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ABSTfu\CT

The defo::lna'Lion behaviour of zone refined pc11'cr1'stal1ine

niobiun solid solutions containing upto 4.7 ateoZr has been studied

betiveen the temperatur:es 77oK and 490oK. 1-he strain rate change

and stress relaxatj-on techniclues were used to deterlnine the act-

ir¡at.Lon paranìe'Cers of defornlation, the dislocation vel'ocity stress

exponent n* and the thermal ancl athermal components of the f1otv

stïesS as a function of strain, temperature and concentTation'

At room temperature the flol. stress increased linearly

ivith cr¡ncentration but the individual t-.herlnal and athernal componenl;s

rjid nct obey this sirnple relationship. Solution softening instead

of solution harcleriing rvas observed in all the ali.oys zrt 77oK and

the softening tenrpeïature ïange decreascd r+i'Lh increasing Zr content'

It has beel shotvn tjrat tþe softening effect lvas clue to ¿¡ cìc:clc¿ise

in the thermal com¡ronent of floi¡ stress o' alloying. /\t 77o';,

tlre acldition of upto n,2.4 ate¡,Zt caused sof-i.ening but beyond this

concentïai:ion the aI 1o1's began to show harcleníng once nore' Ttre variatíons

of m* with ternpelature and concentration I{eIe essentially analogous to

those of the thernlal stress o*.

ThesolutionsofteninginNb-Zrtvasaccoiiipailied.b¡'a

decrease in the nt¿lgnitude of activation paranleteTs for deformation

as conìparecl rvith those of purc niobium. It tqas concl'uded that the

a11oy softening I{as a lattice softening phenornenon and scavenging

probably had only a minor effect. The defr.rrnation of pure Nb obeyed



IÏ

t:he Dorn-Rajnah theory of dorible kink nücleation over the entire

tempeïatu"e Î?rlge studiecl but in the case of al1o1'5 ia ivas obeyed

on1¡r 111 the Nb - 0.87 aLeozt: alloy in tire solution softeDing region'

Beyoncl the softening region, cleformatiolì lvas controll-ed by solute

harcicitirrg.

The florç stress and its thernal and athermal coutponents

r^rere studied as a ftmction of strain. The rate of ivor:l< hardening

increasecl slorvly with solute concentra.tion and was mainly a r:e'"1ection

of the increase in the ather'lnal componeni of the floiv stress '

Transinission electro:r nicroscoi)i¡ oll thc deforned spe:irnens

shor!.ed th¿.t t¡e disloca-,jon arïangenenï l^ras <lependeitt on lhe tllerin;rJ

stress, O*. It v¡as found L:'tat a.s O* inc:leased the screl\r clislocaticrr

densjty increa-secl and the amount of tangling <ler,reased' At liigher

st::ail'rs cU.slocatio:r cel-is t':e::e forlnecl ¡rlrcl'[heir \iiamcteÏ dccrcased

rçi-th inc.rease ill Õ*.
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THERMALLY ACTIVATED DEFORMATTON IN NIOBILJT4-ZIRCONIUIU SOL]D SOLUTIONS

BACKGROUND OF T}IE PROBLEM

1.1 Introduction

In the past, extensive investigations have been made on the

deformation behaviour of body centred cubic metals, e5pecially to

resolve the rate controlling dislocation mechanism responsible for

the large temperature dependence of flow stress in these metals.

There are experimental supports for both the interaction between

moving dislocations and residual interstial impurities in solution,

and intrinsic lattice friction as the rate controlling factor. The

deformation behaviour of body-centred cubic (bcc) solid solutions,

however, has received rejla.tively little attention.

There have been several attempts to correlate the solid

solution strengthening (sss) in b.c,c. metals with.the existing

theories on this subject but no single theory seems to be applicable

to all the b.c.c. metals; different theories are applicable to different

metals. It was only recently realized that the addition of solute can

alter either or both components of the flow stress if the flow stress

is considered as consisting of thermal and athermal components. Thus,

it is necessary to study each component individually, especially in

the case of solution softening which is now a well established phe-

nonenon in dilute a1loys of b.c.c. metals. In the literature, various

effects have been suggested to be responsible for solution softening,



the nost ímportant being the scavenging of interstials and the decrease

in the lattice friction stress, both being effected by the solute

atoms present in the lattice

It was due to the abovementioned differing views on deformation

and solution softening that the present study was conceived and

niobiun was selected as the base meta1. Niobiun is a refractory netal

with 1ow neutron capture cross section and thus it is a potential

stütlctural naterial for nuclear reactors. The creep resistance of

niobium is greatly improved by alloying it with zirconirm which too

has a 1ow neutron capture cross section. Since there is a negligible

modulus difference but a large atom size di-fference between niobium

and zirconium, the nunber of variables is reduced in studying the solid

solution effect of zirconiun on niobir.un. Also, the dilute solid

solutions of niobium and zirconium show a11oy softening at subanbient

teilperatures and thus provide an opportunity for the study of the

hardening and softening effects of alloying in the same system.

Superconductivity is sti1l another property of niobii.un-zirconium

a11oys which makes this system attractive for the study of its

deformation behaviour.

In most of the earlier studies on niobiun solid soluti-ons,

the effects of solute on the thermal and athermal components of the

flow stress have not been studied individually. Previous investigators

have usually correlated solid solution effects in niobium with the size

mismatch between niobium and the solute atom. However, this may not



be valid if the individual components of the flow stress are considered.

Sone of the studies of deformati-on behaviour of niobium

solid solutions have used the "rate theory" to analyse and explain

the observed results in terms of a rate controlling mechanism.

Alternatively, the Johnston and Gilman's "power 1ad' relationship

between dislocation velocity and the effective stress has been for.rrd

to hold in pure niobiurn, but the effect of solute on this relationship

has not been looked into in detail.

In order to aid the understanding of the deformation be-

haviour and its dependence on solute, it is necessary to study the

work hardening and dislocation substnrcture of the material. fud,

such studies have been carried out on single crystals of niobiun

and its a1loys, however, polycrystalline a11oys have not been studied.

Definition of the Problem

Now, it would seem necessary that the first step in resolving

the points mentioned above, should be to find the flow stress and its

thermal and athernal components as a functi-on of concentration,

temperature and strain. Secondly, the activation parameters of de-

fonnation are necessary to define the rate controlling mechanism in

different tenrperature rarges. . Final1y, the transmission electron

rnicroscopy of the dislocation substructure as a function of strain,

temperature and composition in deformed specirnen is necessary to gain

an insight into the deformation behaviour of the material.



Thus, this thesis deals with the study of solution

strengthening/softening, deformation behaviour of the poly-

crystalline niobiun-zirconium specimens of controlled grain

size and electron microscopy i.e. study of the dislocation

stïucture in deformed specinens.



7.2 Important Theoretical Relationships Used in this Study

As it has been stated in the previous section, this study

deals with the effects of solute on 1) the thermal and athermal

components of the flow stress, 2) the activation parameters of

plastic deformation, 3) the work hardening behaviour and 4) the

dislocation substructure in Nb-Zr alloys. Since there are excellent

reviews available on the general topics just nentioned, only those

theoretical relationships that have been employed to calculate the

different parameters and to interpret the results of this investigation

are given here along with their references.

(i) Solid Solution Hardening:

Solid solution hardening has been studied in single crystals

of several body-centered cubic (b.c.c.) netals and either c(atonic

concentration of solute) or ,/c dependence of flow stress was found.

The following nacroscopic characteristics have been used to characterize

the strength of interaction between a solute atom and a dislocation:

a) the size misfit between the solute and solvent atoms and b) the

effect of solute on the shear modulus as a measure of the 1ocal

change in binding on introduction of the solute atoms. It has been

pointed out that the modulus misrnatch may be less effective in the

body-centered cubic than in the face-centered cubic a1loys, but it
can not be neglected.

According to the Mott-Nabarro theory the isolated solute



atoilìs give rise to sma1l loca1 internal stress fields, the magnitude

of which was assurned to depend on only the size mismatch between the

solute and the solvent atoms. According to their ori-ginal calculation,

the shear stress

^2tre C
a

shear stress

sizemismatch=1.{uadc

a = lattice parameter of solvent

c = atomic concentration of solute

G = shear nodulus

Due to a later modification of the calculation by Mott, the shear

stress is given by the equation

't = z.s Ge4/3 ..
a

However, this equation was shown by Cottrell to predict about ten

times too large solution hardening than it was observed.

The Fleischer's theory takes into account both the size

interaction and the modulus interaction. According to this theory,

both the edge dislocation and the screl^/ dislocation interact with the

different modulus of the solute atom as elastically hard or soft

spot in the matrix and thus the dislocations do more or less work

than usual in elasttcaTTy shearing the foreígn atom. The rate of

change of shear modulus, eG = å . # was suggested as a measure of

the atonic nodulus mismatch. The shear stress

T=

where r =

lcre - ell3/2 cr/zI a b'
G

' 760

I
c=
"G ç/ (L + lerl/z)

1dc
G'õ

where

"G



o = 3 for screws and +16 for edges.

T, G, eu and c have the meaning given before.
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the material and hence to evaluate the effect of tenperature, alloying

etc. on å3 the comparison should be nade at the same strain. Alter-

natively, the power expression of work hardening has been used. If

the power expression is obeyed then a straight line is obtained in

the 1og-1og plot of true stress and true strain however, change in slope

of the straight line have been observed in materials after a certain

amount of deformation. The formulae used in studying the work

hardening behaviour are given below.

(ii) Work Hardening

The strain hardening effect can be

slope of the true stress-true strain curve.

do
ä decreases continually with strain during

1. Rate of work hardening = #
Power ercpression of work hardening

.,r^[
U_l\L

or o = o +Kenalso
Y

n = slope of the curve in 1og-

1og plot of true stress and true

plastic strain.

and K = value of ordinate at e=1

in the above plot

when necking occur, # = o

andsince r=9 gq
ode

e ,. =n
necK1ng

evaluated by using the

The rate of work hardening

the r.rniform elongation of

2.

o

K

n

true stress

true plastic strain

strength coefficient

strain hardening
exponent

yield stress

3.

4.

5.

6.

U_
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(iii) Rate Theory of Plastic lelqrrlelign

The plastic deformation of netals has been extensively

díscussed as a thermaTTy activated motion of dislocations. Calculations

are usually made with the rate equation in the simple exponential

form based on the assurnption that there is a single equivalent

activation energy instead of differing activation energies at

different points in a system. The formulae that are employed

in determining the parameters of deformation are given below.

*?t

1. u = py^ ex? {-CH-ffiI} u = mean velocity of a diso "' locatíon

2. ä = ObEu = ÔlrlAbu/P = åo"*pt- #t P = distance moved arter a
successful activation

û
3" o=ou+o Yo=FrequencYfactor

4. AH = KT 1n (M'bQyo/é) H = total energy

5. y = NA'bþyo AII = activation energy

V*= activation volume

6. v* = Kr e*q) o = flow stressâo 
T

* o*= thermal stress
7. 

^H 
= -Krz Ca 

1*él êq-l
Aon 'f 

taf '.ê ou = athermal stress

* 't K = Boltzman constantB. H=ÂH+Vo
g.AH=A-gtn(o*/o-^) T =Absolutetemperature

P 
ê = Macroscopic strain rate

**
10. (âo )r = (K/B) (ðlnð)T o T S = orientation factor

11. Tm = (B/K)ln (y/é) b = Burgers vector
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0 = mobile dislocation density

N = Effective nurnber of activation
sites per unit volume at which
dislocation segments are halted

A' = Area of glide plane swept by
a dislocation line after a
successful activation

AçBareconstants

o = Peierls stress at OoKp

T* = the temperature of the rnaximun Ao

References
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(iv) Dislocation DFnamics

An alternative approach to the dislocation motion is

dislocation d¡'namics. Johnston and Gilman have originally and

extensively studied this approach and found an empirical power

law relationship between the velocity of dislocation and the

applieci stress.

v = B(o*)**

where v = velocity of dislocation

B = mobility or the velocity produced by unit o*

o* = thermal stress and

m* = dislocation velocity stress exponent.

Li has developed an analysis of the stress-relaxation technique to

deterniine m*, and the components, thennal and athermal of the

flow stress at increasing plastic strains. In this method a 1og.1og

plot of the relaxation rate (do/dt) and the ti:rre (t) is linear and

the value of m* is given by the slope of the linear region via the

equation,

- slonem^ =+slope + 1

The athermal component at any plastic strain is found by using the

relation
1

o--õ t-+a -mET
l- u rr \

= 
l_l

o.-ott^*a'¿v¿

where o. and o. are the flow stresses after times t, and t"-1 ---- -¿ L ¿

in a stress relaxation curue,

a is the deviation from linearity in the 1og (do/dt) - log(t) plot,

o. is the atherinal component of the flow stress
u

m* is the dislocation velocity stress e>çonent.
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Assuming o = oU + o* and lsrowing o and oU at any strain ox can be

found.

The other useful relationships are given belorv

1J'*-*
1m*='vu

KT

2. ¡a**tl = o at ooKor 6*

âAH.s' (tffi;) = -n*Kr
e

n þlno*., _ -AH+' t-ãT-/ - nTRfz

AH
5. lm*T) = = 9=,o Z.SK

n* = dislocation velocity stress
exponent

V* = activation voh¡ne

o* = thermal stress

K = Boltanannconstant

T = absolute temperatuïe

AH = activation energy

(m*T) ^ = limiting value of (m*T) as' 'o 
T*ooK.

References

1. Johnston, W.G. and Gilman, J.J., J. App. Phys., 30, p. IZg, 1g5g.

2. Li, J"C.M., Can. J. Phys., 45, p.493, 1967.



I4

r.3 sunnary of Experimental Results of Earlier studies on Nb and

Its Solid Solutions.

0n1y a few of the earlieï attempts to identify the solution

hardening mechanism in niobium have also been concerned with the

deformation behaviour and electron microscopy of the deformed sub-

structure. Here we shal1 summarize only the general effects of solute

on vari-ous parameters of Nb as follows while any discussion pertinent

to polycrystalline Nb-Zr a11oys will be dealt with at the appropriate

places.

1. 3. 1 Lattice Parameter

Neighbouring elements in the periodic system that have a

favourable size factor to niobiun to form a wide ïange of solid

solutions have been shown by Knaptorrl in a diagramrnatic fomn, fig. 1.

The information available on the rate of change of lattice parameter

of niobir.m with solute content is given in table I. rt is seen that

the change in the lattice parameter of niobiun can be positive, negative

or zero depending lpon the specy of the solute. I{napto.r1 hu, detennined

the lattice spacings of niobium-zirconiur alloys a¡rd his results are

shown in fig. 2. Zirconiun increases the lattice parameter monoto-

nically in the entire range of solid solution with niobium and is one

of the most effective elements in changing the lattice parameter.
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TABLE T

Solute
in
Nb

Solid Solubility Limit
at Room Temperature

ín at9o

\/a . da/ð,c
per
at9o

I/G dG/ dc
per
â.t9o

Hf

It4o

Pd

Re

Ta

V

W

Zr

Completely Soluble

\'23

tu45

Completely Soluble

Completely Soluble

Completely Soluble

^'14

(4.4 * 0. s) 104

-(4.6 r o.s)104

-L- (6.4) 10'

- (8.s ! 0.4)ro4

(0.0 t o.s)1õ4

-(7.4 r o.s)1õ4

-'(s.o t o.¿)roa
_A

(8.4) 10-

0.45s

2.7 t 0.2

3.0 t 0.7

3.23

1.15 t 0.15

1.05 t 0.15

I.7 1 0.2
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7.3.2 Elastic Constants

For the examination of solid solution hardening theories, it
is necessary to lcrow the change in lattice parameter and the elastic

constants of the solvent with addition of solute. Results from

earlier studies on such changes in niobir¡n are given in table I,
along with theiï sources. Tarasoys et.a1. determined the effect of

alloying elements on the modulus of elasticity of niobiun. Their

results are shown in fig. 5 and are self explaaatory. Nedyr-rldra

^Ë Chernyy" showed that the elastic and shear noduli of niobium are

considerably raised by the addition of chronirm upto 5 wt% and then

with further addition the rate of change is slower. They found that

iron, aluminun, tantah¡n and yanadiun also raised the noduli: very

considerably but additions of more than Seo of titanir¡n reduced the

moduli below' those of pure niobii.un. HarrisT has shown that the modulus

of elasticity increased very sharply upto L at% Zr (from 10x103 to
a.)

11.5x10' Xg/nrn") and then remains almost constant,-while the addition

of upto I at% Ta decreased it and beyond L at% increased it again.

Vanadiun increased the modulus linearly and monotonically.

In applying the solution hardening theories at teÍperatures

other than the anbient, or comparing the results of a deformation

study at different tenperatures, it is necessary to lcrow the change

in elastic constants with change in test temperature but such information

is scarce in the literature. Results of such a study by Tarasov et.a1.5

are given for some niobirmr base a11oys in table II. HarrisT has studied

this behaviour in niobirm base a11oys of Ta, V, W artd Zr. His results

are shown in figs. 4 q 5.
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TÂBLE IT
Iuflucoce of remperarurc oo rhe elasriciry modulcs of alloys on niobium b¡se

Elasticity oodulus, E x 10'6 kg/cmt at temPelacures (0oC)
Compositiont

vt. %

Nb
Nb*5.0 Mo
Nb*10.0 Àlo
Nb*S,0,'l a

Nb+¡0.0 Ta
Nb+5.0 W
Nb+10.0 w
Nb*2 ORe
Nb*5,0Re
Nb*1.55 Cr
Nb+2.3 cr
Nb+3.83 Ti
Nb+7.6 Ti
Nb*0.5 Ir
Nb*2.0 Ir
Nb+o.3 Pd
Nb+2.1? Pd
Nb*0,4 La
Nb*O,55 La
Nb+0, t7B
Nb+{.238
Nb+o,32 S¡
Nb+o.5 s¡

1.083
l. t44
l. t80
l.. t 18

r. 139
l. t5l
1. t92
l. r35
1.2 t0
t. t28
1.142
1.072
1.041
l.l19
1.174
1.094
l. 136
l.C96
1.0î2
l.l 14
r. t90
l. t0¡
l. t2l

1.081
t. I35
¡. t75
l.tt7
t.137
l.145
t. ¡85
t.128
I.2l t
r. ræ
t.l{0
I .073
I .043
l.l17
l. 165
I .095
t. 139
1.095
I .071
t.. l ¡2
t. t80
¡.lol
t. ¡2¡

r.082
l. 136
t.l9l
t.l 18
t. r38
l. I43
t. t96
t, ¡26
I,2¡0
t. r35
I, 140
I,07-{
I ,044
t.l0l
l. 165
t. 102
|,142
1 ,006
I .071
Lil8
|.t72
¡. tù{
1.t24

I .085
1 .149
1.210
t. 124
l. 145
t. 153
1.20t
1,127
I,2r3
¡. 135
t. t42
I .075
I .042
l.llt
|,172
l-t¡4
¡ . I4.1
¡. t03
I .082
l. ¡35
t. 184
t. 120
1.t44

r,091
t.172
t.232
l. 145

1. 155

1. 168

| 212
Llæ
t.215
t. 136
l. ¡41
¡ .076
t.042
t.¡18
L l75
t,l16
¡. 113
l.ll0
l.ù84
l. l5l
t.l9B
l. ¡æ
l. i62

1.097
t. t86
I .233
l. t52
l. t56
t-175
t.zu
l.134
1.223
l. r30
l. ræ
I .076
t.037
l.l¡6
l. t80
t. n3
¡. ¡37
1. r20
¡ ,090
I ¡59
1.210
I,t48
t.174

t. r08
l.2t3
1.233
l.152
l. t56
1.t75
1.225
t. t36
t.225
l. 134
I.t38
I .076
I .032
¡.¡12
t.180
t.l t0
l. I30
l. t23
1.096
t. 162
t.214
l. t54
¡- 176
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I.3,3 Solid Solution Strengthening/softening and hardness.

Attenpts have been made in the past to evaluate the solution

strengthening in niobiun in terms of the current solution hardening

theories. The earlier results are stunrnarized in table III. Begley

and BechtoldS conducted tensile tests at room temperature and 1100oC

on several niobir.mr base polycrystalline solid solutions but no

correlation was found between the solution strengthening and a sinrple

physical parameter such as atomic size mismatch of the alloy additions

etc. However, Harris9 has shor^¡n that in his various polycrystalline

niobiun solid solutions, atomic size lnismatch, rather than modulus

mismatch, was the doninant factor in hardening of the alloys, except

in the Nb*W system where modulus mismatch seemed to be more irnportant.

On the other hand, Kostorzl0 has shown that the athermal (þlatqau)solution

strengthening in niobium single crystals by Ta, V, W or Zr was

proportional to the square root of the solute concentration, and

thus followed the Fleischer's theoryll of solution hardening

whereas J^*72 found that the plateau hard.ening at 915oK in Nb-W

arÌd NbFMo increased linearly with concentration. K*13 also found

linear dependence of athermal strengthening in Nb-Mo. Palrner and

F1ewittl4 showed that athermal strengthening in Nb-25 wteo Zr was in

close agïeement with the predictions of Mott Ë Nabarro theoryls

based on size mismatch, and thus obeyed the linear concentration

d.ependence. Korr16, working on Nb-W crystals, came to the conclusion

that no current theory was completely consistent with the observed
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NOTE:

* These are the highest concentrations studied.

+ Some short range ordering (S.R.O.) also present.
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athennal strengthening of the a11oys. Thus, it is seen that there is

no general agreement between different authors regarding the solution

hardening mechanísm in niobiun. However, it should be borne in mind

that these investigations 14/ere carried out in a span of last decade

during which the purity of niobir¡n has increased continuously and

this could be one of the possible reasons for conflicting obseryations.

Secondly, there r^rere some studies in which flow stress instead of

the individual components - thermal and athermal - was evaluated

as a function of solute concentration and as mentioned earlier,

any addition of solute could have different effects on these com-

ponents of the flow stress.

Apart from the solution strengthening, a77oy softening

has also been observed in niobium. Harris9 has shov¡n that in his

polycrystalline niobir.un solid solutions , 5 ateo Ta addition did not

alter the shape of the effective stress-tenrperature curve but ad-

ditions of 9 at% Y or 2 at% Zr or 5 at% W increasingly reduced the

temperature-dependence in the range 77oK - 300oK. However, at aII

ten'Iperatures the flow stresses in the alloys \^rere higher than that of

the pure niobium and thus he showed that the thermal component of

flow stress was reduced by alloying and at the same time athermal

component was increased. Solution softening at 77oK by the addition

of Mo upto 12 at% in Nb has been reported by Foxall fi StathamlT,

Peters Ç HendricrorrlS and Kat13. A11oy softening has been observed

by several investigators in other b.c.c. metals also e.g. F"-Ct19,

Fe-Ni2o , Ta.Mozr.
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Information on the hardness values of niobitm alloys as a

firnction of solute content is very limited. Georgiyeva and Gu\yaevzz

studied the hardness variations of niobium a11oys at anrbient and

higher temperatures, fig. 6. They concluded that the hardening of

binary a11oys was related to the degree of lattice distortion and

an increase in lattice parameter had less effect on hardening than

an equivalent decrease e.g. although Z-r increased the lattice parameteï

of niobiun more than either Mo, V or W decreased it, yet Zr was a

less effective hardener as compared to Mo, V or W. Further, they

pointed out that if the alloying elements are those which cause a

big change in the melting point (e.g. W), the above relation will

not be obseryed and the comparison nmst be made at hornologus

temperatures. An incidental resu\tz1 a\so showed that the hardness ¡

yalues of niobium increased rapidly with initial Zr additions but that

they tapered off later, fig. 7.

L3,4 Ternperature Dependence of Yielding and Plastic Flow

Mitchell et.a1 .24 huu" studied the deforrnation in niobium

crystals as a function of purity, temperature, strain and strain rate

and showed that the initial flow stress decreased with increasúJig

purity but it increased rapidly with decreasing temperature or

increasing strain rate. The initial flow stress became almost

constant beyond 500oK. They found. that there hras a tendency for

the initial yield points to occur in low zone-pass crystals (i.e.
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1ow purity Nb). The yield stress decreased sharply with increasing

nr-¡nber of zone passes. At 77oK, the yield stress for the one zone-

pass crystals was only slightly higher than that for the six-pass

material, indicating that the impurity contribution to it was not

very temperature dependent.

Christian and Mastetr25 forr.rd that in polycrystalline

niobium, yield drops occurred on initial testing at room temperature

and rather i1l-defined yield was seen if the testing was carried

out near 100oK. On subsequent unloading and loading at subatmospheric

temperatures no further yield drops were observed. They further

showed that in niobirmr of dj-fferent purities the change in flow

stress with temperature, fig. 8 was nearly identical and thus con-

cluded that the temperature dependence was not very sensitive to

impurity when the metals are moderately pure.

Bowen et.a1.29 ulrro noticed the similar behaviour of

deformation in single crystals of niobium as obseryed in earlier
investigations. They found that in niobiun crysta1s, yielding at

room temperature was fairly sharp but rather rounded curves were

obtained at 158oK.

Harris9 has shov¡n that in polycrystalline niobium and its
solid solutions, a yield drop and then work hardening occurred at

temperatures above }ßoK. However, there was a significant change

in behaviour at r73oK, where there were large yùe1d drops followed

by very 1ow or even negative rates of strain hardening. The ten-

perature dependence of the yield stress and flow stress in pure
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niobium increased very rapidity at temperatures below 250oK a¡d this

behaviour did not alter essentially on al1oying. Foxall and StathanlT

conducted tests on niobj-um-nolybdem.un and niobium-rhenir¡n crystals and

found that as the yield stress was increased, either by an increase

in a1loy content or by a decrease in temperature, the size of the

yield drop and the strain associated with the yield region increased.

The tenrperature sensitivity of. the flow stress for the a11oys remained

almost the same as for niobium except for solid solutions containing

upto 5 at% IvIo in which aLloy softening took place at lower telrperatures.

However, Peters and Hendri.rotlS working on niobiun-tantahm and

niobium-nolybdeni.rn crystals, sar^¡ solution softening in only 5 at% Mo

alLoy at 77oK.

1.3.5 Work Hardening and Electron Microscopy of SubstTucture

Gregory et.al.26 studied work hardening in polycrystalline

niobirm subjected to dffferent heat treatnents. They found that the

slope of the curve in 1og true stress-1og true strain plot, changed

to a much higher value ateT% strain, fig. 9 and concluded that work

hardening in ful1y recrystallized fine grain material resulted from

simultaneous decrease in activation volume and in the rurnber of

mobile dislocations with increasi-ng strain. Electron microscopy

showed that the dislocation density during the first 2-3% strain

was roughry ro10 per sq. crn. and it increased only by a factor of

1.5 to 2 during the next 7 or 8 percent strain. Fourdeux andWrsnski34

found by electron microscopic examination of foils, loaded at room
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Fig. 9a Log true stress vs 1og true strain for
recovered polycrystalline niobium at_yarious
temperatures, strain rate = 0.01 min -.
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terpeïature to (3 kg/nnnz ,hu, edge dislocations were mobile before

the apparent proportional lirnit of the flash annealed niobium,
2

...¡3.5 kg/nrn", tn/as reached. As a result of a series of experinents

on polycrystalline "flash arurealed" niobium Wronski and Fourd 
"rr*27

showed that the dislocation density a¡,d structure did not depend

on purity and that dipoles, tangles and eventually ce1ls were

formed for all purities of the materials studied. The dislocati-on

structures of deformed specimens were very similar to those of

less pure niobiun or iron. They conunented that a new and surprising

feature of the results was the observation that the strain ïate,

which apparently did not influence the dislocation density, had a

pronounced effect on the dislocation arrangement. The variation

of the d.islocation density with strain in flash-annealed niobir.un

is shor^¡n in fig. 10.

In a recent investigation Statham et.al.33 ,hor"d that

alloying increased the hardening rate of niobium single crystals

in stage I but decreased it in stage rr. In stage I edge díslocation

dipoles were formed and after sna11 deformations of the Nb-Mo

crystals, the dipoles are shorter and less concentrated into bundles

than in pure niobir.rn. Alloying ilcreased considerably the scïer^/

dislocation density of annealed niobium. Screw dislocation structures

predominated on decreasing the temperature or increasing the solute

content. Harrisg working on polycrystalline niobiun also found that

the hardening rate increased with solute content. He showed that after

10% strain at 296oK the recipïocal of cell diameter was linearly
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proportional to the respective flow stress of the a11oys.

I "3 .6 Dislocation Drrnamics

Although investigations have been carried out on niobiun

to study the d1n-ramic nature of dislocation motion, its a11oys have

received 1itt1e attention. In the earlíest of such studies on

niobium crystals Guberrnans5 ,.s"d the etch pit technique and found

that the "power law" relationship between the average dislocation

velocity and stress was obeyed in the range of velocities between
*7 -)æ2 x L0'' cln. to 3 x 10 ' crn/sec. This relationship was obeyed

regardless of temperature (between 77oK anð.300oK) or purity and

was also the case in neutron irradiated Nb, Ile obtained different
ú

values of m fron the strain rate change or stress relaxation and

etch pit techniques. r* d.id not vary as the inverse of the absolute

temperature which should be observed in cases where the rate

controlling rnechanism of plastic defornation is the overcoming of

Peierls stress by the nucleation of double kinks. Evans and

Schwenk36 have d.etermined the values of m* for niobirnn crystals as

a function of temperature and strain from strain-rate sensitivity

measurements of o* 
"rrd 

showed. tJ:at from 158oK to 273oK, ** *u,

independent of strain while it increased at 77oK and 113oK. The
û

value of m" at 5% strain increased from 5.5 at 273oK to 27 at 77oK.

They considered that above 158oK the mobile dislocation density did

not vary significantly with strain, while it did at 77oK and ll5oK
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and was dependent upon the rnagnitude of the effective stress required

by the imposed strain rate. They suggested that the discrepancy

reported by Guberman regard.ing the temperature depend.en." of **
could be accounted for by the utlrization of effective stress

rather than the applied stress in etch-pit calculations. Using

the stress relaxation technique, Gupta anð. Ll37 have stud.ied m*

internal stress and work hardening in several b.c.c. netals and

alloys. The value of m* for one zone pass, niobiun single crysta|

and conrnercially pure polycrystal was initi aIIy I4+I at ZgBoK

and. 195oK, anð. it decreased with strain to 6+1, the value obtained.

for three zone pass polycrystalline niobir¡n. They suggested that

plastic defor¡nation had sone kind of strain-induced purifying

effect in niobir¡n as in the three zone pass material ** was in-
*

dependent of strain. They also found that rn did not show any

strain rate dependence, at least within the limited. range of

strain rates employed. 1.53 x I0-4/sec. to 53.S x 10-4/sec. At

strains higher than 4% the internal stress developed at 195oK

was slightly larger than that at 298oK. The temperature dependence

of the flow stress in b.,b.c. metals, they concluded, was due to

the change of effective stress with temperature.

The dislocation velocity stïess exponent, r* in Nb and

Nb-Mo single crystals have been evaluated. by Kan13 at l1SoK,

178oK and 295oK as a functíon of concentration and strain. At
^*295"K n for pure Nb increased from 3 to,-77 for Nb-5.3 at% Mo.

m for Nb*2 at% Mo decreased markedly with plastic strain and

reached the plateau value beyond B% strain. T?re results of earlier studies

on dislocation dynanics in Nb and its a11oys are sunmarised in Table IV.
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I.4 Experjmental Procedure

I.4.I Materials and A1loy Preparation

The niobium and zirconium used in the present study were

initially 99.8% and 99.9% pure respectively.

Electron Beam Zone Refining of Nb:

The 0.5'r diameter Nb rod was cold swaged to ru0.25" dia,

and cut into 11" long rods. These rods were zone refined in an

MRC unit by giving a first pass of 9"/hour and a second pass of
4.S'r/hour in the same direction. The zone refining parameters

were as follows - current -,75 rnL, volts^¡3.5 K.v. and pressure

lower than 10'6 um of meïcury. The rod was cut at,.t 0.75,, away from

the start and,.,0.75" before the finishing point. The zone refined

metal so obtained, was used for preparing the a1loys, while the

remnants were argon arc nelted and swaged again to ¡w0 .2s,, size fot
zone refining. This time three passes - first at the rate of 9"/hour

and the second and third at 4.5"/hour (al1 in the same direction)

were given. The zone refined portion was cut as before and was

used for unalloyed Nb specimens.

Melting and Alloying:

Anounts of zone

weighed, so as to get pure

a11oys of Nb. The weighed

with a partial pressure of

refined Nb and pure Zr rtrere accurateLy

Nb, and'-I at% Zrr,-3 at% Zr and p5 at%

stock was nelted in an argon arc furnace

argon. Each alloy r^/as turned over and

Z'r
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remelted 5-6 times to ensure its homogeniety. 0n again weighing

the a11oys, no loss of Zr was found.

Fabrication of the Alloys:

Pure Nb - The"u0.5" dia. cast ingot was cold swaged to¡r0.4"

dia. size to give it a uniform ct'oss section and was annealed at

1000oC for 3 hours in vacuum. This ingot was then given'uí} - 40'ó

cold. reduction and an intennediate a¡mea1 at 980oC/3 hrs. In this

way, with several cold reductions and intermediate an¡reals the

ingot was reduced to 0.04" and 0.02" thick strips. The 0.04" thick

strip was for tensile test specimens while the 0.02" thick strip

was used for electron microscopy specimens.

I, 3 and 5 at% Zr A7l.oyl

As before, the a11oy ingots were first cold swaged to

0.4" dia. size and annealed at 1250oC for 48 hours in argon.

After^r15-20% reduction by cold ro11ing, these hrere annealed at

L250oC/24 hours. With subsequent cold rolling and intennediate

annealing, the a11oys were finally cold ro11ed to 0.04" and 0.02"

thick strips and cut into tensile specimens, fig. 11. In order

to obtain a recrystallised structure having ruriform grains of

size,¿25-30 p (diameter), the following annealing treatnents

were used.



40

1.

)

Pure Nb r^/as annealed at 1100oC for 3 hrs. and

7,3 and 5 at% Zr al-loys hrere annealed at 1S00oC for 4.5 hrs.

Along with microstructure, the hardness values were used as a

check for the correct and suitable arurealing treaûnents. For the

optical metallography of Nb and Nb-Zr al1oys the solution (1 part

Hf (52e") + 1 part H2S04 + 1 part HrO + few drops of H2O2), at room

temperature was found very satisfactory.

f 
--;n'" -1L 

'lt--__]'.*'*--J- -_--_-)-o 
i

ror O, $ C-"r,. 
i

--r*__-"\ i

Fígure 11: Tensile test specimen used in this investigation.
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1".4.2 Testing Procedure

Tensile tests on specimens r^rere performed on an Instron

machine at a strain rate on 4.2s x r}-4/sec. First, the specimen

was strained upto a certain level, a strain rate change (increased.

by a factor of 10) was made and then the stress relaxation test

was performed for 4-5 rninutes. The specimen v/as then, unloaded

and reloaded. After a further increment of strain, the above tests

vùere repeated. Thus, these tests were made at B-9 strains (upto

a¿ 20% plastic strain) and 6 temperatures from 77 to 4g0oK, using

suitable temperature baths. The schematic representation of

e>çerimental procedure is given in fig. IZ.

dj
*g{

d
(J

¡I

T"K
S'L;o.ì'¡: YÌ¡.'iå f1
chnrrqâ \l 1.. St.ye,; . 1..,,r ì,,x-,.1. i,..:-,i=\ \{__

Lrì
i ,iltlo'-'rL
1É

-i- irr.,: ;o$-Lx,o"Í"ïì ^-þ

Figure 12: Schematic representation of experimental procedure.

All the specimens for 77oK test were predeforrned to about 2%

plastic strain at 290oY, to avoid twinning.
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The chemicar anarysis of Nb and Nb-Zr a11oys used in
this investigation are given in table V.

TABLE V

Chernical Analys€s of Nb-Zr Alloys

\]i.1ors
Elements \ Nb Nb-O. BTat%Zr l{b-3at%Zr Nb-4. 7at%Zr

oz

Hz

C

N

Ta

Zr

in ir:g,/grlr

in ¡ig,Zgm

an 'vg,/ gn

:.n :u/gn

in vg/gn

in wt%

60

5

720

8

160

90

2

100

6

185

0. B7 3.0 4.7
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From these tests, it was possible to find the values of o

tr, V , AH, at various strains and temperature for the 0,

at% Zr al1oys. Lits analysir39 *", employed. to determine
**

values of o . o and m values.,u
The 0.02" thick specimens were strained tons% artdnJ.4%

at 77oK,215oK and 290oK and. then thirmed chenically to æ 0.005,,

thickness in a (70% HNO, + 30e" Hf) solution. The specimens for
transmission electron microscopy were prepared by electrolytic
polishing with no stirring in a fresh (BX% HZffiq + 1j% HÐ electrolyte

at room temperature. The specimen edges were lacquered and electropo-

lished at,.,ZIY and-,0.7 A/cn2. These foils r^¡ere examined in an

EM300 Philips electron microscope at 100 K.V.

*+

,o.., il ,
u

1,3and5

the
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RESULTS

2.0 Deformation Characteristics of Nb-Zr A11oys.

2.7 Nature of the Stress Strain Curves

The true stress vs plastic strain curyes for pure Nb and

Nb*Zr a11oys, deformed at temperatures T7oK, zlsoK, zg}oK and 490oK,

are shown in figs. 13-16. It is observed that a11oying, in general,

has raised the level of flow curves above that for niobir¡n.. However,

at 77oK the curves for the Nb-Zr al1oys are below that for pure Nb.

At 215oK, this behaviour of arroy softening is seen in only Nb-

0.87 ate" Zt upto-Z% plastic deforrnation and is not present in higher

alloys.

The effect of temperature on the stress-strain curyes of
Nb and Nb-Zr alloys is shown in fígs. L7-20. rt is seen that the

shape of the cun/es remàins essentially the same for all compositions

and temperatures, but the slope (work hardening rate) i_ncreases

with decrease in test temperature. At 77oK the initial rate of
work hardening is much higher than that at higher temperatures.

2.2 The Flow Stress

The occurrence of yield point in niobir¡n and its a11oys

depended upon the temperature of the test and the aLLoy content.

Therefore, in tJre present study the stress at 0.2% offset strain
was taken as the yield stress and stresses at higher strains were
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ca1led flow stresses at those plastic strains.

2.2.7 The Concentration Dependence of Yield:

The flow stress at room temperature is plotted as a

firnction of concentration for various plasiic.stfairs in'.Fig. ZI'" .4,: linear

relationship is observed between stress at any strain and the Zr

content. This behaviour is seen in the teïnperature range of 290ot<

to 490oK but at 215or and 77oK, solution hardening is preceded by

al1oy softening which is more pronounced at 77oK, fíg. 22. Alloy

softening has been observed extensiveLy at subatmospheric temperatures

in several b.c.c. metals (Fe, r^)20'27.

2.2.2 Concentration and Strain Dependence of o* and oU

The two components, thermal and athermal, of the flow

stress at room temperature are shown as a firnction of plastic strain

and concentration in fig. 23 and fig. 24 respectíve1y. It is readily

observed fron fig. 23 that the effective stTess decreases slightly

r,vith strain upto t5% and then rernains essentially constant.

Fig. 24 shows that the athermal stress oU, unlike the thermal

stress, increases with plastic strain.
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2.2.3 The Temperature Dependence of Flow Stress

The effect of temperature on flow stress at 2.5% plastic
*

strain is shown in fig. 25. Although o depended upon strain

upto,-,S%, fig. 23, the 2.5% strain was selected because the 77oK

specimens were predeformed to about 2% strain at 290oK and thus

2.5% was about the strain at which the flow stress was available

at aII the test temperatures. It is observed that the stress 1eve1

was raised with the addition of solute but this was not so below

the softening temperatures, TS. At 77oK, the flow stress decreased

with increasing Zr content upto 3 ateo Zr while f.or Zr contents

greater than this the flow stress increased again for increasing

solute content. It is seen that the flow stress temperature curve

contains fhree portions:

a) A steep (approximately linear) portion extending fron 77oK upto

,",200oK in which region the flow stress was markedly dependent upon

tenperature. This dependence decreases with increase in Zr content.

b) A trairsition region where the change in flow stress was much

slower than that in the linear region. This region extends frorn

^,200oK to 350oK in pure Nb whereas in the alloys the higher temperature

limit seems to i-ncrease with concentration. In any case, this portion

of the curve for 5 and 4.7 at% Zr alJoys is very gradual and a

correct detennination of the higher temperature lirnit is difficult.
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c) An approximately horizontaL portion where the change in stress

is equal to the change in shear modulus with temperature. However,

in the case of alloys the slope increases slow1y with Zr content

which reflects the fact that true athermal behaviour is not achieved

r:ntil temperatures consj-derably higher than 350oK are reached.

Therefore, while in pure Nb the thermal component o* hud become zero

at ^S50oK, in the alloys it was still finite and d.ecreasing with

increase in temperature.

2.2.4 The Strain and Temperature Dependence of o* *d o.,
u

The strain and temperature d.ependence of o* fot the a1loys

is shov¡n in figs. 26-29. Although in certain cases o* d".r"ur",

slightly upto,-5% strain, it is essentially independent of strain

at aI7 the temperatures. It is seen that in all the alloys, the
ú

1evel of o rises con'siderably with decrease in temperature.

In figs. 30-33 the athermal stress oU for the alloys is

shown as a function of plastic strain at various tempeïatures. It
is seen that for all the alloys, oU increases with strain at all
temperatures. Another noticeable feature of these curves is that

the separation between any two curves for a fixed composition is

sensitive to the amount of plastic strain and this separation

increases with strain. The curyes in figs. 30-33 also show that at

all strains, o. is temperature dependent and it increases as the,u
temperature decreases. It should also be noticed that the difference

in o. for all the strains at any two temperatures decreases with an
u

increase in the Zr content.
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2.3 Work Hardening

T\n¡o methods were enployed in this study to evaluate the

work hardening behaviour in Nb and Nb-Zr:
Å

(1) the slope I was determined as a fr-mction of strain, temperature
dEp

and concentration, and

(2) the effects of the above variables were studied on the pararneters

n and K in the tPower lawt ercpression of work hardening, o = Kefl.

The results can be Bresented in the following manner.

2.3.I Strain Dependence of Work Hardening

The rate of work hardening # of Nb and Nb-Zr at room
p

tenrperature are plotted against plastic strain in fig. 34. It was

found that # decreased to a value about four times smaller
Pz.sz

at LSeo e-. for all the conpositions, and hence the initial differencep

in rates narrowed with increasing strain. This behaviour was

maintained at other temperatures also. Since o* r", nearly independent

. do do-
of strain, ä was almost equal to # and therefore the other

plots were drawn using ou values instead of o. The other reason

for using o- was because of the a1loy softening which decreased o*
u

at sub-atmospheric temperatures and hence o decreased, but ou

r4ras supposed to be unaffected.
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Log o - log en relationship, figs. 35-38 showed that the

slope increased significantly beyond^'7-z% €p and remained constant

to about the necking strain. It should be noted here that the

initial r*ze"e* were associated with the inhonogeneous yieldingp

of the specimens (i.e. a yield point).

2.3.2 Temperature dependence of work hardening

do -.

Increase in temperature decreased. # , fig. 39.
p

do
temperature dependence of # seemed to d.ecrease slightly

p

The

with

increase in Zr content,

The effect of

value of n, figs. 35-38,

decrease in temperature.

fig. 40.

temperature v/as almost non-existent on the

however K increased systenatically with

The average value of n was 0.23.

the

¿,?

2.3.3 Concentration dependence of work hardening

At all the temperatures investigated, exceÞÊ at 77oK,
do

concentïation dependence of ==I seemed to be weak, figs. 39-declo p
At 77oK, # increases signiticantly with the initial addition

p

of Zr but later on, it remains independent of concentration, fig. 40.

No effects of solute content and temperature could be detected on

the value of n, however additions of Zr increased K, figs. 35-38.
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3.0 Activation Parameters of Deformation

The activation parameters of deformation were found by

using the conventional rnethods i.e. strain rate cycling, and

deterrnining the flow stress at several temperatures. The various

formulae employed for these calculations are given in Section 1.2.

3.1 Concentration, Strain and Temperature Dependence of V

The activation voh¡ne Vn for Nb and Nb-Zr alloys are

shown in figs. 43-46, as a function of strain and temperature.

It remains essentially constarrt with strain at arty temperature,

however it is an increasing function of strain with increase in

temperature for Nb and Nb-O.87 at% Zr beyond Zg0oK but was not so

in the case of Nb*S and 4.7 at% Zr alToys. In general, V* at any

strain decreased with either increase in the solute content or

decrease in temperature. lfhere a11oy softening r¡/as present, at

any strain it increased with initial a1loy additions and then

reversed the trend on further alloying. The concentration, where

this change occured was dependent upon the temperature, and it can

be seen in fig . 47 whe-re Ao for Aê at 5% plastic strain has been

plotted as a ftnction of temperature. Such plots are iniportant

in getting further insight into the deforrnation mechanisn by studying

the change in the overall shape of the curves for any metal and its
alloys. In niobitun, it has been shown?S 

"hu" 
the thermally acti-

vated process also had an activation energy of .the type

*H = A-B1n(o/on)
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ard hence the curye will pass through a rnaxirnum at a certain tem-

perature Tm in the Ao lrc oK p1ot. The values of Ttn were calculated
+

using o and Ao at different temperatures, and reasonable

agreement between the calculated TTn values was found in the case

of only Nb and Nb-0.87 ateo Zr. The predicted TTn for higher com-

positions were not observed, however, as drawn fig. 47 shows peaks.

In the absence of sti11 lower temperature data and also some

intermediate values, it was not possible to draw a complete curve.

3.2 Stress Dependence of V

*
The stress dependence ofV is shown in fig. 48, and, it

?t

can be seen that beyond a certain o , the activation volume was

smaller for the a11oys than that for Nb. This range of stress was

in the alloy softening region where Nb had the largest o*. In the
*

lower stress or higher tenperature region, V for the alloys was

larger for the Nb-Zr alloys than that for Nb. The general shape,
***

however, of the V - o curve was sjmilar in all the cases i.e. V

havi-ng smaller values at higher stresses and then increasing very
?k*7*

rapidly at lower o In a 1og(V /b-) - log(o ) p1ot, fig. 49,

inflexions in the curves for Nb-S and 4.7 ateo Zr, occvrred much

earlier than in the curves for Nb and Nb-0.87 ate" Zr.

3.3 The Activation Energy

The activation energy versus effective stress plot in fig.

50 shows that at higher stress levels i.e. lower tenrperatures,
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the activation energy aH for the alloys was snaller than that for
Nb, however below a certain stress level (i.e. beyond a certain

high temperature), which decreased with decrease in solute content,

aFI for the a11oys increased rapidly with decrease in on and became

larger than tfrat for the parent metal. on extrapolating the

curves, Mo for Nb, M-0.87 at% Zr, Nb-s at% zr and Nb-4.7 at% zr

was 0.63 evr 0.8 ev, 1.0 ev and 1.4 ev respectively. H values

fornd as a sum of thermal and mechanical energies aïe shown as a
&

firnction of o in fig. s1. In each case H is.r,0.2 ev larger than

the corresponding AHo in fig. S0:.

I{hile aH for Nb increased linearly with temperature

upto about 215oK, fig. s2, there were inflexions in the case of
a11oys, viz. at 165oK for Nb-0.87 at% zr anð" at 145oK for Nb-4.7

at% zr. The initial slopes of the curves in fig.5.z are not

similar and hence give different values of the pre-exponential

factor for different a1loys in the rate equation.
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4.0 Dislocation Q¡namics in Nb-Zr Solid Solutions

The stress relaxation and strain rate cycring techniques

were used to evaluate ,nn as a function of strain, concentration

and temperature. rn general, agreements between the values of m*

obtained via the two methods were satisfactory (the maxirnm difference

being a,3) and it put confidence in the values used in this study.

4.I Strain Dependence of m

&

m for Nb-4.7 at% Zr has been shown as a firnction of

plastic strain at various temperatures in fig. 55. It is seen
t

that m lvas essentiarry independent of strain at a]-r temperatures.

However, it seemed to decrease initia1-l-.y by a sma11 amount

and then attained a plateau. The initial region coincided with

the yield strain and thus the decrease could be due to the initial
inhomogeneous nature of the clefonnation. There was a similar

decrease at strains approaching necking in the specimen. These
¿

variations in m from a mean value hrere only about + 1.5 which

was about the expected experimental variation in r* and did not

seem to have any significance. similar behaviour was observed in

all the a11oys.

4.2 Concentration Dependence of m

The effect of solute content

can be seen in fig. 54. It shows that

*m at various temperatures

increased continuous 1y

on

m
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but non-linearly with solute at ambient and higher temperatures, but

behaved differently at subambient temperatures. This low temperature
,**
behaviour of m is similar to that of o-., viz. fig. 60 The rate

of increase in m* with Zr seemecl to be similar at 2g0\ and above

whereas below 2g0oK the value" of m* were artered by solution

softening.

4.3 Temperature Dependence of rn

û
m has been plotted against tempeïature in fig. 55 and it

roughly resenùled the o* v, oK plot in fig. 61, however the softening

temperatures T, were different than those in fig. 6l
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5"0 D]SCUSSION

5.1 Stress Strain Curves

The stress versus strain curves showed, in general, that
the addition of zirconium raised the whole curve above that for
niobium when tested at anbient and higher temperatures. However,

this normally e>pected behaviour of alloying was not observed at
subambient ' - temperatures. At 2150K the stress-strain curve for
Nb-0.87 at% Zr which was originarry below the Nb curye, rose above

it after about z.s"d prastic strain, fig. 14. At 77oK the curyes for
all the a11oys were below the Nb curve but the curve for Nb-4.T at%

z'r onry rose above it afterrv 12% plastic strain, fig. 13. This

clearly indicates the higher work harclening extent in the a11oys

conpared to the pure Nb. This was also reflected in the slight]y
increasing slope of the stress-strain curves for the alloys as the

solute content was increased, figs. 13-16.

A decrease in the test temperature had. a sonewhat similar
effect on the stress-strain curves. Figs. 17-20 show that as the

test temperature decreases, the 1eve1 of the whole curye rises. The

typical behaviour of pure Nb at higher straíns at 490oK will be

discussed later in the work hardening section. The rise in level of
the stress*strain curyes with an increase in the solute content or

more effectively, with a decrease in the test tempeïature is a general

characteristic of the b.c.c. metals and theír a11oys.

rn the present study the occurrence of an initial yield
point and its magnitude was for.rrd to be dependent on concentration
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{1loys Legend Tzox 2150K

TABLE VI

2900K 3500K 42soK 49ooi<

Nb (1)

(2)

(3)

(4)

(s)

no
yield
point

no
yield
point

no
yield
point

no
yield
point

23.zkg/rmnz t+.7 skghnlrz

22.85kg/rmn2

0.35kg/nrn2

15.0kg/nunz

3.Ikg/rnnz

14. 5

0.25

5.Skg/nrnz

L. kg/nnz

h-0. 87
at% Zr

no
yield
point

22.3kg/nnz

22.Tkg/rnnz

0.Zkg/rmnz

9.ìkg/rirlz
2.Skg/nnz

no
yield
point

no
yield
point

(1)

(2)

(3)

(4)

(s)

no
yield
point

no
yield
point

b-5.0
at% Zr

28.ilkg/rnnz

28.Skg/nyrL?
¿

very sna11

14.Skg/nnz

2.Ikg/rnnz

21.3kg/mnz

27.Akg/rmnz

0.3ke/TírîZ

8. 5kg/imn2

I.Skg/nrnz

78.3kg/nnz

18. Okg/rrnz

0.3kg/nmz

s.Okg/rrn2

I.4kg/nn?

73.9kg/rmn?

13. B5kg/run2

0. 05kg/mn2

3.Skg/nnZ

0.9iky/r'ffn?

(1)

(2)

(3)

(4)

(s)

no
yield
point

t-4"7
zt% Zr

(1)

(2)

(3)

(4)

(s)

no
yield
point

36 . 4kg/rnn? zs . 3kg/nrnz

36.zkg/rmnz zt. 85kg/mm2

o.zkg/nnz o. skg/rnnz

22.lkg/nm2 ts.lke/r 2

r.9ke/Tnn? L.6kg/nn2

25.Ikg/nnz

24.7kg/nnz

0.4kg/nmz

9.Ikg/nnz
7.6ke/Írrn?

19. 55kg/rnm2

19.25kg/nn2

0.3kg/nnz
5.ìkg/rwtz

7. ke/nnrz

:gend:
) The
r) The

') 
The

i) The;) rhe
B. - 1.

2.

upper yield stress , kg./offZ
lower yield stresg , kÉ./nnZ
yield drop, kg/rnrrr4
thermal stresð, o*
increase in stress ao on increasing the strain rate by ten times.
the strain associated with the inhomogeneous deformation was I-I.S%.the strain to the upper yield point wãs 0.1S%.
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and tenperature, table vI, and it was also found that no yield
point occurred on subsequent loading and relaxation tests. However,

at 490oK the deformation in pure niobium was not uniform and regular.
There were frequent load drops. on reloading the specimen after
unloading it, a very sma11 yield point was observed. every time.

The irregular deformation and the repeated yield points were not

foimd in the case of Nb-Zr a11oys. The interaction is much stronger
and the dislocations are more strongly pinned. in the case of
interstitial solutes than in the case of substitutional solutes.

The yield drop is larger the stronger the pinning. rn the case

of impure Nb the yield drop observed was 2.73 Kg/rnnz at room

temperature whereas in the zone refined pure Nb it was only 0.25
)

Kg/nm'. In general, to produce a yield point, it is necessary that
the mobile dislocation density increases sufficiently rapid.ly with
strain and the rate of work hardening is small. Fig. 56 is a

Ël*nq-;,"n i+'¡t -+.

å
t

I

ç{
,¿

f!

-J

Schematic
ship in Nb

representation of the load-elongation relation-
and Nb - Zr alloys.

Figure 56:
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schematic representation of the load-elongation relationship in Nb

and Nb-Zr a11oys. oA is the elastic region, AB i_s the plastic
strain prior to the yield drop, B is the upper yield point, BC is the

yield drop, cD is the yield elongatio'and DE is the rise in load

aga1n. It was found by transmission electron rnicroscopy that the

dislocation density in Nb and Nb-Zr a11oys increased nanifold after
't 1% plastic strain. The pre-yield microstrain region is probably

associated with the heterogeneous nucleation and multiplication of
mobile dislocations and the upper yield stress B seems to be the

stress at which the slip propagates from grain to grain in the

specimen. The total plastic strain associated with the inhomogeneous

defornation of the specimens was l*l.s% in all cases, AE ín fig. s6

and during this strain the rate of work hardening was almost negligible,
figs. 5s.

The yield drop in pure Nb and Nb-Zr alloys was, in general,

very sma11. All specimens were predeformed at room temperature for
the 77oK test to avoid twinning. However, an inrpure Nb specimen

was tested' at TzoK in an annealed condition and no yield drop

was observed. christian and Masterr25 *d. Harrisg have also reported.

that no yield drops weïe seen in Nb and Nb alloys at TT}K which could

be due to a very high rate of work hardening in these materials
at this tenperature.
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5.2 Solid Solution Hardening

As mentioned earlier, the main purpose of this investigation
was to find out the effects of solute and strain on the thermal

and athermal components of the flow stress at different ternperatures

and not a study of solid solution hardening, peï se, in niobiim.

In order to find out the mechanism of hardening operative in arry

system, it would be necessary to study a variety of solutes before

any general conclusions can be drawn. In several such studies mad.e

earlier on binary niobirmr alloys, it was the general conclusion

that the size mismatch and not the modulus mismatch was a dominant

factor in solution hardening and. the yieLd,/flow stress was linearly
proportional to composition. rn the present study although only
four compositions were employed, a linear relationship between stress
and zirconiun concentration was also found - see fig. zr. However,

it is evident fron tablsvrr, that this is by no means the situation
in all the binary niobium solid solutions investigated to date. This

could be due to one or moïe of the several factors discussed below.

1. The anount of interstials present in these a11oys and their
overall purity varied widely from one study to another and

because of the fact that interstitials are very effective
hardeners (the athermal stress is more profound.ly affected

than the thermal stress in b.c.c. transition metals),it is
possible that the real hardening effect of the substitutional
atoms was masked, giving erroneous results. It is thus

probable that due to very high interstitial content in the

alloys, Begeley Ê Bechtold8 could not observe any concentration

dependence of hardening.
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TABLE VII

Alloylng

Element
Crysta1

Total
intersti.
ppm

Concentration depende
nce of hardening

Reference
Mechanísm ç

Yearo
,.p

Cr1.

2. Hf
3. Mo

Mo

Mo

Mo

4. Pd

5. Ta

Ta

Ta

6. Ti
7" V

V

V

W

W

9. Zr

Zr

Zr

Poly

tt

It

single

It

It

tt

Poly

single

tt

Poly
1t

tt

single

poly
tt

single

tt

tt

poly

60

100

100

250

1500 at
ppm

80

,:,0

250

1500 at
ppm

720

250

1500 at
ppm

ó0

20

720

2s0

500

C

None
tt

C

None

C

None
tt

C

None

C

C

C2/3orC

C

C

C

*:""

C

C

None

C

C

C

None

C

C

None

size nis-
match

None

None
lt

720

lt

tt

80

tt

tt

tt

lt

C

None

tt

il

C

Begley eta18
(1e61)

tt

Peters & Hendri'
sonl8 (1970)

JaxIZ (1971)

Kamls (1971) ,

Jaxr7 (1971)

ttarris9 (ts66)

Kostorzlo (1968)

Peters & Hendrir
son18 (1970)

Begley8 (1961)

Harris9 (1966)

Kostorzlo (1968)

BegleyS (1961)

Harrisg (1966) 
"Kosrorzlo(1sos¡ .

Ju*72 (1971)

Koss16 (1971)

Begley & Bech-
told rj (1961)

Harrisg (1966) '

Palmer 6 Flewitl
(ls70)

C

1,\l

L4/

W

8.
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? rn order to observe the predicted hardening value based on any

solution hardening mode1, it is necessary to use the correct
size nismatch and modulus misnatch values, and also their
temperature dependence should be taken into account.

rn a study of single crystals it is essential to maintain the

orientation constant and this does not seem to be the case in
a,ry of the previous investigations on Nb al1oys where single
crystals of random orientations have been used. It has been

shown by Bowen et ar29 and Foxall et a141 in niobiun that the

orientation had a profound effect on the activation of slip planes

and the schnid's 1aw was no longer applicable as is also the

case in other b.c.c. metals. It would therefore seem that
spurious results will be obtained if the orientation dependence

is neglected.

Fina11y, it should be noted that the current solution hard.ening

theories do not take into account the variation of stress with
temperature in the ternperature dependent region and the stress

could be influenced by core interactions of shorter range that
can be calculated by using the theory of elasticity. Hence

it can not be assuned that the effects due to size nisfit or

modulus mismatch or short ïange ord.ering etc. remain constant over

an entire range of temperature. It woulcl, therefore, seem more

appropriate that the comparison between experimental observations

and theoretical predictions are made in the temperature ind,ependent

region of stress i.e. the athermal component of stress rather than

3.

4.
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with the fîow stress itserf. while Kostorzl0, palmer and Flewi ttr4,
J*rZ, Korrló and Kan13 considered the athernal stTess, Harrisg

and Peters Ç Hendri.ro.rl8 compared the total stress in niobium alloys.
In view of the observations made above it is not surprising

that different studies find different correlations between the solute
content and solution hardening in niobiun, and also that there is
no agïeement arnongst various authors21,40 with regard to the relative
importance of the size and modulus rnismatches in b.c.c. metals.

In the present investigation, however, a linear correlation was

observed between the total stress and solute Zr atorns in niobium

at arry 1evel of strain, fig. zr. The stress values for intermediate

Zr concentrations have been determined by Harris9 at conrparable

strain rate and interstitial impurity 1eve1 and they are in agreement

with the present results - see (0.2% er) fig. zr. palmer and F1ewittl4
found the yield stress of Nb-25 wteo zr solid solution (i0 u grain

size) containing 50 pprn interstitial irnpurities and tested at
3.7 x 10-3 é to be TS kg/rwn? at room temperature which is in
reasonable agreement with the extrapolated value of 7r kg/mnz in
the present investigation. The Mott-Nabarro theory predicts an

increase of 3. 47 kg/rmnz in stress per at% of zr in Nb which is of the

same order of magnitude but larger than the obserued increase of 2.2
2

kg/mm' in the present study. At higher 1evel of strains the scatter
in the data points was a litt1e more which could be due to the

different work hardening effects in the d.ifferent alloys.
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ifhi1e this linear relationship was maintained at anbient

and higher temperatuïes, it was not the case at lower temperatures,

fig. 22. At 215oK strengthening in niobir¡n was realized only beyond

0.87 at% Zr whereas at 77oK, no strengthening occurred; on the other
hand softening of the parent netal (Nb) took place. This behaviour

of a11oy softening will be discussed in detail 1ater.

In order to get an insight into the strengthening and

softening behaviour and to obtain a correlation with concentration,

strain and temperature, we will now consider separatery the thermal

and the athermal components of stress in niobirmr and its a11oys.

The values of aou deduced from earlier studies on various niobiun

base a11oys have been plotted against the solute concentration in
fig. 57 " Increa-ses in stress ao in Nb*Mo and Nb-w al1oys have

been arso shown in fi-g. '58.. rt is now apparent that the data of
Peters and Hendri.rorlS on Nb-Mo single crysta1s, ffid Koss,s data16

on Nb*W single crystals beyond I at% lV, followed the linear dependence

upon concentration for both o and o,,. According to the linear
equation

o = o**o
u

ít would., then, nean that on *", also linearly depend.ent upon solute

content in these alloys. However Harri-sr results9 on Nb-Zr showed. that
only o obeyed the linear dependence. ou increased rapidly upto

0.5 at% zr and then the rate of increase was slower and linear
sjmilar to Koss's observations on Nb*w a11oys. Accord.ing to the Mott-

1È
Nabarro theory" the solution strengthening rate for various solutes

in Nb are as shown in table VJII. It is seen that the observed. solution
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TABLE VIII

Solute 1daç--aadc z.scr 4/3
a

erv
Ao per unit
solute

Remarks

Ta

Mo

W

4.7

6.1

-')x10"
-)x10'

0

8.2 kg/nn

13.8 kglmrn

0

-
I.72xI0 '

-)2.44xI0 "

0

I6)kg/nnz

zzTkglTrrnz

347kg/nvnz

2i-7ke/Írn?

17skg/rmnz
(for single
crystals)

220kg/nrnz

G for Nb
3.73xL03
kg/mn?

)

2

Zr 8.44 x To-2 26.6 kg/nn?
-

3.72xI0 '

strengthening rates are either too 1ow or too high, depending upon the

formula used- However, the linear concentration dependence of strengthening

is obeyed in the cases of all the solutes. Another noticeable feature

is the presence of a considerable amount of solution hardening in the

Nb*Ta a11oys inspite of the fact that the size misfi_t is zero in
this system. This is indicative of some ì:nportant factor in solution

hardening other than the size mismatch.

In the present investigati.on Ao,, .o-^ and Ao. atL. r-otjp p2.5%eo

room temperature showed c and ,/c dependences respectively. oou

at 0.2% e^ for 25 wt% zr at 290oK is also shown in fig. 59 but thisp

value is too sma1l by r 5 kg/r^n2 than the extrapolated va1ue. If
ù
Jrùo = o + o. relationship is true, then it would mean that o hadu

a complex dependence on concentration. Moreover, this kind of
correlation for o* i, not very rneaningful since this relationship

would be varying due to changes in o* and o,, with change in temperature,
u
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fig. 60.. The complication is further aggravated by the occurrence

of solution softening. Kosto"z10 studied the solid solution hardening

in niobiun a77oy single crystals at 570oK and foünd a linear relationship
in a serni-log p1ot, the slope # and the misfit parameter e from

the Fleischer's theory11 of solution hard.ening. According to this
theory the increase in strength due to the solution hard.ening of
rnetals is given by

A.r = g e3/2cr/z
760

- G r'- t, 
^I/2= reO lqea-tCl C

whereG = shearmodulus

.u = sizemismatch = *.#
a = lattice parameter of the solvent

c = atomic concentration of solute
t.^ = eG/(r+le^l/21

1dG
"G - G'æ
cx = 3 for screws and +16 for edges

In the case of Nb-Zr solid solutions eu is g.44 x L0-2,,i i, r.43

ancl G for Nb is s. T3 x r03 kg/r*Z. The different values of cx, in
the above equation yield different e values as seen below.

I{hen s=3, e = 13x0.0g4 -I.431 ,3/2=r.3

u=16, e = Itoxo.og4 -r.431 ,t/, =o.o5g

oï cr = *ló, e = l-to x 0.0g4 - r.4sl ,t/, = 4.46.
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And

Ar - Ge3/2c7/2 - 3.73xro3x1.sx1_--a60---=ffi

= 0.637 kg/r2 when cr=jarñ,c=I%

^ 3/2 r/2
^__bec =760

3.73x103x0.058x1
760 x 10

- 0.028 kg/mm2 when a = 16 artd. c = I%

or A.r = ,rtll|t,' = s.7s r_10: r_a.a6 x 1

- 2.19 kg/nrnz when q = -16 and. c = I"ø.

KostorzlO fo'nd that the results were in close agreement with the

theory when o = e16 and 680 instead of 760 were used in the formula.
2In the present case the increase in athermal stress aou was 3.0 kg/nrn¿

per at% z-r, fig" 59,, which i-s slightly higher than the predicted

value of 2.r9 kg/rmnz. rf we use * = -16 and 680, the predicted value

will be 2.45 kg/mnz which is still lower than the obseryed result.
In conclusion it may be said that rnost likely the linear concentration

dependence of ao, /õ depend.ence of Àou and a complex concentration

depend.ence of Ao* are true in Nb-Zr solid solutions.

The G d.epend.ence of aou was almost independent of strain
and temperature but the linear concentration dependence of Ao is not

observed due to solution softening at subambient temperatures. c

dependence of Ao is independent of strain.
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5.3 A11oy Softening

It was fo,nd that the hardening behaviour of solute

Zr atoms changed completely at subambient '-: temperatures and

instead of hardening, softening was observed in the a1loys.

It was most predoninant at the lowest temperature studied

i.e. 77oK, Figute 22. A comparison of the thermal and athermal

components of flow stress in Nb - zr arLoys showed that it
was the thernal component that decreased on initial alloying

and thus, the stress 1evel in the alloys at lower temperatuïes

was below that of the parent meta1. unlike in the fcc lattice,
the phenomenar4 of al1oy softening has been observed in several
L_- _ L8-2I 42 -bcc metals.-- -^ Recently, Leslie'" has cited 2r arroy systems

of iron which exhibit softening and suggested the following:

1. A11oy softening could occur regardless of whether:

a. the solute atoms are substitutional or intersti.ti- al,
b. the elastic constants are increased, decreased or unchanged

with solute addition,

c. the solute reacts strôngf.i with interstitial solutes (c, N ç o).

2. softening was not the result of scavenging pïocesses in solid

solutions.

3. The earlier suggestion43'44 th*t substitutional atoms larger

than those of the solvent would produce 1ittle softening,

was found to be incorrect.

4" Only those elenents which were effective strengthners
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6.

produced a11oy softening.

5. There is a tcriticalr concentration of substitutional

solutes required to produce the maximum softening and this

concentration is inversely proportionar to the effectiveness

of the solute as a strengthening agent. Beyond this con-

centration softening is replaced by strengthening through_

out the entire temperature Tange.

Solid solution softening occurred because of the promotion

of double kink nucleation on screw dislocations as a result

of the presence of solute atoms having appreciable size

nisfits.

In the tenperature and strain rate ranges in which softening

occurred, solutes reduced the thermal component of stress

to less than that of the parent rnetal.

In the wake of foregoing conclusions h/e can now

discuss the solution softening in Nb - Zr in terms of the present

results and those of Harris,9 also on Nb alloys.

(1) At 77oK tine thernal stress o* (and therefore o) decreased

with the initial additions of up to 3.0 at%Zr, and then it

took an upward trend but the stress level at 4.7 ateoZr sti1l

remained lower than that of the pure Nb, Figure 22.

(2) From the curve for 77oK in Figure 22 it is seen that the

maximum softening i.e. a 12.5 kg/nntz decrease in o occurs

at about 2.4 ateoZr.

(3) Despite the fact that the Zr atom is much larger than the

7.
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4.

5.

-{:j}E¡.?î-F-tul.

softening (r2.5 rg/rr 2) is produced, and this is in variance

with the earlier suggestion43,44 that only those solute

atoms that are srnaller than the solvent atoms, will produce

softening.

with an increase in the concentïation of zr, the temperature

dependence of o* decreased and the range of temperature in

which softening was present, narrowed markedly.

The flow stress-concentration curves of Harris9 at LTSoX

had minima at 0.9 at%V, I.0 at% Zr and 0.5 at% W but no

ninimau¡er:e observed in the Nb - Ta alloys. At Toom temperature

and thes'e particular concentrations, while zr and w increased

the elastic constants of the a.1loys, V and Ta decreased.

them, thus showing that the softening was independent of

changes in the elastic constants.

0f Ta, V, I{ and Zr solutes, the Ta atom is similar in size,

V and W are smaller and the Zr atom is larger than the Nb

atom. Softening was absent in the Nb - Ta alloys which in-

dicated the ímportance of size misfit and thus of the

effectiveness of the solute as a strengthening agent, in

observing softening in the Nb alloys. Ta was the least

effective hardener in niobium.

Solution softening by interstitial solute has been shown by
A7

Ravi and Gibala-' in niohium-oxygen a11oys. They also

found a critical concentration of oxygen atoms beyond which

6.

7.
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the softening was replaced by hardening.

The general explanations given for solution

softening in bcc rnetals alre:-

(I) The promotion of cross stip50,51 und increase in the

mobile dislocation density4S'49 due to the presence of

solute atoms. Harris9 studied the surface slip char-

acteristics of Nb - V a11oys at ambient and 1ow temp-

eratures where solution softening was observed and found

that additions of v considerably reduced the incidence of long

wavy slip lines which are caused by cross slipping and are

so characteristic of pure bcc metals. Thus, the case of

cross slip does not seem to be irnportant in deternining

the solution softening in Nb.

In the present investigation AH vlas a linear function

of temperature for Nb and Nb - Zr alloys in the temperature

range where solution softening was observed but the slope

of the curves dêcibased slightly with increase in the

content of Z'r, Figure 52. Fron the rate equation
.1 
0 L;s = eo exp (-AH/KT)

we can see that rn¡ ðr^7,å; = AH/KT

i.e. the pre-exponential factorå',^ which contains the mobile
o

dislocation density factor, decreases when the slope of

the curve in AH-temperature plot iiecreases. This shows

that the mobile dislocation density in the Nb - Zr al1oys

did not increase in the solution softening region and
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thus the íncrease in mobile dislocation density also was

not important in determining the solution softening in Nb.

(II) The scavenging of residual interstials by the solute has

been proposed by Ravi and Glbara47 as the reason for sorution

softening. However, there are two problens with the

scavenging nechanism narnely (a) the softening was not

present at higher temperatures and the temperatuïe range

in which it was present narrowed with increase in the Zr

content, Figure 6lrwhich one may expect to rernain nearly

constant for all the conpositions. Thus it is necessary to

postulate a temperature-dependence of the relevant interaction

in the scavenging mechanism to elçlain the observance of

solution softening in only a smal1 1ow-tempeïature range,

and (b) it is not clear why the association of interstial

and/or solute atoms will cause softening; clustering is

generally assumed to strengthen a solid solutíon because

the reduction in the number of obstacles ís more than

offset by the increased strength of each obstacle. The

base material had tu 1500 at. p.p.m. interstitial im-

purities and it is not known why 47000 Zr atoms/106 will

be required to scavenge them. It is, thus, apparent that

scavenging was not the complete explanation for the softening

of the Nb - Zr solid solutions but it is possible that

it night have had some effect.

(III) Alternatively, a reduction in the lattice frictional stress
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on adding solute atoms has been suggested to explain sub-

stitutional softening" It was originally suggested by

Weertman53 that facilitation of kink nucleation on screw

dislocation by the strain field of the solute atom caused

softening. The reduction in the thernal conponent of the

flowstress and the magnitude of the activation parameters

for deformation observed experimentally indicates that

a reduction in the lattice frictional stress was responsible

for the observed softening in Nb - Zr alloys. The variation

in the activation parameters during softening will be

discussed in detail in the next section on defornation

mechanism.
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5.4 Deformation of Nb and Nb - Zr Alloys

The early ,t,r¿i"r2ãh29th" deformation behaviour of Nb have

indicated that the rate controlling mechanism was the overccming

of the Peierls-Nabarro hi1ls by the thermally activated nucleation

of kinks. The present results have been considered in terms of
this mechanisrn and the activation parameters evaluated as a function

of solute concentration in the Nb - Zr alloys. we will first
discuss the deformation of pure Nb and then consider the Nb - Zr

a11oys.

Deformation of Nb

The o* - tenperature plot for Nb in Figure 61 shor,vs

that the curve is almost horizontal beyond tu350oK and for this reason

the critíca1 temperature T. was found by taking the intersection

pointof the.transient' Çhorizontal portions of the curve. (However,

it is realized that lthis procedure is followed in o - temperaturce

plot and not o* - temperature. The critical temperature 3J0oK

should not be in too much error as the magnitude of o* is only
)rul kg/mm' at this temperature). on extrapolating the curve to OoK

we find that o* is 87 kg/* 2. Knowing the critical temperature T.

and o* i.e. o* at 0oK, we can conpare the results of this investigation

with the predictions of the Dorn-najnats4 theory. Figure 62 shows

that good agreement exists between the results and theory when

o = -1. Christian and Mastetr25 hu-rr" also shown that the Dorn-
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Rajnak theory is obeyed in pure Nb and the overcoming of the peierls

hills by the double kink nucleation is the deformation ïate

contro 1 ling mechanism.

An important observation of this study was the occurrence

of al1oy softening in a limited Tange of tenperature and then the

takeover of softening by hardening above this range. The tenperature

range of a1loy softening narrowed with increase in the zr content

and it seemed that the softening effect may be removed completely

in higher Zr content alloys, Figure 61. palmer and Flewittl4 have

shown that in Nb - 25 at%zr softening was absent in the entire

Tange of temperature. The solution softening in Nb - zr arroys

decreased the temperature dependence of o*. However, in Nb - 25

at%zrL{ the tempeïature sensitivity was increased considerably,

Figure 61. This shows that it is the thermal stress o* that is
decreased and is srnaller in the alloys than the solvent metal in

the softening range of temperature.

Nb - 0.87 at%Zr -

In Figure 61 the Nb - 0 "87 at%Zr curve is above the Nb

curve only beyond n,290oK and the extrapolated value o* of o* at OoK

is 58 kg/^ ". If we take 290oK as the critical tempeïature T. and
)

oå = ss kg/mm', good agreement is found between the results and the

Dorn-Rajnak theory upto T/T. ! 0.7 in Figure 62 but beyond this,
considerable deviation occurs. This indicates that in the 1ow

temperature region where alloy softening j-s more pronounced, the

double kink nucleation is the rate controlling mechanism as in
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pure Nb.

The a1loy softening in Nb - 0.gT at%zr was accompanied by

smaller values of the activation païameters v*, aH and H. Holever,

these parameters had larger values than those of pure Nb beyond the

Tange of solution softening, Figures 48, 50 and 51. The decrease

in total energy H indicates a barrier softening (i.e. decrease in

the Peierls stress) in this arroy in the 1ow tenperature region.

It was first suggested by weertmrr,SS ahu, the solute atoms can

decrease the Peierls stress (thermal stress) of the solvent netal

and facilitate the nucleation of a kink provided the attractive

force between the dislocation and the solute atom is not too

strong. The Peierls Stress o* is given by
o

o* = cUexp (2ru)

where c = constant

U = shear modulus

and ût = width of the dislocation

since it has been shown by Harris2S that Zr increases the shear

modulus of Nb by a smal1 amount, o* can be decreased only when r¡

is increased. Being an exponential term, this could lead to a

large decrease in the Peierls stress " rn a regular lattice the

presence of a solute atom causes a 1ocal distortion; such a

distortion near a dislocation r,vi11 produce a more diffused core

i.e" the dislocation width will increase, the peierls stress lvill

decrease and thus in the viciníty of solute atoms a kink will

nucleate more easily with the help of thernal activation.
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Nb - 3 ateoZt and Nb - 4.7 at%Zr -

Figure 61 shorus that the thermal stress o* at 77oK d,ecreases

upto 3 ateozr and then the trend Teverses. A similar trend in o vs

at%zr is seen in Figure 22 where a minima in stress at 77oK occurs

at rv2"4 ateoZr. It is, thus, seen that beyond a certain concentration

at any temperature, hardening starts taking over frorn softening.

This behaviour has also been seen in Nb - Mo18, Nb - 017 and V - Ti52

and it may be explained as fotlows.

The plastic defonnation takes place by the nucleation and

propagation of the kinks through the lattice and the addition of

the solute atoms may have two opposing effects: a) the decrease

in the Peierls Stress as discussed earlier and b) the usual

solid solution hardening" These two effects are not necessarily

equal and nay have different concentration and temperatuïe

dependences. Assuining the effects are linearly additive, the thermal

stress o*,. of 3 ateo and 4"7 ateoZr a11oys can be written as:aI loy

where ofrO =

6* = ^-* + oI_^ (softening) + ol fhardening)'a1loy "Nb -Zr -Zr

thermal stress of Nb

o|r(softening) = decrease in the Peierls Stress þarrier
softening) on the addition of Zr (this is a negative contribution) "

and ofr(hardening) = increase in ofrO through solid solution

hardéning on the addition of Zr (this is a positive contribution).

The presence of solute atoms will decrease the Peierls Stress and

thus assist in the nucleation of double kinks but the propagation
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of kinks may becorne more difficult because of solution hardening.

It seems that the initial Zr additíons decrease the Peierls Stress

and make the kink nucleation easier while at the same tirne making

kink propagation harder. However, kink nucleation is still nuch

more difficult than the kink propagation and therefore it is the

Tate controlling process. With the later addition of Zr, the

tstress-decreasi-ngt effect starts mininising due to the tstress-

increasingt effect becoming significant. As nentioned earlier, this

may happen if the two effects have different concentration dependence.

The present results showed that ry2"4 at%zr is the concentration

beyond which the rstress-increasing' effect becomes noticeable
. __o--at // K.

In 3 ato and 4.7 at%Zr alloy the decrease in o* in the

alloy softening region is accompanied by an increase in V* and

H unlike in 0.87 ate,Zr alloy, however the activation energy AH

decreased, Figures 48, 50 and 51. The increase in H indicates an

increase in barrier strength" It was checked if the sudden rise

in AH, Figure 50 was due to dynamic strain-aging (d.s.a.). The

d.s.a. was observed in only 4.7 at%Zr at 350oK. The temperature

where the sudden rise in AH occurred was r,150oK which is rnuch lower

than the d.s.a. temperature. Figure 51 shows an upward inflexion

in the H - o* plot suggesting a modification in the rate controlling

mechanism for 3 at% and 4.7 at%Zt below a certain o*. The inflexions

coincide closely with o* where the 3 and 4"7 at%Zr curves go above

the Nb curve in Figure 61 (i.e. al1oy softening is replaced by alloy
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hardening). Thus the lower H value is for the 1ow temperature

(softening) region and the higher H value is for the high temperature

(hardening) region. Under ideal condition i.e. when the pre-

exponential factor öo in the rate equation remains constant with

temperature the o* - v"* plot is also a force-distance cuïve. èo

which is the slope of the curve in aH - oK plot, changed in the

pïesent case, Figure S2ryet, the o* - Vn/bs ptot in Figure 4g

gives some idea about the force-distance curve for various

compositions. rt is seen that the areas under the s and 4.T at%zr

curves have become more than that under the Nb cuïve and the slope

of the curves has also decreased in the case of these a11oys.

The foregoing results on the deformation of Nb and Nb - Zr

alloys may be represented schematíca1ly as shown in Figure 63

Nb
ñb- o.g7 &%ztt

Nb-ã.o cL'Lz+¡"

6-)É

-Nb 
- \.7 &."/,7¡

A1loy Softening Region

Schenatic stress-activation area plot for Nb and
Nb - Zr alloys.

Figure 63:
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Although the addition of zr decreases the activation

energy aH, it modifies the stïess-activation area plot in such a

way that the total area under the curve i.e. the total energy H

is smaller for 0.87 at% and increasingly larger for J ateo and.

4"7 at%zr in the a11oy softening region, Figure 51. rf we consid.er

the deformation of 3 at% and 4.7 at%zr alloy in terrns of kink

nucleation and kink propagation, the decrease in o* on alloying

suggests that the kink nucleation is stil1 the rate controlling
mechanism in these aIloys, however the bârrier strength has in-
creased considerably as a result of a new force-distance cuïve

modified by the solutes in some cornplex manner.

rn the higher temperature (al1oy hardening) region of
3 at% and 4.7 at%zr arroy, Figure 6lrthere is an increase in H,

Figure 51, suggesting a nodification in the rate controlling

mechanism. rt would seeTn reasonable to think that at these temper-

atures the kink nucleation has become much easier and is no longer

the rate controlling process. 0n the other hand kink propagation

or the overcoming of solute atoms is important, which is controlled

by the solute size-misfit and dislocation-solute atorn interactíon,

each solute atom acting as a theïmaIly activatable barrier. rh. .r/2
dependence of o- and c dependence of o show that the Zr atoms are'u
randomly distributed. The fact that o* and AH are being affected

t'vith the addition of zr shows that the deformation by either over-

coming the solute barrier or kink propagation is a thermally

assisted process in this ternperature range.
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If the solute atom acts as a strong pinning point for
the dislocations, the situation will be equivalent to the one

considered by ono u'd so*"r55. However, according to their
calculations the interparticle distance in the J at% anð.4.7 at%zr

a1loy will be too srnal1 for the thermally activated nucleation of
kinks to be possible. rn such a situation it would seem that the

solute barriers will be overcome by the screw dislocations with the

help of thermal activation.
-, Solut¿ oit-tt

Ê
Alternativery, the solutes may be weak pinning points

and the kink nucleation wirl not be on a finite dislocation length.

rn this case it will be the dislocation kinks which will be in
edge orientation, overcoming the strain field of the solute with

the help of thernal activation. rt is not clear which of the

above two mechanisms is operative in the hardening region.

KivrK Solt-rte
o

Sc¡cr¡ â.islocøLíqn
b
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5.5 Dislocation Dynamics

fn agreement with earlier investigations on the dislocation
1-3 

- 37dynamics of Nblu'u' the present study showed that rn* for Nb and

Nb - Zr decreased initially with plastic strain upto *s% and then was

essentially independent of strain at ar1 temperatures investigated _

see Figure 5i. Gupta and, Li37 observed that m* for cornmercial

purity Nb and one zone pass Nb dropped from an initial value of
14 to 7 after "v7eo prastic strain at room teïnpeïature. However, n*
was independent of strain and had a value of 7 in 3 zone pass Nb.

They thought that it was due to the plastic deformation which has

some kind of strain-induced purifying effect in the impure niobium

matrix' However, the fact that such initía1 decreases were observed

in highly pufified Nb and Nb - Mo crystals by t<ar,13 and three zone

passed Nb and Nb - Zr polycrystals in this investígation, does

not seem to support the sweeping mechanism. Most probably, it was

due to rapid nultíplication of dislocations and hence a non-steady

state process of defornation during yielding and initial macroscopic

f1ow. since yielding and ínitial plastic flow behaviour depend

greatly on the purity and orientation of the niobiun crystals, these

two factors must be considered while comparing the resurts of the

different or even the same investigations.

Guberman35 .rsed etch pit and relaxation techniques to
determine m* - Âln è -

Ãf" , for niobium crystals and found it to be

increasing with plastic strain. The strain dependence of m* was due
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to the fact that 'r instead of T* was used. in the calcuration and
whereas aln'r* = rn( ++Æ ) remains constant in Nb, alnr =
ln(1r]3) - 1n¡rU+'r*+41 .. .r ) - 

TU + T* 
_: ) decreases because A.r remains

constant. A change in aln. in the denoninator of the expression
for m* will lead to a variable m*.

V* in Nb and Nb _ Zr
V*o-*

/1ì
KT (1./

that rn* be independent of strain because V* and.o* are essentially
independent of strain at a constant temperature and strain rate.
This in turn showed that the rate controlling obstacle did not
change during plastic deformation and the mobile disl0cation density
remained essentially independent of strain and the imposed strain
rate.

An increase or decrease of m* on addition of solute Zr
depended upon whether solution hardening or softening was taking place
at any particular tempeïature, Figure 54. At roorn tempeïature sorution
hardening was observed for all the compositions and m* increased
continuously. The calculated value of m* for Nb - 25 at%z' was found
to be 52 at 77oK, compared to J5.5 for pure Nb. Kanl3 showed that
m* for Nb - Mo crystals increased rapidly in the beginning rvith Mo

content but later on the rate was sl0wer. m* for Nb _ 5 "3 at%r,o

crystals was 'v20 as cornpaïed to.r,5 for Nb at room tempe'atuïe.
However, no systematic variation was found in Nb _ zr at ternperatures
where solution softening was pïesent.

The strain independence of o* and

would also dictate via the relation m* =

The m*-temperature curve, Figure 55 is essentially in concert
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r'/ith o*-telnpeÏature p1ot, Figure 61, indicatin g that the dislocation
dynamics approach and the thermally activated rate approach are es_
sentially equivalent. m* evaluated at 5% strain for Nb and Nb _ Zr
increased rapidly below J00oK and was affected by solution softening
in a11oys at subambient temperatures.

rf the thermally activated deformation approach is
equivalent to the disl0cation dynamics approach in a system, then
the relationship (1) should be valid assuming that the entropy effect
is not significant. rn the present study m* was determined by both
the stress relaxation and the strain rate change techniques and close
agreement was found between the th/o values. Further, from equation (1)
we see that m*T should be independent of temperatuïe. Holveveï, at
higher tenperatures entropy effects may become inportant and it was
shown uy tiSB via the use of the third law of thermodynamics that
since AS + O as T + OoK, for a single activated process,m*T
approaches a limiting value. Thus, ín the limit r -> ooK, mor can
be evaluated with the nininum entropy effect. The m*T - T curves
for Nb and its alloys in Figure 64 show that rn*T is essent iarry
constant for Nb upto'r,250oK, followed by a sudden drop and then it
remains constant again. rn the a110ys however, il*T is influenced
by solution softening and its value is brought down at l0wer
ternperatures. Beyond the hurnp, the curves for alloys are at higher
levels and have a simirar shape as that for Nb. Had there been no
solution softening, it seems that the curves probably would have
followed the dashed lines in Figure 64. The (m*T) in the lower
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temperature region can also be found by taking the limiting slope

in the fi. - r pIot, Figure 65. rf we draw tangents from OoK to the

three a11oy curves then the tangential points are at 2g0oK, 215oK

and 250oK for 0.87 at%Zr, 3 at%Zr and 4.7 ateoZr aI1oys respectively.

(In 0.87 ateoZ-r alloy tu290oK was the temperature where solution

softening was replaced by solution hardening in this a11oy) " The

calculated (n*T). from Figure 65 are 2650,4300 and 5550 for 0"87,

3 and 4.7 ateoZr alloys and are in reasonable agreement with the

extrapolated values (i.e. the peak values in this case) 2900,

4400 and 6000 fron Figure 64.

Thus, we see that the presence of a hump in the m*T - T

curves in Figure 64 is due to the occurrence of solution softening

(decrease in o*) in the alloys. The consistency of the dislocation

dynanics approach with the therrnally activated deformation in Nb

and Nb - Zr aLLoys can be shown further if we consider the n* - !
T

p1ot, Figure 66 and V* - o* data, Figure 49 in conjunction with the

o* - T plot, Figure 61. As índicated above, the relationship
. V*o*m* = ä is valid if the two approaches to deformation are

equivalent. Therefore the linear relationship between t. - å should
I

fit with the V* - o* data. In other words the inflectíon in the
1r* - 
Ta 

plot should correspond with the inflection in the V* - o* p1ot.

1

Fron the ** - i p1ot, Figure 66 we see that the temperature of in-

flections are 290oK, l85oK and 215oK for 0.87, 3.0 and 4.7 at%zr

al1oys. The coïresponding O* at the temperatures of inflection are

)2)
5.5 kg/mm', t15 kg/nn' and 2L"5 kg/run" from Figure 61. It is seen

that the inflections in V* - o* p1ot, Figure 49 are at 5. 0 kg/nm2,
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))
16 kg/mm' and 22 kg,/nt*' for 0.87, 3.0 and 4"7 at%Zr respectively

which are in close agreement with the o* values fron Figure 61.

Thus we find that the two approaches to deformation are essentially

equivalent in Nb and Nb - Zr alloys and within the experimental

linits the Peierls mechanism and the "Power lawrr seem to agree in

the present case.
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5.6 Work Hardening

In iron, the change to smaller slope (n) in

1og o - log e plot was attributed by Morrisor,tt ,o the formation

of a well-defíned ceIlular structure due to cross slip and

recovery beyond a particular strain. The tensile-test data and

transmission electron microscopy were employed to check this

suggestíon and study the work hardening behaviour in Nb and

Nb - Zr alloys. The results of electron microscopy will be

discussed in the next section, however the work hardening

behaviour during the tensile tests will be discussed here.

The results of work hardening analysis are depicted in

Figures 34 - 42 and it is apparent that, in general, solute

Zr atoms had only a minor influence on the rate of work

.dohardening ä of pure niobium at any strain level and temper-

ature. Because of the retative strain independence of o*

$$ should be equal t" å3 and thus the increase in athermal

stress oU was the major source of strain hardening in

niobium and its a11oys as found in other bcc metals. While

an increase in strain and temperature decreased the rate of

work hardening, Figures 34, 39 and 40, solute Zr atoms

increased it 1inear1y, though not very substantially,

Figures 39 - 42. The tempeïature dependence of $p *"t

decreased slightly by a11oying, Figure 40, suggesting that

Zr stabíLized the dislocation structuïe. The amount of
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work hardening reaTized in any system is equívalent to the

difference in total work hardening and recovery taking place

during deformation" While at a constant concentration the

difference in o¡t values at the naximum and minimum tempeïatuïes

investigated increased with strain, at constant straín this

gap narrowed down with increase in Zr concentration, Figures

30 - 33. It would, therefore, seem that the presence of

solute atoms retarded the recovery process in deformed

structure and thereby raised the level of hardening observed

experimentalTy. It should also be noted that at a particular

temperature the thernal stress o* was different in different

compositions and as the dislocation arrangenent depends

upon o*, it is possible that due to the difference in dis-

location arrangements in dífferent al1oys the op was

different. The results of transmission electron microscopy of

deformed structure will be discussed 1ater.

The flow stress at a particular strain is a sum of two

components namely the initial strength of the systern and the con-

tribution frorn work hardéning. The stress strain curves and

the work hardening analysis showed that although both the com-

ponents were equally inportant in pure Nb, it was the initial

stïength that was increased comparatively much nore than the

rate of work hardening $! *itfr increase in the solute content.

The analysis based on power 1aw of work hardening

o = Kel, Figures 35 - 38, showed that beyond I ' 2% plastíc strain the



strain hardening exponent ¡ acquired a new and about 3 - 4

tines higher value in the 1og o - log e plot. The initial,

1 - 2% plastic strain was the region of pre-rnacro yield strain,

yield drop and yield elongation and during this 1 - 2% plastic

strain the deforrnation is inhomogeneous (as only a few discrete

grains are deforming) and the rate of work hardening 1ow.

The manifold change in n beyond I - 2% strain was also observed

by Gregory et. ^I.26 in polycrystalline Nb. The initi aI I - 2%

plastic strain in the present case can probably be identified

with the stage I hardening i"e. the easy glide region in single

crystals " The easy glide region increases as the friction stress

increases í.e. as the solute content increases. Table IX shor,vs

\o*
-o,\'-'o \

C

77 215 290 3s0 490

'lb 2 1.5

frúat%zr 7.75 1.5 I.0 1.0

Y^t'^2" 1.85 L.7 1.35 r.25
{b
I t)t%zr 2 7.7 1.5 7.3

740

that the strain e. where

n ríses sharply, increases

very slightly with increase

in Zr content in the solution

hardening region. e.g. 290 -

450or but if softening

occurs, then ec decreases
TABLE IX

viz. llo-0 .87 at%Zr at 215oK.

The addition of solute seemed to have very little effect,

if any, oD rì and it l^ras essentially temperature independent. The

only atypical exarnple was that of Nb at 4g0ox where n has the

maximum value for Nb. The deformation of Nb at 490oK was

very irregular and strain ageing was observed. It is thought that
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due to this the 1evel of the stress-strain curve rA/as raised and

I increased. However the strength constant K - the flow stress

at strain equals one, increased systematically with increase

ín Zt content or decrease in temperature Figures 35 - 58,

in a way similar to o in the solution hardening region. After

the sudden rise in n value beyond the initial 1 - 2eo strain no

dorvnrvard inflexion uras observed which is different to the be-

haviour of iron observed by Morrisor,tt. lJo further inflection

was seen even though the Nb specimens in the present study were

strained very close to tl:e necki-ng s'irain" -Lor,iever, at 77oK tine

value of ¡ acquired a lower value in all the compositions at N4eo

strain. The specimens fot 77oK tests were predeformed to N29o€

at room temperature and possibly due to the presence of roorn

ternperature dislocation structure the initial work hardening rate

wâsirtoo::high.andiafter "\2%e at 77oK, the system acquired its

real n va1ue"

Since rì = e at the necking strain, àny change in n with

change in temperature and solute content will correspond to variation

in the amount of uniform elongation of pure Nb. In the present

case however, solute and temperature had almost no effect on n and

the strain upto necking would be expected to remain constant" The

average value of n was 0.23 which lvas in close agreement with the

value 22 - 24% uniform elongation observed in niobium and its alloys.

The results, thus, show that on addition of solute Zr to

Nb, the frictional stress was affected strongly." As a result of

this, ít was found that the dislocation arrangement was affected'
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5 "7 Electron Microscopy of the Deformed Substructure

fn a specinen the flow stress is a function of dislocation

density at a given strain. If we consider an arrangernent of a given

number of total dislocations N, then the total elastic energy is

comprised of a) the self energies of these dislocations which is

constant for a fixed N and b) the interaction energies of the various

dislocations. Thus if the system was to move towards a lower energy

state by rearrangement (e.g, clustering) the driving force is

provided by the stored energy of the material. In other words the

driving force for rearrangement of dislocatíons is the athermal

component o¡r of the flow stress (o = o* + oU). Furthermore, as the

dislocations have to rnove under the influence of this driving force

provided by oU to achieve a low energy configuration, it is apparent

that the l<inetics of thís process of rearrangement would depend upon

the frictional stress o*.

In the present study a range of o* was obtained by testing

a series of Nb - Zr alloys at a fixed test temperature. The frictional

stress can also be manipulated by testing an al1oy of a fixed

conposition at several tenperatures. However, manipulation of o*

by alloying is preferred because of mininizing the conplications

arising from the change in the test temperature.

Micrographs I - 2, 3 - 4 and 5 - 6 show the dislocation

arrangenent in a11oys as a function of o* at a fixed strain and

tenperature. The general observation from the above nicrographs is

that at any tenperature the dislocation tangling decreases and the
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distribution becomes more tmiform as O* increases. Where the

dislocations were long and straíght it was possible to find their

oïientation unambiguously. In such cases it was found that they

were in screw orientation and that their BuTgers vector vras <111> -

see micrograph 5. Loops and trails indicate that the majority of

dislocations aïe in screw orientation. The microstructures frorn

regions with lower díslocation density showed that for an essentiaLly

similar dislocation densitYetangling becomes less evident as o* in-

creases i.e. the total dislocation density at which tangling is

evident increases with increase in O*. Also, the density of screw

dislocations increases and they accumulate more and more jogs

creating smal1 and uniforinly distributed loop debris as o* increases.

These results are sirnilar to those found by Foxall and StathamlT

who studied the dislocation a1rangement in Nb - Mo crystals as a

function of shear stress. OriginaIIy, the effect of stress on

dislocation distribution in Nb crystals was studied by Taylor and

z1
Christianrr. These authors considered the cross slip of two opposite

screvJ disLocations ín planes rdr apart under the conbined influence

of the applied stress and the attractive force between the screws.

Now as ,dr decreases the attractive force between the two opposite

screhrs increases. Therefore, for a given applied stress, the higher

the frictional stress for screlvs, the higher must be the attractive

force or in other words, the smaller the separation tdr. Smaller tdl

in turn means a higher density of dislocations. because the opposite

screw dislocations will be cross slipping and annihilatíng in only
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a srnall region.

Thus, it may be suggested that as o* increases (i) the

critical screw density at which cross slip and annihilation become

inportant, will increase, and (ii) cross slip will be difficult and

hence the probability of dipole producing jogs created by cross

slip (Gilman - Johnston probabilíty) will decrease, (iii) the inter-

action between a single dislocation and a dipole becomes smaller and

thus the probability of cluster formation decreases.

Since clustering and tangling occured at higher dislocatíon

densities with increasing o*, cel1 formation also followed this

trend. The result hlas a decrease in the resultant ce11 size wíth

increasing o*, Micrographs 7 and 8.

The specirnens in the micrographs 7 and I were strained to

"uI4% and even though well defined cells have formed, no downward

inflexion in the corresponding 1og o - log e plot'ç¿5; observed -

see Figures 35 to 38. The downward inflexion in the slope of

1og o - Iog e plot for polycrystallíne iron was observed by Morrison56

and he suggested that this may be due to the formation of well

defined cells. However, the present observatíons are not in

agreenent with this approach.
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6.0 Sunrnary and Conclusions

1. In the Nb - Zr alloys the increase Ao in the flow stress o \^Ias

linearly proportional to concentration at ambient and higher

temperatures and the atom-size-misfit seemed to be the pre-

dominant factor in solution hardening.

2. The increase Aop in the athernal stress OU showed the (con-

1/?centration)'t' dependence whereas a complex concentration de-

pendence was observed for the thermal stress o*. 'rh" .L/2

dependence of AOp was almost independent of strain and temper-

ature.

3" At subatmospheric temperatures alloy softening was observed in

the Nb - zr alLoys which was most predominant at the lowest

temperature studied i'e ' 77ox' At 77oK, 'v2'4 at%zr in Nb

seemed to have the maximurn solution softening effect but beyond

2.4 at%Zr no further softening was observed.

4. The temperature range where solution softening $/as present de-

creased with increase in Zr content.

5. During al1oy softening it lvas the thermal cornponent of the flow

stress that decreased on adding zirconiurn.

6. It is suggested that the decrease in the lattice fríctional stress

was responsible for the observed softening however scavenging

rnight have had some effect.

7. The deformation of Nb and Nb - 0.87 ateoZr ulas controlled by the

double kink nucleation on screw dislocations and the Dorn-Rajnak

theory was obeyed however, in the 3 at% and 4.7 at%Zr the kink

propagation seemed to be important and the solute hardening
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controlled deformation in the higher temperature (beyond alloy

softening) region.

The analysis of activation parameters showed that both the o*

and the barrier strength decreased in Nb - 0.87 at%Zr but in the

3 at% and 4.7 ateoZr a11oys only o* decreased; the barrier strength

increas ed.

m* was essentially independent of strain at aII the tenperatures

s tudied.

10. The effects of concentration and tenperature on m* were analogous to

those on Õ*. The present results on dislocation dynarnics showed

that the thernally activated deformation approach and the power-

1ow approach to deformation ale essentially equivalent in Nb and

Nb - Zr alloys.

The work hardening rate of Nb was only rnodestly increased by

zirconium. The work hardening was completely due to increase in

o1-t with strain; o* was essentially independent of strain.

72" In the 1og (o) - 1og (e) plots the slope of the curve increased to

a new slope (r,3 times higher) beyond 1 - 2% plastic strain and

then remained constant.

13. The slope of the curve in the log (o) - 1og (e) plot was almost

independent of temperature and concentration. No downward inflexion

in the slope was observed even though the corresponding structure

consisted of well-forned dislocation ce11s.

The transrnission electron nicroscopy of the deformed specimens

showed that the dislocation arrangement rvas dependent on õ*.

9.

11

14.
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As o* increased the screw dislocation density increased and

dislocation tangling decreased. At higher strains the celr

diameter decreased with increase in o*.
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