relationship, (000. )4, It (111) 
~y,KnN II r,,nl 
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This possibility was examined by Silcock(27)  with a negative 

result and it was concluded that deformation does not provide 

nuclei for subsequent omega formation as might be expected if it 

occasioned the correct atom movements for production of embryonic 

omega phase. Her work, by inference from results obtained for 

Ti.13Mo, contradicts the findings of Brotzen et.al(35) . It 

appears possible that the failure of Silcock to observe Omega 

formation in deformed specimens was a result of preferentially 

crdated martensitic alpha(28 33). 

W (34)  ood 	drew the following conclusions as the result 

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

condition. 

stress (i) When subjected to compressive, coarse and fine 
grained specimens of a.Ti-15% Mo alloy in the 
beta sblubion treated condition deform initially 
by formation of martensitic alpha as plates with 
a (334) habit. 

(ii) In favourably oriented grains of coarse grained 
material, growing plates have an interfacial 

velocity of such a magnitude that the stress field 

associated 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. 

(iii) Stress in the surrounding metal is a maximum 
at a plate tip .- of the order of 1010  dyn/cm2  
near the point and decreases linearly therefrom 
with increasing distance in the direction 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 induced omega phase occurs in a 
plate-like form on (111), planes. 

X-ray diffraction rdsults( 	have established that 

omega phase in this 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 lattice of the 13-matrix and appears to grow on these 

planes. 
0 

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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mechanical 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  char jal Pro erties 

In any investigation of the reactions of titanium 

with other alloying elements it is important to examine those 

characteristics which most closely reflect the relationship 

between the interatomic bonds and the chemical composition of 

alloy in the equilibrium and metastable conditions during both 

heating and cooling. Among these characteristics the most 

important are the elastic constants. The importance of inter.. 

atomic binding forces in the evaluation of the elastic constants 

was indicated by the workof Kurnakov and Lazarev who expressed 

that the indentation hardness and modulus of elasticity are 

closely interconnected. Zn the work reported by Fedctov(13)1  it 

has •boon likewise 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 



•t 29 t- 

decrease with the incrdase in the content of molybdenum in 

titanium alloy. This is also indicated(l3)  that the solid 

solution having a bee structure has a lower e3astie modulus 

than the d-solid. solution with its h. c.p lattice. The rela- 

tionship between elastic properties of hardened, i.e., quenched 

alloys, 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 constants 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 

e-fieid, 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 Ti-alloys is a 

consequence of their structure. The presence of the °(' phase, 
hexagonal martensite, considerably increases the hardness of 

the alloys. The d" phase,orthorhombic martensite1is considerably 

softer than those with a' phase. 

The Mechanical properties found by Holden et al(28)  

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 m&nimum in yield strength occurs at 8 per cent 

molybdenum which has a structure of beta plus beta as quenched. 

The low yield strengths Found in quenched alloys with 8-16 per 

cent molybdenum result from the low shear stresses required to 

initiate the beta-to-martensite transformation in this composi-

tion range. As the molybdenum content of the f -phase increases, 

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% No hasP been investigated(36) . At 

quenching temperatures close to P (a+P) 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 strength increase markedly and 

the internal friction decreases by a factor upto 100. The pre-

ceding data have been correlated uith observations derived from 

ordinary microscopy, electron microscopy and X-ray diffraction 

work(36). Above the transition the microstructure consists of a 

mixture of 0 and martensito. As the quenching temperature is 

lowered into the transition region, equilibrium alpha begins to 
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form thoroby inarcaatni, tho c:oncontration of fl•stabilizing 

olcmonts in tho •phaco. As a ronult,, only a mall a otz t of 

A docompo€os r rtoncittcally. Solos tho tranoition tomporaturo 

Morns in the stabilized 0 ophaso. The transition tomporaturo at 

iiajch hardnoos incroasos adr -iptl.y on loworing the qucnc'hing 

tcrnporaturo for Tt-8 I'.o alloy t0 5°C. A modol irao proposed 

by Janos and zoon(36)  which explains the transition in noahanical 

prpportioc in torts of the stress, induced cartonsito transfer. 

ration and also gives a possible explanation of tho low yiold 

otrongth of quonchod Ti4lo alloy it can be dod iced that are 

increase in odu1us roquirds that a largo fraction of the matrix 

ruwt bo converted to w.phaso daring quenching as the quench 

toziporat aro is tovorod thro;agb the transition region. If an 

alloy in q.icnehod free f- field the f=phaso Is partiallyy transfrr. 

mod to raartonott . The c phaso is not tormod in tho untrana- 

i'ormod beta soeattaso P.-pbaoo is not cuffioiontly rich in tho 

f.otabiliothg olo aonts , ho brittle w..phaoo for intion rooult:: 

in a rapid increase in tho yield atrongth and modulus ;end a 

docrcaso in the intorn:1 friction(36) . 

'o ti•10 3 too alloy .;uonchod from abovo tho fl.tranzrtc 

and aged ouhibito noacurablo ductility. to c-phase is formod 
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in tbio alloy at aging tei poraturos higher than 600°C, cinco 

in this tc por'ature rango the oquilihriun alpha phase fora c 

directly. ton the alpha phano to forrnod, the yield stress 

dooroacoo in comparison, to the sampi.o€s which contain co-phase 

with attendant i.a crsaco in elongation. In all host treatment 

conditions the ixork hardening rate of ?i4a alloy was low. 

This the difforonco bottoen ultimate tort ilo stress and yield 

stress ao small. 

xi+aum strain induced transformation occurs in the 

Ti41. ? Ho alloy. Since the m rtansite shear stress in not 

expected to ineroaco such with tranoformation strain # it in 

octimtol from tho chapo of the t1o:s curve(28) that strain 

i~tiuood transformation takos place u?to about 0.1 strain, and 

is f ollouod predominantly by slip upto 4boat 0.3 strain. Loss 

otrin induced trar2stormation occurs In tho Ti•7.9 too alloy 

in c hich coo thorcal rnartonuitd is proucnt. 

It is apparent from fig. 2.6 that the cc bbina tion 

of strongt i and ductility or to beta quenchod T14 10 alloyc 

i moot favourable at the 12 par cent r olybdonum compooition w . 

tihoro ca'i~aum strain tranoforcaa•ion occuro. It 	o alco found 

that the notch toughnose is a maxim=- at the co alloy contcI► a) 
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2.6.2 Phy t i c  ral?ropo rtio c 

Phyalaai proportion and otruotural phaco stability 

was diocsucsod by coi1ingc and Bo(38) for Ti•»!10 syoto . Uith 

tho 1'i'.14 at % No alloy Come w- pha acs ha o bow to £o ra , and 

tho lo tor concentration alloys consist of (P 4' c))• Both lo' 

tampora uro oloctrol4ic spa ific boat cooffieicnt, 3 * :end )obyo 

characteristic toysporaturo , eD, shoved broad turning point.: noar 

15 at % too and it is interocting to sppculato on ththor tho 

relatively r4pid changes in these qumntitioc are induced by tho 

prosonco of the c. prdcipitato. It has boon suggostod{38) that 

in atnglo-phaoo R oatorial both lore tc^~poraturo olo^tronic 

o ocitic boat, 	and nagnotic Xuccoptibility$ x ; should 

continuo to incroas as the r-olybdonus concentration docro3oo j 
0 

until tho tran3formation to c( occurs and that the rapid dos. 

rcasso3 oncountorol in .x nd -7 arcs in fact duo to the fo.:ation of 

the W 'pha so• 

Opachnor and foctokev(11) have 	used the physical 

proportie2 mcaouro~c.t technique nanoly rooistot etric to doter. 

rite tho time for Initiation and coi lotion of tranrforiation in 

Ti•13r' :!c alloy. The .eacurenant of such other physiial proper-

tios may also to '.flood to follow tho ratoc at which tranoforra- 

Lion occur. 
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2.? Coopo or tho Prosont Work 

Tho orl rolating to tho thermomochanic.~?, traatztont 

of Ti.10 all.:, yo .,&a been carried oit very littlo, although it 

bao a wide ccopo for now invootioations and devolopmonto. 

The primary p-arpooe or the prooent work la. to observe 

the of fects of tbermono hanical treatment; on titaniun molyb• 

do um alloys. Two alloys ti 4O :Ao and i'i•231 No are oolootod 

for study since both thcao alloys havo distinct trancfornation 

oharactoriotico on quLnching from .Nolation troattng tcmporat ire. 

The effect of i ochanical vorkinng on those quenched alloyo have 

a wide acopo of otady. It is a troll known toat.zro that the 

thormome th nio~1l treatment contribatoo in enhanced stron(jthoning. 

The study of aging treatment will be definitely 

interesting aizico the appoaranco and proportion of different 

metastable phases, i.e. martanaitic alpha, omoza and retained 

beta under different conditions will show varying rooponaos 

during ct ch a troatnont. 
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13XPRRIi3fl1L PROC DUKE 

3.1. t1atortolQ Unt or {study 

Tho prosont irwoatigatton vas carrio out on trio 

¶i-~10 nlloyo of 03niositiona Tt..10 tst pat :"0 and Ti-33 wt pct 

ulth oznet cnaiytto1 oo ooitiono 3.43 ut pot :13 and 23 ut pot 

.'.0 respectively* 

Tho alloys t oro auppliod by tho. t ta11urgto i Division 

of Dhabha tktomie R000aroh Centro, Tr*ntay (India) in tho form of 

button,, '. `bcno o1lo, m r aro opaz'ct2 by argon are nolt1ng of 

oponeo titnniva and high purity molybt onnn motnla. Tho nolttn ; 

pr000duro uno ropoatod may ttan over the honrth in ardor to 

onauro an uniform ooa oaition. 

3.2 22ooinona Proparation 

Dice ohapod opoo tcons of 4 to 0 an thie.t ,"oro proparod 

from tho o ip 1iot3 buttonn by hick saw cattinC. 11ior33co ie ox1-. 

aini tion anti hardnetf a ^oioupr caont ,t the an rocolvod cpoci*. ens 

from the are Doltod buttons troro lone. 
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3.3 	rt rind :.oe ~ ni ca1 ¶ roa triont 

Ti.taniun alloy ago voV? nctivo ehoaicatlr at olovatod 

to oraturoo and roctct roat ity nth o gon1 n itrotjon, and hydroron 

in a fnrnaco ateaopftoro. Thorotoro, it is tcportant to to 

cpootal procautiona tearial thorml tre tr ont. 

3.3.1. 3Oiutiof Troatc,nt 

Tho c Ciro s of ht in nucboro, of oach 'ilioy uoro 

coulod in two co az a o ovactiuted oil tea czipouloo o Tho o tuo 

capouloo contninin-; oiCht opocimon- of 000h Ti•1O pat 'to and 

Ti-33 pat to alloy; Toro plaood In uffio furncoos urith a tor~po. 

ratura control of + 5°C of 1d13oC and 8O°C roopoctivoly holding 

for IP hour. tft r tbio coiution trcatcont do ca,oulo- taro 

quonabod in ura.tor. Ono npootcon of ocith canattlo c 	pal. thhcd q 

otcIio and oiciotnod uctdor' optigal flicraocapo. Tho ha noan era' uoo 

of oa+ch opoeizon voro also taion. 

3.3.1 Prior Cold Dofornation 

The cp^oioono of thoco tuo altopa aftor t ator quonchine 

' oro co rooco$ o f 'en ton eoopr000ion iIIochino, utth zyin 

porecutoryo3 of cold doforcation ac Coro, ei, 3o and 51 Poo coat. 

Cacti porcont Co or doforr-ntian trci gtvon to to cpoctnonc ►f oach 

n 
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alloy and finally eight cpocincno of oach alloy tro grouped 

into two * ?aach conttinin^ fo:ir o oet nr of oro 3, 3 and 

53 pet dotorc tion raapoctivoly. Porcontn o cold dotorrntion 

o calculated as I 

Change in th1cmoco of spocion 
Percentage cold dof ur.=' •- 	 x 13) 
tion 	 Original thiattnooi of opocicon 

fardnost ©e*urc onto att,r the cold doforintion of the 	nl1o7 

opooimono varo earricr! oit and coin of the t sro potio;hod, etched 

and studied under to optttrU nierodc3po. 

3,3*3 

iaeh groupod cpoci n , In four uunhor , wore scaled 

again in ovacuated pyraz capsules. The capouioc c3rrcnpondinl to 

either Ti . 1 ;. o ar '214.231 T o eiloy were placed in ruffle furnace 

for o~iu,, at 403°C and 3°C ror,poctivoly for i hr. and then 

auonoYzod in water. Hardnoao roaouromonto after quoucl ing worn 

c .rrtod out and son, of them wore polished, etched and otudied, 

uidor the ir,t1c l ricroacopt o. f 1tor that again the oamo specimens

wore aod similarly for 2 hr, 3 hr, and 4 hr ro3poctivoly. 3. oh 

itcp va0 fa11owod by the h. r noon monsurc wont and aiero3copio 

study of mano ogsooiionto* 
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3. 	rdno90 ± nurononto 

Tho &rdn000 tooto era porforoo& In tho Vtotsor' o 

rinrdn000 o for un inU a load of 10 	An aVo go of ?`oar to fivo 

rondincn two tohon as the ria noo, v31uo or tho op^ciror . 

3.6 i:ota1i.opro~hic tt dlon 
~1iI~Y1~11~~1~ ~ ~rr~lirl~i~rlli~M~Y! 

tSctly th;, ctruoturoo t7oro oa!tnod is tho c nlfietion 

cargo or o-L i m, Tho otehant uoo2 for Ti•10 :4o alloy can 

GO coca. of c1700r31, 20 0.0, or lip and 20 c.e,, of 	3 ` O o 2ution,, 

Vaoroao for tho Tt.23 	V 	alloy it woo 20 a.o. U,?,, SO co, o* 	131103 

and 40 o. o. glycerol solution (Vtio; ln& ci of hont) , 



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 % Mo and Ti-23% Mo alloys at 400°C and 

5000.0 aging temperatures are shown in figures, 4.1 - 4.4. The 

aging curves are similar to those of typical age-hardening type 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 continuously except only for Ti-23% Mo alloy 

where on aging at 400°C, the hardness value initially decreases 

and after that increases 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 5000C for 3 hours when 

30 per cent cold deformation is imparted. The Ti-10% Mo alloy 

shows the maximum hardness values between 375 VHN to 391 VAIN}  

when aged at 5000C for 3 to 4 hours aging periods with 50 per 

cent cold deformation. In case of Ti-10% Mo alloy aged at 4000C! 
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the peak hardness value increases with increase in degree of 

p ribr cold deformation. However, in case of aging at 500°C tempe-

rature, there is a departure from this sequence, since specimens 

with no deformation show higher hardness values. 

(B)  Aging Temperature 

The behaviour of hardness peaks at different aging tampe-

rature for Ti-10% Mo and TI-23%Mo alloys at various cold deforma-

tions is shown in figures (5.1 - 5.4)which are obtained after 

replotting the figures 4.1 - 4.4 It is evident that for either 

aging temperature peak hardness value of Ti-10 % Mo alloy is less th 

than that of Ti-23% Mo alloy. Aging at either temperature in 

case of Ti-23% Mo alloy does not vary 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 a  higher period 

at 5000C as compared to that of 440°C. It is also observed that 

the peak hardness value of either alloy at 5000C aging temperature 

is higher than the corresponding value for 400°C. 

4.2  EFFECT OF PRIOR COLD DEFORMATION ON HARDNESS 

Figures 4-48 show the effect of prior cold deformation 

on hardness of quenched specimens of Ti-10% Mo and Ti-23% Mo 
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alloys which were solution treated in single c-phase region at 
1000°C and 8900C respectively. It is evident from these graphs 

that the observations of hardness are related with the degree of 

prior cold deformation, subsequent aging periods and aging tempe-

ratures. 

In Ti-10% Mo alloys aged at 4000C hardness increases 

rapidly with increase in prior cold deformation upto 30 per cent 

and subsequently increases slowly reaching practically a constant 

value (fig. 4.5). At 500°C aging temperature, the behaviour of 

hardness increment corresponding • to 0 hr and 1 hr periods, was 

found similar to that observed for 4000C aging temperature. 

In Ti-23% Mo alloy shifting 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 '5000C aging temperature the hardness peak occurs at 30 per 

cent prior cold deformation for practically all aging periods. 

In addition, the higher aging temperaturd 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 

Ti-23% Mo alloy occurs at 30 per cent prior deformation aged at 

4000C 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 Ti-23% Mo alloys are shown in fig. 4.9. It was 

found that Ti-10% Mo alloy contains two phases alpha and beta 
o.lso 

whereas the Ti-23% Mo alloyt has only oe 	 b tae.. An 
-a a,-4  b 	 bed bein * S 	eoJ W1an ikst "r (tnX alloy . 

►,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% No alloy when it was quenched 

in water from solution treating temperature. These martensitic 

needles are fine in shape 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-

tensitic needles in all plastically deformed specimens are 

randomly distributed. 

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

it is found that as the aging proceeds the coarsening of 



(A) Ti-10% Mo Alloy 

(B) Ti-23% Mo Alloy 

Fig. 4.9 Microstructures of Ti-1Ox Mo and Ti-23% Mo 
Alloys in the as-received condition (200 X) 
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(A) 0 pct. deformation 	(B) 20 pet deformation 
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(c) 30 pct deformation 
	

(D) 50 pct. deformation 

Fig. 4.10 Microstructures of water quenched Ti-10% Mo 
Alloy specimens with various prior cold defor- 
mations without aging 	 (200x) 



(A) 20 pct deformation 

(B) 50 pct deformation 

Fig. 4.11 Microstructures of Ti-10% Mo alloy specimens with 
various prior cold deformations after one hour 
aging at 400°C. 	 (200x) 



(D) 50 pct deformation 

(A) 0 pct deformation 
	

(B) 20 cct deformation 

.,. 

d'  

(C) 30 pct deformation 

Fig. 4.12 Microstructures of Ti-109 Mo alloy specimens with 
various prior cold deformations after one hour 
aging at 500°C 	 (200x) 



(A) 20 pct deformation 

(B) 50 pct deformation 

Fig. 4.13 Microstructures of Ti-l01 Mo alloy specimens 
with various prior cold deformations after three 
hours aging at 400°C 	 (200 X) 
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(A) 0 )pct deformation 	(B) 20 pet deformation 

Q  

P q  

O 

(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 5000C 	 (200x) 
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(C) 30 Dct deformation (D) 50 pet deformation 

Fig • 4.15 Micros tructurps of Ti-23% Mo alloy specimens 
with various prior cold deformations after four 
hours aging at 400°C 	 (100 X) 
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(A) 0 pct deformation 	(B) 20 pct deformation 

(C) 30 pct deformation 	(D) 50 pct deformation 

Fig. 4.16 Microstructures of Ti-23Z 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 it 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). However, the case with 50 per cent plasti-

cally deformed specimens is somewhat different. In this case 

as the aging proceeds the coarsening of martensitic needles takes 

place similarly - the case with the aging of as-quenched specimen 

of Ti-10% Mo alloy. 

In case of Ti-23% Mo alley, a single phase, retained J3, 

is observed (fig. 4.15 - 4,16) which is common feature for all 

the specimens thermomechanically treated. Aging has not given 

any positive change in the microstructure. 

i 
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CHAPTER 5 

DISCUSSION 

The essential feature of the quenched Ti-Mo alloys 

from solution treating temperature is the complete retained 

beta phase with higher concentration of molybdenum(5)  (>11-12%) 

whereas below this concentration a martensitic transformed phase 

is also obtained and the sluggishness of transformation increases 

with increase in concentration of solute atoms($) . Plastic defor-

mation may also lead to the formation of martensitic phase known 

as stress-induced martdnsite(10) . The formation of omega phase(g)  

in quenched Ti-Mo alloys is 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(13)  the hardness of martensitic 

phase is in between the hardness values of retained beta phase 

and omega phase and thus the rapid increment in hardness value 

is expected due to the presence of omega phase. According 

fig. 4.1 - 4.4, it is expected that initially the amount of omega 
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phase is insignificant or ever absent just after quenching but 

during subsequent aging this phase increases in volume frac-

tion(23). The evidence is an increase in hardness with increase 

in aging period. After a certain period it is seen that the 

hardness decreases. This according to Spachner et al{1)  may 

be possible either due to the decomposition of omega phase into 

alpha and beta or due to the change in degree of coherency as 

there is no simple lattice relation between the alpha phase and 

the omega phase. 

Wood (34)  has established that co-phase forms in Ti-15% 

Mo alloy in greater quantities as cold deformation proceeds, at 

least until about 40 per cent strain has been effected who quenched 

structure was P3,-phase. A similar 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 bUt it 

decreases at 50 per cent deformation. However, this case was not 

observed in Ti-10% Mo allby, where the hardness values were conti-

nuously in increasing order with increase in deformation. This 

is expected to be due to the formation of martensite in large 

amount owing to the applied stress. In more heavily deformed 

specimens the structure of the transformed regions become more 
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complex, two or more twining systems being found within a plate. 

The evidence is the micrographs of Ti-10% Mo alloy specimens 

deformed after quenching, fig. (4.10 - 4.14). These micrographs 

show the broad and twinned needles of martensite. Along marten-

site ce-phase is also expected to form within the retained 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 increase in hardness with deformation. 

In Ti-10% Mo alloy where martdnsitic phase is also 

present, there is expected the presence of omega phase in lesser 

amount than that in Ti-23% Mo alloy. Therefore, the hardness 

values of Ti-10 Mo alloy are lesser than the hardness values 

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

The hardness peak periods of Ti-23% Mo alloy are 

observed after the corresponding peaks in Ti-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 5000  C are 

higher than the hardness values observed during aging at 400°C 
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for either alloys, which indicates that the transformation 

during aging is thermally activated one. According to Blackburn 

and Williams(23)  on aging at quite higher temperature e.g. more 

than 500°C in case of Ti-4 at%Mo alloy (Ti-?.? 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 is in higher proportion at 5000  C as-compared 

to 400°C. 

o{ %e o,& 4 lc) 4"" far 1 %Y a8IA1 peg to 

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 w-phase at a relatively lower temperature 

i.e. 4000  C. The hardness decreases initially due to relief of 

thermal stresses produced during quenching, which presently 

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

tion. 
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CHAPTER 6 

CONCLUSIONS AND SUGGESTIONS 

6.1 CONCLUSIONS 

(400 C, 500 ~) 
1. For either aging temperaturetpeak hardness 

value of TiMo alloy is less than that of Ti-23% Mo alloy: 

(400 C, 500 C) 
2. Aging at either temperature f in case of Ti-23% 

YeCireJ -kb YC'AC'1 t 

Mo alloy does not very the period ;..f.: hardness peak. 

3. In case of Ti-lO% Mo alloy, generally, there is 

a shift in hardness peak towards a higher period at 5000C as 

compared to that of 400°C ta$  

4. The peak hardness valueso£ either alloysat 5000C 

aging temperature care higher than the corresponding values for 

4000C. 

5. The results established suggest the presence of 
L,rc% cti was 	 o1 fl 1".14 

maximum hardness for Ti-23% Mo alloyrprior cold workedf30% 

and aged at 5000C for 3 hr. 
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6.2   !SUGGEST IONS FOR URTHFR WO K 

On the basis of the experimental results already 

obtained it is evident that scope of thermomechanical treatment 

of Ti-Mo alloys is very extensive. However, a number of para-

meters are still necessary to understand the picture completely 

and give a clear cut base. In this regard following types of 

work may be further extended. 

1. A systematic study of phase identification by 

electron microscopy technique is required 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 is also desirable to study the orien-

tation relationship and crystal structure of stress induced mar-

tensite. 

3. Resistivity measurements could be used to study 

the kinetics of phase transformation. 

4. ' A detailed ►nicrohardness study is also desirable in 

order to evaluate the possible presence of different micro- 

constituents. 
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