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Abstract

Changes in crystal structure induced by the application of high

pressure up to 9.2 GPa (92 kbar) at 300 K were studied in metastable Ti-Mo i

and Ti-V alloys in wide concentration range by transmission electron micro-

scopy and were correlated with the results of quantitative X-ray diffraction

analysis. The high pressure treatment causes formation of new various

structures. The amount of w phase that remains after the presvure is

released is significantly larger than that which is obtained after quenching.

As a result of that subscantial changes Iin mechanical properties of the

alloys tekes place. ;
Anomddous increasing of the critical temperature to superconductivity TC E

was observed in Ti-Mo alloys under pressure. An attempt is made to correlate

the effects of alloying and pressurizing on phase stability with changes in

1
basic physical properties of phases. '




1. Introduction

It is well known that the structure and properties of solidslcan be
controlled by changing their compositicn and by thermodynamic parameters such
as temperature. pressure (volume) and electromagnetic fields. At present,
much data is available on the influences of composition and of temperature
on the structure and properties of materials: but due ro the many technical
ditricuities involved, a pressure parameter has not vet been adopted widely
fer rhe purpose of influencing structure and properties.

Amsng many metallic materials Ti and Ti alloys have an increasing
tadnsrrial significance as constructional and superconductive materials. These
L ..ter1als exi1st basically in the following crystal structures: B~(b.c.c.),
&-h.z.p.. &'-h.c,p. martensite and w-hexagonal. It has been reported that
under Lizh static [1-6] and shock pressure {7-10] a*w and B»w transformations
Ny The presence of the w phase results in a substantial increase of
Youig's medulus, tensile strength and hardmess [11-13] but it is also accompanied
by onsiaeranie brittleness., When Ti-alloys are used as superconductors, the
Lpprarance of the o phase during héat treatment results in a remarkable
enf 4. emsnt ot the current capaciry [14-19] that provides wide possibilities of
appli.ation fn medern technolcgy. The mechanisms of 3-u. and especially a-+w
transtoimaly is ore not ompletely understeoad. The eifect of high pressure on
phase equtiibria and preperties of Ti(Zr; ind i1ts alloys is still not
sutfflritently investigated. VFor many years only two papers on high pressure
ncu. ed phase transformation in Ti-alloys are known : oune 1is concernimg the
Ti-Nt-d4)ioys [20] and the other concerning the Ti-Me-alloys hehaviour after
steck loading [9].

The appearance of w phase in certain 1i alleys is possible since in
these materials the thermodvnamic characteristics of a, o', B and « are very

similar. Under favourable conditions the existence of the w phase, at
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atmospheric pressure, may be energetically mare advantageous that either

the a(a') or B phases. Such conditions may be created by changing the con-
centration, pressure (stress field) and temperature. The structures of
Ti-alloys are highly sensitive tc any changes in the above parameters, which
atfect strongly their properties.

It is a well accepted idea that there is a certain analogy between the
1ntluence of the basic properties of the alloying elements (atomic radii and
cuiarge, position in Periodic Chart, etcr) and that of high pressure.

This study tried to solve a few ﬁutually related problems. First, to
establish the kind of structural changes induced by the high pressure soakinpg
in & (bur) iscmorphous Ti-based alloys with different initial crystal structures.
Second, to compare the influence of both high pressure énd zlloying on the

stability of various metastable phases and mechanical properties of alioys in

various structural states, Third, to try to explain the observed regularity
tetween the applied pressure and alloying using the detailed data of the

phvsical properties: Debye temperature, 8, Fermi density of states n(EF),

D’

elasvic constants etc. The Ti-V and Ti-Mo systems were chosen for the following

reasons:

a) Io botb systems a sequence of metastable phases easily appears upon quench-
ing trom the B(bcc) field, and the appearance of any particular structure depends
on the Mo or V content. The 3 isomorphous metaétable phase diagram can be
subdivided into three regions according to the difierent phases which can occur.
In the first region B(bcc) can treénsform to a martensitic (a'-hep or
a'-orthorhombic)., In the second region £ can pértially decompose to the omega
phase with an hexagonal structure. The B is retained on cooiing to rcom
temperature in a region with a higher solute content (Mo>15 at.% and V»20 at.%).
At the boundary between the first and the second region, in a narrow range of
solute (V and Mo) concentration, a sequence of all these metastable phases

a'(or a") + w (hexagonal) can appear,




b) Vanadium and molybdenum represent opposite examples of solute elements. In
the Periodic Table of elements vanadium is next to titanium : therefore the
"rigid band" model of electronic structure can be successfully applied in

Ti-V alloys. Molybdenum is located far away from Ti in the Periodic Table

and the "rigid band' model is not applicable in this case.

¢) The atomic radii of the solute elements (Mo and V) are smaller, therefore
their valency electron concentrations are bigger than that of Ti. Alloying of
Ti with Mo or V could be regarded analogous to the application of high pressure,
since both of them will diminish the mean atomic volume and increase the
valence electron concentration n,. However, there is an important difference
in the atcemic radius (rat), the number of valency electrons (ne) and atomic
weight (A) of those elements:

M

Mo Ti
n,—

vV Ti_ o_ v A =
=6 but n_'=5 (n,~=4), r_ = =1.39 £ but r,. =l.34 A (x_ “T=1.47),

AV¢50.92, AM°=95.94 (AT1=A7.9O). Thus the response of Ti-Mo and Ti-V systems
to high pressure should be different.

In the &ppendix, the déta on anomalous behaviour of critical temperature
to superconductivity under pressure in Ti-Mo alloys will be reported. This
data is very rough and only qualitative analysis will be done taking into account
the results on structural changes obtained in previous parts of the present

work.

2. Calculations of the metastable diffusionless equilibria in Ti-Mo and Ti-V

systems under high pressure counditions [21].

This sectlon presents the results on the construction of the metastable
diffusionless equiligria diagrams in the Ti-Mo and Ti1-V systems. The regular
s;lution using a thermodynamic approach developed by L. Kaufman will be used
(22,23). For regular solutions the equations for calculating the driving

force take the form:




<i"j " = A i‘*J | l*j
AR [n,x) = GFesd [T,x) + 23,99 avEI[T,P,x) (1)

where AFiwj[P,T,x] in (cal/g-atom) is the difference in free energy between
phase i and j and AFle[T,x] is given by:

i
I'i-Me

1]

AF F

. _ _ iy iy, . .
{T,x] = (1-x%) A“Ti {t] + xAFMe [T] + AF (2)

where the Ii concentration in the solid solution is (1l-x), the solute (Me) con-

3 3

E - Fl is the difference in the free energy of

~eatration is x and AF B E

mixicg between che 1 and 3 phases. The designation i~j can represent transitions
Lerween all the metastabie phases (w, 6, and w) which occur in Ti-V and Ti-Mo
VS IO .

to . mpute the diftusionless metastable phase diagrams for these systems

and-+ isobar:c/isothermal aonditions, the free energies of all the metastable

prores thiloh exist in hoth svstems must be defined.
0 the repular gen~lution medel the excess free energy of mixing of the

diiterent nhases i« given ty (23):

2
P s wiox) (AL Vx4 AR 4 ) (3)
F 0 1 2
EH"" SR =Ny (BO + Mlx 4 Bzxc + -=) (&)
rvl,"\ = w0 W X ‘.\szL + =) (5)

In thie ¢ase ar hand an approximatisn is made by setting:

P sk Ul-x)A (6) ’
Fc!'J » x(1-x)B (7)
I'ELU = w(l-x)W (8)

where the lanteracttion pavameters A, L #nd W are all temperature independent.
The intera.tion parameters in the # dand w phases were estimated by

Kautman {22) for Ti-Mc and Ti~V systems using the enthalpies of vaporization, the

molar volume and the group numbers of the components. The values of the inter-

action parameters A and B for the two systems are: ,




A (cal/mole) B (cal/mole)
Ti-Mo 3671 1241
Ti-V 2659 2659

Unfortunately, the value of the interaction parameter W for the w phase 1s not
«NOWD.
Bv equilibration of partial free energies [23] the interaction parameters A

ani B vaa be calculated using the relations

1-x. N

o R - g _ 2 2
‘Fri + RT In T xaA xBB 9)
a2
aa
- )8
XL 8.2 2
AT R RT In )T A~ (1-x,) 7B (10)
Mo Xy R

where %o and Xq are the atcmic tractions of solute Me at the boundaries at a given
tempaerature. o detfine the dependence of A and B as a function of temperature it
i3 necessary tc krow the dependence of X, and x6 as a function of temperature, In
rhe case of [1-Mo and Ti-V system the value of X, and x3 are not known very
accuyrateiv below the 273°C. Morecver the coefficient of A in eq.(9) is small for
ket svetems and tnis can lead to a large error in solving the equations for thos
PAL AR LEeYT S

The free caerpy changey a. compsnylng the 4+p, #+w and o> transfcrmations

in the pure elements {Ti,V,Mc] are given as [22]:

»L,,Al: = 1050 - 0.91 T (11)
e . e9n - £.99
T 690 - .99 7 (12)
,‘1*’ 7 = -360 - 0,08 T (13)
iy T = 22000 cal/mole (14)
Mo
S

[
s 1
H

1500 + 0. & T (15




. 1 - ot A 2o O

The value of AF, =™ or AF . * " a.d 2F) or AF have not been estimated
Mo Mo \ Y

experimentally or calculated te date. By using equations (1) and (2) in

ccubination with the known value of the differences in the free energy for the

pure elements between phases of interest iu is possible to compute the

Po-x and T0~x diagrams under isothermal and isobaric condirions.

Analvsis of the m.d.e. diagrams (metastsable diffusionless equilibria diagrams)
.an b2 performed bv noting that the Yo—x and Po—x lines do not show the actual

Telue of the temperature or pressure at which the given alloy undergoes trans-

PISIPRpEVY

{ ‘ruations. These curves correspoad to OF

i+j . R
3 = {0, As an approximation 10 and/or

FQ is taken to be the average between the forward and reverse transformations.

i

c.ererore, experimentally TO is asually estimated as

TR e BN e Sy e By p 3
Iy 1,~[_1S %—AS ] and PO 1/2 [PS + Py 1

P

In the Ti-Me system the free energy equations have the form:

(1-x) (-1050+0.91) + 2000 x + x(l-x) [A=B] + 23.9p av~ > (16)

i

ST e (1ex) (~69040.997T) + xArSS“ + x(l-x) [W-B] + 23.9p v~ ™ (17)

A

+ x{l-x) [W-a] + 23.9p o+

Lo

NERL W

(18
Mo [18)

= (L-xY (360+0.08T) + x\

Substisntion o the interaction parameters A and B estimated by Kautman into

. R . . . . L . .
S dn st 3 = Q0K vields 2 value of = = 0.1€ for the atomic fraction of Mo
shere &Y= Alternatively one can uie e2gs. 9 and 10 to recalculate A and B

taking Ltu account that for the Ti-Mu svstem X, and x, are well known [24] at
i s}

I = Y 3K (.vvl = ) 003 and X, = 0.21). This yields the intLeraction parameter

5

veites b= 7500 cal/g. arom and B = 3100 cal/g. atom which uve wore positive
ti.on those previously estimstea [20])]. Substitution o! these vaiues in eqg, 16

ot T, o= 300K vields x = Q.11 which is a mere acceptable value ior the ¢ TO |

vs. x curve and in better accordance with Md experimental data [25]). These

B

parameters fix the form of AF [T,x] at atmospheric pressure as,
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AFt’Q[T,x] = (1-x)[-1050+0.91T] + 2000x + x(l-x)[7500~3100] (19)
or for low concentration i.e. where x(l-x)-x

PP, k) = (1-x) (~105040,91T) + 6400x cal/g.atom (20)

At atmospheric pressure the free energy difference equations for the [

transition is given by:

I Lﬁ"(u,

SR = (1) (469040.99T) + x AFL 4 [W-B] x (1-0)
at low solute levels x(1-x)-x yielding:

2.
TR K = (1-x) (=69040.99T) + x[AFS;“+w-B] (21)

~inte the one atmosphere, TO = 300K, upper limit for &-w transitien occurs at
A

Ry,
x=16-17 #t% Mo (13,14) then setting the driving force AF” “[T,x] = 0 under these

enditions yields

LR R " .
'}“n + [W-R] = 2000 cal/g.atom (22)

With this assumption
AFTTT, %] = (1-x)[-690+0.99T] + 2000x cal/g.atom (23)

e driving f>rce for - transicion can be directly obtained by subtracting

eq. (2) frow (23) vielding
2T, x] = (1-x) (36040.08T) - 44005 cal/g.atem (24)

Tguat tons {200, (23) and (24) which Jdescribe the one atmosphere relative stability
ot o, £ and o phasec ror diftusionless transformacions can be used to compute

-he IQ—\ diagram at atmospheric pressure. This FO»x diagram for the Ti-Me svsten

t5 spown in Fig.l. The dashed reyxion 1n this diagram represcnts the region of
the metastable &« phase.

In order to calculate the Po—x metastable diagram T0 = 300K the values

of AVl’J(P,x) the difference in the molar volume between a,” or « phase pairs

as a tunction of pressure and solute concentration must be known. The dependence

v

- w . . . ,
of V7, V', V" as a functicn of the applied pressure was not measured experimentallv

 ——— T :
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AFS’Q[T,x] = (1-x)[-1050+0.91T] + 2000x + x(1l-x)[7500-3100] (19)
or for low concentration i.,e. where x(l-x)-x

P07, x] = (1-x) (~105040.91T) + 6400x cal/g.atom (20)
At atmospheric pressure the free energy difference equations for the 5w

transition is given by:

B

SEPTYIT %] = (L-x) (=690+0.99T) + x bFy

+ [W-B) x (1-x)

at low solute levels x(1-x)-x yilelding:

2

2T x] = (1-x) (~690+0.99T) + x[AFSgw+W~B] (21)

sin-.e the one atmosphere, TO = 300K, upper limit for £2w transition occurs at
By

x=16-17 &t% Mo (13,14) then setting the driving force AF [T,x] = O under these

‘onditicas yieids

24y ’
ar&c* + [W-B] = 2000 cal/g.atom (22)
Wit this assumption

12
AFTY[T,x] = (1-x)[~690+0.99T) + 2000x cal/g.atom (23)

The driviog force for ¥=» transition can be directlv obtained by subtracting

eq. (2) frow (23) vielding
AT, x) = (1-x) (360+0.08T) ~ 4400X cal/g.atom (24)

Tquat tons {20), (23) and (24) which describe the one atmosphere relative stability
of x, 2 and w phases for diftusionless transformations can be used to compute
-x diagram at atmcspheric pressure. This T0~x diagram for the Ti-Mo svstem
153 shown in Fig.l. The dashed region in this diagram represents the region of
the metastable w phase.

In order to calculate the Pu—x metastable diagram TO = 300K the values

of Avi*J(P,x) the difference in the molar volume between o,f or w phase pairs

as a function of pressure and solute concentration must be known. The dependence

of v, VB, v

¥ as a function of the applied pressure was not measured experimentally
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but can be estimated using the elastic moduli data for Ti-Mo and Ti-V alloys
provided by Fedotov [14,26,27]. The elastic modulus of 'pure" w phase was estimated
by Bowen from strain-deformaticn relationship measurements [27]. The dependence
of volume of pure a-Ii on applied pressure was given by Fisher et al. [28] with
4
use of the Murnagham's equation for a-Ti which is as follows: H
v? -0.22
LBl (140.0040923 p70- 22978 (25)
(0]

which can aiso be expressed in P power series as:

3

VEP] = V(0] [1-0.93 1073P + 2.51 107%p%) (26)

vhere VuiO] is the volume ot hcp Ti at 300K and one atmosphere, The compressibility
ohrained from eq. (26) is equal teo 0.93 x 10—3. This compares well with the
coapressibility of 1.03 x 10_3 calculated from the relations between bulk modulus,
the elastic modulus and the Poisson ratio.

The dependence of W oon pressure is estimared to be:

Vel o= W0 103[1-0.69 1073 + 6.52 10-7P2] (27)

whaore YK{O] is the volume ot the pure « titanium at 300K and one atmosphere. This
¢quation was developed by using experimental data [29] for . zirconium  The

. 3

, 3 Ke3 ‘ : .
celiilateu and experimental pressure dependences of V', \" and V' are shown in
Al

I WA

. O S SUN . . . . . .
Since AV fer titanium is a moderate function of pressure the main

; e RGN , . . . ;
charge in oV on alluying is due to conceatration. The experimental values of
the molar volume of the ditferent phases &, B, or « which exist in the Ti-V

al Ti-Mo svstems taken from diiferent sources including present research data

1s given in Fig. 3.
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For the Ti-Mo system:
Vw[x] = v¥[C] (1-0.152x) cmj/g,at. (28)
. N
vPIx]) = vP[0] (1-0.180x) (29)
Vix) = vi0] (1-0 302x) (30) '

For the Ti-V system:

Ele] = 0] (1-0.141x) 3 V(0] = 10.47 (31)
V] = VB[O] (1-0.157x); vﬁlol = 10.60 (32)
Vix] = W07 (1-0.214%): V(0] = 10.66 (33)

- o 1]
tinder these conditions the dependence of AV T tor 2,3 and w phases can be
calvulated as a function of the sclute content. TFinally, the relative stability
ot the metastable a, 5 and w phases in Ti-Mo system at T = 300K is given by

equatiors (34-36).

R

27 B 1=300K, 1, %) = (1-x){-777) + 6400x + 23.9P AV" Y{x,P] (34)
12300k, v, x] = (L-%) (=393) + 2000x + 23.9p AvP [x,P] (35)
AFY U 1=300R, P, x] = (L-x)( 3841 - 4400x + 23.9P AV [x,P) (36)

which are Jderived by substitution of equations 20, 23, 24 and 28-33 into equation 1.

{he computed I metastable diffusionless phase diagram based on equations (33)

-x
0
:nd *¥36) 1s prezented in Fip.4 cogether with the experimental data on different

phasas chserved under pressure in Ti-Mo system

. . . A :
The zame reguiar solution approach can ke used ro calcusiate AF ) equations

ior 1i-V allovs.
The free energv dJdifference for S+ transiticn is given generally in Ti-V
system at atmospheric pressure by:

3 £

AF [T,x) = (1-x) AFTI + xAF

£
v + x(l-x) (A-B) cal/g. atom. (37)

e st
or introducing the value of AFTiJ and AF&"Y

AFﬁ.a [Tyx] = (1=-x) (-1050 + 0.911) + x (1500 + 0.8T) + (l-x) (A-B) cal/g. atm. (38)
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Using the Kaufman calculated mixing energy parameters A and B for Ti-V in

[<ac

equation (38) one obtains AF {T,x] = 0 at x = 31 at.% V at 300K. But, as

follows from the experimental data in [30], unfortunately these parameters
cannot describe properly the low temperature region of T-x phase diagrams in
Ti-V systems. Namely, the use of Kaufman mixing energy parameters A and B,
independent. of temperature, do not agree with experimental data in the
concentration region where w phase exists upon quenching. (For the Ti-Mo

system the gimplification in A and B temperature independence has no substantial

B0,

neaning since TO

in that system has strong concentriation dependence. There-

g+
0

desciption and good fitting with the experimental data obtained, it is necessary

fore a possible mistake in location of T is a small one). For proper

to have a temperature dependence of the mixing energy parameters A and B. As
in the case of Ti-Mo system, it is not possible to evaluate the temperature
dependence of A and B separatrely because of lack of exact data needed for

use of eq. (9) and (10) over the temperature range. In thase conditions, to

calculate the temperature dependence of (A-B), the widely accepted approximation

"L"‘D; . "'S
(31,25,32) was invoked, that tne difference between M; ! and Tg ‘ is not
rarge i,e. that the corresponding chemicsal driving furce for rhe martensitic

transformation «'»f in the Ti-3 stabilizer alloys, A}‘*Q!Nq is about - (50-60)

ca'/mnle. In the sarme wav, because the strain energy associated with the

.
. ~ . o~ StV
diffusiculess $+w transformation is even smaller than at -, the i can be

0

- i
taken from corrected data on Mi . {32]. Therefore by use of Duwez's data on
B3

ot ) ) . ,
remperature dependence of M; in Ti-V alloys [32] with the above mentioned

ey
B , the expression tor (A-B) con be obtained tinally from

correction for AF
2q. (38) as follows:
(A-B) = 5180 - 505T for Ti-V

Now, with the knowledge of temperature dependence of (A-B), it is now possible




''lllF‘'’''''''''''''''''''''''''''’''’”'"'''''''''''''''''lllll'''''''''''''''''''''''''''''lllll''''l""""""""""""r
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B>o

0 By substituting the temperature

to calculate full concentration dependence of T

dependence of (A-B) eq. 38 becomes:
AFB’u[T,x] = (1-x)(-1050+0.91T) + x(1500+0.8T) + x(1-x) (5190-5.5T) cal/g.atom (39)

For B+w transformation the free energy difference 1is given by:

AFPY [T,x] = (1-x) (-69040.99T) + x AFS*w + x[W-B] (1-x) cal/g.atom (40)
in the limit where x(1-x)-+x
AFPTEIT,x] = (1-x) (-690+0.99T) + x [Aps*w + W-B] (41)

e highest vanadium concentration observed for R-w ditfusionless transformation

at 300K 1s 25 at.% V [30,34], i.e. MS”“ - 300 K. From AF° 7V [T,x] = 0 in eq. (41)

it yields that at 300K and x = 0.25

1180 = AF5+N + W-B (42)
SES [T,%] = (1-x) (~690+0.99T) + 118-x (43)

Subtraction of eq. 39 from eq. 43 yields:
I ol [T,x] = (1-x)(360+0.08T) ~ x(320+0.8T) - x(1-x)(5180-5.5T) (44)

The combination of equations (39), (43) and (44) describe the T.-x diagrams

0
for the stable and metastable 0,8 and w phases which occur in the Ti~V system

at atmospheric pressure, when no diffusion occurs under these conditions. This
expression does not change practically Kaufman's description of T-x phase diagrams
oi Ti-base alloys at higher temperature. In the same time there is much

tetter accordance now between calculated data and experimental results on the
phases present upon quench and successive phase transformation under pressure.

The boundaries are established by the use of conditions AFi*j [T,x) = 0. The

calculated To,x diagram for Ti-V system is presented in Fig.5 where the hatched

area is the range of w stability in this system.




- 15 -

To calculate the Po—x diagram, the extended free energy equations are

employed which include the dependence of AFL’J on temperature, pressure and

concentration.

The free energyv equations at the isothermal condition (T=300K) are

given by:
AFT™™ [1,P,x] = (1-%) (~105040.91T) + x(1500+0.8T) + x(1-x)(5180-5.5T) +

23.9p AvPT¢ (p,x] cal/g. atom (45)
AEP TP, x] = (1-x) (=63CF0.99T) + 1180x + 23.9p AFF“ [P x] (46)

Ti-V

X

AF ‘T,P,x] = (1-x) (360+0.08T) - x(320+0.8T) - x(1-x) (5180-5.5T)

+ 23.9P I\l [P,x] cal/g. atom 47)

. a-w for pure Ti1i is small we assume that
Since the pressure dependence of AV P ® S

ﬁvi*j fcr the Ti-V system is a function of solute concentration only. The
experimental data on Vi (i=a,2,w) as a function of solute concentration x in
Ti-V alloys is given by equations (31,33). Substitution into equations
{453-47) results in equaticns which describe the diffusionless Po-x diagram at
1 = 300K. The pressure dependence PO on x is given by the condition

KFi‘j [1=300K,P,x] = 9. The computed Po—x diagram at T = JCOK for the Ti-V
system is shown in Fig. 6 together with the experimental results on the stability

of different phases which occur in this system under high pressure (see next

section).

3. Plase transformutions in metastable I'i-V and Ti-Mo alloys induced by high

pressure treatment

This section presents the experimental results c¢uo structural changes
1in Ti-V and Ti-Mo. Only the metastable structures created by quenching were
pressurized and high pressure was applied at room temperature. Therefore, all
observed phase transformations were regarded as completcly diffusionless. 1t
should be noted that in most of the previous publications, for example, {35-37],

the phase transformations in metastabhle Ti-alloys were diffusion-controlled.

mmemsmm e -
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The choice of the alloys' concentration was done in such a way
that all the main as-quenched structures in Ti alloys, i.e. o', a'+w+B, R+

and £ could be investigated,

3.1. Experimental procedure

a) Sample preparation

The alloys were arc melted f{rom titanium (>99.9 wt.% analytical purity)
with V or Mo (both spectroscopical purity) on water-cooled cold hearth and
remelted 5 times to insure homogeneity. A protective atmosphere of purified
argon and a titanilum getter was used. The weight changes, after meltipg, were
small ( ¢ 0.1%) and the composition of the alloys was calculated from the
weight of components. The resultant ingots were cut into plates which were
cold rolled to foils of 100-120 um thickness. The specimens for structural
studies were annealed 3h at 1100°C in a furnace with a dvnamic vacuum, better
than 2.10"6 torr and then quenched under vacuum ianto DC 704 diffusion pump fluid.

The composition of the samples of the alloys is shown in Tables 1 and 2 together

*
wirn the lattice parameters and the phase content.

b) High pressure treatment

The high pressure treatment was carried out on a single stage apparatus
with a golid-medium cell providing the minimal deviation (1-2%) from unitormity.
The pressure mediums were graphlite and AgCl. The pressure inside a pvrophilite
rell was calibrated by tracing the phase transitions of Bil-BiIl (2.54 GPa),
Bal-BalIl (5.5 GPa), BLI1I-BiV (7.60 GPa) and SnI-Snll (9.2 GPa). The samples,
in the shape of disks, were placed inside a cell. Pressure was increased at
a rate less than 1 MPa/min up to a specified value, This pressure was maintained
for 2 to 24 hours with subsequent releasing of pressure for 1 hour. After such

a procedure all samples were subjected to structural analysis,

The Mo and V concentiation will be given in atomic percent throughout.

S
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¢) X-ray and electron microscopy analysis

X-ray diffraction patterns were taken using a Phillips dliffractometer
with CuKa radiation equipped with a bent single crystal graphite monochromator.
The volume percent of w-phase was determined from the relative integrated
intensities of a,B and w-reflections. The structure factors, Lorentz polari-
zation factors and unit cell size of the w,8 and o phases were taken from [38-40].
Lt was assumed that the temperature factor for f,0 and w phases was of a similar
magnitude. The error in the volume fraction calculation was approximately
* 3 vol. pct.

The electron microscope samples were electropolished at -40°C under
conditions proposed by Blackburn and Williams {41]. The structures were examined
using hoth JEOL 100B and JEOL 200B electron microscopes at 100 kv and 150 kv

respectively.

3.2. Experimental results

a) Ti-Mo system
Ti.3% Mo
In the as-quenched state, X-ray analysis reveals the existence of two
martensitic phases: A' with an hcp structure and o' with an orthorhombic structure
described previously [42-44). (X-ray analyeis data for all alleys is presented
in Table 1). The micrograph in fig. 7a illustrates the complex martensitic
structure of the as=-quenched Ti-3 Mo allov. o' fine plates are seen in region A
(see Fig.7a) big plates of ¢’ martensite (B) divide the bulk ot what seems to
be o' martensite. Retained B phase was not detected after quenching.
After hps at 4.5 GPa for 3 h no significant changes in the quenched
structure could be ;een by TEM examination and on X-rav diffractograms.
After hps at 7.5 GPa for 3 h very small particles of the second phase were

observed with a highly densed dislocation network in the o' martensite plates

(see fig. 7b). The experiment on measurement of sample resistivity under
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high pressure showed a moderate but definite change in the resistivity cf
the sample at P - 7.0 GPa. This can certainly be attributed to the onset
ot . phase formation.

Atter hps ar ¢, GPa the volume fraction of « phése approached
23% as judged bv N-ray analysis The structure of the soaked alloy is
shown in figs., 7¢,d. The contrast ot the « particles appeared only under
certain diffraction conditions. The morpholegy of the induced particles

imaged in the dark-fiela (fig., ") was Jdifficult te distinguish.

Ti-57% Mo

o tiwe as quencied state X-vav analysis (fig. 8a) and TEM (tig. 9a)

showed that the structure consisted of the {ollowing three phares: o-martensite
in the shape of small ncedies, oud 3 B-matrix in which very small o parcicles
are embeddod. The electron ditraction pattern (see fig., 9a) confirms the
presence of . phase X-1ay diffraction ovtained frem bulk gample showed that

the type of martensire (") in <hig alloy has an ortuorbembic structure as

it was fdentified by the pair of high angle lines (200 ¢'" and (i30) ",

insutiicient »wai! sepatation hsetween the l.ow angle line= (110) 2" ana (1020) A"

e

and {€C21) 4" and (111) 2" makes the Jdiltereatiation tetween a hexagonal and
and orthorhembic product meve difficalt iv this case. rarthermore, electron

nicrosriopy exaininaticon ot thin 10i{ls prepared tivon the same sample used for

N-rayv ditfracrion shows aviden. ¢ of a4 distorred heragenel marviensite,

Aftter hps at 7.0 GrPa and especially 9 0 GPa the quantity of X and w
phases increased as determineu oy X-rav data {fig. &), [Ine structure of this

aljoy subjected to hps 7.0 GFa is :hown in tig. 9b. 1t can te observed that

pressure-induced a-martensite plates grow at the expease of *the ~-matrix.

An increase of hps up to S 2 GPa gave 1ise to the eulargement of
p £

a'-martensite plates (see fig. 9c). The largé o'plates contain « mixture ot

« + 8 (possibly as a result of partial transformation of ' to « + ), as well
P

4
*




as "secondary" a' plate~like regions. Superimposed reciprocal lattice sections
of w,R and o' phases are seen in the diffraction pattern and in the corresponding
indexing scheme (see figs. 9d,e). This complex structure may be the result

of the similarity of the thermodvnanmic properties of all rhree phases in this
particular alloy. Therefore, the application of high pressure causes

successive stageswin phase transformation development. This development could

also proceed in a reverse direction during the unloading of the sample.

Ti-11.5% Mo

In the as-quenched state the X-ray diffractograms (fig. 8b) showed no traces
of w phase. On the other hand, the TEM micrograph exhibited a mottled
contrast, which can be attributad to a finely dispersed phase. This dispersive
phase or, more correctly, the small zones which may serve as precursors for
w phase are probablv responsible for the small degree of diffuse streaking
observed on the corresponding diffraction pattern.

after hps at 9.2 GPa the quantity of w induced phase was evaluated by

X-ray diffraction analysis (see fig. 8b) as ™ 15 vel.%. Application of pressure
gove rice to dislocatlion network and growth of the second phase particles, The
eiection diffraction pattern shows c¢lear reflections of w particles and
circular diffuse streaks, Diffraction of distinct w particles results in
appearance of{ clear w reflections, While the increasing amcunt of the . phase
precursors are responsible for thie marked diffuse streaking. The dislocation
network cbserved after hps is due to the increasing transicrmation strains,
and compression strains created by pressurization of samples with 2z structure

containing a mixture nf anisotrepic phases,

T1i-15% Mo
In the as-quenched state the "athermal" . phase was easily imaged in the
ex~inction contours (see fig. 10a). This can be explained by the dynamic

diffraction conditions inside the extinction contcurs providing the best

L e e P e




contrast for very small coherent particles, The extincticn countcurs themselves
could be local distortions in the f-matrix caused by the transformation strainsg
The electron diftraction pattern shows a complex netwcrk ot diffuse intensity
{see fig. 10h). The paired posirions of « spots retlect the symmetrical
arrangement of the w precipitates to each other relative to {110} plane.

After hps at 9.0 GPa the quantity of the . phase increased. The grown

« phase particles appear together with a dislocati.n netwcrk as is shown in

Ti wich 18 to 35% Mo

i the as-quen.hed state the X-rav aunalysis of ail rhese allcys revealed the
FRisten = of caly one phase (identified as the &-plase). Diffuse s attering was
observed o1 the elecrron diftiactica pattern <! the as-quenched Ti-18% Mc alloy

(stee fi1g 112) and paired Kikucl:ii lines appeared on the electron diffrastion

2

pattern ot the Ti-207% Mo ailoyv (see fig J1h). It is 1intevesting Lo note thar
the <.mposicicn of these allovs corresponds to rhe maximum of the miscibility
ap ¢t the Ti-Mo phase diagram 47 The eifect of ditiuse scattering and paired
Kikatht line= 1s vvuasliy assigoned te the first stages of spincdal aecompositien.

Bur it 1s ditticalt to sughest thar cuh detompositicon c¢ould oorar dering the

quliok quench of rhese allovs [t i mrre Likelv that rbe tormation ot short
ranpe crderes zones due o the srarit. displaremsnts 2 sharr ar a1 1 ous
vesuited in the choorved elfferts [45). Ne peculiar deteails were cbrevved tor

ac-cuenched 1T1-25%7 Mo ailey 1n tae TEM micrographs
: P

Atter hps at 4.5 GPa the THM examinatten revealad particies < a sec'nd
phare in ailoys convaining 18 t- 257 Mo (see fips. Tig,d)? Thew-e Ddorticies
have an etlipscldal shape characteristl o the o prav=z. Hoscver, avalivels

rt the diffraction pattern did not allow thess particiur to be iden 1! red as

+  phase. Probabiy the structure ~f the pressure Indn ed phase 18 distorted

t

and 1ts crvstallographic srructure is ditferent from the "classtcal” . phuase




This distortion of w phase can be caused bv 1ts elastic interacticn with
a R-matrix, possessing significantly more rigidity in comparison with alloys
containing less Mo. The alternative reason might be the decrea e of the
.- phase svmmetry due to the increase of a pair 1nteraction between Mo atoms
in these alloys with a large amount of molybdenum.

X-ray analyvsis in all samples showed nc trace of i phase lines, and
the quantity of o phase may be evaluated as less than 2 to 37.

After hps at 9.0 CPa, no change was obtained in the X-rav diffracto-

avams which showed only lines characteristic of the £ phase.
3 y

The resalts of phase ccntent analysis and latrice paraweter determination
are summirized in Table I. Fig.3 shcws the variation of mclar volumes fer
X, & and u phases as a functicn of compesition. The data ot X-ray analysis are
in accordance with TEM observation. It shows that the . phase remains in

substantial quantity after a high pressure release,

From the data presanted in Table 1, it fnllows +that the specific volume
Q L
V7 tuvr x phase depends on the molytdenum content mere than the specifi:

3 ] S
yolume V' does tor B phase {(see fig. 2). Therefore for alloys with Mo Y 57

. -0y ) . ey
spe.itic velume increment AV becomes negative (4V' < 0). That means that

the high uressuce will provide a driving force AVXAP for both 3+ transtormation

REY . . < a-
(2V U for all cencentration range) when Mo 5%

h) Ti-V svstem
Ti-2% V, Ti-6% V alloys
x-rav analysis of the quenched 1i-2% V and T1i-6% Vv alloys indicated that
enly hexagonal o' martensitic phase was present and 1t was confirmed by .
electron microscopy (see Tabhle 11).

When pressurizing the samples at 6.5 GPa and 9.2 (GPa tne electrical

resistivity was measured. No step-like changes in the electrical resistivity




Table 1: The phase content and lattice parameters of Ti-Mo alloys alter quenching and high pressure soaking at
room temperature

Sample Plhiises Volume Fxperimental lattice Specilic Phises Experimental! lattice Specifiy
Content present fra-tion _parsmeters v lume pre-ont paramerers volumet 1
(at.2) (A) (* 0.006) (rm3/mot) (A) C° 0.006) . phase
(cm3/mol)
Alter quenching Attcr high pressure scvaking up to 9.0 <Pa
awowZOQ 2" (hep) 0.35 o a = 2.954 10.57 . 0.28
- ¢ = 4.650
a" (ortho) 0.65 a = 3,007 2" 0.49 A = 4.612
at b = 5.021 10.54 w 0.23 T g.mNH 10.42
¢ = 4.650 fwoTt
%HomZow o' (ortho) 0.21 I .36
8 (bcce) 0.58 ag = 3.280 10.62 b .23 4. = 4,602
w (hex) 0.21 " 0.41 . = 2.820 10.37
*%
Ti B (bcc) 0.15-1 5] 0.84 -
88.5 . - a, = 4.591
ZOHH.w . ag = 3.251 1¢.535 K 0.16 . = 2.815
© 10.31
*% 3
TigMo,. 8 0.9-1 6" 0.9-1
x ag = 3,247 10.30
0 ? * o= 4,
“ w s >87 10.23
“ c, = 2.808
3 0.9-1
; _ ” ;
HHmeon B 1 ap = 3.243 16.27 *
. o S pt 0.9-1
_wumxoww 3 1 ag = 3.229 10.14 Wk
*  Phase detected by electron micruoscoupe analvsis,
**% ¥X-ray analysis doesn't reveal the existence of . phase . . ; 23 !
+ According to m,hﬁmmwmon Vo= <u_wn\n.: 021023 caw\aan Ve = 0, b 0= mTimo Vo= abc/a 0 6.02 ¢ 10
em3/mol; V), = v3a2c/6+6.020 1023 (mtimel

++ The sample was scaked up to 4 5 :7a
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were found in the case of Ti-2% V, but distinct change in the slope of the
resistivitv-pressure curve for Ti-6 %V was observed. This fact was regarded
as the evidence of the w phase formation in Ti-67 alloy under high pressure.
On cthe other hand the extensive examination by electron transmission
microscopy (TEM) failed to reveal the presence of the w phase in Ti-67% V
specimens after a high pressure run.

It 1s possible that the pressure formed w-phase was destroyed and trans-

' martensite after releasing the pressure. Only martensitic

rormed back to i
piates of titanium o' - martensite with azicular morphology were observed

t1ig.i2).

Ti-10% V alloy

' ~ martensite, R-phase and athermal w-phase were found in quenched

spzcimens by means of an X-ray technique. Electron micrography taken :rom these
sperimens show o' martensitic plates in £ matrix and very fine thin w« plates
inside an o' martensitic plate. Tig. 13a represents the morphology of these
thin w plates in the dark field taken from the w-reflection. Corresponding
electron diffraction pattern and its schematic representation are given in

fiz. 13¢c and fig. 13d. The analwvsis of this electron ditfraction pattern shows
that the orientation relations ¢f o' and w plates to the § phase are consistent
with those usually observed for £f+0 and f>w transformation [46]. Small
ellipscidal o particles were also observed in 2 matrix and the well known

w/? orientation relationships [46], were confirmed. It should be pointed out

'

that it is not clear whether the w particles observed in &' martensitic plate
are the result of direct o~w transition or whether both ?+u' and B0 trans-

formations have taken place simultaneously,

After high pressure soaking at 9.2 GPa the amount of the w-phase

increased as it was found by X-rav technique.




1
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The TEM analysis showed that high pressure treatment results in the
change of the w morphology together with the additional growth of the
individual w - particles. In fig. 13b the dark field electron micrograph
shows the w particles in 1'plate after pressurizing the specimen. Thin plates
of the w particles, which were observed before pressurizing (fig.l3a) were
teund te have grown after high pressure treatment. The « particles also
became more rounded and elliptical in shape (fig.13b) in comparison with

their original plate form.

T L4% Y alloy

7ig. l4a shows the morphology of as-quenched Ti-147% V alloy. Very fine
.. needles in the R-matrix (marked bv arrows) appear in the bright field.
ihe inset in fig.l4a shows the dark field image of the w particles in as-
quen.led specimen,

Fig. 14b represents the morphology of the sample which was subjected to
9.2 GPa pressure; two etffects, which follow as a result of high pressure treat-
ront, can be pointed out:

z) The growth of o' needles (see o' needles in fig.l4 a marked by

arrows and compare them to &' martensitic plates in fig.l4b).

b} The growth of w particles (see inset in fig.l4b which represents
the dark field image of the w particles after pressurizing the

specimen.
The magnirication for inset 14a and 14 b is the same).
An increase in the amount of the w phase in pressurized specimen was

algo detected by X-ray analysis (Table II).

ri 18% V and Ti-20% V alloy

The retained B phase and the w phase were observed in the as-quenched
specimens. The formation of o' phase was suppressed. Dark field TEM micro-
graph taken from the w-reflection shows the elongated ellipsoidal shape of

w particles (see inset "a" im fig.(15).




The high pressure treatment at P=7,5 GPa increases the amount of the
«~ phase and also effects its morphology. The ellipsoidal shape of the as-
guenched w is changed and tends to be cubuidal after pressurizing. Inset '"b"
1n fig.l5 represents the dark rieid image of pressurized bp;cimen. Scme cof
tire w particles which have approximately cuboidal shape are marked by arrows.
Higli pressure treatment also results in the appearance of 2' martensite which is
induced ipn the 2 metastable matrix. Bright field imege of the pressure induced
' martensitic plates is presented in fig.15, Habit plane of prescure induced
V' martensite was found to be {33%) tvpe (actually 19,7,141) which is compatible
wi'h the results of Wood [25) for the habit plane 19,7,12} for detormation
tniuced ' martensite in Ti-Mo alloy
Ti-30 and Ti-357 V

Figs. 16a and 1ob show a selected area diifraction pattern with zone axis

(N

0.

o

sbhtained from a Ti-30% V queached alloy and a Ti-30% V precssurized allcy
respectively.  In fig.lea the dil{tfuse scattering is faict whilst fig.iob exhibits
ntensle diftuse streaking which could be ascribed te a .-like tormation caused
by high-vressure freatment (Similar dirffuse 1mtensity patterns {cr as-quenched

Ti and Z:-vased ol loys were observed by Williams et al  [48] and by Saes 1491,

S-ray Analyels
v ol - —

Fig 17 shows rhe X-ray diffractograms of sume ss-queénzhed all.vs and
allins that were foltinllv quenched and then pressurized, The resulis of phase
centent anwlvefs and iattice “orameters determinaticn are summarized in
fanle 7 Fig.3b siows the vartation of molar volumes fer alpha, beta and omega
&« o Ifunction of compositien The data of X-ray analveis «re in accordance with
TEM «bservation [or Ti with 6-20. V allovs and indicare that the . phase 1emains

1in subsrantial quantity after high pressure release In cur experiments

pressure was not sc high as to cause 100% omega transition Be«ides, the reverse
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transformation to the parent phase could partiallv take place during the
pressure release. Thus the maximum amount of w of about = 57 vol.%Z was
obtained (for Ti-léz V allov).

From the data presented in Table I1I, it follows that the specitic volume
V™ for a phase depends on vanadium content more than the specific volume V8
does for f-~phase (see fig.3). The axi;i ratio Cow/aow for the w phase increases
with the increase of vanadium content but does not remain constant ;s it was

reported in [37]. (It should be pointed out that our results were obtained for

the (dse when the v phase was fcrined by high pressure diffusionless treatment.

frus, tle composition of the w plhiace depends only on composition of the original
sHtov and is not influenced by the diffusion process).

The incrense of Cow/aow with the increased vanadium content can indicate
ti:e weakening of atomic bonds in the « phase when vanadium concentration in
the w phase increases. This result is an indirect evidence of the decrease
~t thoze parameters which characterize the w lattice strength such as Debye

remnerature, Young modulus etc., with the increase of vanadium content.
Ve ) N A
Another important result is that specific volume increment AV is

D e
FRYSERS N N . . - :
aegative (08 <0} when vanadium content i¢ mere than 157, Therefare high

rressdre will provide driving feorce AV-AP for beth %0 and 5-u transformations

5 e

(.7 70 for alt comcentration range).

3.3.1 [he sequence of diffusicanless transformation in 1i-Me and

Ti-V alloys.
The experimental results can be readiiy expleined when we consider the

calculared diagrams T-X and P-X (see figs. 1,4,5,6)., When the alloy content

15 0-3% Mo or 0.8% V the lines c¢f the free energy equilibrium TOB‘G and

)

10” on T-X diagrams are far from each other. Theretcre, during quenching

irom £ region the alloy first undergoes transformation Ff-x' at the temperature
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3+

0 . The {3 phase is completely transtormed to &' phise before

greater than T

. W
the line T 8

0 is reached during cooling. Thus only the o' phase is observed

in 0-3% Mo or 0-8% V regions upon quenching.

Applying high pressure at 300°K to the as-quenched structure (u' martensite)
induces the a'+w transformaticn and after the pressure release o'+w mixture
persists by virtue of o'+w transformation hysteresis. During our experiments we
could not observe in situ how far the process o'+ develops and neither could we
estimate which fraction of the high pressure induced « remains at P=1 atm.

The sequence of transformations in metastuble Ti-0-3% Mo or Ti-0-8%7 V alloy
is as tollows:

5 Quench> o' (3) Pressure. a'(B) +eia’)

The symbols in brackets indicate phases from which the obtained structures origin-

are.
In the alloys with v 4-10% Mo and 8-147% V the curves TOB*Q, T08«w and
l‘u.)'”‘L (and the corresponding martensite start temperature lines Nslﬁj) are in
s . i+ i+j
aear vicinity from one another. (The small distance between TO and MS

iires is the consequence of a moderate value of the activation energy for 3+u’
wd o', transformation in Ti-V and Ti-Mo systems. Therefore for 4-10% Mo

tp-1%% V) concentrations, the quenched £ phase is not transformed tov Q'

phaze
alone, since the a'»w and B*w transformations are also expected tc occur. Thus
th» as-quenched structure consists of £ matrix with w particles and a' needles
which contain fine and regularly arranged w plates. It is not cluar as yet
whether the w plates observed in o' needles in Ti-V alloy (see fig.l3a) are
4'-originated. We need further experimental research to answer this question.
When high pressure is applied, the a' and w phase grow at the expense

of B phase. 1n Ti-V alloys the . phase morphology changes after pressurizing

and w particles become more rounded.

s




lhe diffusionless reactions for 4-107 Mo (8-147 V) concentration range can !

pe described as follows:
N4

: Quench a' (@t (R4E Presgure, coov(gymu(a’) +o(@)

Ao 1t follows from calculations of free energy changes for these transformations (Sec 2)
the pressure of about 20-30 GPa 1s necessary in order to complete f+u' and/or
{t~o transformation in this concentration range. Resides, the higher the molybdenum

. RSt B . ,
(vianadium) conrent the greater must be the pressure PO and PO {see Fig.4,6). '

¢n the other hand the phase hysteresis does not considerably depend c¢n tne value

"

AR f+1,. Thecretore, it should be expected thag upon releasing the pressure reverse

“ran cornation in alloys with higher vanadium content will start at higher pressures

(onsequentlv, 4 smaller amcunt oi the pressure induced phuse will remain after

VSN SV L SO

unloading, Tt was this tact that was experimentally cobserved.
I )

Yor allovs with melvodenum content less than 157 (V < 257) but more than

Kwe trans:ormation is observed upon quenching. ir is in apreement with the

\
i

-

o

A - Loy ) . -
disgrams 1o Yig.l,b, where oniv l(.y curve will be crocsed durine cocling {rom
)

thte ihe tormation of the s-nhace will bte enbhianced by Yigh preszute =5 1ollows

fres (P=5) part of F1g. 4,6 The sequence of diffusrcnless tran-tornutions can

e desiribed as follows:

¥ . . g 5 - .
duemcl oo 3y Lressure oo 4y,

When the molybdenum ¢ "ntent is more than 195% 4297 r>21 V) the o phase
is well -tabilized and it remains after guenching. As 1t fcellows 1rom Figs 4,0
preessure rtnat is high enouph can promote [+ transtormdticn Mecsrding to

J Williams et al. [48,31) the 8- transiormation pro-evds as an ordering procens
ot linear displacive defects in ~111-. aromic rews,  Iniriallv the shert range
correlated displacements aprear and result in the (haracteristi. ditiuse streaking

When driving forces tor £+ phase transformation increase turther due to

cooling or to the Increase of pressure, the long range «orrelated di<placenents

| |




appear, the [inal w phase 1s creared and the d:irfuse effects get transformed
into well-resolved « diffraction patterns. This was shown during cooling for
Ti-Fe and Ti-Mo allovs ia {391. After high pressure appilcation this effecg
is observed by us in alley 1i-15 Mo, (In mere detail the diffuse scattering

will be discussed in Sec.53.3.2).

3.3 ¢ On changes in « phase morphology in Ti-V allove after high
pressure applicaticn
As we have nlready pointed out the high pressuve treatment of the Ti-V
slioys subastantialts iufbiences the morpholegy of the w jhase. in all investi-
k 3 1
Jated wiloys b2 w particles hecome more vounded after applying high pressure.
1he images of tne « particles 1u ocur electren wmicrographs ave nct sharp, and it
Tayv be (onsider2d as an evidern:e of coherenry strains assccioted with the

afmate1y interiace 152]. Thus implies that the . phase mcrphclogy mav be

3

dntertined by minimteaticn ¢f the total of rhe surtace and strain energy. Wiilliams

and dta kburu 54, %55, 36] thove suggested that the w partvicle merphology can
Foore:ated fo the ulsiit betveen the rarvicie and merrix iattice In thore systens

whare the mictir 12 hagh > 1 0 prei " 1i-V, Ti ¥Fe, Ti1~Cr) the particle shape 1w
netermined v the minimebatlan S0 The ©LaEt10 sroaies in che matriv. Iu low mintar
crErams {(D1-Mo, Ti-Np) thie partacle shape 1s wrverned by che minsrmisation of the
~artace energy in the prosent stndy the changes 15 tie o worphioscpy 2d4nnot

e assoctated with the mistit changes.  The c(cempressinnal ‘nanges of the lattice
navami tors and colames or born the pnasésand Timac trix are approsimately the
same, Lhere’ re (ne coanges In wisf2t vziues Jue re the Tattice parvameter shitt
niciduced by pressurtzing dre practically aegligibe B2cides, the pressure

tnduced grewth of the . particies is not accompanied by ~emposition Change.s.

Thus in high pressure cxperinents the misfir cannot te in:luenced by the

composition variation On the ciier hand, we may as=ume that the s.artface

PHETEY term a=sociated with the (cherent w/matrix interfa« i< rather small
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in comparison with the strain energy term. Since the degree of cohlerency i
not changed after high pressure application, the strain energv term remains
predominant.

The only reasonable cause which influences the elastic energy of the
w particles in our compression studies is the change in the rigidity of the
matrix. The rigidity of the matrix increases after applving high pressure.
Thus the strain energy associated with the w/matrix interiace will increase.
It follows that the particle which grows during pressurizing will tend to
czduce its interface area. Thus more rcunded shapes of the . particle will

ne iavyuarable after pressurizing.

3 3.3, Diftuse ccartering eflects

At the present moment the diffuse scattering effect is ascriled to a
short range order displacemen: ot short atomic rows [45,56,55). Ar a result of
savn » displacement a short range ordered state [45] or zone iz created. [hese
zones serve as the places where .. phase eventually arises in its final shape
chen ihe cnhange from short to long-range ordered displacement takes place
*onder an increasing driving {orce.  Ir the «ame sequence the dififuse streakiug
18 hanged to sharp .« reflections

The following picture can be seen hy summarizing the above experimental
dats:

a) Diffuse scattering was not observed tor allcvs containing o'-phase
in the as-quanched state (3 to 5 ot.7” Mo).

b)Y Diffuse scattering occurs in as-quenched 7 puase allovs with higher
Mo ceoncentration (11 to 18 at.%). An intense diifuse network was observed in
the Ti-15% Mo alloy (fig.l0b), wordering on the region where ¢ is still
ohserved ({ig.l).

) After hps of the Ti alloys with 18 to 257 Mo a weak difiusc scattering

{s observed together with secondary u-like refle tions.

LY




Since the appearance of diffuse scattering relates with concentration

we may use the results of the phase diagram calculation. The calculation
predicts that at 300K the alloy with 15% Mo has to be out of all the alloyvs
under study, nearest to the 35, phase equilibria line. Consequently, this
alloy in the as-quenched state must display maximum instability of the
2-matrix. 1ln alloys with less Mo the instabilitv of the ? phase "discharges"
in the advent of the w phase in the course of fast cooling during quenching,
Thererore these alloys might havz minimal or not at all diffuse scattering.

In alloys with Mo > 13% one has to observe diffuse s-attering decreasing
tith the the amount of Mo.

Tre application of high pressure to these allors instantaneously increases

*he amount of o pihase due to an increase in the driving feree for '+~ trans-

tormation. Simultaneously, instability of regions ot ! matrix not vet trans-

formed. erows, giving rise to an ovdered displacement of utomic rows and appearan:

+f difruse scattering as a precursor of i1ts complete transition to the equi-
Tibrium orm of the » phase.

In the case of Ti with V 301V according toe the calrulations the
~=. transtormation snould be expected to start at fatrly bish oritical pressure
Well! resolved o diffraction pattern should be expected: however, destraotion oy
the o pnase bepins during unleaging, and onlv short-rouve corvetated dispiace-
sments remain at 1 atm. giving rise to very internsive diftu-e =treaking The
dif “use streaking for pressurized specimen is move intencive than that ter
rthe specimen in an as-quenched condition. Thus we can conciade that in additicn
to lil'ﬁ displacements caused bv quenching the high pres-ure treatment

results in appearance of new short range correlated displacenents {n the

lattice. These displacements are certainly stati. in nasture be oue thev are

duye to the pressurizing and cannot be related to changes in temperature.

€




3.3.4. The correlationbetween the phase stabilitv and basic

physical properties of the Ti-V and Ti-Mo alloys
Comparison of experimental and calculated phase diagrams, in the Ti-V
and 1'i-Mo systems disclose the same features in phase stability and succession
of phases due to alloying and application of high pressure. Pressure induces b

these changes more efficiently in the li-Mo system. This secems natural since

both elements have atomic radii whicii are smaller (rV=l.34) and r\)=l.39 L

fc

-]
vhan that of Ti (r 1.47 A) while both of their valencv electron concent-

Ti
1i1tions are larger, Alloying Ti with V and Mo could be considered as analogous to
aoplying high pressure, since both diminish the mean atomic volume and increase
th# valence electron concentration, de' This point of view has heen presented
cunv times (recently in [57] in an attempt to explain phase trunsformations as
stemmin: ‘rom changes in electron-to-atomic ratio or d-band cccupancy (LN&)[57],
elestoonecativity, ete, These physical models are qualitative since thev
~annct take into account changes in lattice vibtration pirameters and electron-
p v i interaction caused hv clianges in composition and precsare.  Thus, it is
tnpos~ille to change ANd of transizion netal by alioving uv an amovnt whion is
couivaient to that induced by pressurizaticn without altering the averapge weight
tothe dqtome in the lattice and, as a consequenc2, substantially cnange lattice
rroperties and electron-phonon Interactiovus.  In the present ase ne has o add

Lwive aw much Voto titanium than Me to obiain the sane increase in the nunber ot

A-cieotrens,  However due to the great difference in atomic sweiphts (V=50,94%,

Me=15.04) this immediately creates a strong difference in Ti-Y und Ti-Mc
“atiice dvnamics.  For these reasons it is difficult to predict quantitatively
tihwe hetiavior of transition metals allovs from first principies, while the
thwrmodvnamic approach can be applied successtullv. On the other hand,
nstahblishment of correlations hetween phase stability and basic pnesical

rreverties (Debve temperature electronic specific heat roetticient el

D’
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3.3.5 Mechianical Properties of [i-Mo allowvs

In [61] the mechanical properties of Ti=l! we.” Mo (> =t ") vas
reported and in [62] the mechanical properties of sewera: Ti=Mo alloos (un
to 25 wr. Moo oor oun to 1l et Mod were investigatsd tal) deals wirn
the ¢*tfect ot therma! history and the cbrained microstructure cn C-: L ulves
o1 zZ-quenched Ti-Mo allova. Low vield srress, O |, was -hrainea {00 gs-¢gaen hed
saapies for pure Ti, © 3.5, 5 and 7 ac 7 Me. Low O for o queacesd 300 - 7 400 e

vis oxplained by the possibility 3t struin 1ndeced crapnstormaticon o retaised

. RPN ] ; 4 o - - .
poaase, T Mechianical proportios of Ti - 7.2 4t L MY were Ipvesilga-a i
3. Erhoivclément was found in the sat ] e age e VA

ter I ohicurs and was expraincd by othe dnteracticon ot alsoog fo-ups with

crtat1ysty lavge sephase particles formed during Lgeing (o iab) viso

e

stimat ion and thermally artivared dizjocating kinctics vere invess NIy
o 5 Lt ” Mo (wrd) and Ti - 3.2 atr. <& Mo oo oailoyvs The resnirs wore expisined
in che trames of thermally acravdared cvercoming of oxXUoen InTersiitisls o 1
roving disiocations oo errect of compesstaon and beat treat nt - oo
e beudoal =0 vAartons Toaslovs 11\.‘,'5(1(!11]:\: fa-Mo bl v v oo
AT S B I Uowas showt thas 1 @rslosonaon may Lypass i - i tos
el ot the amount b cephase o T G T Y T N U 5 SN O SRS CE S b
Srrerartoaua Juctr Lty In [6H00 the determa tomn oohavie s o D=t e
T, arnd o=phases vas taves o aved e Toow D B N ] LR T
Choe one densaty of L-particles derareney s wirnao che sto oo aad o
1m0 wlioys d phase setves 15 o 1ok ArTosUOd L e AT TR S S N
deformation of presrpitari n bdrlened R T R L AR ,
1= teported and [67] reporie cne crtoire Ol evend phiosd Tisrarsotas
rhe deformition behavier ot | oot teo o e ovar ton - edn tredtme st s o ;
)
Jdivre-trycture, =+ Jurves and fracrar tonanes s 1N ool asRt o S U M
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was siudied 1n [08] Tt was found that preclpitation 2C.urs ou . Pdrtld Les

i
(O8]
[op)
t

resultiag In a verv {ine distriburion of the x phase with laireus€d strength
and gaed tracrere toughness accoapanted by limitea ductilye,

his resear bostudica the mnfluente o Tompe=itioa and phase odRositidn,

Chtatned 1xoa resuvlt et hiigh pressure rreatment ond ol hesr o treatment o

cre s oa=b L g hed samples on the meohanl gl propercics o Di=Mo o allovs

The cowts were conaucted in compression onogn Inscron teo-TAny miohiIne mlGos ¥
He il sTUese, T, Was Jefined by a defietion ot 2C Cootrom rree v lastg

T o dimensions of the samplie: ased In e ¢ (Pol Laoans Wt o R

e et

onodia providing high peessure rrednmen: U ore 9 0 GPa 1 v he caa=ting

Sesere selly desoribod in 3 7. The cross head spezds nsed were > = Slnemia
md S 30 umimin providing sir 0 L correstondingly
_3 !

/s 1=~ shown n :

In i1g.18 rhe vield st

for Ti=M> alleove after viridas treaime o'a: &f-gusns hed,

auvea hed + high pressure treatment, 9 0 Gla, 2 hours and quen nec = 2upesiead

for 7 pours ar 350-5380 AL thesse (e 17MENTS Were ¢ 3000 5070 mioroa-
sCru@rut. 1nvestizatics using UM and ¥-roy 2neliviis a- oprited a0 prer 1cus
ce 10z L7 iU may be zeen frowm Fig 18 the et 50 17 as cuen bod fatples

i- choerved for T1-8Mo allov. and tor the same si:cv the highest 1 1

o
chiseived crter bagh pYessnre trestmetl and allar o 0ne sy Ty Y present -
Pe o strosS-scratu onrves for Ti=-8Mo o alleys arter voeri e TredrmenT s Tromay
be sovn tnat ter as quenihed zample: the srralr ferdentiny bs wozC appredasbi
~we i than for nigh vressure o Test trected sanpios Coosbn amed o
19775 was by 2:8 higher than thar orroined oo TR DR

sapo=1tiens after various rredatments quit. hipgh piasti dotormatinm, ¥ ceaing
157 was obrained, the main iim:tatien bewng eluostl cn=rtanibirs o plasti o aly
deformed samples According tr the result of N-ray aod elecrvon mloroscope

analy<is of phase content, presented tn Table 1, aliove with wn omenne ot
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Mo i 157 are stable 2 alloys with some additions ot phase atter high

: pressure soaking or afrver ageing It can be seen Jrom Fig. 19 that these
addirions don't effect 9, in alloys with »ontent of Mo+ 187 lable 1
Jeesn't present the data of phase content Yor Ti1-0% Mo, A oirding fo rhe
analysis tfor Ti1-8% Mo as quenched samples covtawn 807 of 3 phase and 204
o1 puase, high pressure Lreared samples «ontarn 537 of 2 pla-e, 320 of
w pnase and v 13% of w phase, aiter ageing the samples conrein “17 ot
Loplaase, 497 of o phase and trices of o phase. It seems that ttere i1s onuy
2 ogaanticive Jdifferance cetween as quenched and aged sampies the ritic ot

by highier {or ééea saaslas At the same cime J b agetr -~-aples
3

vso5 S tiwmes higher chan that of 43 auenched sampooos vhe dittaerence in
pirdse content s negligilhie il we will compare as quevws hed <amples
it - 8% My alley with samples of T - 1153 Mo arter bogh rresscre soaking
{swe Table !) bur the S of the lasr onzs is almost twi. e as ».ab as
thiae ©! the Virst enes.  [he ditference was tonad 10 th dimensicns
o phase particles. riiat were ohserved ar large disks with (50-600 & uoa
e aged zanples, S0 - 00 A o for bigh pressare trecoed sorpies aod very
smalt pre ipltaces: In 4y gued bicd sampie-

It mav be sspected rhar rhe 1ostailice of W oo b -t el ot Thewm
be o raason foroa very dow 0 ooand low soraam Paudeniog b as Goon Dot osanptes
30 T.-8 Me alloys Soch oanEtabii ot ies wmey coase wraoand el Cals -
rermartons at retatively tow shoar srrecsss Soorder o e se me Y The
pusepilities the as quenched ~.aples of Ti-8 M all v we-ro Goiovmed
plastically to v = 5% and an R-tray analvais o phase (oatent was conduoted
Frem thiis analvsis follows that chere 1s dn lacrease of o pras-e conrent 11om

tri es to 127 as a result ol Feopha-2 tion

treated and aged samples relatively

barriere for phase growth It the

apparently a:

Stocmarron
targe precipitates

Du: Je ot 1o

Lo bgh procsare

Q2

phise work

N vophase starte
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on « parti.les as in [68] the :onditiens tor such nu leation way not

be the same tor verv small precipitates 1n as quenthed samples and for
reiatively large particles ol o phase in prossure and heat treated camnlos
Additional intcrmation on distscccion mobility and on barriers 1or dis-
locatrion motion may bhe obrained [vom chermally act:viti ot malvais of plasti
deformation.  That mav provide dats e entalpy of a tivition ond the arcd
allova after varicus heat trea!ments Using new mwethous, :triss junp and

temperature jumpd Juring plas i deformarion the influ-n. - of (hacges ot

digtuof1er sirueture may he el imnated [09] Preliminary results on
Q@ taivarion area Mo oulawned o Ti-8Me ailovs using stress iaap methed show

Lhat tnodas Juencied samples Sa ls cppreciably higher than tha: obtsined an

high pressurze treated or aged samptes.  Detarled thermal oo ivirion anaivsis
Gs1ar temperiature jumps and barrioy prolile analvars P6%] wsy provad. ot

fur more comprefiensive dIScussirn ©f ais!ocation mebl! y and medhanisns

of pilastic defermacion in various Ti=Mo altovs with diiis phiase contont

and phase morphoelogv.

T mas be o noted thar Trom the poine o wtew ot e dntlusn. o ot ageing

IS0 T oo me i oAl prepertices it Li=8Me o alloy 2re oour of agenny oives

aimes=t the ~ade T os ageine Lo S houes, used Sor om0 o L toe Lnvestd-
Jation Mot e 800 ef thua 2 ot V0 Toars apnornaY s vt sined altey
12w of awe 1y oL Lo sime fomporatnre e ie o o oS e amvesLlgats

the Cranves o phase content aad phoase uorpho Doy e s e crment




+ {ondlusions
1) The metastable T-C and [-P phase diagrams ot T'i-Mo and Ti-V allovs

ware calculated using Kautman's reguiar soluticn approach and rhe cxperimental
Jdata obrained 1n the present work. [ne cal.ulated phase diagram: are In
satistartory agreement wirh the structural dataz obtained. These give

alsay vselul directory for predi:tion of phases appearan.e/Jdicappearance under
ct.anging temperature and pressure conditions

v Ir metastable Ti-Mo and Ti-V aslloys considerable amounts of the . phase

i be formed at eilevated pressures and remain at stmospberic nresnure, The

and 2+ high pressure tiansitions were cbeerved rirst an Ti-hased atlevs
e new crvstal structures, whicrh have not heen ¢hiained afrer .onventional
rrzawment, were produced by hich pressure appiication ar 300K The svbstantial

changes i . phese morphologyv occur in Fi-V alievs being suibjected to nigh

3 The effect of high nressure was compered with the intlaen o of &1
comtrentration on marastable d: Tiusitonless equilibriz in li~Me and Th=-U xrxreme
As rie Jontent I MO/V o ancreases, the pressurazing and alloving ettecis stori
21 ting sn onposite dire_tions; pressurlring, in Contrast o Glloline, ledUces

fe oooanility and stimulates the o' and Selotranst tmoa. ion.

Mg autbors wish to exp.ors taoiy deep orst2to e 1o In b dson,
Nr v Kewdall, € Heman aod O frenke ) f Bennet weancn 1 ot Waterviiet
At -enal for their encouragement, suppert sad wasrm bospitalitvy daring the

project.

[o Dry, R, Wetss, who hetped a3 to cestablisp poreonal - oata o wath

the Furopean Office of the SA Armv; and o Dr R Coatticne 2 the arme

Reseatrch Oftice in Furope for his sappert aad warn re 2piinn in fondon
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Appendix 1

THE STRUCTURAL STABILITY AND SUPERCONDUCTIVITY

OF Ti-Mo ALLOYS UNDER PRESS!IRE*

The influence of hvdrostatic pressure on the transition temperature to
superconductivity TC was studied on Ti-Mo allovs with 3-35 at? Mo up to abour
9 5 CPa. The pressure effect on Tc is posirive, i,e. Ti increases under
pres:sure The effect becomes smalier with increasing Mo concentration and

vanishes for Ti65Mo The results can be understood by the increasing

35°
ivstabitity of rhe metastabie alloys under pressure.
11 ‘uvtroduction

ln ti:e past the high pressure behavicur of TC, the transirtion temperature
ty superienducrivity, has heen studied for severa: transition metasl ailove
All the investigated allovs (1i-V, V-Cr, Zr-Nb, Nb;Mo. Ht-Ta, Ta-W)[72,73,74])
were contingous solid solutions hetweeu neighbouring elemeats in the boo-
structur2 (3-phase structure).

Considzring the <hange ot TC due to aitloviug or to applyviog high pressare,
a4 votrelution was fcund between « hanges in TC and changes o1 the electrin Jden .
of siates at the Fermi-level otf, ) Fayr rhese svstems app.oication °¢ pressure
was awavs at least qualitarively equivilent to adding ele vroms o :hé ~onduction
tand by alloving. Using rthis correlation it wis possiblie to predint ' ie
sign ot the pressure effect dTQ;dp knewiny the data ror n(EP) and ig as functicng
or the vajence electron number n_1in each particular svstem., 1n ol allovs

mentioned abcve the pressure effect is positive (¢1 7dp - 0) if the densityv ¢f

srates n(EF) increasers with increasing n, snd vice versi.
\

I'his part was done in Physica! lostitute of the Univerritv Karlarune,
W. Germany. A. Rabinkin took participance 1n this part tcgether with

H. Scherev, D. Kohnlein and W. Buckel. Tie samples studied in Se

were used.




In this pavwer the high pressure experimenrs are ext'ended¢ to Ti-Mo allovs

Ti1 and Mo are not neighboring and not even situated in the same row ot the
g 2

v

Pericdic Table. This system was chosen since a series ot caretul ctudie.

on Ti-Mo allovs already exists [75,76] and sin.e "he samples usea {0, the

jressure experiments have hecvn exstensively characterized with regard toe thear

structure in Sed . 3.

i and Mo bave verv uifterint atomile radiy (r, 3+ = U.76 Aj 1v06+ = (.62 4)
3 A
v, 6F = 3,62 aY. Therefore in 5 rough approximation, cne could expect that
M

ioodine Mo oants oas resswe, 1oe. dedreasling the lattice constant.  Also the

valen = oles trop nurber LS 1 reased ny adding M ote . As a result of the
Caticor sxper Slent s ve hnow that ancreasing a, Sl - orresponds to the application
Ol pressare.  Siace the ejectron Jdensity OF sttes n(f}) ter v o hee alloys
sty ture ot Li-Ye Lias been 1cona by Ho oand Collings [757 to decrease monc-
tendcally with fucreesing Mi-centent a neyative press oo eifect id[(/dp D
canid e expected fren the eariie:r exporiments tor alloys with o 2 6%,

e was the amm ot (he procent Work to measur. 0< I)(p)—depcndencv of
pi-NMosasoys and F chedk wiether thie orrelarsom poaud tor s iovs ol

nelpheorine transition elements also bolds for suth a more complern svstem.  [his

s appaiently nut e Cuase.

Il Samples ana rhelr -trusture
The details o1 sample preparaticn and thc descripizon of their srrucrure

1n the as quenchet stote and aftor pres-ute treatuent o discussed 10 Se. 3
Here cniv a1 tev rtesults shouid be guite hriefls meation-d. At

sutti: iently high temperastures 'l T'i=-Me-.llove are -ingic phare boc(o-phased.

Cn quen-hing alloys from the -11e'd to room temprrators o seqnan o t non-

emiiiibrium structures apnecrs. Frow o strutural poart of view, ail samples

should be classiftied 1nto three groups:




"

4t U=-a.5 atn Mot Two nartensitic phases a' sad o' exist.

[

Lv  s=15 at?y Mo:. Tre sanple ceasists of 3 mixrure of B-phase -tabilize

oy tne quenching aad rather rinely dispersed w-phase.
) T3 o™ Mer onte thir Jendise can beodetenten
Jeneraitle, hoel pressure faveours che tormation of the w-paase.
Vith regard to superiunduc tilvity, the concentration depeadences o

ntial (zeo Sn0

a{% 1 and L, deteruined v Celliags et 1. [76] ure e .
L

-

tio 1Rr. Tor the g-phase a mono-onic Jecrease of n(EF¥ tas peen tluead.  In

T2 concentcation range Carg T 18 ac? o, where onlv orhe U-phase orists i ou

weatur with the w-rhase, the density 30 staces n(il, 7 hns been ¢atculated Tov

Corireal’t Lephase.

The treonsition temneidioires el by Do oane Collings 200 given in
o Prsoie 27 oand L oreraien aostoen [ncreas2 of Looworhoet rranang
Ti-o e ent o s2s been observoa s anhon ~uon o F‘ Teoatrihate Lo
et oene Tittive disrereln exeiting feow tha colerrenie of toe U eilhase and
PR TS CU N (A TR INE S i Cooplinys
e dpaniner narin ft tor oty Sooar been o Yadneg e v
T e L LI L 1E S GRS SRS TRR LY CUNNUE AU AL SN JY O N SRR e c.ing
a SRR i NI Y| brooasu s ISS T N U § R + i 2
[PAREEIREE B Lot ol ot e PN 0w s b : eI
. cean 0y
rivental el
e 1‘—meaburcmeh:u e e Pt * AR O TEN 4
de <o tped eaclier (77,780 Scoie-s e cell- with treatie 3% preseare
wiwstting medium were Se ot 0P oty iD s a0 fptornud Looaoneter w
akvoavs placed fnte che pres<are ool U et with the Gl warpx 1ot
pressure inside the ce’ L v Adecormaned voine the T o) -depurdoen o o 0 4.
attnr ted by Fich'sr ae o Wi o0 T
"“—_"“»1"T.T‘:—l-b};LT;\—A‘v"‘l»‘_ —t_u he atted o et awer L s e

However tiats correction 1s ol revential {00 e re gt s aepoarien e




0f course, some pressure variation from the center to the periphery
of the cell always exists within solid state cells. However, since the
transition curves under pressure have almost the same sharpness as those
at normal pressure (see fig., 22a) one may conciude that this pressure variation
does not very much influence the result.

The electrical resistances of the alloys sample and the Pb-manometer
were measured by the four probe method. 1t has tc be mentioned that this
technique is especially sensitive to areas with high TC since a single
supar onductiang path can short-circuit thoe whole cample,

A zalibrated Allen-Bradlev carbon resistor was used for medasuring the
temperature.,

All step-by-step loadings of samples were done only at room temperature.
This was necessary since one knows from earlier experiments that lattice
defects can stronglv influence IC when they are induced bv deformations at low
temperatures. However, these detects disappear almost completelv bv annealing

processes at room temperatuve (380].

IV. Results and discussion

I'g, 21 gives the transition temperatures of =~ur samples measured at

normal pressure (x), IC is defiuned as the value tor R(])/KP= 0.5 (R1 = rasidual
) 1

resilstance), Fcr comparison, the Ir‘VJlUQb ef o and ol dings {75]) are also
[lorted versus the Mo-concentration. I'or Mo 77 oall zamples exhiinit somewhat
higher [C—va]ues than those of [/5] determined in calcrimeter. Tinic can be

easily explained by the fact that resistance measurements with & four probe
technique over-estimates the high TC areas within the wsample. A rather low

]c has been observed for the Ti + 3% Mo sample. Hcowever, in this con.entration
range TC strongly depends on the crystal structure and especially on the

volume fractions of &' and a".




T IR i o ——— . e e —— | —

- Ly~

Therefore, somewhat different quenching ccnditicns .ould be recpousiblic
for the lower Tc of our Ti + 3% scample. The transition curve ot this sample
exhibits a distinct step. A small part of the sample already becomes super-
coanducting at 1.9 K (marked by the bar in fig. 217,

In fig. 22a the normalized resistance R(T)/Rn ot a Ti + 11.5 Mo-sample
at different pressuves is plotted versus the temperature The trunsition
temperature is increased by pressure. With the excepticn ot the transition
at 1.4 GPa* the width of the transition curves is not very mu.b changed by
pressure proving the sufficient homogeneity of the pressure withiin the celi.
“ig, 22 shows the transition temperature of this sample as a function ot
nressure.  The lncrease of T: with pressure is almost linear within the used
pressure range. This linearitv was observed for all sampies,

in fig 23 the pressure effect dlnTC/dp for the various :liovs 1 plotted

versuts the Mec-cuncentration. Also the valence electron to atom r-tic 1=

&

given on tup of the drawing.

The pressure eftact dlnl /dp is rather Large for the 30 Mo-allov.  idls
) o

aiiey cousists ol o mixture of 3'- sad a'-prase

it seems reasonable to compare this value with the pressare efrect of
pure Ti i1 the %-phase. Brandt and Ginsture [81) reported valves o0 danl /dp

.
, ) . -11, . L o :

tor Ti as high as 2010 fPa. Cur wvalue o 12440 S ter DL« Mo

tite satistactorilv te this tesult., 1o understand the rattier by pressere

effert one could argue that the formation of the w-phase under pres-ure

demonstrates an increasing tendei v of the ' - emidrere to e ome anstalile

under pressure and that this increasing tasrabivity coause- an enhan ement ot l“.
For all other allovs we can ascume that the trvancitien temperature at

ncrmal pressure and at elevated jprescures lelongs to ithe D-pha-e e pres=sure

At low pressure it is somewhat questicnabhic whetter pureis hvidyostar iy

conditions could be achieved.




effect expressed by dlnTC/dp exhibits only small variation and is positive
over the whole concentration range up to 35 at.7Z Mo (nV = 4.7). The relevant
date are collected in Table 3. This result does ant agree with the correlation
between pressure and alloving found tor alloys consisting of neighboering
elements [73,74). According to this correlation one expects a negative
pressure effect for concentration ranges where n(EF) and T( decreases with
increasing valence electron number n . The Ti-Mo allovs apparentlv behave
differentlv and show a positive pressure effect.

An obvious possible explanation of the positive pressure eftect
15 pased on the stability of f-phase. In fact, the {-phase becomes less stable

under pressure.  As a result the 3-phase is transformed to the w-phase which

o

car he detected by electron micrescope analysis, at least tor Mo
:

An incressing tendency to become unstable under high pressure enhances the
electron-phonon interaction and this mav also enhance Tc' This ertect
perhaps can outweigh the inflvence of the change in the electron svstems As
wir, disrussed in Sec.s.3.4 the stability of the %-phase increases with Mc con-
.encration.  Thereiore the pressure effect decreases and at 35 7 My 1t 1=
a'mest zerc. At this concentration and at pressure up to 10 Pg the allov is
tar awav from the critical pressure fov which tne 7 - o tran=formition starts
{(see tlg. 3 in sec. 2), 1t is not unlikelv that an additionai peak in the
n{F.) curve can exist in this concentration range and .sn ai-o etfeil on
din? dp despite the tact that according to e and Cellings (here is uniy
monotonic decrease in n(EF). Up to now thev hiave measured it on wliovs with
rather large differences in concentration.

e tendency of the lattlce to become unztable at hLiph pres-ure
mav aleo influence the pressure effect of the sampic (onsisting ot - and

' (a")~-phases decreases under pressure,

'-phase. Here the stabilitv of the
Simultaneouslv the steep fncrease In n(Fy) very like!v taxkes ptacve as o result
3

ot a decrease in interatomic distances.

...IIIE::L
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The pressure effect seems to pass a flat minimum at about 12 at.” Mo.
Since the samples consist of w- and s-phase in this concentration range the
low pressure effect in the sample with 11.5 at.% Mo could be due to a special
structure of the sample accidentally achieved. However, the quantity of
«~-phase 1is not substantial enough to decrease TC so stronglv. Locking to

fig. 4 of Sec. 2, one notices that the sample with 11.5 at.? Mo lies just

S

. (6 ndSV] .
netween the critical pressures PO and Py At present une can onlv point

tu this fact without giving anv further explanation.
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nresence of a small amount ol the « phase iy a0 vomatiis.  urthermore, oo
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3.2, Experimental Results

The characteristic electron diifraction pattern, whicn consists ot
+ phase reflections impcsed on reflecglons of the X matrix, appears in
annealed pure Zi which has either ccoied down 1o 200K &t | arm  or pre-.surized
at 1.0 GPa. All other samples which were subjected to higher pressures or
were cocled tou lower temperatures alsc demonstrated the presence ol the

« phase. The lower the remperature or the higher the pressure the larger was

tiie amount of w observed [84]. §
1
e « vhase was alssc revealed in ¢old rolled specimens
i
[he increase in voiume firaction of tne . puase with wnoreasing driving .
LY
Lorce 1s asscciated wirh an incrzase in both thne parcicle size and aumber of 1
particles. 1t has to be pornted oot that the rhaiacteristi- . 11n&s on X-rav
dirfracrograms appear only when applied pressure exceed: ~ 4.5 GPz, Fesides
& T ) i s
i

ope of resistivite curve changes substantia:lv

when prescurizine a~-72r the s

onlv in the vicinity of 4.0 Pz that 1s in agreement wiith dar: ot [6,729]

3.3. UDiscussion
On thz hacis of the sbove mentioned results the _slrected {(Tor 10w Tenper-
giure) T-P-gquiiibrium phacc driserem of zir oviuwm wss qenstriutted tsking oto

account data irom Ler. [6,5,850 (fig.T4) . The pusiryons o e Dine To0T,

which 1y where tbe o+ phase franstormation staris, and o the liae 0. 7,

which is where rthe revers. wora transfornat ior sLaris, were drtorniooed mors

“ions of lines I, T oand ., whero the

correctly.  On the cther hand t'e pos. f |

phase transtormations are compiotec, were mose dif!rcule o cerermine and
some uncertainty remains concerning theiv precise positivns. This uncertainty
arises since after pressurizing it P = 10 CPa and v phase transition wos f

still not rompleted and the remilning « phase ~ould e clesr.v obaerced i i

the electron microscope even thoupgh in 1his case X—t.i. anaivsis tarled U '

detect the presenre of the 7t phase.




The main conclusion which can be drawn from the corrected T-P phase

diagrams constructed in this work is that the w phase in pure Zr is a stable

phase at ambient pressure at temperatures less than "~ 200K. The corrected

vatue of dTg+w/dp is equal to 116K/CPa. Since Av;:“:=_o.1bo LmB/moi the

. - Qv : .
entropy difference AS7;uL—l.67J/mcl'K. From the positions of the lines T

TN

0
AW . . AGOOW
and ]S and taking into account the value of AS it is easy now to evaluate

>y

. ; 2l
the activation energy AFaC

¢ necessary to initiate the u—w transfermation.

Thus for a temperature of 300K we obtain:

G VR U™ o2y , A
AF™ | = AV X (PS - Py ) = 225 J/mol and the activation energy at

act 300K

. St
ioarm. AF |
act]] atm

= 217 J/mol

Tt «an be seen that these values are practically equal and rather small. The
small value of AFZ:? confirms our suggestion that the u—-w lattice reconstructicn
pruceeds as an ordered displacement oi close-packed <1210 atomic rows cver a
short distance requiring a rather low activation energv. Such an crdering
process, by analogy with the 2+ transtformation, might occur through twe
sur.essive srages - rivset, crestion of tinear - 1210- defecns and, Unan, rheir
pericdical crdering. Beth stages must proceed through 1ndividual fluctudtion
processes which theretore would bhe retlected in the detailed isorbhermal or
1sobaric kinetics. Indeed, an increose in the amcunt of o phase with time was
ol served nedr roomn temperature ot constant prssure [6]. We also otserved an
inctease 1n the amount ot the o phase In an u watris when specimens were gurused
at 4 temperature of 77K at 1 atm.

Analysis of the data of Fisher et al [27]) on elasti: wmeduli btehaviour
ior single crystal Zr at various temperature shows that a slight positive
deviation from linear dependence of muoduli Caa takes place below 300K. On the

pasis ot cur r ~al data we may suppose that the formation of the

. phase is responsible for such abnormal behaviour of the moduli .
+ e




Analysis of the data ot Fisher et al {27] on clastic moudull behavicur
for single crystal Zr at various temperatures shows that a slight positive

deviation from linear dependence of moduli C takes place below 300K. C(n the

44
basis or our experimental data we may suppose that the fermation of the
w phase is responsible for‘such abnormal behaviour of £he moduli ng.

The appearance of the . phase in a~Zr after cold relling can alsoc be
internreted in terms of . stability at room temperature. in those materials
where Jdenser phases appear under uniform high pressure, both ¢old reliing and
compression induce the same phases. The calculations show that the driving
forcre develeped by deformation is of the same order as driving iforce develeped
B high pressare.  Therefcore cold rolling is sufficient to initiate the a—.
transition.

Tr follows from our experimental results tnat the transformation enthalpy

AH:r‘ is equal to =553 J/mol*, which is rather small., Thus, the increase in rhe
.

driving force fc - cooling at 4K is alsc smail. Therefore, in spite of tie

tact that tuhe activation energy is also small (AFQ;? = 220 T/mol), the x=w trans-
formation prccess should not ke compleated even after =such marked cocling. Hence
toe phace, while thermndvnamicallyv scable at FfJUS Pe and 1 lews than 2008, is
Present opniv 'rosmall amounts even after drasti: oolipg.

At the present t¢ime the only phenemencn whivh we cannst vet explain is

that &ven wien tne pressare 1¢ very high and the drivineg force i5 - o1 5 taimes

groater than the activation barrier the transformations de not <ome to oompla2ticn.

However, it is ~lecar that Lhe eirastic enargy barrier is not saff: ient to
prevent the transiormation process, because the volune changes which vecur in
the course of the transformation are small.

We have to mention in this point that we failad to ohserve 1n [EM tine in

pure Ti either cooled to 4.2K or pressurized up to 7 0 - .0 CPa Therect.re

[S RaN] .
* The enthalpy value AHyr can be calculated by use of the conditren that

A “.1

aFV " at equilibrium line is zere and taking into account the new valua o
At

e
AS?r " -1.67 J/mol K.
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P:*w in a-Ti 1s substantially higher than that for Zr in accordance with
numerous literature data. Also, the titanium sponge which was used by us
was not of spectroscopical purity as Zr and might be more contaminated by

minor impurities and that has affected the o~ transformation kinetic.
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Fig.

7:

The structure of Ti-37 Mo Allov.

a) TEM bright ficld micrograph, showing the complex martensitic
structure in the as-quenched state. ' fine plates are seen in
region (A) big plates ot " martensite (B) divide the bulk of
what seems to he ' martensite.

b) TEM dark field micrograph shewing the small « phase particles
and dense dislocation network ‘aside ' plates after hps 7.5 GPa.
c) TEM bright field micropraph aiter 9.2 6P,

d) Pressure induced & particles in the dark tield of (o).
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Fig. 9 The structure of Ti-5% Mo alloy. a) TEM micrograph of the as-
quenched state, z.a.[221]8. Fine w particles and small a' martensite
plates (A) are present in the B matrix. b) The TEM bright-field
micrograph after hps 7.0GPa. The pressure-induced o' martensite
plates grow at the expense of the B matrix. c¢) TEM dark-field micro-
graph after hps 9.0GPa. The large a' martensite plates contain w+f
mixture and 'secondary'" a' plate-like regions (A). d) Llectron dif-
fraction pattern of the region in Fig. d4c and e) the indexed scieme

of the pattern in Fig. 4d.
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The structure of Ti-15 at.% Mo alloy.

a) bark field image and b) the corresponding electron
diffraction pattern of the as-ruenched state showing

a complex network of diffuse intensity. Z.A.: v[1l00]p
¢) TEM dark field micrograph and clectron diffraction
pattern after hps 9.0 GPa. Z.A.: {[012]p. d) TEM bright
firld of the sample after hps 20 GPa. The pressure-
induced ' martensite plates are clearly shown,




a) Diffuse scattering observed in the electron diftfraction put

tern of the as-quenched Ti-18% Mo alloy. b) Paired Kikuchi

observed in the electron diffraction pattern ot the as-que

Plioes

i hed

Ti1-20% Mo alloy. TEM dark field m.icrographs ot the o, Tr-is "

and d) Ti1-25% Mo showing the particles of  s-like phane 1
matrix after hps 4.56GPa. 2. A, [100]  for Ti-180 Mo i

\

tor Ti1-20% Mo,

.
oowa!
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The structure of Ti-14 at.? V. allo..

c-neendlon shown by arrows., by BUI7L of the same sampie
after 1.2 SPa. Substantial arowth of  c-nec iles o
chearly ceen. o) bark field of the as-auenched sampl
taken 1n . oreflex. (Inset: SADY with oAl illo]
A L of the same sample after 902 GPal (Inset s Sabi

Vooh '[]1 i)u).

1) H.' . micrograph of the as-quenched state.  Very finc

witl,

-



Fig.

The structure of Ti-18 at.?% V alloy. a) Dark-field micrograph
taken from as-quenched state. b) Corresponding electron
diffraction pattern. c¢) Dark-field micrograph taken after
hps 9.2 GPa. d) Corresponding electron diffraction pattern.




Fig.

The structure of Ti-20 at.% V alloy after 7.5 GPa.

a) Dark field micrograph (Inset: Magnified circled place
(x4).  phase particles in B-matrix and needles of
pressure-induced o phase are clearly seen. b) SADP of the
samp:le Z.A.:[{012}a. 4-w variants present: 2-with

[2116], Z2.A. and 2 with [5312 w —-A. which coincide with
% reflections.
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